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Abstract 

In the aerospace industry, thermo-mechanically processed aluminium alloy structures are 

commonly used in fatigue critical applications. Such structures, possessing complex 

crystallographic texture and grain structure are usually surface treated with techniques such 

as shot peening, to enhance their fatigue life. Of the many peening techniques, laser shock 

peening (LSP) has many advantages over other peening processes and is being heavily 

explored for applicability.  

 

Firstly, this thesis investigates the effects of LSP on surface roughness, hardness, texture and 

grain structure of aluminium alloys, 7050-T7451 and 2099-T8. Secondly, it investigates the 

influence of texture and grain structure on the stability of LSP induced compressive residual 

stresses under mechanical fatigue using experimentation and crystal plasticity based finite 

element (CPFE) simulation. Details of the investigations presented are briefed below. 

 

Results from the peened region are compared against those of the unpeened region. These 

results included surface profile, grain structure, texture, hardness, residual stress and residual 

strain accumulation. LSP induced changes to surface profile were measured using the 

technique of White Light Interferometry. Investigations into grain structure and crystallographic 

texture were made using Electron Back Scatter Diffraction (EBSD). Depth dependent hardness 

variations in the material were measured using Vickers indentation. Residual strain 

accumulation was studied using both neutron transmission and EBSD derived data was also 

used to investigate. Residual stresses were measured using X-ray diffraction intermittently 

during fatigue loading of peened samples. 

 

Comparison of various parameters of the above results, revealed that LSP can induce 

significant and measurable changes to the surface profile, grain structure, crystallographic 

texture, hardness, residual stresses and residual strain accumulation. Texture and grain 

structure results investigated and their presentation in the thesis are briefed below.  

 

Changes to both macro-texture and micro-texture were investigated. LSP induced changes in 

Euler space are explained in terms of texture parameters such as intensity and volume 

fractions of the texture features. Evidence of LSP induced texture evolution is presented and 

its difference is highlighted in comparison to that induced by deformation processes such as 

rolling and extrusion. Insights into stability of dominant rolled texture orientations, under LSP 

treatment are also presented. LSP induced changes to misorientation statistics in the grain 

structure are presented. Investigations into LSP induced changes to texture are then made in 
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in the physical space of the grain structure. Results from the investigations into texture 

component dependent LSP induced plastic strain is presented. The hardness and residual 

stress results investigated are briefed below. 

 

Hardness measurements were used to derive depth dependent Yield strength in the material. 

To study residual stress relaxation, a four-point bending relaxation sample was used. Residual 

stress measurements were made at different locations on the relaxation sample. Such points 

on the sample were chosen for their differences in texture and grain structure. Intermittent 

residual stress measurements at such points were made during fatigue loading, and the 

relaxation was tracked with load and number of cycles for different texture and grain structures. 

Brief results and insights pertaining to LSP induced changes are presented below. 

 

LSP induced surface roughness was found to be dependent on LSP coverage. LSP can alter 

the volume fraction and intensity of important macro-texture components in AA7050-T7451. 

Grains in the peened region were found to be significantly sub-structured. Microtexture 

changes were found to stem from the evolution of deformation bands both inside the grains 

and at the grain boundaries. LSP induced hardness change was found to vary between 

AA7050-T7451 and AA2099-T8. Neutron transmission based residual strain estimation in 

AA7050-T7451 revealed that LSP could induce plastic strain deep below the peened surface. 

Such a study could not be successfully carried out in AA2099-T31 due to the high neutron 

cross section of the chemical element Lithium in AA2099. Following results pertain to AA2099-

T831. It is found that, a high Goss and low Brass texture, together with large un-substructured 

grains are beneficial to achieve a high LSP induced compressive residual stress. Results from 

relaxation experiments are briefed below. 

 

Fatigue experiments revealed that residual stress relaxation is spatially heterogeneous even 

when the bending induced stresses are spatially homogeneous. Such a heterogeneity is 

shown to be related to heterogeneities in texture and grain structure of the sample. This 

relationship was then investigated to understand the stability of residual stresses in terms of 

texture and grain structure parameters. Those texture and grain structure parameters 

supportive of residual stress stability and those detrimental to it are then provided. A Location-

Event-Relaxation hyperspace is introduced to compactly describe spatial distribution of 

stability of LSP induced residual stresses and consequently explain residual stress stability in 

2099-T8 aluminium alloy. 

 

A texture and material calibrated crystal plasticity based finite element (CPFE) model was 

made to study partitioning of mechanical behaviour with different texture components and 
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insights from the results are used to further explain the experimental findings. Schmidt factors 

are calculated and expressed as a function of texture in Euler space. Texture partitioned 

stress-strain behaviours were then derived to understand the texture partitioning of mechanical 

behaviour.  

 

Results show that residual stresses in Cube and Goss grains can relax much earlier than 

others. Though both Cube and Goss texture components contribute to instability, the instability 

offered by Goss can be triggered by a much narrower range of induced stresses. Brass grains 

need an overall higher applied stress to develop grain internal plasticity and hence resist 

relaxation over higher applied stresses.  

 

Results from experiment and CPFE simulations conclusively suggest that mechanical fatigue 

induced relaxation of LSP induced residual stress in aluminium alloy AA2099-T831, is both 

texture and grain structure dependent. 
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HAGB  High angle grain boundary 
VLMR  Very low angle misorientation region 

LMR  Low Very low angle misorientation region 
MMR  Medium angle misorientation region 
HMR  High angle misorientation region 

VHMR  Very high angle misorientation region 
   

Mathematical terminology 

𝒂  Vector, 𝒂 = |𝒂| ⋅ �̂�, where �̂� is the unit vector along 𝒂 
𝒃  Vector, 𝒃 = |𝒃| ⋅ �̂�, where 𝒃 is the unit vector along 𝒃 

𝒂 ⋅ 𝒃  Dot product of 𝒂 and 𝒃 
:  Double dot product 

⊗  Dyadic product (also called as basic in the terminology of tensors) 
   
Slip system nomenclature 

a  FCC unit cell length 

�̂�  Unit normalized slip plane normal vector 

�̂�  Unit normalized slip direction vector 

𝜶  Slip system ID: 1 to 12 

𝒂𝟏 to 𝒅𝟑  Slip systems in Bishop and Hill notation 
   

Slip mechanics terminology 

�̂�  Unit normalized applied load vector 

𝝓   Angle between �̂� and �̂� 
𝝀  Angle between �̂� and �̂� 

   
Slip mechanics terminology 

𝑴  Schmidt factor 

𝜏𝑖𝑗
𝛼   Resolved shear stress on 𝛼𝑡ℎslip system 

𝜏𝑖𝑗
𝛼 |𝑐  Critical resolved shear stress on 𝛼𝑡ℎslip system 

𝛾𝛼  Shear strain on 𝛼 

�̇�𝛼  Shear strain rate on 𝛼 
   
Material model terminology 

ℂ  4th order material elastic stiffness tensor 

ℎ𝛼𝛽(𝛼 ≠ 𝛽)  Hardening modulus matrix. relates rate of hardening of 𝛼𝑡ℎ slip system 
due to slip in 𝛽 slip systems (latent hardening) 

ℎ𝛼𝛼  Relates rate of hardening of 𝛼𝑡ℎ slip system due to slip in 𝛼𝑡ℎ slip system 
(self-hardening) and, ℎ𝛼𝛽. 

𝑞𝛼𝛽  Matrix of hardening moduli populated by self and latent hardening terms 

𝑓, 𝑔  Some functions in the material model 

   
Texture model and texture calibration terminology 

𝑪𝑺  Crystal symmetry 

𝑺𝑺  Sample symmetry 

𝑵  Number of texture components 

𝒏  𝑛𝑡ℎ texture component 
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𝒈𝒏  Crystallite orientation of 𝑛𝑡ℎ texture component 
𝑳𝒎𝒂𝒙  Number of expansion terms used to construct CPDF 

𝜽𝒈𝒉𝒘
𝒐   Gaussian Half-Width in degrees 

𝒇(𝒈𝒏)  Value of CODF at 𝑔𝑛. Also equal to the orientation intensity at 𝑔𝑛 

𝑽𝑵
′   Desired volume fraction of the texture component 

𝑽𝒏  Volume fraction of the 𝑛𝑡ℎ texture component 
(𝒙, 𝒚, 𝒛)  Location of interest in physical sample space 

𝑿  Concise representation of the location 

𝑵(𝒙, 𝒚, 𝒛)  Number of dominant texture components to be considered at location 
(𝑥, 𝑦, 𝑧) 

𝑺𝑵(𝒙, 𝒚, 𝒛)  Orientation spread of 𝑔𝑛∀𝑛 ∈ [1,𝑁]@(𝑥, 𝑦, 𝑧) 
𝑳𝑵(𝒙, 𝒚, 𝒛)  Volume fraction weight for 𝑔𝑛∀𝑛 ∈ [1, 𝑁]@(𝑥, 𝑦, 𝑧) 

𝑫𝑷𝑻𝑴  Dimensionality of the Parametric Texture model 

𝑫𝑷𝑻𝑴
𝑨   Apparent 𝑫𝑷𝑻𝑴 

𝑫𝑷𝑻𝑴
𝑰    Internal 𝑫𝑷𝑻𝑴 

𝑹  Root Mean Square Error (RMSE) 
B, A, C  Locations in the physical sample used in the residual stress relaxation 

experiments 
E  Subscript: Experimental 
P  Subscript: Predicted 

   
Material calibration terminology 

𝜎  Major normal stress component of 𝜎𝑖𝑗 

𝜖  Major normal strain component of 𝜖𝑖𝑗 

𝜎 − 𝜖  Stress-strain curve 

𝑇  Tangent modulus, 𝑇 = 𝑑𝜎/𝑑𝜖 

𝑛  Material hardening exponent 

𝑚  Meyer’s hardness exponent of the material 

𝐻  Vickers hardness value expressed in GPa 

𝐵  Constant for converting hardness to yield strength 

𝜎𝑒𝑞
𝑦𝑙𝑑

, 𝑆𝑦  Material yield strength, MPa 

0.2% 𝜎𝑒𝑞
𝑦𝑙𝑑

, 

0.2% 𝑆𝑦 

 0.2% yield strength (Proof stress), MPa 

𝑀  Bending moment, N-m 

𝑉𝑓|𝑒𝑥𝑝.  Experimentally determined texture component volume fraction 

𝑉𝑓|𝑓𝑒𝑚.  Texture component volume fractions of the numerical model 

�̅�𝑓|𝑁  Volume fraction ratio 

𝑁𝑔
𝑥  Number of grains along the x-axis in the checkerboard poly-crystal model 

𝑁𝑔
𝑦
  Number of grains along the y-axis in the checkerboard poly-crystal model 

𝑁𝑔  Total number of grains = 𝑁𝑔
𝑥 × 𝑁𝑔

𝑦
 

∑𝑅𝑥  Total reaction forces at the constrained edge of the FE model, along the 

𝑥 axis 
𝐴𝑥  Cross sectional area of the FE model normal to 𝑥 axis 
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is very important to study those factors concerning fatigue failure, regardless of whether they 

are detrimental (where they increase probability of failure) or beneficial (where they decrease 

probability of failure). 

 

Keeping safety and cost effectiveness as additional target design parameters, the aerospace 

industry has adopted the approach of damage tolerant design [14], where one of the criteria is 

to decrease the probability of ultimate failure of the damaged structure by ensuring a stable 

residual strength. The aerospace industry invests significant resources into research and 

development of techniques aimed at increasing the structure’s ability to maintain a stable 

residual strength. Some of these are surface treatment techniques. They mainly work by 

producing beneficial compressive residual stresses, which can delay crack initiation and deter 

fatigue crack propagation [15,16]. Shot peening [17] is an example of such a surface treatment 

technique and Laser Shock Peening (LSP) [18–22] is a recent addition. Examples of 

applications of LSP in the aerospace industry are provided below. 

 

 

Figure 1-2: LSP treatment applied to lugs attached to frame of a (a) F-22 aircraft (b) machined 
fuselage main frame (c) fatigue induced lower fillet crack in the lower lug exposed by dye 
penetrant test (d) overlay tape during LSP process (e) peened fillet of lug showing Laser impact 
locations [23]  
 

Laser shock peening has been proven to be effective at enhancing the structural integrity of 

load-bearing aircraft structures such as titanium lug of F-22 wing [24]. Figure 1-2(a, b) shows 

the machined fuselage and main load bearing frame of F-22 aircraft [23]. Figure 1-2(c) shows 
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a fatigue crack and the LSP treatment in Figure 1-2(d, e) carried out to deter fatigue crack 

initiation. LSP has also been used on the aluminium bulkhead of STOVL F-35 joint aircraft 

fighter [25], wing panel skin of Boeing 747-8 [25], side-brace trunnion of the T-38 main landing 

gear made from aluminium alloy 7049-T73 [26].  

 

However, the beneficial effects of LSP induced compressive residual stress is not permanent. 

Compressive residual stress magnitude may decrease under in-service fatigue loading 

conditions [27]. As a consequence, resistance to crack activity reduces and the probability of 

failure can increase. Such a decrease in the effectiveness of the stress field can occur when 

the beneficial stress field is not stable under the applied loads. Apart from the applied load 

parameters, it is seen from research [28] that material’s yield strength plays an important role 

in this instability. Hence, the material used plays a huge factor in the design of engineering 

structures and so also in the relaxation of residual stresses [29–31]. 

 

Therefore, to design a laser shock peened structure for a suitable application or to design the 

peening [23] or repeening strategy [24] for an in-service structure, the extent of influence of 

various material parameters on residual stress stability must be well understood. The reason 

for this is to enable accurate fatigue life estimation of a peened component. If relaxation is not 

taken into consideration, the risk of over-estimating the fatigue life will be introduced [24], with 

which structural damage can appear earlier than expected during in-service conditions.  

 

Of the influencing material parameters, crystallographic texture and grain structure are very 

prominent. Many engineering structures are made from rolled or forged or extruded metallic 

alloys, which have a unique texture and grain structure. No research till date in the open 

literature has tried to understand their effects on the stability of residual stresses. This thesis 

presents investigations carried out to fill this gap. 

 

1.2. Motivation 
 

In the worldwide aerospace community, LSP is being explored as an alternative to shot 

peening. This effort is largely motivated by the fact that LSP can induce higher [32] and deeper 

[20] compressive residual stresses with lesser microstructural damage [21] in comparison to 

shot peening. Additionally, numerous research work [22,33–35] has proven that LSP can also 

significantly improve the fatigue life of mechanical structures, mainly due to the introduction of 

compressive residual stresses. However, research has also proven that residual stresses can 

relax [36–39] and the positive effects of LSP can decrease with time under certain applied 
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loading conditions. Hence, investigations are needed to understand how fast the beneficial 

residual stress decreases and what and how material and applied load factors influence it. 

 

Regardless of the obvious benefits, LSP can also have unintended consequences, which may 

be beneficial or detrimental. For example, it is known to affect grain structure [34,40] and 

crystallographic texture [34], though very few works have exposed the latter effect. Coupled 

with the advantageous material hardening which LSP can induce below the peened surface, 

peened material ductility could be lower than unpeened material ductility, depending on the 

material. These effects of LSP on grain structure, texture and hardness, whether beneficial or 

detrimental, can play a significant role in influencing the material’s structural integrity by 

influencing residual stress stability. In the below, motivations to individual studies carried out 

are provided, in the order in which they are dealt in the thesis. 

 

1.2.1. Effects of LSP on crystallographic texture  
 

Aluminium alloys such as 7050 and 2099 are used in the aerospace industry [41,42] in various 

tempers, owing to their unique advantages such as high strength, high fracture toughness, 

resistance to stress corrosion cracking, etc. [43]. Aircraft structures made from thermo-

mechanically processed aluminium alloys can be processed with laser shock peening to 

increase their operational life, as demonstrated previously [25,26]. Rolling, extrusion and 

forging are the common thermo-mechanical processes, which introduce crystallographic 

texture [44–48] as a consequence of collective crystal re-orientation during plastic deformation 

[49,50].  Rolling can introduce spatial gradients of texture [51–53] and so can extrusion [54–

56]. It is well known that plasticity can alter texture [57–59] and also that LSP can induce 

plasticity [22,35,60,61]. Hence, there is a possibility that LSP can induce texture changes in 

already textured aluminium alloys. This needs to be investigated. Additionally, due to 

dissipation and absorption of shock energy during LSP, depth gradient plasticity is generated 

where, accumulated plastic strain decreases with depth. Therefore, LSP may induce a depth 

gradient texture change, which also needs to be investigated. As texture significantly 

influences mechanical properties [62,63] and as mechanical properties influence residual 

stress stability [28], investigations are needed to probe possible LSP effects on texture. 

 

1.2.2. Effects of LSP on grain structure 
 

Plastic deformation introduces intra-granular misorientations [20] and alters the grain structure 

[64,65]. In fact, shot peening, a much older surface processing technique than LSP can effect 

grain structure [66] and so can LSP [20]. Additionally, the non-homogeneous intra-granular 
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plastic strain distribution will create non-homogenous crystalline re-orientations and hence 

non-homogeneous changes to grain structure. LSP can therefore alter the metal’s grain 

structure by introducing non-homogenous misorientation distributions, grain and sub-grain 

boundaries. Grain structure has a significant effect on the mechanical behaviour [67]. It is 

known that residual stress relaxation can happen through micro-plasticity [24] in the grain 

structure. Therefore, any changes to grain structure would influence the mechanics under 

residual stress relaxation, thereby affecting residual stress stability. Hence, investigations are 

needed to understand the LSP effects on grain structure. 

 

1.2.3. Effects of LSP on plastic strain accumulation in the grain structure 
 

It follows, from theory of crystal plasticity [68], that favourably oriented grains/crystals undergo 

early plastic deformation [45] and hence yield before the entire poly-crystal has yielded. 

Therefore, the plastic deformation of a poly-crystal is non-homogeneous. Deformation inside 

a grain, as permitted by the strain compatibility condition at the grain boundaries, will also be 

non-homogeneous and this will introduce a non-homogeneous plastic strain distribution inside 

the grain [69]. Hence, LSP could introduce spatially non-homogenous inter and intra grain 

plastic strain accumulation. This, therefore, also indicates, a non-homogeneous distribution of 

material hardening in the grain structure. The extent of plasticity influences the mechanical 

behaviour significantly. Hence, investigations are needed to understand the LSP effects on 

plastic strain accumulation in the grain structure. 

 

1.2.4. Effect of texture and grain structure on the stability of LSP induced 
residual stress 

 

A simple way of representing residual stress stability is through relative temporal changes in 

its magnitude. Mechanistically, the stability aspect of compressive residual stresses is 

controlled by the phenomenon of relaxation [28,70] and re-distribution [27,70,71]. It is well 

known from mechanics that, under the right mechanical loading conditions [36–39] (when 

plasticity local to the region of interest, is induced), the compressive residual stress magnitude 

decreases local to the region of interest. Many research works have focussed on 

understanding the stability of compressive residual stress fields under applied cyclic and static 

mechanical loads [31,35,37,38,70,72–76] and thermal loads [77–79]. Different loading and 

material parameters are considered in these studies to explain residual stress relaxation. Löhe 

et al. [80] highlighted that relaxation is a complex phenomenon involving many interacting 

factors spanning applied load, environmental and material domains. Of the many material 

factors, the most prominent ones which are used to explain relaxation are yield strength and 
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material hardening. However, the effect of important material factors such as texture and grain 

structures cannot be ruled out. However, no work in the open literature has explicitly 

considered texture and grain structure effects on the stability of residual stresses. The following 

could be the reasons for this. 

(1) Texture and grain structure influence yield strength and the metal’s elastoplastic 

response [67,81,82]. However, most research investigating residual stress relaxation 

[28] directly considered yield strength as the influencing parameter with no regard to 

the underlying texture or grain structure. The single exception to this is the work of 

James [30], who highlighted crystallographic orientation as an important parameter 

affecting the relaxation of compressive residual stresses in a single grain. 

(2) Crystallographic texture and grain structure have many parameters such as: 

a. Statistics based texture parameters for each texture component: Volume 

fraction and Intensity 

b. Distribution based texture parameters for each texture component: Half-width 

and Misorientation relationships 

c. Grain structure parameters: Average grain size and its distribution and 

Misorientation distribution 

As a consequence, considering them together requires to construct a highly detailed model. 

 

The following three texture-controlled factors are dominant in deciding when grains experience 

plasticity and hence also the relaxation of residual stresses local to the grain(s) of interest.  

(1) The first is the relative orientation between its slip system components and applied load 

vector [49,68], described in terms of Schmidt factor (M). 

(2) The second is the hardening characteristics of uniquely oriented grains. 

(3) The third is dislocation [83] and slip activity in the grains [84].  

 

Mechanically induced residual stress relaxation involves residual stress re-distribution 

[27,72,85] and microstructural phenomena such as dislocation motion [35,70,75,76] and slip 

[86]. From this, in combination with the definition of texture, it follows that texture has a 

significant potential in influencing the overall dislocation and slip activity in the material. Grain 

structure also controls dislocation and slip activity as grain boundaries can act as barriers to 

dislocation motion and slip [87,88]. It is also affected by the presence of sub-structuring in the 

grains [35]. Therefore, both texture and grain structure have great potential in influencing 

residual stress stability. Hence, investigations are needed to bring out and understand the 

nature and extent of this influence. 
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1.3. Objectives of the research 
 

Objectives of the research are listed below: 

1. To understand the multi-scale influence of LSP on crystallographic macro- and micro- 

texture, and grain structure 

2. To understand the LSP induced effects on surface roughness, hardness and residual 

stresses 

3. To carry out mechanical fatigue experiments and understand relaxation of LSP induced 

residual stresses 

4. To investigate the nature of relationship between parameters of texture and grain 

structure, and experimentally observed relaxation in residual stresses 

5. To develop a crystal plasticity based finite element simulation model to investigate 

texture and grain structure effects on residual stress relaxation 

6. To use the results of computer simulation to understand the experimental findings  and 

to further probe the dependency of LSP induced residual stress stability on texture and 

grain structure 

 

1.4. Structure of investigations 
 

This thesis has carried out a three part investigation. 

1. 1st set of investigations characterizes the effects of LSP on the peened material 

2. 2nd set of investigations probe the relationship between fatigue-stability of LSP induced 

compressive residual stress and the parameters of crystallographic texture and grain 

structure using fatigue experiments  

3. 3rd set of investigations use Crystal Plasticity based Finite Element (CPFE) simulations 

to understand the texture partitioned residual stresses and to explain the 

experimentally observed dependency of residual stress relaxation on crystallographic 

texture. 

 

1.5. Structure of thesis 
 

Following this introductory chapter, fundamentals are detailed in Chapter 2. The results and 

discussions on the effects of LSP on crystallographic texture of AA7050-T7451 are provided 

in Chapter 3. This is then followed by results and discussion on the effects of LSP on grain 

structure and residual strain accumulation in Chapter 4. The results of fatigue experiments 

which highlight the texture and grain structure effects on residual stress relaxation are detailed 

in Chapter 5. Chapter 6 details the computer simulation models of texture and grain structure. 
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Results and insights from Crystal Plasticity based Finite Element (CPFE) simulations are 

provided in Chapter 7. This is followed by results and discussions pertaining to stability of 

compressive residual stresses partitioned in texture and grain structure parameter space in 

Chapter 8. The set of conclusions are provided in Chapter 9. Chapter 9 also provides 

recommendations and scope for future works. 
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2. Fundamentals 
 

2.1. Residual stresses 
 

Residual stresses have been of great engineering significance as they can be both detrimental 

and beneficial to the operational life of a structure. Cullity [89] defined residual stresses as 

those stresses which remain in the material in the absence of applied forces. Rossini et al. [90] 

added thermal effects and defined residual stresses as stresses remaining in the material after 

manufacture and material processing, in the absence of external forces or thermal gradients. 

In this thesis, residual stresses are considered as those self-equilibrated stresses generated 

and maintained by heterogeneous plastic deformation in a metallic structure. 

 

Figure 2-1: Multi-scale nature of residual stresses (a) Representative poly-crystalline grain 
structure arrangement Types of residual stresses (b) Type-I, II and III residual stresses [91] 
 

A macro-scale metallic structure is poly-crystalline by nature, which is a tessellation of 

numerous individual crystallites called grains. Such a grain structure is shown in a 

representative illustration in Figure 2-1(a). Here, grains are separated by grain boundaries, 

which demark regions of different crystallite orientations. A thick dotted line is drawn across 

this grain structure to represent the distance across the residual stress illustration will be made. 

This line passes through many grain boundaries as can be seen. Depending on the length 

scale over which the residual stresses operate and are considered, the residual stresses are 

commonly classified into type I, type II and type III [92] and are shown in Figure 2-1(b). If 

averaging of all residual stresses at a point on the line across the y-axis over the length Δ𝑦, 

then the residual stresses are Type-1 and operate over multiple grains and even in the 

component length scale. If the averaging be done over individual grains, then the stresses are 

Type-II. On the other hand, of the stresses due to strains accompanying the various sub-micron 

scale intra-grain deformations such as dislocations and slips are considered then the residual 

stresses are Type-III. While type – I residual stresses operate at the component level, type – 

II residual stresses operate at inter-granular scale and hence also called inter-granular 

stresses, and type – III residual stresses operate at atomic scale. A jump in Type-II residual 
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stresses in Figure 2-1(b) is at the grain boundaries and happens due to the natural 

enforcement of strain-compatibility condition. Alternatively, Ruud [93] classify residual stresses 

into macro- and micro- residual stress. This thesis is concerned only with type-I and type-II 

residual stresses. 

 

Residual stresses are estimated using residual strains. Experimentally, such residual strains, 

are calculated from measured quantities, such as displacement fields and changes in 

crystalline lattice spacing. Digital Image Correlation (DIC), incremental hole drilling (ICHD) [94] 

and contour method [92,95] are common techniques using changes in displacement fields to 

estimate residual strains. Here, DIC based measurements are non-destructive while the other 

two are destructive. Non-destructive techniques such as X-ray diffraction, neutron diffraction 

and neutron transmission [96,97] use changes in crystalline lattice spacing to estimate residual 

strains. 

 

2.2. Laser shock peening 
 

Laser shock peening (LSP) is a type of surface peening process and its principle of working is 

detailed below. 

 
Figure 2-2: Schematic illustrating the generation of residual stresses in the target material 
using Laser shock peening [98] 
 

Figure 2-2 illustrates the principle of working of Laser shock peening (LSP). When a high 

intensity Q-switched nano-second pulsed laser beam impacts a metal target with or without a 

plasma confinement layer as shown, a high-pressure expanding plasma is generated [98]. A 

part of its energy enters the target in the form of high pressure shock waves. As the shock 

waves travel below the impact surface, a portion of it gets absorbed by the material and the 

remaining gets dissipated. A portion of the absorbed energy does work by inducing elastic and 

irreversible plastic deformation and another portion does work by inducing residual stresses in 

the material. As the process moves from dynamic to transition to static phase, stresses relax 
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partially, leaving behind a self-balanced residual stress field composed of a compressive part 

and a tensile part. The magnitude of the compressive residual stress is controlled by relative 

values of the Hugoniot elastic limit and the maximum pressure of the shock wave [22]. The 

shock wave pressure can be increased by using a confinement layer [22]. The attenuation of 

shock wave induces a depth gradient plasticity, depth gradient residual stress and depth 

gradient material hardening. During this process, the material deforms at strain rates in excess 

of 106 s-1 [20]. Further details of the physics behind the principle of working of laser shock 

peening can be found in the reference [22]. Due to its unique advantage of inducing lesser 

plastic deformation but higher compressive residual stresses [99], LSP is being seen as a 

substitute to SP [100]. 

 

The principle parameters of LSP are beam and process parameters. Beam parameters include 

the type of laser, wavelength, energy and energy density profile, pulse duration, frequency and 

spot shape and size. Process parameters include a number of layers and spot overlaps. 

Though the most important application of LSP is in fields aiming to improve the structural 

integrity of structures by improving the fatigue behaviour [22], LSP has also been used to 

densify porous media, as in powder metallurgy, mainly to improve the surface wear properties 

[22]. 

 

 
Figure 2-3: Residual stress profile generated by LSP (a) without reverse yielding effect 
[20,101] (b) with reverse yielding effect [34,102,103] 
 

Two types of depth gradient residual stress profiles are generally induced by LSP in metals. 

These are indicated in Figure 2-3(a) and Figure 2-3(b), where the maximum compressive 

residual stress occurs at and below the peened surface respectively. The decreasing 

magnitudes of compressive residual stress magnitude is due to shock wave attenuation as it 

propagates below the peened surface. In both of these profiles, the stress changes from being 

compressive to tensile at a certain depth, reaching a maximum value of, 𝜎𝑚𝑎𝑥
𝑅+ . The tensile 
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stress is generated as a consequence of the stress equilibrium condition. When the 

combination of LSP parameters and target material parameters induce reverse yielding 

[104,105] near the surface, the stress profile has a smaller magnitude of residual stress (𝜎𝑧=0
𝑅− ) 

at the surface as shown in Figure 2-3(b). This effect reduces with depth and eventually residual 

stress reaches its highest magnitude 𝜎𝑚𝑎𝑥
𝑅− . 

 

2.3. Orientations, Orientation space and Texture 
 

2.3.1. Crystallographic orientations 
 

The orientation of a crystal stems from the ordered arrangement of atoms in it and is often 

defined in a reference frame. An arbitrary orientation can be denoted by o, to be a point in 

orientation space, O(o). O(o) is a mathematical space capable of unambiguously representing 

crystallite orientation with respect to a fixed reference system. The reference system is 

considered to be either the physical coordinates of the sample/material/structure (In which 

case, the fundamental axes could be X, Y and Z or 1, 2 and 3 of an orthogonal coordinate 

system) or in most cases the major sample processing coordinates (In which case, the 

fundamental axes could be Rolling or Extrusion direction (RD or ED), Transverse direction 

(TD) and Normal direction (ND) in the case of rolled or extruded product respectively). The 

unambiguity reduces with increase in symmetries in the O, which could be either sample 

related or crystal related. Material processing and sample geometry decides sample symmetry 

(SS) while crystal lattice decides crystal symmetry (CS). Together, CS and SS divide O into 

equivalent sub-spaces. Different formulations and representations of points (o) in orientation 

spaces O(o) are used and most common are Miller indices, Euler angles and axis-angle pair 

in the decreasing order of dimensionality of O(o) and increasing order of accuracy and 

mathematical continuity in O(o). These are provided below. 

 

The Miller indices, {h k l} <u v w>, describe the orientations of a set of crystal planes {h k l} and 

associated set of crystalline directions <u v w> in terms of three nearest-round integers. An 

item in {h k l} is (h k l) and an item in <u v w> is [u v w]. For example, the orientation {0 1 1} <0 

0 1> denotes that normal vector of plane (011), (0-11), (01-1), etc. is along ND-axis (Normal 

direction) and the direction [001], [0-10], etc. in this plane are along RD-axis (Rolling direction) 

or ED-axis (Extrusion direction). Euler angle set representing o, is denoted by g or 𝛟, and 

Euler space is represented as G(g). In Bunge’s notation [57], three angles, 𝜙1, 𝜓 and 𝜙2 form 

this set, which are rotations about sample coordinates needed to align crystal coordinate 

system with sample coordinate system. The axis-angle pairs and Rodrigues-Frank space. 
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These are mostly used to denote misorientations and more information can be found 

elsewhere [106]. 

 

2.3.2. Euler angles and Bunge’s convention 
 

Euler angles describe the necessary rotations to align a crystal coordinate system with sample 

coordinate system. The sample coordinate system is usually formed by RD, TD and ND and 

commonly designated as X, Y and Z respectively. It is represented as X = {X, Y, Z}. The crystal 

coordinate system is formed by [100], [010] and [001] and commonly designated as x, y and z 

respectively. It is represented as x = {x, y, z}. Bunge’s Euler angle convention is explained 

below. 

 

Of the many different ways in which these necessary rotations can be made, the Bunge’s 

convention is commonly used, and the Euler angles are called Bunge’s Euler angles. They are 

designated as 𝒈 = 𝝓 = {𝜙1, 𝜓,  𝜙2}, and is a point in G, having Bunge’s Euler angles, 𝜙1, 𝜓 

and 𝜙2 as axes. These are rotations operating on the crystal coordinate system so that they 

align with the sample coordinate system in the procedure described below. 

 

Figure 2-4: Definition of Bunge’s Euler angles as rotations needed to align crystal coordinate 
system (x) with the sample coordinate system (X) (a) sample coordinates and an arbitrary 

crystal orientation, (b) rotation 𝜙1, (c) rotation 𝜓 (d) rotation 𝜙2 (e) crystal coordinate system 
aligned with sample coordinate system [57] 
 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis 
can be found in the Lanchester Library, Coventry University.
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Figure 2-4(a) to Figure 2-4(e) describes the rotation mentioned above. Figure 2-4(a) contains 

an arbitrary oriented crystal coordinate system in a reference sample coordinate system. 

Firstly, z axis is rotated by 𝜙1
𝑜. In doing so, the crystal coordinate system is transformed to a 

new position x’={x’, y’, z’}. Figure 2-4(b) shows this 1st rotation operation applied on the crystal 

coordinate, z. Secondly, the new x’ axis is rotated by 𝜓 and the crystal coordinate system is 

transformed to a new position x’’ = {x’’, y’’, z’’}. Figure 2-4(c) shows this 2nd rotation operation 

applied on the crystal coordinate x’. Finally, the new z’’ axis rotated by 𝜙2 and the crystal 

coordinate system is transformed to the new position x’’’ = {x’’’, y’’’, z’’’} and coincides with X = 

{X, Y, Z}. Figure 2-4(d) shows this 3rd rotation operation applied on the crystal coordinate, x’’. 

Figure 2-4(e) shows the end result of all 3 rotation operations, where the crystal coordinate 

system x’’’ and sample coordinate system X are aligned with each other. This explains the 

Bunge’s convention of representing a crystal’s orientation using Euler angle. The mathematical 

space formed by Bunge’s Euler angles is explained next. 

 

2.3.3. Euler space G(g) in Bunge’s Euler notation 
 

Figure 2-5: Representation of Euler space G(g) for the (Crystal Symmetry, Sample symmetry) 
sets of types (a) (monoclinic, monoclinic), (b) (monoclinic, orthorhombic) and (c) (cubic, 
orthorhombic) [57] 
 

Above Figure 2-5 provides schematic illustration of Euler’s space in Bunge’s Euler angle 

notation G(g). The three orthogonal axes are formed by the three Euler angels. Crystal and 

sample symmetries reduce G(g) by introducing symmetric equivalencies. Monoclinic and cubic 

Crystal Symmetries (CS); and monoclinic and orthogonal Sample Symmetries (SS) are 

generally observed symmetries [57]. Monoclinic – monoclinic type CS-SS system (Figure 

This item has been removed due to 3rd Party Copyright. The unabridged version of the 
thesis can be found in the Lanchester Library, Coventry University.
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2-5(a)) presents no symmetry in G(g) and is characterized by the domain 0 to 360o, 0 to 360o 

and 0 to 180o for 𝜙1, 𝜓 and 𝜙2 axis respectively. Such a domain reduces to 0 to 180o, 0 to 90o 

and 0 to 90o for cubic – monoclinic CS-SS system (Figure 2-5(b)) and to 0 to 90o, 0 to 90o and 

0 to 90o for cubic – orthorhombic CS-SS system (Figure 2-5(c)). Due to 3-fold symmetry, 120o 

about the <111>||ND crystallographic axis, three non-linear fundamental Euler subspaces I, II 

and III exist in G(g) for Cubic – Orthorhombic case. Now misorientations are explained. For 

the given two orientations, g1 and g2, Δg is calculated as the product 𝒈𝟐 ⋅ 𝒈𝟏
−1 [57], where the 

two terms are orientation matrices. An additional misorientation vector is needed for a better 

misorientation description [107]. 

 

2.3.4. Crystallographic texture 
 

When sets of crystallites in a poly-crystalline metal are preferentially orientated, the poly-crystal 

is textured. It is a collection of all gn in G(g), where n is the number of unique sets of g. Each 

set is an orientation collection enclosed within an iso-surface formed of a constant 

misorientation angle to a given mean orientation <g>n in G(g). The set itself is said to belong 

to a texture component. The Euler space enclosed by such an iso-surface is called a sub-

space. The texture component is characterized by the nature of distribution of all orientations 

which constitute its subspace. Hence, texture is defined by an orientation distribution in G(g). 

A probability distribution function is constructed for such an orientation distribution using 

spherical harmonic expansions [108]. It is a mathematical fit referred to as crystallographic 

orientation distribution function (CODF) [57]. The fit itself is generally expressed by the 

following equation [108]: 

𝑓(𝑔) = ∑ ∑ ∑ 𝐶𝑙
𝑚𝑛𝑒𝑖𝑚𝜙2𝑃𝑙

𝑚𝑛(Φ)𝑒𝑖𝑛𝜙1

+𝑙

𝑛=−𝑙

+𝑙

𝑚=−𝑙

∞

𝑙=0

 Equation 2-1 

 

Here, the expansion is a generalized spherical harmonic series for CODF expressed in terms 

of Bunge’s Euler angles, 𝑓(𝑔) is the intensity of g in G(g) (commonly referred to as texture 

intensity or texture component intensity), 𝐶𝑙
𝑚𝑛 are expansion coefficients and 𝑃𝑙

𝑚𝑛(Φ) are 

Legendre functions and terms 𝑒𝑖𝑚𝜙2 and 𝑒𝑖𝑛𝜙1 are harmonic expressions in terms of 3rd and 

1st Bunge’s Euler angle respectively. Mathematically, CODF gives the relative intensity of an 

orientation in a poly-crystal of a certain texture, with respect to a texture-less orientation set. It 

‘sufficiently’ contains in it, all features which define the distribution of all orientations in the 

physical space and is characterized by the following: 
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1. A sufficiently large data set of orientations for each texture component. This largeness 

is treated as a necessary condition in this thesis, as only then, can we confidently make 

texture to be fairly independent of sample size. 

2. The angular resolution of measurement data and statistical relevance of represented 

data. This is a mathematical requirement to enable accurate fit.  

3. The intensity of an orientation (g) indicates the value of f(g) in Equation 2-1 at the 

orientation. 

4. The volume fraction of a texture component indicates the relative presence of the 

corresponding orientation set in a set of all orientations in the grain structure. It is 

estimated in two methods and both are used in the texture community. In the 1st 

method, the volume fraction of orientations belonging to such texture components (n) 

is expressed in terms of texture component volume fraction (Vf
n), expressed 

mathematically as: 

𝑉𝑖 = 𝑉𝑓
𝑛 = ∫ 𝑓(𝑔)𝑑𝑔

Δ𝑔𝑖

𝛿𝑔=0

 Equation 2-2 

Here, 𝑉𝑖 is the volume fraction of the ith texture component, 𝛿𝑔 is the dis-orientation 

angle ranging from 0 to the threshold value of Δ𝑔𝑖, taken for the ith texture component, 

f(g) is the CODF and finally dg is the smallest unit volume in the discretized Euler 

space. The 2nd method directly uses orientation dataset acquired from EBSD. Here, Vf 

is the ratio of total area of all pixels belonging to the texture component, to the total 

area of all indexed EBSD pixels in the scanned grain structure. Due to the closeness 

with physical space and also as it avoids potential numerical errors, the latter is used 

in this work. 

 

2.3.5. Texture components and fibres in aluminium alloys 
 

In this section, crystallographic information on texture components such as Cube, Rotated 

cube, Goss, Brass, Copper, S components, 𝛼 − fibre and 𝛽 − fibre are provided. 

 

Table 2-1: Details of texture component commonly to Aluminium [57,69,109–112] 

Texture component Notation Euler angles Miller indices Type 

Cube W <0, 0, 0> {1 0 0} <1 0 0> 
Recrystallization 
texture component 

Rotated cube RC <45, 0, 0> {1 0 0} <1 1 0> 
Goss G <0, 45, 0> {1 1 0} <0 0 1> 
Brass B <35, 45, 0> {1 1 0} <1 -1 2> 

Deformation texture 
component 

Copper Cu <90, 35, 45> {1 1 2} <1 1 -1> 

S S <59, 37, 63> {1 2 3} <6 3 -4> 

Taylor T    
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Cube [48,113,114], Rotated Cube [55,59,115], Goss [116,117], Brass [111,118], Copper 

[83,119,120], Dillamore [69] and S [48,119,121] are common texture components seen in 

rolled/extruded/forged Aluminium. Their notation, Euler angles and Miller indices are listed in 

the above Table 2-1. Apart from such orientations, texture intensities along fibres which are 

paths connecting texture components in Euler space, are also used to represent texture. 𝛼 − 

and 𝛽 − fibres are used for FCC [57,122]. Locations of such components and fibres in G are 

now presented for the cubic – orthorhombic CS-SS system. 

 

 
Figure 2-6: Prominent FCC texture components and fibres in G [109,123] 
 

G for plane-strain deformed FCC is shown in Figure 2-6. 𝜙1, 𝜓, 𝜓2 axes ranging from 0o to 90o 

define its axes. Texture components and fibres are shown using a marker and thick coloured 

lines. W, RC and G texture components are generally re-crystallization texture components 

while the B, Cu and S texture components are deformation texture components. 

Crystallographic 𝛼 − texture fibre and non-crystallographic 𝛽 −  texture fibres are indicated 

using dashed and continuous lines respectively. 𝛼 − fibre has three symmetric equivalents, 

each starting from Goss and passing through Brass orientation. It starts at [0,45,0], [0,90,45] 

and [0,45,90] and ends at [90,45,0], [90,90,45] and [90,45,90] respectively. 𝛽 − fibre is 

intensity-maxima based orientation locus running along 𝜙2. It starts at C: {112}<111> and 

reaches B: {011}<211> through the S: {123}<634>, with the orientation positions being 

approximate. Two more 𝛽 − fibre variants (𝛽2 and, 𝛽3) occur, which have also been indicated 

 

2.3.6. Visual representations of texture characteristics 
 

The texture is visualized using pole figures [124], inverse pole figures [57], sections through 

orientation space such as Euler space [57,124], Rodrigues’s space [106] and intensity 

variations along specific locations [124] and axes in the orientation space [124]. A pole figure 

contains the crystal orientations projected on a sphere and then onto a circle with sample 

directions as references and does not provide an accurate texture representation [124]. As 
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extensive use of Euler space representation of texture is made in this thesis, they are explained 

below. 

Figure 2-7: Texture representation in (a) 3D Euler space [124] (b) sections in 3D Euler space 

taken along 𝜙2[124]. Note: Colours and additional data have been added to the original image 
in reference [124] for better representation 
 

Prominent texture features of deformed aluminium in Euler space was schematically illustrated 

in Figure 2-6 and an example showing the iso-surface contours of 𝛼 − fibre and 𝛽 − fibre are 

presented in Figure 2-7(a). Here, iso-surfaces are usually constructed for texture intensity 

values obtained from CODF. For simplicity of representation, only one of the three equivalent 

fibres is presented. For FCC, sections in Euler space are commonly taken along the 2nd Euler 

angle, in the case of Bunge’s Euler angle notation. Five such sections situated along 𝜙2 =

0o, 25o, 45o, 65o and 90o are shown in Figure 2-7(a). A section wise CODF representation of 

rolled cubic Cu – 30% Zn alloy with 50% reduction, is shown in Figure 2-7(b) [124]. The 

correspondence of sections in Figure 2-7(b) and the 3D Euler space in Figure 2-7(a) is also 

provided. Variations of texture intensities along major crystallographic and non-

crystallographic paths in Euler space are also used extensively and are explained below. 

 

This item has been removed due to 3rd Party Copyright. The unabridged version of the 
thesis can be found in the Lanchester Library, Coventry University.
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Figure 2-8: Texture fibre representations (a) 𝛼 − fibre (a) 𝛽 − fibre (a) maximum intensity 

locations on the 𝛽 − fibre [124] 
 

𝛼 − fibre starts at Goss and passes through Brass texture component in the 𝜙2 = 0o, 𝜙2 = 45o 

and 𝜙2 = 90o sections. 𝛼 − fibre is also referred to as the crystallographic <110>||ND fibre. 

Crystals belonging to this texture fibre have their <110> plane normal vectors aligned with ND. 

Texture intensity along 𝛼 − fibre is generally represented as in Figure 2-8(a). Here, 𝜙1 

represents x-axis. The y-axis represents 𝑓(𝑔)  ∀𝑔 ∈ 𝚽 of 𝛼 − fiber core. Figure 2-8(a) shows 

the convenience of this representation where, the effects of different material processing route 

can be compared with each other using different 𝛼 − fibre texture intensities, that these 

processes induce. Texture variations along 𝛽 − fibre is explained below. 

 

Unlike 𝛼 − fibre, 𝛽 − fibre is non-crystallographic as its path in G is not defined by specific 

locations. Instead, it is a locus of all those orientations connecting the Brass, Copper and S, 

where, the intensities are a local maxima. To visualize texture intensity variations along the 

𝛽 − fibre, it is represented like that of 𝛼 − fibre and is shown in Figure 2-8(b). The x-axis 

represents the 𝜙2 section (see Figure 2-7(a)), in which the intensity is estimated. In this plane, 

the maximum intensities near the expected 𝛽 − fibre in these Euler space sections are plotted 

on the y-axis. Since 𝛽 − fibre location in Euler space may change according to the location of 

maximum texture intensity, the actual locations in each section must also be specified to obtain 

a complete picture of the 𝛽 − fibre location and corresponding texture intensities. Such a plot 

is shown in Figure 2-8(c). Here, the 𝜙2 section angle is the x-axis and the corresponding 

values of 𝜙1 and 𝜓 where the maximum intensity is found, are represented on the y-axis.  

 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis 
can be found in the Lanchester Library, Coventry University.
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All the above discussions describe macro-texture as they deal with very large orientation data 

sets within each component of the overall texture. At much smaller length scales and at smaller 

orientation sampling size, the texture will be referred as micro-texture. In the rest of the thesis, 

macro-texture is just represented as texture. 

 

2.3.7. Texture in thermo-mechanically processed aluminium alloys 
 

Two prominent texture types are re-crystallization and deformation types. Deformation texture 

could be due to rolling [53,69,119], extrusion [55,125] or forging [126] operations. It is either 

compression [127,128], tensile [129], shear [53,130] or a combination type [53]. They can also 

be Copper type [83,116] or Brass type [83,111]. In a Copper type texture, both 𝛼 −fibre and 

𝛽 −fibre are dominant, while in a Brass type texture, only 𝛼 −fibre is dominant with a sharp 

orientation distribution intensity around Brass texture component [131]. The terms “Brass type 

texture” and “Copper type texture”, however, are different from the texture component terms 

“Copper texture component” and “Brass texture component”. Both Brass and Copper type 

texture contain Brass texture component in them, as the core of 𝛼 −fibre and 𝛽 −fibre meet at 

the ideal orientation of Brass texture component in the Bunge’s Euler space [57]. The 

recrystallization texture is primarily composed of Cube, Rotated cube and Goss texture 

components [132,133]. Deformation texture is a direct consequence of plastic deformation 

wherein Brass, Copper and S texture components grow [131]. However, depending on the 

thermo-mechanical processing and heat-treatment conditions, aluminium alloys may contain 

a combination of both recrystallization texture and deformation texture [119]. 

 

Table 2-2: Major components of shear, rolling and cube type textures 

Type Major 
component 1 

Major 
component 2 

Major 
component 3 

Reference 

Shear {0 01} <1 1 0> {1 1 1} <1 1 2> {1 1 1} <1 1 0> 

[57,109,119] Rolling {1 1 0} <1 1 2> {1 1 2} <1 1 1> {1 2 3} <6 3 4> 

Recrystallization {0 0 1} <0 0 1> {0 2 5} <1 0 0> {0 2 5} <0 5 2> 

 

Texture in deformed aluminium can also be of shear, rolling and recrystallization type [112]. 

Their major components are provided in Table 2-2. Post rolling, Al alloys being a high Stacking 

Fault Energy material [109,119], exhibits a copper type texture [121] (also called pure metal 

type texture) with a distinctive butterfly type orientation distribution in a {111} pole figure 

[109,119]. 

 

Deformation texture has been studied previously and theories trying to understand its 

development and evolution have been proposed from as early as 1931 in the classic 
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experiments of Boas and Schmid [49] (though not explicitly linked to texture, but to 

orientations), 1939 (Pickus and Mathewson (refer [134])) and 1950 (Calnan and Clews (refer 

[134])). Experiments [84,129,135] and simulations [135,136] are still being conducted to this 

day to help explain formation and evolution of deformation texture in aluminium under different 

conditions. An active area of research is in trying to understand and quantify strain rate effects 

on evolution of deformation texture in aluminium [137–139]. 

 

Texture can significantly affect the mechanics of crack initiation and propagation. For example, 

Li et al. [140] found that grains belonging to Goss (G) orientation can retard fatigue crack 

propagation. They further suggested the importance of research in trying to understand and 

engineer an alloy texture to have a greater number of a texture component grains to suit fatigue 

crack propagation characteristics. 

 

Crystal slip has been regarded as a dominating mechanism in evolution of deformation 

textures [84]. Depending on how crystal slips evolve, texture evolution proceeds accordingly. 

Stress state can affect texture evolution. Friction at roller imposes shear stress gradients and 

its characteristics decide the presence of shear texture components and depth gradient texture 

[52,141].  

 

Grain size of aluminium alloy is an important factor in determining the texture development 

[48,69,142]. Large grains in FCC and BCC metals tend to have 5 to 6 slips operating near the 

grain boundary in order to satisfy the strain compatibility condition, while only 1 or 2 slips 

operate in the core of the grain [69]. This makes orientation evolution inside large grains to be 

spatially non-homogenous. 

 

Alloying elements control the Stacking Fault Energy (SFE) [143], which in-turn controls the 

atomic scale deformation mechanisms and thus influences texture evolution [84]. FCC metals 

with higher SFE develop a copper or pure metal type texture [124], where the texture is 

dominated by the presence of brass, strong stable S/C orientations; typically a strong β-fibre. 

This β-fibre is also influenced by precipitate particles [140]. 

 

Available stored energy in grains belonging to a certain orientation decides the stability of 

orientation of such grains under deformation, for example it drives recovery mechanisms [121] 

which can potentially increase cube and Goss re-crystallization texture components. It has 

been also suggested that annealing can support the growth of rolling textures [140]. Generally, 

an orientation with higher stored energy will have a greater tendency to re-crystallize [132]. S 

texture component has higher than average stored energy than Brass texture component 
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[140], making S grains more susceptible to re-orientation through recrystallization. Further, 

Copper texture component is known to contain more strain energy than S texture component 

[132]. Therefore, post plastic deformation under LSP, recrystallization texture components 

such as Cube, Rotated Cube or Goss may nucleate inside a Copper oriented grain or a S 

oriented grain. This possibility is investigated in Chapter 4. 

 

2.3.8. Effects of texture on mechanical behaviour 
 

Constituent crystallographic orientations of texture, decide the critical resolved shear stress 

[49,68,144] of individual grains, for a given loading. Therefore, different sets of grains in a 

textured metal, experiences different plastic strains as the applied load increases. Hence 

plastic anisotropy of thermo-mechanically processed engineering alloys depends largely on 

the texture. Thus, texture controls the mechanical behaviour of a poly-crystal [45,145]. A 

change in texture can therefore change the mechanical behaviour. A brief literature presenting 

texture effects on mechanical behaviour is given below. 

 

The presence of a shear texture with {111}||ND reduces the planar anisotropy [112]. Bowen 

[48] expressed the yield strength of the Brass texture component as a function of loading angle, 

in terms of the Taylor factor. Texture is also important to engineer plastic anisotropy in 

processed materials [140]. An example of this, is reducing the earing of aluminium, a balance 

in the 0/90o and the 45o ears is obtained by achieving combination of cube and beta fibre 

orientation [140]. The importance of crystal orientation on the bulk deformation of single 

crystals relative to the load direction could not have been better illustrated practically than the 

earing profiles of pressed single crystal aluminium blanks by Tucker [146] in earing 

experiments. Rolled aluminium also displays a depth gradient yield strength due to texture 

[147]. 

 

2.4. Important EBSD terminology 
 

2.4.1. Band contrast 
 

For a Kikuchi diffraction pattern to be used for orientation identification, its component bands 

must be well formed to enable accurate indexing at each EBSD pixel. Under those 

circumstances where they form inadequately, Kikuchi bands become unindexable. One such 

circumstance is the presence of steep orientation gradients in the sample area contained 

inside the EBSD pixel. In this case, the pixel is associated with a zero band contrast (BC). 

Depending on the average quality of the Kikuchi pattern for that pixel, the pixel is associated 
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with a number between 0 and 255, the standard colour range and is unit-less. Band contrast 

describes the average intensity of the Kikuchi bands and a higher value indicates a higher 

quality of the Kikuchi band pattern [148]. It is affected by strain [149] and dislocation densities 

[150]. It can also be affected by EBSD parameters [149] and hence cannot stand alone as the 

sole representative of neither strain nor dislocation content. Nevertheless, it helps assess the 

relative nature of plastic deformation in the grain structure to some extent. 

 

2.4.2. Phase fraction and zero fraction 
 

Phase fraction represents the number of indexed EBSD pixels belonging to a certain phase. 

Zero fraction is calculated from it as below and represents the percentage of overall unindexed 

EBSD pixels. 

 𝑍𝐹 =
1

100
[1 −

1

𝑁
∑(𝑃𝑓)𝑖

𝑁

𝑖=1

] Equation 2-3 

 

Where, ZF is zero fraction, 𝑃𝑓 is phase fraction, summation index 𝑖 is the ith phase and 𝑁 is the 

total number of phases. Un-indexed EBSD pixels and steep plasticity gradients increase Zero 

fraction [151]. 

 

2.4.3. Kernel averaged misorientation (KAM) 
 

KAM is a moving average of neighbourhood weighted crystallographic misorientation 

magnitude, calculated at each pixel in an EBSD scan [152]. KAM is calculated as, 

 

 Δ𝜃𝑘𝑎𝑚
𝑃 =

1

𝑁
[∑Δ𝜃(𝑂𝑝, 𝑂𝑖)

𝑁

𝑖=1

] Equation 2-4 

 

Where, N is the total number of pixels in the neighbourhood (= 8 for one nearest neighbour (P 

= 1) and =16 for two nearest neighbours (P = 2)). All calculations use square EBSD pixel 

lattice, ‘i’ is the ith neighbour, Op is the orientation of the pixel under consideration and Oi is the 

orientation of the ith neighbouring pixel. It is expressed in degrees. Details of its statistical 

distribution in an EBSD scan is provided below. 
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In-fact, Sharp et al. [160] from studies on shot peened bulkhead of RAAF F/A-18 aircraft 

suggest that there exists a competition between the beneficial effects of shot peening induced 

compressive residual stress and the detrimental effect of shot peening induced surface 

damage, in influencing the fatigue life. LSP induced surface roughness may result in stress 

concentration regions and could result in fatigue failure [161]. There are other effects of LSP 

which needs consideration from the point of view of surface damage. These are provided 

below. 

 

LSP decreases the contact surface area and increases the contact surface pressure, hence 

increasing the wear rate [156]. An increase in surface roughness also increases the mean 

wear particle size [162], which can lead to material damage. However, the wear rate decreases 

with an increase in surface hardness and with LSP, the material hardness generally increases 

[22]. At room temperature, the hardness of engineering materials can be safely assumed to 

remain constant and only change with substantial plastic deformation. Under no physical 

contact with a different solid of comparable hardness, it can also be assumed that the surface 

roughness of the peened region remains the same. However, under suitable applied 

mechanical loads, the compressive residual stress magnitude in the peened region can 

decrease [27]. It is therefore concluded, that LSP induced increase in surface roughness may 

only start to adversely affect the material fatigue behaviour, once the LSP induced 

compressive residual stress magnitude has relaxed. This, however, may get accelerated in the 

case of LSP induced subsurface fracturing of intermetallics, which are abundant in high 

strength aluminium alloys [163]. 

 

3.1.2. Material, processing parameters and measurement details 
 

Aluminium alloy 7050 is a precipitation hardened Al-Zn-Mg-Cu alloy [164,165] having % wt 

composition of 0.12% Si, 0.15% Fe, 2.0-2.6% Mg, 0.04% Cr and 5.7-6.7% Zn [166]. In temper 

T-7451 condition, the alloy is solution heat treated with controlled stretching to relieve stresses 

followed by artificial aging. It is a high-strength aluminium alloy [165] for use in aircraft structural 

members such as ribs and spars [43,167]. Cu, Mg and Si rich precipitates are observed using 

energy dispersive X-ray spectroscopy (EDS), while the matrix phase is rich with Al, Zn and Mg 

phases.  

 

Table 3-1: LSP processing parameters for AA7050-T7451 

Material Peened 

plane 

Power 

density 

Pulse 

width 

Spot size Number of spots mm-2 

AA7050-T7451 RD-TD 11 GW cm-2 18 ns 1.45 mm 2.5, 5, 10, 20 
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The Laser peening parameters used the for the material AA7050-T7451 are listed in the above 

Table 3-1. Rolled AA7050-T7451 is laser shock peened on the rolling plane. Here, the pulse 

width refers to the Full Width at Half Maximum (FWHM) of the pulse profile of the Laser power 

density and is measured in nano-seconds (ns) [168]. The power density is the peak value of 

the power density profile of the Laser pulse [168]. Spot size refers to the mean cross-sectional 

diameter of the circular Laser spot used at the impact location. The number of spots per mm-2 

refers to the total number of Laser impacts over a unit surface area and considers any spot 

overlaps. Sample morphology and location of surface morphology and EBSD measurements 

are detailed below. 

 

 
Figure 3-2: Location of surface morphology and EBSD measurement on AA7050-T7451 
sample (a) photo of the peened sample showing peened and unpeened regions along with the 
location of surface morphology measurement (b) schematic showing the dimensions, length 
of the scan along TD and sample coordinate system (c) Tensile stress-strain curve 
 

The AA7050-T7451 sample peened with a LSP coverage of 2.5 spots mm-2 is shown in Figure 

3-2(a). Unpeened and peened surfaces have been identified along with a transition region 

between them. Here, the shaded region shows the location where surface morphology is 

measured using White Light Interferometry (WLI) [169]. Dimensions of the sample are provided 

in Figure 3-2(b). The length of the WLI scan is along the transverse direction (TD) and the 

width of the WLI scan is along the rolling direction (RD). Tensile testing carried out on 

unpeened sample (Figure 3-2(c)) revealed an Young’s modulus of 72 GPa, 0.2% proof stress 
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of 470 MPa, maximum tensile strength of 520 MPa and a low material hardening exponent of 

0.062 for AA7050-T7451 in rolled sheet form. Results are presented and discussed below. 

 

3.1.3. Results on effects of LSP on surface morphology and related discussions 
 

Results pertaining to the effect of LSP coverage on the surface morphology and surface 

roughness of AA7050-T7451 are presented and discussed. 

 

 
Figure 3-3: Surface morphology of AA7050-T7451 sample Laser shock peened with a 
coverage of 2.5 spots mm-2. Note 1: Specimen coordinates are formed by RD and TD. Note 2: 
Circle to the right shows size of the laser beam, to scale 
 

Morphology of the laser shock peened surface is shown in Figure 3-3. The unpeened region, 

tensile bulge region and peened region are identified. Colour legend and colour key values to 

the right represent the surface profile in µm, calculated from the global mean. The following 

three large scale features are noted. 

 

1. The first is the peened region itself, which is characterized by depression created over 

the course of multiple laser impact layers. 

 

2. The material deformation in the peened surface bulges the material in the surrounding 

unpeened region due to material pile-up. Also, by the requirement of static stress 

equilibrium in a solid, the tensile bulge region is characterized by a tensile residual 

stress. This region is therefore called the tensile bulge region. 

 

3. The third is the unpeened region. Here, surface height drops away from tensile bulge 

towards the sample edge. 

 

All the above large scale features are characterized by surface roughness. Seen in the peened 

region are dents, which are indicated by green coloured patches. These dents [157,158] are a 

consequence of material deformation under multiple overlapping laser impacts. Such dents, 

themselves contribute to surface roughness by introducing waviness. Comparing the peened 

and unpeened region, the surface roughness in the peened region was found to be greater 
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than that in unpeened region. This increase in surface roughness was due to the presence of 

dents on the surface. However, by controlling the overlapping of laser spots, this surface 

roughness can be reduced [170]. Such surface features have also been observed under shot 

peening [171]. 

 

 
Figure 3-4: Surface profile graphs of all peened samples over half specimen length along TD 
 

Surface profiles of samples laser shock peened with 5.0 spots mm-2, 10.0 spots mm-2 and 20.0 

spots mm-2 coverages were also measured. The line profiles of the surface morphology of 

these samples are shown in Figure 3-4, for half of the scan length, as it was found that the 

line profile was symmetric. Results showed that increasing the LSP coverage from 2.5 spots 

mm-2 to 20.0 spots mm-2 increased the mean depth of depression in the unpeened region. A 

dent is identified on the line profile for the sample peened with 10 spots mm-2. On this line 

profile, surface roughness is identified as the undulations on the surface at size scales smaller 

than that of the dents. Even the surface of the dent has surface roughness. However, taken 

over size scale of the sample, both the dents and the undulations on the surface of the dents 

contribute to the surface roughness and significantly increases the exposed surface area in 

the peened region. Similar surface profile contours as in Figure 3-3 are made for other 

samples. These, together with the peened surface profile in Figure 3-4, it is found that 

increasing the coverage changes the inter-dent spacing due to differences in the overlap. The 

results below provide details of surface roughness.  

 

 
Figure 3-5: Surface roughness (a) calculation over the curved unpeened surface (b) 
comparison for unpeened surface and peened surface of samples peened with coverages of 
2.5 spots mm-2 and 20 spots mm-2 
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Figure 3-5(a) shows the surface profile as obtained from WLI measurement over the 

unpeened surfaces for samples peened with LSP coverages of 2.5 spots mm-2 and 20 spots 

mm-2. Polynomial equations of sufficient polynomial degree (here, 4) are fit to these surface 

profile (raw data) to represent their mean surface profile as a function of distance along WLI 

scan length. To analyse the surface roughness differences between peened and unpeened 

surfaces, surface roughness of the unpeened region is first calculated using the surface profile. 

The surface roughness is then calculated as the difference between the seen surface profile 

(representing the raw data) and the mean surface profile represented by the fit. This surface 

roughness is presented in Figure 3-5(a). Such a technique has been adopted in the past and 

can be found in these literature [172,173]. The actual technique is explained below.  

 

It should be noted that due to random and fractal nature of surface roughness, only a 

polynomial of infinite degree can make a fit with the polynomial passing through all the 

measured points, in the case where there are sufficiently large collection of data points. In the 

present case, two major large scale features are recognized (seen in Figure 3-5(a)). The 1st is 

the height difference and the encompassing non-linearity between the two ends itself. The 2nd 

is the immediately smaller variations in curvature over lengths of 0.5 mm. The 1st is treated as 

the highest fractal feature of 1st iteration and the 2nd is treated as the immediately lower fractal 

feature of 2nd iteration, the larger crests and troughs are treated as the 3rd iteration and the 

actual smallest undulations measured represent the 4th fractal iteration. To consider the crests 

and troughs into surface roughness calculation, 3rd iteration fractal is to be extracted, which 

also has data on 4 h iteration fractal. To do this, we need to isolate the 3rd iteration and above 

from the 2nd iteration and below. For this, a polynomial is fit, such that it accurately represents 

the 2nd iteration fractal. In this case, a 4th degree polynomial was found to be sufficient. The 

actual polynomials themselves, were 𝑦 = −1.97𝑥4 + 10.62𝑥3 + 21.42𝑥2 + 22.46𝑥 − 8.64 for 

2.5 spots mm-2 and 𝑦 = 1.07𝑥4 − 3.37𝑥3 + 0.22𝑥2 + 10.92𝑥 − 8.09 for 20 spots mm-2. 
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Figure 3-6: LSP coverage dependent surface roughness 
 

Surface roughness was found to be dependent on the LSP coverage and the results are 

presented in Figure 3-6 along with maximum height and minimum depth of the crests and 

troughs taken over an length interval of 2 mm. The error bars represent the standard deviation 

of surface roughness. The average value of Ra for unpeened region is found to be 0.22 µm. A 

sub-set of the surface profile of unpeened and peened surfaces of samples peened with LSP 

coverages of 2.5 spots mm-2 and 20 spots mm-2, taken over 2 mm are provided in Figure 

3-5(b). 

 

Results in Figure 3-6 show that the surface roughness has a non-linear relationship with LSP 

coverage. Here, Ra seems to saturate with increase in LSP coverage greater than  

 

From the surface profile measurements on shot peened high strength extruded Magnesium 

alloy ZK60-T5, Liu et al. [171] noted that surface roughness parameters increase linearly with 

shot peening intensity. Wu et al. [174] observed that increasing shot peening coverage 

increased the surface roughness in high strength steel. Salimianrizi et al. [175] found a non-

linearly varying surface roughness with different LSP coverages in aluminium alloy 6061 and 

attribute the behaviour to the combined action of creation of the dents and surface damage 

which could be caused by surface material ablation. Zhang et al. [176] report an increase in 

surface roughness of aluminium after laser shock peening. The trend of results presented in 

this section is in good agreement with those in the literature. However, contrary to the non-

linearity characterized by both decrease and increase of Ra with increasing coverage in the 

work of Salimianrizi et al. [175], the present work revealed an asymptotic increase with the 

increase in LSP coverage. This could be because of surface ablation. The decrease in the 
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surface roughness as seen by Salimianrizi et al. [175] is due to the overlapping of multiple 

dimples. However, at the high levels of coverage and power used in the present work, the 

surface layer is also undergoing ablation in addition to localised plastic deformation as also 

suggested by Salimianrizi et al. [175]. Dhakal et al. [161] report an increase in surface 

roughness with increasing laser power density. It is also interesting to note that the surface 

itself had become more random featured as evidenced by the increase in their error bars, as 

also observed in the present work. Meng et al. [177] found an increase in surface roughness 

after LSP. Increase in surface roughness with increase in LSP coverage was also observed 

by Trdan et al. [100] who LSPed Al-Mg-Si alloy. The following conclusions are made from the 

observations. 

 

1. LSP increases the surface roughness by the creation of dents on the surface, due to 

the plastic flow of metal at the surface. 

 

2. Morphology of dents and inter-dent spacing depend on LSP coverage, with possible 

contribution by the formation of pits by surface ablation. 

 

3. An increase in LSP coverage and the corresponding increase in surface roughness 

parameter Ra, are non-linear. 

 

3.2. LSP induced changes to crystallographic texture 
 

3.2.1. Background and introduction to the work 
 

Plastic deformation can change the crystallographic orientation of metallic crystals [49,178] 

and crystallographic texture (Crystallographic orientation and crystallographic texture are 

simply referred to as orientation and texture in all further sections) in metallic poly-crystals 

[179]. The relative orientation of a crystal to the load vector controls how the crystal deforms 

[120]. Similarly, the distribution of relative orientations between applied load vector and 

individual crystals of a textured poly-crystalline metal, controls, how the polycrystal behaves 

mechanically [120]. As the texture of a poly-crystal is defined by the collection of orientations 

in the poly-crystal, changes to it implies changes to the mechanical behaviour of the poly-

crystal. LSP, by introducing depth wise plastic deformation, will inevitably introduce depth wise 

crystal re-orientations. This can change the distribution of crystalline orientations in the peened 

region, which when sufficient, results in texture change. As a consequence, changes in 

mechanical behaviour can manifest. These motivate the investigations carried out to answer 

the research question “What texture changes can LSP induce in rolled AA7050-T7451?” 
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Though much work has been carried out to understand the effect of plastic deformation on 

texture, very little has been done in the case of LSP. Only available research paying attention 

to the effects of LSP on texture are by Kasheav et al. [34] and Qiao et al. [180]. These only 

present pole figures and texture volume fraction changes, and are not descriptive. It is also 

recognized from literature that deformation texture evolution in aluminium at very high strain 

rates is not well understood. This section 3.2 aims to fill these gap by identifying and describing 

the LSP induced changes to texture characteristics of rolled AA7050-T7451. 

 

Texture evolution is both spatially and temporally dependent on deformation and is a path 

variable in the orientation space O3 (The orientation-path dependent nature of texture evolution 

in the orientation space is because of the orientation-path dependent re-orientation of 

individual crystallites. Further, as surrounding grains impose geometric boundary conditions 

on the deforming grain, texture is also a path variable in physical space). Major parameters 

influencing it are type of the crystal lattice (FCC or BCC or HCP), Stacking Fault Energy (SFE) 

of the material [131], temperature [181], phase transformations [182], initial texture [131], 

plastic history, applied stress state [181] and strain rate [183,184]. 

 

Rolling and extrusion are important thermo-mechanical processing routes by which 

engineering metallic structures are made. Material hardening and texture evolves with the 

plastic deformation suffered during these processes. Many studies [118,179,185,186] have 

tried understanding texture evolution in such processes. Many classical theories [187] have 

been put-forth and a few have been briefly reviewed in the classical work by Dillamore et al. 

[69]. Numerical simulation techniques such as crystal plasticity based finite element 

simulations [118,129] and viscoplastic self-consistent models [188] have also been used in 

these studies. 

 

In this section 3.2, results and insights drawn from detailed investigations into LSP induced 

changes to sub-surface and depth-gradient macro-texture (Here, texture information acquired 

from large sampling volume (as in neutron transmission) and large sampling surface (as in 

EBSD) is considered macro-texture) in rolled high strength aluminium alloy AA7050-T7451 are 

provided. While neutron transmission with a single neutron transmission direction helps probe 

partial texture information with excellent volume averaging, EBSD on the other hand, provides 

highly detailed two-dimensional texture information of the scanned region. Multiple EBSD 

maps of peened and unpeened regions are stitched at depths of ≈ 100𝜇𝑚 and 6 mm below 

the peened surface to extract macro-texture information. Results from the analyses of these 

data are presented. Results of texture component volume fraction and intensity are presented 
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in this chapter while that on texture distribution in grain structure are presented in the next 

chapter. 

 

3.2.2. Literature review on LSP effects on texture 
 

Very few studies have investigated the effects of LSP on crystallographic texture. For 

aluminium, only a single study exists [34] to the knowledge of the author, which report minor 

changes to texture by LSP. Kasheav et al. [34] laser shock peened 2 mm thick AA2024 with 3 

x 3 mm2 laser spots (with an energy of 3J) with 1, 3 and 5 layers. After EBSD analysis of 

peened and un-peened regions, they calculated the area fractions of 10 different grain 

orientations parallel to the ND. According to their results, AF of < 1 1 2 > || ND and < 0 1 2 > || 

ND were altered significantly post-LSP where its area fractions increased from 6.7% to 15.8%. 

The < 0 1 2 > || ND crystals increased from an AF of 3.8% to 7.6%. However, no exposition of 

results in terms of texture components were provided. For titanium alloy, investigations by Qiao 

et al. [180] describe a qualitative change in the texture in terms of pole figures. However, no 

further analysis was provided. Prabhakaran et al. [189] partially associated the overall texture 

intensity increase in aluminium nanocomposites to be contributed by the LSP process, but not 

provide further details. 

 

3.2.3. Challenges in representing LSP induced texture changes 
 

The texture is represented in terms of crystallographic orientation distribution function (ODF). 

Here, mathematical functions are fit to orientation data set [57], where fit routines and 

parameters decide the accuracy of texture in orientation space (O) for a given orientation 

resolution (Δo). Re-calculated projected representations of texture, such as pole and inverse 

pole figures are not entirely accurate at clearly representing texture changes [124], due to non-

linear projection space and orientation space distortion [57,107]. Generally, ODF is taken to 

completely represent the actual texture in the material and permits a detailed texture analysis 

[124]. 

 

The 1st challenge is that, the closeness with which the mathematical representation of texture 

can represent physical texture depends on the size and diversity of the acquired orientation 

data set and the resolution Δo of O (The term “Physical texture” is thought to refer to the 

collective orientations acquired by the experimental technique or numerical means without 

mathematical fit operations being worked with. It is discrete by nature). Therefore, EBSD scans 

should sample enough grains. This can be a significant problem while constructing accurate 
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ODF from EBSD scans of materials having large grain size exhibiting steep orientation 

gradients. This is because they require large scan areas and small scanning step sizes. 

 

The 2nd challenge is, depending on the choice of fitting parameters and routines, certain 

aspects of inherent physical texture might not even be represented (or representable) in (or 

by) the calculated mathematical texture. This would consequently lead to not only erroneous 

interpretations but also missing physical texture information. 

 

To account for the above challenges, in this work, care is taken in calculating, representing 

and interpreting ODF. Also, as the grain sizes encountered were of the order of millimeters, 

multiple EBSD scans were stitched before ODF was constructed. 

 

3.2.4. Material and sample preparation 
 

Material details were provided in section 3.1.2. Samples were cut with a rotary wheel operating 

at 2200 RPM at a feed rate of 0.1 mm s-1. SEM samples were prepared using hot mounting 

using Poly-Fast resin with a heating-cooling cycle of 180°C for 3.5min and running tap water 

temperature for 1.5min at room temperature, at a constant pressure of 250bar. Specimen 

surface was progressively ground using 320, 640, 1200 and 2400 grit paper to even out surface 

irregularities. This was followed by progressive polishing with 9, 6, 3 and 1μm silicate colloidal 

solution. Then, the surface was polished with 0.5 μm (OPS) for about 5 minutes to remove fine 

scratches on the surface and finally subjected to vibratory polishing for 1hr. 

 

For EBSD, acceleration voltage of 20kV, standard 70o specimen tilt and working distance of 

10.5mm are used. 300 µm aperture operating under high-current mode is used to ensure high 

hit rate and faster measurement times. Binning sizes, 8*16, 8*8 and 4*4 are used. Due to large 

intercept grain size, multiple EBSD scans are stitched to ensure good statistics. For EBSD 

data acquisition intended for texture analysis, only Aluminium phase was selected. Step sized 

used are mentioned alongside the results. 

 

3.3. Results and discussions on LSP induced texture 
changes 

 

The number of data points used for constructing the CODF are 1.95 x 107 for the unpeened 

region and 1.556 x 107 for the peened region. ODF is calculated using a Gaussian half-width 

of 40 on a 64*64*64 pixel3 resolution in Bunge’s G. Unpeened and peened region ODF texture 

indices were J = 2.18 and J = 1.92 respectively. Grain structure statistics for unpeened and 
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peened regions are provided in section 4.2.5 in Figure 4-6, while explaining the effects of LSP 

on the grain structure. 

 

3.3.1. Cube, Rotated Cube, Rolling Direction – Cube, Goss and brass texture 
components 

 

In this section, CODF sections highlighting the differences in the CODF intensity distribution 

at the cube, rotated cube, RD-cube, Goss and Brass orientations are provided in the 𝜙2 ≈ 00 

section and explained. 

 

 
Figure 3-7: 𝜙2 ≈ 00  section through ODF showing (a) CODF intensity 𝑓(𝑔) for the unpeened 
region (b) 𝑓(𝑔) for the peened region 
 

Figure 3-7(a) shows the commonly used 𝜙2 = 00 section of orientation distribution in G, for 

the unpeened region and Figure 3-7(b) for the peened region. As the G is discretised with 

Euler angle steps of approximately, 0.7030, the section showed more accurately represents 

the 𝜙2 = 0.7030 section and is assumed to be similar to the 𝜙2 = 00 section. In these figures, 

x-axis is formed by the 1st Bunge Euler angle and the y-axis is formed by the 2nd Bunge Euler 

angle, thus forming a 2D grid of crystallographic orientations. The contours represent values 

of texture intensities derived from CODF, at all orientation grid points in this section. The 

strength of these contour values at a given orientation indicates the strength of the texture 

intensity at that orientation. Equivalent locations of Cube (W), Brass (B), Goss (G) and Rotated 

cube (RC) texture component (TC) are shown. Dashed lines enclosing these locations mark 

the boundary of 15o orientation sub-space. For example, any orientation within the marked 

boundary for Brass location is considered to belong to brass orientation. 
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The intensity and volume fraction of a texture component, TC, is written as 𝑓(𝑔𝑇𝐶)𝑃 for the 

peened region and 𝑓(𝑔𝑇𝐶)𝑈 for unpeened region. Both texture intensity and volume fraction 

are single values trying to describe the statistical distribution of texture components. As they 

are scalars derived from CODF, they do not contain any information about the nature of 

orientation distribution neither in Euler space nor in the physical space, but does provide 

important texture information. 

 

 

Figure 3-8: 𝜙2 ≈ 00  section through ODF showing (a) Contours of texture increase after 
peening Δ𝑓(𝑔) ≤ 0  (b) Contours of texture decrease after peening Δ𝑓(𝑔) ≥ 0 
 

Figure 3-8(a) and Figure 3-8(b) show the Δ𝑓(𝑔)𝜙1=00 calculated by subtracting the peened 

ODF from the unpeened region. Hence, negative values indicate an intensity increase in the 

peened region and vice versa. Here, Figure 3-8(a) shows the texture intensification and 

Figure 3-8(b) shows texture weakening. 

 

Table 3-2: Summary of LSP induced changes to the texture intensity at ideal orientation 
locations and LSP induced changes to the texture volume fraction of Cube, Rotated Cube 
(RC), Goss and Brass texture components 

TC Intensity 
in  
unpeened 
region 

Intensity 
in  
Peened 
region 

Change in 
intensity 

Volume 
fraction in 
unpeened 
region 

Volume 
fraction in 
peened 
region 

Change in 
volume 
fraction 

Cube 3.0 1.3 Decrease 6.7% 2.9% Decrease 
RC - - - 2.4% 3.4% Inconclusive 
Goss 0.6 1.2 Increase 3.5% 6.8% Increase 
Brass 6.5 7.0 Inconclusive 23.6% 27.9% Increase 

 

In Figure 3-7 and Figure 3-8, the continuous line along the 𝜓 = 45𝑜 axis in 𝜙2 = 00 section, 

represents the theoretical location of the 𝛼 − fibre core. Also, the dashed lines in these figures, 

along 𝜓 ≈ 42.5𝑜 and 𝜓 ≈ 47.5𝑜 axes represent crystallographic axes parallel to and in the 
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theoretical 𝛼 − fibre core. Intensity variations along these are treated separately in section 

3.3.5. 

 

Table 3-2 gives the changes measured in cube, RC, Goss and brass texture component. The 

cube texture component volume fraction is lower in the peened region in comparison to the 

unpeened region. Cube, being a type of recrystallization texture component [140], could have 

evolve under the deformation during LSP, as there was no evidence of any other 

recrystallization texture components inside the cube grains in the peened region. In fact, from 

the results in Chapter 4 section 4.2.6, we will see that the unpeened region is composed of 

cube grains with morphologically coherent cube orientation spread, while the peened region is 

composed of grains with sparse cube orientation spreads. Also, it can be seen by comparing 

Figure 3-7(a) and Figure 3-7(b) that, the cube intensity is lesser in the peened region and also 

that the spread of orientation intensities in the cube region is lesser in the peened region. This 

decrease is more pronounced along the 𝜙1 = 0o axis, as can be seen in Figure 3-8(b). 

Together, these results, suggest that LSP decreases the cube volume fraction, decreases the 

cube texture intensity and reduces its intensity distribution in the Euler space. 

 

The rotated cube texture component displayed no change either in the intensity or in the 

physical distribution on the grain structure. Hence, the volume fraction changes in the above 

table are discounted as experimental error. Together, these results, suggest that there is no 

difference between the rotated cube texture parameters and features between unpeened and 

peened regions. 

 

The Rolling Direction Cube (RD-C) [150] orientation, the 𝜙1 = 0o axis between Cube and 

Goss, present in the unpeened texture is does not exist in the peened texture. Its volume 

fraction was not computed as its sub-space overlaps with Cube and Goss sub-spaces and the 

computed volume fraction will not be accurate. Therefore, it is understood that LSP can 

decrease the intensity and spread of RD-C texture component. 

 

Comparing Figure 3-7(a) and Figure 3-7(b), we see that Goss intensity is only slightly higher 

in the peened region at its ideal location. This is accompanied by an increase in volume fraction 

in the peened region. This Goss component on the alpha fibre is close to the relatively intense 

brass orientation on the alpha fibre. To enable CODF to accurately capture these gradients, a 

total of 34 expansion terms are used in CODF reconstruction instead of the generally used 22 

terms. From Figure 3-8(a), we see that, as we move away from the ideal Goss location, on 

the 𝜙1 = 0o axis, the intensity increases. Therefore, the increase in the Goss intensity 

distribution peened region is non-uniform within its 20 degree misorientation sub-space. 
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Nevertheless, an overall increase in intensity is observed within this sub-space. It is interesting 

to note that, by comparing the alpha fibres in Figure 3-7(a) and Figure 3-7(b), between the 

Goss and Brass locations, we see the Goss orientation intensity distribution shared excellent 

continuity with non-Goss orientation intensity distributions on the alpha fibre. This could be 

because of the evolution of non-Goss and non-brass orientations on the alpha fibre. Though 

the change in the volume fractions is high, the volume fraction itself in the unpeened and 

peened regions are small in comparison to those of the deformation texture components. This 

may indicate the possibility of experimental error. However, the physical distribution of Goss 

texture show significant changes between unpeened and peened regions (as will be seen in 

section 4.2.7). Therefore, though the observed changes are large for inherently small volume 

fractions, the change remains significant. Together, these results, suggest that LSP increases 

the Goss volume fraction in physical space and also non-uniformly increases the intensity 

distribution of Goss texture component in Euler space. Additionally, the nature of spread 

suggests that non-Goss and non-Brass orientations between Goss and Brass locations on the 

alpha fibre have evolved. 

 

The brass sub-space for both unpeened and peened regions are marked by high texture 

intensities of relatively large spread. Results in Figure 3-8(a) indicate an asymmetric increase 

in the intensity to either side of the ideal Brass location on the alpha fibre. The location of 

maximum increase of Brass intensity is near to but not at the ideal Brass location. But, since 

the actual location is only different by about 5o, the location of maximum increase in Brass 

intensity, is assumed to be at the ideal location. But, due to this non-coincident locations of 

ideal brass and maximum brass intensity, the exact increase or decrease could be much 

different, because of the steep intensity gradients as we move away from the ideal brass 

location (inside the brass sub-space). The Brass texture component, being a stable 

deformation texture component, is found to have a slightly higher volume fraction in the peened 

region. Further, the physical distribution of Brass texture in the grain structure is different 

between the unpeened and peened regions in many aspects (as will be seen in section 4.2.8). 

Therefore, the change in volume fraction, though small, does indicate Brass orientation 

evolution. Nevertheless, these results indicate that, LSP introduced an increase in the overall 

magnitude of intensity distribution and also altered the nature of brass intensity spread. 

 

Available stored energy in grains belonging to a certain orientation decides the stability of 

orientation of such grains under deformation, for example it drives recovery mechanisms [60] 

which can potentially increase cube and Goss re-crystallization texture components. The 

competition amongst grains to undergo re-crystallization depends on a variety of factors and 

one of the prominent ones is the availability of stored energy [132], as it controls orientation 
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stability [178] and hence the resistance to re-orient [178]. In the present case, the stored 

energy is contributed to by plastic deformation. These suggest that the recovery mechanism 

which could be triggered by plasticity is not applied to Cube and Goss in the same way. This 

is because, instead of observing an increase in volume fraction of both Cube and Goss, we 

see a decrease in cube and increase in Goss volume fraction. But it will be noted in section 

4.4, that, the available plastic stored energy of both Cube and Goss grains are higher in the 

peened region, as indicated by higher Kernel Average Misorientation values of these grains. 

Hence, it is concluded that the orientation evolution on cube and Goss have not gone through 

the route of recovery mechanism induced texture change (as in dynamic recrystallization). The 

exact nature of cube and Goss texture orientation is not investigated further here. 

 

Cube and Goss are recrystallization textures [140] and Hutchinson et al [190] highlight the 

practical importance of cube and Zhao et al. [117] highlight that cube and Goss textures are 

important for fatigue performance as they deter crack propagation more effectively. Goss to 

brass volume fraction ratio 𝑘 = 𝑉𝑓
𝐺/𝑉𝑓

𝐵 is an important parameter that can explain the fatigue 

crack propagation in aluminium alloys [191,192]. At the surface, this ratio 𝑘 is 0.15 for the 

unpeened region and 0.24 for the peened region. This result indicates that the Goss and Brass 

texture change induced by LSP will also contribute towards deterring crack propagation along 

with the LSP induced compressive residual stress field. It has been shown previously [193,194] 

and also in this thesis (chapter 5) that residual stresses may decrease under suitable fatigue 

loading conditions. After relaxation, the capability of reduced compressive residual stresses to 

deter crack propagation decreases. However, the results in this section, suggest that even 

after the magnitude of LSP induced compressive residual stresses relax significantly during 

fatigue, the effects of LSP induced Goss and Brass texture change would still continue to 

actively deter crack propagation. 

 

3.3.2. Copper texture component 
 

In this section, CODF sections highlighting the differences in the CODF intensity distribution 

at the copper texture component orientation are provided in the 𝜙2 ≈ 450 section and 

explained. 
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Figure 3-9: 𝜙2 ≈ 450  section through ODF showing (a) CODF intensity 𝑓(𝑔) for the unpeened 
region (b) 𝑓(𝑔) for the peened region 
 

Figure 3-9(a) and Figure 3-9(b) show the texture intensity distribution in 𝜙2 = 45.70 

(approximately equivalent to, 𝜙2 = 450) CODF section for unpeened and peened regions 

respectively. Rotated cube and Copper orientation locations are shown. As half of the alpha 

fibre is also present in this section, the Brass orientation is also indicated. 

 

 
Figure 3-10: 𝜙2 ≈ 450  section through ODF showing (a) Contours of texture increase after 
peening Δ𝑓(𝑔) ≤ 0  (b) Contours of texture decrease after peening Δ𝑓(𝑔) ≥ 0 
 

Figure 3-10(a) and Figure 3-10(b) show the Δ𝑓(𝑔)𝜙1=00 calculated by subtracting the peened 

ODF from the unpeened region. Hence, negative values indicate an intensity increase in the 

peened region and vice versa. Here, Figure 3-8(a) shows texture intensification and Figure 

3-8(b) shows texture weakening. 
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Table 3-3: Summary of LSP induced changes to the texture intensity at ideal orientation 
location and LSP induced changes to the texture volume fraction of Copper texture component  

TC Intensity 
in  
unpeened 
region 

Intensity 
in  
Peened 
region 

Change 
in 
intensity 

Volume 
fraction in 
unpeened 
region 

Volume 
fraction in 
peened 
region 

Change in 
volume 
fraction 

Copper 6.0 1.5 Decrease 7.5 9.8 No change 

 

Copper is a deformation texture component on the 𝛽 − texture fibre. There exists different 

Euler space locations for Copper texture component, for example it is represented more 

accurately to be located 7 degrees away from {1 1 2} <1 1 1> at {4 4 11} <8 8 11> [48]. 

However, the location is considered to be at Euler angles [900, 350, 450]. With increasing 

deformation during processes such as rolling, texture intensity generally increases for 

orientations on the 𝛽 − texture fibre [124]. In contrary to this, we see a decrease in the texture 

intensity for the copper orientation. This suggests that the nature of deformation texture 

evolution in aluminium could be different under LSP than under rolling. 

 

The volume fraction remains more or less unchanged but the intensity has decreased greatly. 

This difference is easily explained. Volume fraction is a single number indicating how many 

orientations are inside the Copper orientation sub-space against all available orientations and 

pays no consideration to the spread of orientations inside the sub-space. Hence, any LSP 

induced changes to copper orientations, wherein the start and end orientations are still within 

the Copper orientation sub-space will not contribute to volume fraction. On the contrary, the 

intensity value is evaluated at the maximum intensity position on the beta fibre, near the 

Copper location [124]. Therefore, changes to orientation spread in the Copper subspace 

changes the local CODF, thus the intensity, which is evaluated from the CODF will be different. 

Additionally, as seen in Figure 3-8(b), intensity decreases from its peak at maximum intensity 

location of Copper. Thus, if the collective effect of orientation evolutions makes the end 

orientations more spread out within the Copper subspace and the number of orientations 

remain more or less constant, then the intensity will be smaller at the ideal location due to a 

broader peak instead of a sharp peak, but the volume fraction would remain more or less the 

same, as seen in Table 3-3. Further, texture randomization can lead to a more spread out 

orientation spread in the subspace. 

 

It can be seen by comparing Figure 3-9(a) and Figure 3-9(b), that the Copper intensity 

distribution is much different in the peened region in comparison to the unpeened region. While 

a sharp Copper intensity peak is seen in the unpeened CODF, it is very diffuse and almost 

inexistent in the peened CODF. This is clearly seen as texture weakening at a Copper location 

in the intensity difference contours in Figure 3-10(b). Further, it is seen from Figure 3-9(b), 
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that the texture intensity on the 𝜙1 = 90o axis in this CODF section, between Copper and 𝜓 =

0o location, is higher. This is seen as an intensity increase in Figure 3-10(a) at the 

corresponding location. These locations are non-standard orientations, which are not seen in 

end texture after rolling. These, must therefore be a consequence of orientation evolution from 

weak Copper orientations and possibly other orientations on the 𝛽 − fibre. These orientations 

are interpreted as end orientations of copper texture component evolution by randomization. 

It is concluded that LSP has kept volume fraction more or less constant, but reduced Copper 

texture intensity and broadened the intensity spread in Copper sub-space due to 

randomization. 

 

It is known that Copper grains allow easy crack propagation [117]. However, its volume fraction 

remains more or less the same. But, the intensity has decreased substantially. Thus this effect 

of LSP in decreasing the Copper intensity might contribute positively towards the structural 

integrity of peened aluminium alloy by decreasing the easy permit to crack propagation in 

Copper grains. Hence, this effect of LSP might have an indirect positive effect on sustaining 

the structural integrity of the peened aluminium component, even after the beneficial 

compressive residual stresses would have relaxed under high cycle fatigue. 

 

3.3.3. S texture component 
 

In this section, CODF sections highlighting the differences in the CODF intensity distribution 

at the S texture component orientation are provided in the 𝜙2 ≈ 630 section and explained. 

 

 
Figure 3-11: 𝜙2 ≈ 630  section through ODF showing (a) CODF intensity 𝑓(𝑔) for the 
unpeened region (b) 𝑓(𝑔) for the peened region 
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Figure 3-11(a) and Figure 3-11(b) show the texture intensity distributions in 𝜙2 ≈ 62.60 CODF 

section. S texture component and its sub-space boundary are identified. 

 

 
Figure 3-12: 𝜙2 ≈ 630  section through ODF showing (a) Contours of texture increase after 
peening Δ𝑓(𝑔) ≤ 0  (b) Contours of texture decrease after peening Δ𝑓(𝑔) ≥ 0 
 

Figure 3-12(a) and Figure 3-12(b) show the Δ𝑓(𝑔)𝜙1≈630 calculated by subtracting the peened 

ODF from the unpeened region. Here, negative values indicate an intensity increase in the 

peened region and vice versa. Consequently, Figure 3-12(a) shows texture intensification and 

Figure 3-12(b) shows texture weakening. 

 

Table 3-4: Summary of LSP induced changes to the texture intensity at ideal orientation 
location and LSP induced changes to the texture volume fraction of S texture component  

TC Intensity 
in  
unpeened 
region 

Intensity 
in  
Peened 
region 

Change 
in 
intensity 

Volume 
fraction in 
unpeened 
region 

Volume 
fraction in 
peened 
region 

Change in 
volume 
fraction 

S 6.1 2.9 Decrease 21.6 31.8 Increase 

 

By comparing Figure 3-11(a) and Figure 3-11(b), we see that the S texture intensity is higher 

in the peened region in comparison to the unpeened region. Also, the relative spreads of the 

high intensity contours is smaller in the CODF of peened location. S is a deformation texture 

component on the 𝛽 − fibre, which generally increases in intensity with deformation [124]. On 

the contrary, we see a decrease in S texture component. This suggests that, like Copper 

texture component, the S texture component may be evolving differently under LSP than under 

conventional deformation encountered in rolling. Here, the effect of very high strain rates 

encountered during LSP cannot be ruled out to understanding the S orientation evolution. Also, 

S has higher than average stored energy [50], which makes it more susceptible to re-

orientation through recrystallization. The changes are captured in Table 3-4. 
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It is seen in Figure 3-12(a) texture intensification happens at non-standard orientation 

locations. The exact location of the peak of S intensity decrease can be seen in Figure 3-12(b) 

and is very close to the ideal location of S. Further, we see from Figure 3-11(b) that outside of 

the S sub-space boundary, there exist intensity contours with intensity greater than unity, which 

suggests that S component on the 𝛽 − fibre may be contributing to texture evolution through 

randomization. No evidence is found for S texture evolving into recrystallization texture 

components such as Cube and Goss through recovery mechanisms. While the 𝜙2 ≈ 62.60 only 

provides a 2D section through the 3D orientation distribution around S, it is incomplete and 

any changes to intensity distributions around S which may be present is not being seen here. 

This is because, the results also indicate an increase in S volume fraction, which can only 

happen when there is more S orientations in the peened region. This means that S subspace 

might actually be a subspace of end orientations under texture evolution during LSP. However, 

as the intensity is low, it suggests that all the end orientations in S subspace must be sparsely 

spaced. It is concluded that LSP reduces S intensity and increases S volume fraction. S texture 

component subspace might as well be a subspace of end orientations of LSP induced texture 

evolution. 

 

3.3.4. Unit-intensity iso-surface of ODF 
 

In the previous sections, contour maps taken in specific Euler angle sections highlighted the 

changes made to the individual texture components. In this section, the morphological details 

of texture features in Euler-space are provided. It reveals the various orientation distribution 

spreads in G. This is important as it brings about the obvious and overall differences in texture 

intensity distributions in the Euler space and is helpful in recognising the overall differences in 

texture.  
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Figure 3-13: Iso-surfaces in Bunge’s Euler space G3 of (a) Unit intensity ODF in unpeened 
region (b) Unit intensity ODF in peened region 
 

Comparing the iso-surfaces bounded by unit-texture-intensity between the peened region 

(Figure 3-13(a)) and unpee3ned region (Figure 3-13(b)), it can be seen that the unpeened 

texture is composed of distributed small orientation spreads on the iso-surface. These results 

indicate that the probability distribution of orientations in the peened region is different than in 

the unpeened region, thus presenting a clear indication that LSP affects texture. Unpeened 

texture has more random fluctuations than peened texture. The sum of the surface area of all 

such unit iso-level-surfaces is 35827.7 deg2 for the unpeened region and 33665.66 deg2 for 

the peened region. Therefore, the unit intensity values occupy a larger bounding Euler surface 

in the unpeened region than in the peened region. This either suggests that the number of 

unique orientations contributing to texture in the 𝑓(𝑔) ≥ 1 regime is closer to each other in 

Euler space in the peened region; or that the extent of unit-intensity texture randomization has 

reduced in the peened region. 
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Figure 3-14: Iso-surfaces in Bunge’s Euler space G3 of (a) unit texture difference between 
unpeened and peened region (b) 3 x unit texture difference between unpeened and peened 
region 
 

The texture difference ΔTEX is calculated as the difference between f(g) for unpeened and 

peened regions. Iso-level surfaces of ΔTEX having values of (+1, 0, -1) and (+3, 0, -3) are 

shown in Figure 3-14(a) and Figure 3-14(b) respectively. Positive ΔTEX is shown in red and 

indicates a decrease in texture intensity. Negative ΔTEX is shown in blue and indicates an 

increase in texture intensity. Zero ΔTEX is shown in transparent grey and indicates no 

contribution to texture change. Locations of three 𝛼-fibre equivalents, 𝛼1, 𝛼2, 𝛼3, and three 𝛽-

fibre equivalents, 𝛽1, 𝛽2, 𝛽3 are indicated. ΔTEX is represented as Δ𝑓(𝑔). 

 

Iso-surfaces bounding intensity change Δ𝑓(𝑔) in the range [−1,+1], is negative in the domain 

of 𝛼 − fibres and cube texture component. It is positive over most of the 𝛽 − fibre as seen in 

Figure 3-14(a). Similar surfaces of Δ𝑓(𝑔) in the range [−3,+3], is only negative in the domain 

of brass texture component on the 𝛼 − fibre. It is positive only in the domain of some 

orientations on the 𝛽 − fibre as seen in Figure 3-14(b). This is evidence for texture evolution 

during LSP. The results suggest that texture evolution during LSP leads to an overall increase 

in 𝑓(𝑔𝛼), decrease in cube texture component intensity 𝑓(𝑔𝑊) and also decrease most of 

𝑓(𝑔𝛽), excluding brass texture component. A much greater intensity increase is only seen for 

brass and a much greater decrease is seen over the subspace of only a few orientations, which 

are mostly Copper and S texture component. 
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3.3.5. LSP induced changes to 𝛂 − fibre and 𝛃 − fibre texture intensities 
 

Section 3.4.1 provided the contour maps of the CODF intensities in the 𝜙2 ≈ 00 (equivalent to 

𝜙2 ≈ 900) Euler angle section. This section first compares the intensities on the fibres close to 

and parallel to 𝛼 − fibre in the 𝜙2 ≈ 900 for the peened and unpeened regions and then for the 

𝛽 − fibre in the peened and unpeened regions. 

 

 
Figure 3-15: Texture intensity variation along 𝛼 − fibre and fibres parallel to 𝛼 − fibre in the 

𝜙2 ≈ 900 section. Note: Please interpret 𝜙 as 𝜓 in the legend information. 
 

Texture intensities at locations on and near the 𝛼 − fibre are given in Figure 3-15, for the 𝜙2 ≈

900 section. The actual location of these fibres in the Euler space was provided as continuous 

and dashed white straight lines in Figure 3-7(a) and Figure 3-7(b). Data in Figure 3-15 shows 

the variation of texture intensity over the 𝛼 − fibre on the y-axis and the 1st Euler angle, 𝜙1, on 

the x-axis. These results represent <110>||ND crystallographic axis. Unpeened and peened 

regions are denoted by blue filled square markers and red filled circle markers respectively. 

Large markers are only provided for the actual 𝛼 − fibre at 𝜓 ≈ 450 (that is, 𝜓 = 44.30). Other 

fibres parallel to this 𝛼 − fibre are shown in thin lines and distinctions are made between them 

by different line types. The actual location of every such fibre on the 𝜓 axis of Euler space is 

provided in the accompanying legend. Features on the alpha fibres are now explained. The 

location 𝜙1 = 0o on the x-axis corresponds to Goss orientation and the location 𝜙1 = 35o 

corresponds to Brass location. 
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Table 3-5: Misorientation and intensity pairs on the 𝛼 − fibre 

Unpeened 
region 

ϕ1 𝑓(𝑔)𝑈 Peened 
region 

ϕ1 𝑓(𝑔)𝑃 
𝑘𝛼 =

𝑓(𝑔𝛼)𝑃

𝑓(𝑔𝛼)𝑈
 

A 10.5 0.6 ~ 1.0 P 3.5 1.3 1.30 
B 19 1.7 Q 14.8 2.6 1.53 
C 30.2 6.4 R1 28.8 6.7 1.05 
   R2 35.9 7.0 1.09 

D 40.1 1.9 S 45.7 4.5 2.37 
E 48.5 2.7 T 48.5 4.7 1.74 
F 61.2 1.3 U 58.4 3.0 2.30 

 

The locations on the 𝛼 − fibre, where intensity changes are marked as profile features A to F 

for the unpeened region and profile features P to R1, R2, S to U for the peened region. 

Similarity in these intensity changes can be seen between these 𝛼 − fibres. That is, A 

corresponds to P, B to Q, D to S, E to T and F to U. The brass peak location is C on the 𝛼 − 

fibre of the unpeened region. Two peaks, R1 and R2, at the Brass location are seen for the 

𝛼 − fibre of the peened region. BCD represents the brass peak in the unpeened region 𝛼 − 

fibre and Q, R1, R2, S represents that in the peened region alpha fibre. The exact location of 

these features on the 𝜙1 axis are provided in Table 3-5 along with texture intensities at the 

corresponding orientations on the alpha fibre. The last column in this table gives the peened 

to unpeened texture intensity ratios for these locations. 

 

It can be seen in Figure 3-15, that shape of the 𝛼 − fibre for unpeened and peened regions 

are similar at most locations on the 𝜙1 axis. The two vertical lines enclosing the ideal brass 

location indicate the 150 misorientation domain around the ideal brass location. The brass 

texture component peak on the unpeened region 𝛼 − fibre is within 150 misorientation domain 

indicating it is indeed the brass texture component and not an artefact of specimen rotation 

during EBSD data acquisition. The 𝜙1 locations of the profile features are different, wherein 

the 𝜙1 for texture features before brass peaks are smaller for the peened region and texture 

features after brass peaks are higher for the peened region (except for F and U). The overall 

intensity of the peened region 𝛼 − fibre is greater than that of the unpeened region. The width 

of the Brass peak for peened region 𝛼 − fibre is greater than that for the unpeened region 𝛼 − 

fibre. 

 

Brass peak C at 30.20 splits partially and can be seen at R1 and R2 at 28.80 and 35.90. This is 

accompanied by a broadening of the overall brass peak in the peened region. The brass peak 

broadening, in combination with an overall intensity increase in 𝑓(𝑔) in the entire 𝛼 − fibre, 

suggests a re-orientation of non-𝛼 −fibre orientations towards the 𝛼 −fibre orientations coupled 
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with orientation randomization. Together, these effects suggest the existence of the possibility 

of one or more of the following four different texture evolutionary pathways. 

 

(1) Firstly, the initial B could be splitting in two asymmetric parts. 

 

(2) Secondly, there could be a new nearby quasi-brass stable orientation (R1 and R2) 

achieved under LSP. These require further investigations as the microstructural 

response to very high strain rate deformation stands scarcely explored and understood 

to this day. 

 

(3) Thirdly, with continuing deformation, the orientation of grains moving along the alpha 

fibre either has not completely moved either towards Brass. 

 

(4) It has been seen in sections 3.3.2 and 3.3.3, that Copper and S orientations have a 

smaller volume fraction in the peened region. Therefore, orientations on the 𝛽 − fibre 

could be a highly probable initial set of orientations on the orientation evolution pathway 

under very high strain rate deformation and repeated loaded during LSP. EBSD 

acquired grain structure revealed S orientations in Brass grains in both peened and 

unpeened regions, but with differences. Due to the highly complex and varied nature 

of S texture distribution on grain structure, differences in the S and Copper texture 

component, between peened and unpeened regions cannot be accurately 

characterized. But, the possibility of S orientations evolving into Brass subspace, 

cannot be ruled out as there is evidence from orientation flow field studies in Euler 

space [195], that S can evolve into Brass texture component, but the probability of 

which to happen might be less as it was seen that the volume fraction of S texture 

component was seen to increase. 

 

A Bhattacharya et al. [137] conducted high strain rate (7 x 103 s-1) shear compression tests in 

OFHC copper and found strong strain rate dependency of deformation texture. Supporting 

their explanation with available literature [196,197], they state that high strain rate restricted 

the rotation of <110> grain axes in the shear region along the shear direction due to the 

increased strain hardening effect 

 

𝛽 − fibre is a set of stable end orientations formed during rolling [69,119,120]. It starts at {1 1 

0} <1 1 2> (B), goes through {1 2 3} <6 3 4> (S) (or {1 2 3} <5 2 3> [58]) to the {1 1 2} <1 1 1> 

(Cu) orientation. Spread around the maximum intensity locus between these locations define 

the overall morphology of the 𝛽 − fibre core. Intensity iso-surfaces around this core constitute 
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the 𝛽 tube. It is termed non-crystallographic, as it does not run parallel to any of the 3 axes in 

Euler space. 

 

 
Figure 3-16: 𝛽 − fibre comparison between unpeened and peened regions (a) intensity f(g) 
 

The intensity profile along 𝛽 − fibre core against 𝜙2 between 𝜙2 = 44.30 and 𝜙2 = 89.30 

section is provided in Figure 3-16. Here, 𝜙2 section is provided on the x-axis and intensities 

are provided on the y-axis. The difference between the texture intensities unpeened and 

peened region is also provided. Clearly the intensity of Copper and S orientations in the peened 

region is smaller than in the unpeened regions. Also, the magnitude of intensity reduction for 

Copper and S are comparable to each other and the Brass texture intensity is unchanged. It 

was seen in section 3.3.1 that the Brass texture component is a highly stable orientation under 

LSP induced texture evolution. In the peened region, it can be seen that Copper and S 

orientation intensities are close to unity. A unit texture intensity indicates random texture. The 

results, therefore, indicate that LSP has randomized portions of copper and S texture 

component subspace. 

 

In Figure 3-15, it was seen that the intensity of brass texture increases throughout its peak in 

the peened region. The results in Figure 3-15 are on the 𝛼 − fibre, which is in the 𝜙2 = 90o 

section of the CODF in Euler space. The increase near the ideal brass location was found to 

be small in comparison to other portions of the brass peak. This is also reflected in Figure 

3-16, at the 𝜙2 = 90o section, where the Brass intensity is only slightly greater for the peened 

region. However, more interestingly, it can be seen that the higher Brass intensity in peened 

region stays constant along the 𝜙2 axis from 90o to 80o, after which it decreases. On the 

contrary, the brass texture component intensity increases along this direction on the 𝜙2 axis. 
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From a study on the evolution of random orientations in AA5182 [198], re-orientation resulted 

in equal Copper, S and Brass intensity increase. However, since a decrease in their intensities 

has been observed from the results presented above, it is understood that randomizations of 

texture component not previously on the beta fibre, will not result in end orientations on the 

beta fibre so as to make the 𝛽 − fibre more intense at the copper and S locations. Hence, LSP 

can reduce the intensity distribution in the Copper and S texture components on the 𝛽 − fibre, 

while LSP can increase the intensity at the Brass texture component.  

 

 

Figure 3-17: 𝛽 − fibre comparison between unpeened and peened regions (a) Location 𝜙1 in 

𝜙2 section and (b) Location 𝜓 in 𝜙2 section 
 

The actual location (𝜙1 and 𝜙2) of maximum texture intensity for all section angles (𝜙2), on the 

𝛽 − fibre are provided in Figure 3-17(a) and Figure 3-17(b). By comparing the results in 

Figure 3-17(a), it can be seen that both unpeened and peened regions have, 𝜙1 close to each 

other. Similarly, by comparing the results in Figure 3-17(b), it can be seen that both unpeened 

and peened regions have, 𝜓 close to each other. These results indicate that the maximum 

intensity locations which make up the 𝛽 − fibre are similar between the unpeened and peened 

regions. Therefore, LSP has largely altered the intensity distribution on the 𝛽 − fibre, but has 

only slightly affected the location of 𝛽 − fibre in Euler space. 

 

However, the dynamics of texture evolution during LSP could be very much different than 

under high strain rate shear compression test due to differences in developed stress state, 

much larger strain rates encountered in LSP and different dynamic material behaviour.  
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3.3.6. Orientation flow and orientation stability under LSP-induced texture 
evolution 

 

In this section, the changes in texture component volume fractions, texture component 

intensities and texture component intensity distributions are used to gain insights into 

orientation flow in the Euler space after the material is subjected to Laser shock peening. 

 

 
Figure 3-18: Orientation development in Euler space for FCC under (a) plane strain 
compression, (b) lathe compression and (c) pancake compression. Note: Additional 
representations are made to the original image in the reference [195], to enhance the 
explanations. Note: Here, G, B, T and C refer to Goss, Brass, Taylor and Copper orientations 
respectively. S1 and S3 refer to S orientations. 
 
Orientation evolution can be regarded as temporal changes in orientations. During plastic 

deformation, crystal re-orientation is gradual and goes through several unstable orientations 

before reaching an end stable orientation, where it can no longer evolve under the given 

conditions. The path between initial and end orientation for the orientation evolution pathway 

and the combined understanding of all such pathways in the Euler space is represented in 

terms of orientation flow fields computed in Euler space. Zhou et al. [195] used rate-dependent 

crystal plasticity simulations to understand the orientation flow field for FCC deformed under 

different deformation constraints provided in Figure 3-18(a) for plane strain compression, in 

Figure 3-18(b) for lathe compression and in Figure 3-18(c) for pancake compression. Here, 

Cube, Goss, Brass, S, Copper and Taylor orientation were identified. The line connecting Cube 

and G represents the <100>||RD axis, that connecting G and B represents the <110>||ND axis 

(that is, the 𝛼 − fibre) and that connecting B-S-C/T represents the 𝛽 − fibre. Arrows next to 

these fibres represent the orientation flow field during the corresponding deformation process 

and the density of arrows represents the velocity of the orientation flow field. It is seen in all 

cases that with increasing deformation, the orientations move to Copper or T orientations with 

increasing velocity [195]. 
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First, the orientations move from Cube to Goss and then on the 𝛼 − fibre towards Brass, 

thereby decreasing the texture intensity and volume fraction of Cube, Goss and Brass 

orientations. Other than the increase in Goss texture component intensity and volume fraction, 

the present work provides evidence for decrease in the intensity of Cube and RD-C 

orientations. Additionally, Cube texture intensity and volume fraction was lesser in the peened 

region (Table 3-2) as also indicated by the breakup of cube grains in the peened region 

(presented in Chapter 4 dealing with LSP effects on grain structure in Figure 4-7). It was also 

seen that the Brass texture component increases in texture volume fraction (Table 3-2), 

intensity (Table 3-2), has more or less constant intensity (Table 3-2) and increased intensity 

distribution in its sub-space in the 𝜙2 ≈ 0° section (see texture intensity distribution contours 

in Figure 3-7(b) and texture intensity distribution difference contours in Figure 3-8). Therefore, 

these indicate that the orientation flow is indeed happening from Cube and RD-C to Goss and 

into Brass. However, it was noted from results on 𝛽 −fibre texture intensity variations (Figure 

3-16) that the Brass intensity increase is more or less constant over its sub-space for the 

peened region in comparison to the unpeened region. This points out that under LSP, Brass 

texture component sub-space is not composed of fully stable orientations under LSP. By this, 

it is meant that, orientation stability has an anisotropic distribution within the Brass Euler sub-

space. Further, this anisotropy is characterized by higher Brass orientation stability closer to 

and in the 𝜙2 = 0𝑜 section, and decreasing Brass orientation stability away from Brass ideal 

location along the 𝛽 − fiber. It was shown by Hirsch et al. [124] in high purity copper, Cu-5% 

Zn and Cu-30% Zn, that increasing rolling reduction decreased the Goss and increased the 

Brass texture component. However, it is seen in Zhou et al. [195], that in heavily rolled 

aluminium alloys, Brass can even reduce greatly and results in Copper orientation being the 

most dominant end stable orientation. On the contrary, with the deformation suffered under 

LSP, there is no evidence for orientation evolution on the 𝛽 − fibre along the B-S-C pathway 

(as in Figure 3-18(b) and Figure 3-18(c)). Therefore, it is concluded that the mechanisms of 

texture evolution under LSP are different than other deformation processes. Thus, though 

rolling is known increase 𝛽 − fibre intensity in Aluminium alloy Al-Mg-Mn [109], LSP (when 

done on the roll plane) can decrease its 𝛽 − fibre intensity, even though orientations like Brass, 

S and Copper are known to be stable deformation end-orientations [195]. 

 

It was observed from the texture analysis of peened and unpeened regions, that the overall 

intensity and volume fraction of the <110>||ND fibre had significantly increased, thus indicating 

the possibility of a reversal of the orientation flow. Below, the results are put together and 

explained in the form of orientation flow as described by Zhou et al. [195] (Figure 3-18). 
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Figure 3-19: Proposed orientation development in FCC rolled texture of AA7050-T7451 during 
texture evolution under LSP 
 

Based on the results of orientation spreads around texture components and texture fibres, 

intensity and volume fractions of texture components and with evidence from the physical 

distribution of texture components in the grain structure, a possible orientation flow indicating 

the qualitative aspects of orientation evolution pathway and orientation stability is proposed. 

For simplicity, it is represented as a schematic in Figure 3-19. Its construction is similar to 

what was described for Figure 3-18. However, few additional features are added. These are 

the RD-C (the rolling direction rotated Cube) orientation between W and G, texture 

randomization at C, S and B and orientation accumulation between G and B and in B 

subspace. It is proposed that W and G evolve into intermediate orientations on the 𝛼 − fibre. 

This is marked by the pronounced increase in orientation intensity in these regions as seen in 

results in section 3.3.4, section 3.3.1 and section 3.3.3. Li [199] state that there are no stable 

end orientations under rate-dependent conditions. However, the results in section 3.3.4, 

section 3.3.1 and section 3.3.3, indicate that the orientations on 𝛼 − fibre are more stable 

than those on the 𝛽 − fibre. Hence, orientation evolution under very high strain rate 

deformation processes such as LSP is not well understood and requires more investigation. 

Also, since the intensity on 𝛽 − fibre did not increase from B to S in the peened region (as 

opposed to the unpeened region), end orientations at B have not reached stable locations to 

accumulate. Infact, the texture intensities are lower along B to S orientation pathway in the 

peened region along the 𝛽 − fibre (Figure 3-16). Thus, it is proposed that the orientation 

evolution is composed of the following aspects: 
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1. Orientation evolution from Cube towards Goss, may be contributing to the decrease in 

Cube. 

 

2. Texture randomization and orientation evolution along 𝛽 − fibre towards Brass, may be 

the contributing factors that decrease Copper and S texture component intensity and 

volume fraction. 

 

3. End orientations during orientation evolution under LSP may be located inside the 𝛼 − 

fibre tube and S subspace, but not at Copper and S locations on the 𝛽 − tube, as 

intensity and volume fractions of 𝛼 − fibre orientations increased while that of S and 

Copper decreased on the 𝛽 − fibre, marked also by an increase in the volume fraction 

of S subspace. 

 

4. While the Goss may only be an intermediate point on the evolution pathway from W 

towards 𝛼 − fibre, orientation accumulation between G and B may be contributing to 

increasing the Goss texture intensity and volume fraction, indirectly. 

 

Overall, it is concluded that orientation stability under the very high strain rate deformation 

during LSP is different from what applies to conventional deformation processes such as 

rolling. 

 

3.4. Conclusions 
 

Following conclusions are made from surface profile studies. Elevation of peened region is 

lesser in comparison to unpeened region. Surface profile of the peened sample is 

characterized by peened region and unpeened regions separated by a transition region. 

Surface profile in the transition region is characterized by bulging, which gradually tapers 

towards the sample edge over the unpeened region. Surface profile in the peened region is 

characterized by dents created by overlapping laser spot impacts and surface roughness. Dent 

morphology changes with different LSP coverage. Inter-dent spacing reduces and gets 

progressively randomized with increasing LSP coverage. Surface roughness in the peened 

region increases with increasing LSP coverage. The average of surface roughness parameter 

Ra in the unpeened region is 0.22µm. Value of Ra in the peened region increases non-linearly 

with increasing LSP coverage and are 5.5µm, 7.1µm, 9.1µm and 11.6µm for samples peened 

with coverages 2.5 spots/mm2, 5 spots/mm2, 10 spots/mm2 and 20 spots/mm2 respectively.  
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In this chapter, the nature of LSP induced changes to texture were studied in the Euler space. 

Conclusions on the effects of LSP on texture are presented at the end of next chapter after 

studying the nature of texture component distribution in both physical and Euler space.  
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4. Effects of LSP on Microstructure and 
Residual Strains 

 

4.1. Effect of LSP on microstructure of AA7050 
 

4.1.1. Background and introduction to the work investigating LSP effects on 
microstructure 

 

Changes in grain structure can result in a change in mechanical properties and few studies 

have revealed that LSP can alter the grain structure [20,21,33,34,200–203]. Hence, such 

effects must be investigated. Additionally, the present state of understanding of the impact of 

high strain rate deformation and high pressure shock waves on grain structure is incomplete 

[20,21,204] and varies from material to material. Neither are there any open literature reporting 

extensive LSP induced microstructural changes such as deformation banding, nor of the 

formation of nano-scale deformation structures in aluminium alloys, to the best knowledge of 

the author. Many work have reported increase in hardness after LSP [205–209]. A relationship 

between yield strength and average grain size is generally written as following. 

 

 𝜎(𝑑) = 𝜎0 +
𝑘

√𝑑
 Equation 4-1 

 

The above relationship is generally referred to as the Hall-Petch relationship [67], where 𝜎0 is 

the flow stress of a perfect crystal, 𝑘 is the Hall-Petch constant and 𝑑 is the mean grain size. 

Though hardness increase, could be explained by using Hall-Petch equation (as in references 

[40,206,210]) which take into consideration grain structure parameters supported by 

observations of LSP induced grain substructuring [65,200], attempts to understand this effect 

directly, from the combined changes to grain structure and orientation distributions therein, do 

not exist in the open literature. There is also an existing evidence that LSP may not induce any 

hardness change in aluminium alloy [99]. Also, there are no existing reports, to the best 

knowledge of the author, which details the changes induced by LSP to the spatial distribution 

of texture components at different length scales. The chapter presents results and discussions, 

which aims to fill these gaps. 

 

Results presented in this chapter shed light on LSP induced multi-scale changes to grain 

structure and spatial texture distribution in rolled aerospace grade aluminium alloy AA7050-

T7451 under the peened surface. The study brings to light, the effect of very high strain rate 

plastic deformation seen under repeated laser impacts during LSP. Multi-scale grain structure 
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substructuring is reported, and possible orientation evolution pathways are described. For 

simplicity and constraints of work, only results of the sample peened with 20 spots mm-2 

coverage are studied in detail. 

 

4.1.2. Literature review on microstructure effects of LSP 
 

Few works have focussed on understanding the effects of LSP on microstructure 

[20,21,33,34,200–203]. Montross et al. [21] reviewed two previous investigations on the 

microstructural effects of LSP in welded AA5086-H32, AA6061-T6 and AA2024-T62, and 

indicate that understanding of the effects of LSP on the microstructure is very limited, sparsely 

qualitative and mostly pertains to studying LSP induced dislocation density. They highlight the 

lack of understanding of how the microstructure responds to LSP induced high-pressure shock 

waves. Laine et al. [20] highlight the lack of understanding regarding high strain rate plastic 

deformation mechanisms and show that strain rate is an important factor controlling 

microstructural deformation. 

 

LSP is a very high strain rate process [98] and high strain rate deformation is accommodated 

through high dislocation velocities [20,204]. High speed dislocations have been studied 

previously [204,211,212] and related to dislocation mobility [211]. Under high strain rate, planar 

dislocations, dislocation cell networks and sub-grains have been known to be induced by LSP 

in Ti-64 [20]. High density dislocations form rapidly on the shock wave front in TC6 titanium 

alloy [213]. Ruestes et al. [204] highlight in their molecular dynamics studies involving high-

speed dislocations in tantalum impacted by flyer plate, that understanding of dislocation motion 

under such extreme conditions is very sparse. Laine et al. [20] carried out large area EBSD 

scans on LSPed and shock peened Ti-6Al-4V and conclude that the time available under the 

very high strain rate deformation could be too short for twinning. Dhakal et al. [161] found that 

the LSP effect on grain structure decreases with depth. 

 

Microstructural deformation processes are mainly responsible for the formation of dislocation 

cells and sub-structures. It has been shown previously that LSP induced plastic strains is 

accommodated through sub-grain formation [59]. LSP induced grain refinement can be caused 

by grain sub-structuring through the formation and evolution of dislocation cells [20]. LSP 

induced substructuring formation has been observed in aluminium alloys 

[65,100,161,206,210], steel [40,61,214], titanium [215]. Yang et al. [216] induced surface nano-

crystallization in Al-Li 2195 alloy using LSP. Wang et al. [217] observed shock wave induced 

nano-crystallized zone and regions of high dislocation density in LSPed AA7075, in addition to 

dense dislocation walls dislocation cells and high-density dislocation tangles in the peened 
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surface. In the work of Yang et al. [65], LSP had induced surface grain refinement in Al-Li alloy 

2195. They proposed that, dislocations develop into dislocation tangles and cells, then into 

sub-grains. In a different study, LSP increased the dislocation content of 2A14 aluminium alloy 

[218]. Contrary to these observations, Kasheav et al. [34] LSPed AA2024 and found no 

changes in microstructural morphology in their EBSD scans. This could be because, the 

number of laser impacts were insufficient to initiate deformation banding and sub-structuring. 

Sub-micron and nano-scale grain refinement was seen in LSPed AISI 316L stainless steel 

[219]. Zhou et al. [213] LSPed TC6 titanium alloy and state that the formation of nano-

crystalline structures happens above a certain threshold strain rate. Liu et al. [171]  found that 

shot peening refined the grain structure in the affected zone in extruded magnesium alloy 

ZK60-T5. For LSPed AZ91D magnesium alloy, Ren et al. [220] proposed a sub-grain formation 

mechanism termed “Dislocation polymorphism transformation” and concluded that sub-grain 

boundary formation during LSP follows from the evolutionary nature of the dislocation 

structures. According to them, initially, dislocation tangles form, which later evolve into 

dislocation networks leading to dislocation cells. Such cells form dislocation walls which then 

form sub-grain boundaries. Further, it is seen from existing research [20,65,201,202,213,217] 

that LSP induced dislocation structures could be similar for different materials, though the 

actual deformation mechanisms could be different.  

 

Despite the above mentioned research probing the nature of sub-grain formation under high 

strain rate deformation such as LSP, much remains to be understood regarding the 

deformations, deformation mechanism and the co-evolution of crystallographic orientations. 

Grain structure response in general to high strain rate deformation under LSP is not well 

understood [34]. The thesis presents results from EBSD based investigations which try to fill 

some of these gaps. 

 

Even though aluminium is highly resistant to twinning owing to its high stacking fault energy 

[221], more investigations into twinnability in aluminium are needed, as twinning has previously 

been observed in aluminium under high strain rate deformation [222–224]. LSP can also 

interact with the precipitates. For example, LSP created nano-sized slices of MgZn2 (𝜂) 

precipitates in AA7075 [217]. Wang et al. [218] proposed that LSP can induce precipitation of 

strengthening phase in 2A14 aluminium alloy. Liao et al. [225] AA6061 brought to light that 

during shock wave propagation, dislocations can get pinned by precipitates, where the pinning 

extent depends on precipitate morphology and distribution.  
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The high strain rate deformation mechanism is still a matter of active research at the 

microstructural level under LSP. There exists no relationship between dislocation structure 

morphologies and dislocation densities, and the peening conditions and pre-existing texture 

and grain structure. Hence, LSP induced dislocation structures are not clearly understood. As 

dislocation structure evolution is not yet fully understood, the sub-grain formation stemming 

from it is also not well understood. While deformation induced twinning is possible in 

aluminium, none have been observed so far in LSP treated aluminium. No published study to 

date has addressed how microstructural changes give rise to texture changes when processed 

with laser shock peening. A large number of process, surface, texture and microstructural 

parameters and the sparse existing research on the subject demands substantial 

investigations to understand how LSP can affect the microstructure of poly-crystalline metals. 

Naturally, these investigations lead to understanding the interdependent nature of 

microstructure and texture evolution. 

 

Many studies have revealed the effect of microstructure on residual stress relaxation [35,70], 

where the major role is played by dislocations [70] and sub-structuring [35]. Additionally, 

changes to orientations such as Goss and Brass, in the grain structure can influence the fatigue 

crack propagation in aluminium alloys [191,192]. Therefore, the work presented in this chapter 

in crucial in understanding the possible effects of LSP induced grain structure and texture 

changes on residual stress stability.  

 

4.2. LSP induced macro-scale changes to grain structure 
 

Effects of LSP on the microstructure of AA7050-T7451 in the scale of hundreds of microns to 

millimetres are presented and discussed. 

 

4.2.1. Optical micrographs 
 

Optical micrography is an old and very well-established technique used to probe cross-

sections of grain structure in poly-crystalline metals.  
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Figure 4-1: Optical micrographs of etched grain structure of AA7050-T7451 in the ND-TD 
plane, for (a) unpeened region and (b) peened region  
 

Figure 4-1 shows the optical micrographs of grain structure taken from ND-RD section of 

AA7050-T7451. Figure 4-1(a) shows the grain structure in the unpeened region while Figure 

4-1(b) shows the grain structure in the peened region. Depth below the peened surface is 

along ND. To make optical measurement on 7050 alloy, EBSD samples were re-polished to 

remove the electron beam-material interaction volume and etched for 8 to 10 seconds using 

Keller’s reagent. 

 

The peened surface mainly consists of dents formed by overlapping multiple laser impacts. 

These were detailed in section  surface profile measurements. The peened bottom edge in the 

Figure 4-1(b) reveal the surface profile changes introduced by LSP. There is evidence of 

extensive LSP induced plastic deformation near the peened surface. These are below the 

impact craters indicated. Such features were also observed in LSPed Al-Mg-Si alloy [100]. 

However, these optical micrographs neither reveal morphological changes to the grain 

structure features such as grain boundaries and sub-grain boundaries, nor any orientation 

information. Hence EBSD scans are made. Results of the EBSD analysis are now provided. 

 

4.2.2. Statistics of the band contrast 
 
A direct effect of plastic deformation in metals is the increase of statistically stored dislocations 

(SSD) density and geometrically necessary dislocations (GND) density [226,227]. Statistically 

Stored Dislocations (SSD) are those which get stored in the lattice due to random processes 

which involve dislocations trapping each other in a random manner [40,41]. SSDs occur during 

plastic deformation and manifest as mutually trapped dislocations [228]. Plastic shear 

gradients necessitate the presence of GND [229]. An increase in SSD and GND increases the 

work-hardening of the material [228]. In this section, statistics of band contrast (an EBSD 
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parameter [149]) is provided to get an understanding of the effect of LSP on dislocation density 

[149]. 

 

 
Figure 4-2: Statistics (frequency distribution) of the band contrast (EBSD data parameter) for 
the peened and unpeened regions of laser shock peened AA7050-T7451 sample 
 

Figure 4-2 presents probability distribution of band contrast (refer section 2.4.1) values 

calculated from EBSD scans in the unpeened and peened regions. Results from the peened 

region indicate a higher probability of low band contract values. Grain size statistics are 

provided further in Figure 4-6. 

 

Lower band contrast values could be due to both changes in the scanned material and due to 

EBSD scan parameters, the latter of which is ignored, as it is present in all scans (refer section 

2.4.1). The changes in the material which could lead to this are also many such as unindexable 

phases and presence of steep orientation gradients. The presence of steep orientation 

gradients within a small step size of 2µm, indicates severe re-orientations underwent by this 

material region. This suggests that the peened region has a relatively steeper gradient in 

plastic strain accumulation relative to the unpeened region. It also suggests that many EBSD 

pixels in the peened region have much lower Kikuchi diffraction pattern quality (refer section 

2.4), thus indicating the possibility of having higher dislocation densities in the peened region 

relative to the unpeened region [149]. 

 

4.2.3. Statistics of Kernel Average Misorientations (KAM) for unpeened and 
peened regions 

 

KAM refers to Kernel Averaged Misorientations and are calculated over each EBSD pixel using 

the misorientation between itself and its neighboring lattice pixels (refer section 2.4.3). 
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Figure 4-3: Probability distribution of KAM (degrees) calculated with 2 nearest neighbours for 
a threshold of 5 degrees, for the stitched EBSD grain structure maps of unpeened, transition 
and peened regions 
 

Statistics of KAM are given in Figure 4-3 for unpeened, transition and peened regions. These 

regions are illustrated schematically in Figure 3-2(a). Section 2.4.3 gives details about KAM 

and its calculation. KAM angle and corresponding probability distribution are plotted on x-axis 

and y-axis respectively. Values of KAM peak and corresponding probability are indicated at 

the peak location of each KAM profile. The transition region was identified from the surface 

profile characteristics (see  Figure 3-3 and Figure 3-4). 

 

As we move from unpeened to transition to peened region, the peak width increases while the 

peak height decreases. Additionally, the peak location is shifted towards higher KAM values. 

This is because of the increasing plasticity gradients giving rise to increasing orientation 

gradients. As KAM is indicative of plastic strain, it is also understood that the nature of plastic 

deformation in the peened region is such as to decrease the low orientation gradient regions 

and increase the high orientation gradient regions, as can be seen in KAM probability profile 

of the peened region, where the low KAM values are lesser while the high KAM values are 

relatively more. 

 

4.2.4. Statistics of Grain boundary misorientation angle for unpeened and 
peened regions 

 

Grain boundary misorientation is an important parameter which can control the mechanics of 

crystalline deformation [230,231]. Here, the plastic deformation at a grain boundary depends 

on the ability of the grain boundary to allow slip across it. The capability of the slip to cross the 

grain boundary is generally low at high grain boundary misorientation angles [232], and this 

will lead to plastic strain accumulation at the grain boundary. Thus, a grain structure having 

high valued grain boundary misorientation angle distribution, will tend to have a higher plastic 

strain accumulation. 
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EBSD maps are made in the RD-TD plane, at a depth of ~100µm below the peened surface 

along ND. Each map spanned 0.5mm along RD and 1.0mm along TD (i.e. 0.5mmRD X 

1.0mmTD) and was performed with a step size of 2µm. Many of such maps are stitched in the 

unpeened and peened regions and statistics and pixel to pixel information on orientations are 

analyzed. Below, statistics on grain boundary angle is provided. 

 

 
Figure 4-4: Statistics of grain boundary angle for the stitched EBSD grain structure maps 
 

Statistics of grain boundary angles in the peened and unpeened regions are presented in 

Figure 4-4. This shows that LSP has greatly decreased the regions with grain boundary angles 

less than 2° (low grain boundary angle) and increased the regions with grain boundary angles 

greater than 2° (higher grain boundary angle). For this to happen, orientations must have 

evolved in the peened region and it could be said that LSP is the principal cause of it, as no 

other deformation processes have been applied over the peened region. Dhakal et al. [161] 

found an increase in low angle grain boundaries after LSP of AA6061-T6. Their grain boundary 

misorientation map suggests that high angle grain boundaries are more near to the peened 

surface and decrease with depth. The result has led to an insight that, the orientations which 

could be evolving under LSP, if significant enough, could also lead to a change in 

crystallographic texture. It is thus concluded, that LSP has decreased the number of low angle 

grain boundaries and increased the number of high angle grain boundaries.  

 

4.2.5. Unpeened and peened grain structures 
 

Euler angle maps are provided below for unpeened and peened regions. The scale bar is 

2000µm and the EBSD step size is 2µm. 
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Figure 4-5: Stitched Euler angle EBSD map in X-Y plane at 𝑧 ≈ 100𝜇𝑚 (a) unpeened region 
to the left (b) peened region (c) unpeened region to the right 
 
In comparison to the grain structure in the unpeened region provided in Figure 4-5(a) and 

Figure 4-5(c), the peened region in Figure 4-5(b) shows extensive inhomogeneities in grain 

boundary distribution marked by black lines, calculated with a threshold of high misorientation 

angle, Δ𝜃 ≥ 15°. Thus, it is concluded that the grain structure in the peened region is highly 

sub-structured. The white patches in the peened region are the un-indexed EBSD pixels, and 

the peened region has more of it because of high misorientation gradients. Therefore, LSP has 

increased the number of high–angle misorientation boundaries and imparted both orientation 

gradients inside the grains which could not be acquired by an EBSD step size of 2µm. LSP 

induced sub-structuring has been studied before in the literature. (Note: Colours in the above 

figure show the colour combination of the three Euler angles from the legend at the bottom of 

the above figure).  

 

 
Figure 4-6: Grain size statistics for the unpeened and peened regions 

 

In order to derive statistical distribution of grain size in the unpeened and peened regions, the 

stitched EBSD maps for the unpeened and peened regions are analysed using the Tango 

software suite [148]. Grains are identified using a grain boundary misorientation threshold of 

15°. A total of 646 grains were identified in the unpeened region and 1191 grains in the peened 

region. These numbers could be affected due to the presence of transition region, but 
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nevertheless should be equally present in both unpeened and peened regions and its effect is 

neglected. Grain size statistical data is then exported and analysed in MATLAB software [233]. 

Figure 4-6 shows the probability distribution of grain diameter (µm). The skewness of 

distribution for unpeened and peened regions are 3.2202 and 3.6996 respectively. The kurtosis 

of distribution for unpeened and peened regions are 14.7302 and 19.6384 respectively. 

Distribution in peened region is thus more skewed (indicated by larger skewness) and more 

sharper (indicated by larger kurtosis) more towards smaller grain diameters, as can also be 

comparatively seen in Figure 4-6. These measures and distribution in Figure 4-6 confirm the 

grain structure maps presented in Figure 4-5.  

 

Such LSP induced grain refinement has also been observed in numerous studies on aluminium 

[99,100,161,177,210,234]. However, most of these studies report nano-scale and sub-micron 

scale sub-structuring using TEM studies do not report any macro-scale sub-structuring using 

EBSD. A few studies also report sub-grain formation [34,235], however their investigations did 

not use TEM studies. Kashaev et al. [34] on the other hand, did not observe any sub-grain 

formation at the macro-scale using EBSD. Liu et al. [235] also report no grain refinement in 

LSPed friction stir welded AA7050-T7451.  

 

Now, the spatial distribution of texture components is compared between peened and 

unpeened regions, immediately below the peened surface, in the RD-TD plane. 

 

4.2.6. Spatial distribution of Cube (W) texture component 
 
The distribution of orientation intensities around the ideal cube texture component was 

provided in the previous chapter in section 3.3.1. The intensity distributions were provided in 

Euler space. To understand, how they are distributed in the physical space, their spatial 

distribution on the grain structure has to be studied. 
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Figure 4-7: Spatial distribution of cube TC in the unpeened (left) and peened region (right) 
 
Spatial distribution of cube orientations, denoted by W, is  provided in Figure 4-7(a) for the 

unpeened region and Figure 4-7(b) for the peened region. The strength of the texture 

component is denoted by the legend provided at the bottom of the figure. Legend numbers 

indicates the misorientation angle Δθ, ranging from 0° to 20°. Regions belonging to cube 

orientation have a continuous distribution from dark to light green. The relative strengths are 

thus indicated as ‘W [θ1, θ2]’, where θ1, θ2 denote the misorientation bounds, for example, ‘W [0, 

8]’ is stronger than ‘W [8, 12]’, as the orientations are within 0° to 8° of the ideal cube orientation 

compared to the orientations which are within 8° to 12° of the ideal cube orientation. Statistics 

of this texture component were provided in section 3.3.1.  

 

Four locations 1 to 4 are identified in the unpeened region (Figure 4-7(a)). The region in the 

grain near location 1 predominantly contains ‘W [0, 8]’ and ‘W [8, 12]’ as alternating bands. This 

alternating nature of the ‘W [0, 8]’ and ‘W [8, 12]’ bands, aligned along with TD, is assumed to be 

a consequence of rolling as no other thermo-mechanical processes have been applied after 

rolling in the unpeened region. Such a banded nature is also found in the smaller region at 

location 2. The presence of strong ‘W [0, 8]’ and weak cube orientations ‘W [12, 20]’ can be found 

near location 4 indicating the cube orientation gradient, 𝑑(𝑊)/𝑑𝑦, where y is the distance along 

TD. Medium strength ‘W [12, 16]’ can be seen at location 3. Though the presence of both strong 

and weak texture components can be seen in unpeened region, cube texture component 

distribution within a grain is found to be more or less continuous. 

 

Locations A, B and C are identified in the peened region in Figure 4-7(b). Contrary to the 

unpeened region which had a more or less equal cube orientation spread in ‘W[0, 20]’, weak 

cube texture ‘W [12, 20]’ is found to be more dominant in the peened region (locations B and C). 

However, strong ‘W [0, 8]’ can be still be found at location A, but the overall presence is much 

smaller in the peened region as it quickly diminishes in strength from A to location B. 

 

It is observed that stability of cube ‘W [θ1, θ2]’ is higher than that of ‘W [θ3, θ4]’, when the inequality 

θ1 < θ3, θ2 < θ4 and (θ2-θ1) < (θ4-θ2) is satisfied. It is thus concluded that strongly oriented 

cube regions are more stable against LSP induced re-orientation than weakly oriented cube 

regions are. It is also concluded that the weak cube orientations are heavily sub-structured to 

the point of becoming randomized. 

 

4.2.7. Spatial distribution of Goss texture component 
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The distribution of orientation intensities around the Goss texture component was provided in 

Euler space in the previous chapter in section 3.3.1 and 3.3.5. To understand, how they are 

distributed in the physical space, their spatial distribution on the grain structure is studied in 

this section. 

 

 
Figure 4-8: Spatial distribution of Goss texture component in unpeened and peened regions 
 

Goss is a recrystallization texture component and statistics of this texture component were 

provided in section 3.3.1. Figure 4-8 presents the differences in the distribution of Goss grains 

between unpeened regions and the peened region. Comparing the peened and unpeened 

regions in this figure, it is seen that, there are more Goss orientations in the peened region 

compared to the unpeened region. Hence, even though the volume fractions and intensities 

are small, the visual comparison indicates more Goss grains in the peened region than in the 

unpeened region. Hence, LSP induced changes to the Goss texture component presented in 

section 3.3.1, do arises from the actual nature of the distribution of Goss texture component 

regions in the grain structure. 

 

 
Figure 4-9: Spatial distribution of Goss TC in (a, b) close up of two Goss grains in the 
unpeened region and (c, d) close up of two Goss grains in the peened region. Note: Terms 
VLMR, LMR, MMR, HMR and VHMR represent Very Low Misorientation Region, Low 
Misorientation Region, Medium Misorientation Region, High Misorientation Region and Very 
High Misorientation Region in order. They are also identified at their approximate locations 
next to the colour legend. 
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Differences in the orientation distribution in Goss grains are provided in the above Figure 

4-9(a) and Figure 4-9(b) for unpeened region and Figure 4-9(c) and Figure 4-9(d) for peened 

regions. Three markers are identified on the grains, which are dotted straight lines representing 

weak orientation bands, closed dotted boundaries representing LMR regions, closed dashed 

boundaries representing VHMR and HMR regions and open thick continuous boundary 

representing grain boundaries. Please refer to the figure caption or abbreviation section for 

terminology. 

 

A representative Goss grain belonging to the unpeened region is shown in Figure 4-9(a). It 

has, a bi-modal misorientation distribution peaking at approximately 8° (Relatively stronger: 

LMR) and 12° (Relatively weaker: MMR). Another representative Goss grain belonging to the 

unpeened region is shown in Figure 4-9(b). It contains mostly weak Goss orientations with 

mostly large misorientation above 16° (HMR) and narrow bands of alternating weak and strong 

orientation. These bands are demarked by arrows indicating weak bands. 

 

A representative Goss grain belonging to the peened region is presented in Figure 4-9(c). It 

too contains alternating weak and strong orientations, which are aligned at a smaller angle to 

the TD than those in the peened region. The LMR regions, which are found in between these 

alternating strong and weak orientation bands, indicate that this grain could be in the middle 

of being sub-structured by the repeated LSP impacts. It is proposed that this LSP induced sub-

structuring of Goss grains could be driven by the development of LMR regions inside a weak 

Goss grain, where the separations between these LMR regions could, eventually develop into 

a grain boundary. However, no grain boundaries are found at these weak orientation bands, 

even though these bands are characterized by orientation deviation from the ideal value by 

more than 15°. It is also seen that these bands have a thickness of 30 to 50 µm, which are 

much larger than the grain boundary thickness, which fundamentally have atomic scale 

thicknesses. These bands are also characterized by steep orientation gradients as can be 

seen by referring to the misorientation colour legend. Observations on another representative 

Goss grain belonging to the peened region is presented in Figure 4-9(d) is provided below. 

 

Grain in Figure 4-9(d) is significantly larger when compared to the Goss grain in Figure 4-9(c). 

Contrary to the nature of orientation changes observed in Figure 4-9(c), where the 

development of LMR regions with weak bands separated the adjacent LMR regions, the 

mechanism of sub-structuring in the much larger Goss grain in Figure 4-9(d) appears to be 

very different. Here, the orientation distribution indicates that the separation of a single LMR 

(or VLMR) region in this Goss grain interior happens from within, with no clearly formed 

orientation bands, but by the development of multiple pockets of HMR and VHMR domains as 
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indicated. While the HMR domains still belong to Goss grains, VHMR are not, as their 

orientations have a misorientation of near 20°, with the ideal Goss orientation. Many VHMR 

and HMR regions are seen in this grain. While most HMR regions are found inside the grains, 

VHMR regions are found on the grain periphery. One such VHMR region is also identified in 

Figure 4-9(c), which is also on the periphery of the grain. The HMR regions in the grain in 

Figure 4-9(d), are found to line up at a negative angle to the TD, but of approximately same 

magnitude of the angle, thus indicating that they are forming on the mean line of the slip band. 

These HMR domains are separated by MMR and LMR domains. VLMR regions are also 

observed in this peened Goss grain, which are very few in the unpeened Goss grains. 

 

Based on the observations, it is proposed that LSP drives sub-structuring in Goss grains by 

two possible mechanisms: 

 

1. Goss grain sub-structuring mechanism 1a (Applicable to weak Goss grains with 

smaller TD intercept length): LMR regions develop across the width of the grain with 

relatively small width and gets separated by weak bands. Weak bands become weaker 

and LMR gets stronger and when the orientation gradient exceeds 15°, individual LMR 

could be considered grains by themselves, separated by thin weak orientation bands. 

 

2. Goss grain sub-structuring mechanism 1b (Applicable to weak Goss grains with 

smaller TD intercept length, with even more repeated impacts): Orientation gradient 

across the weak band and LMR domains, could become higher under continued LSP 

impacts, with LMR domain moving closer to ideal Goss, while the weak band itself 

increases in thickness. 

 

3. Goss grain sub-structuring mechanism 2a (Applicable to the large sized weak Goss 

grains): Even though there is no clear demarcating grain boundaries at the transition 

between either VHMR or HMR or VLMR and the rest of the grains, the orientation at 

the core of HMR and VHMR differ from Goss by more than 20°, thereby representing 

an orientation completely different from Goss; thus inducing sub-structuring. The 

observation of absent grain boundary is because of a relatively gradual change in local 

orientations as one transits from one region to the other, in comparison to the very 

steep orientation change as seen commonly in regular grain boundaries, where 

orientation changes can happen across a few nano-meters.  

 

4. Goss grain sub-structuring mechanism 2b (Applicable to the large sized weak Goss 

grains, with even more repeated impacts): The HMR domains separated by MMR and 
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LMR domains, were seen to line up. With repeated impacts, these MMR and LMR 

regions could become closer to ideal Goss, but the HMR domains themselves may 

grow into the shrinking MMR and LMR domains, thereby separating the single large 

Goss grain into two. 

 

As all Goss grains in the unpeened and peened regions were found to be characterized 

correspondingly by the above observations, the following conclusions are drawn. 

 

1. The mechanism of Goss grain sub-structuring depends very much on the size of the 

grain, especially, the grain intercept length along TD. 

 

2. VHMR regions are mostly found at the periphery of large grain, indicating that 

neighbouring grain influences orientation evolution inside Goss grains. 

 

3. LSP induced orientation evolution from the initially weak Goss grain is bi-directional on 

the misorientation axis. That is, orientations can get closer to ideal Goss or away from 

ideal Goss, depending on orientation distribution. 

 

4.2.8. Spatial distribution of Brass texture component 
 

The distribution of orientation intensities around the Brass texture component was provided in 

Euler space in the previous chapter in section 3.3.1 and section 3.3.5. Their spatial 

distribution on the grain structure is studied in this section. 

 
Figure 4-10: Spatial distribution of Brass TC in large area EBSD map containing the unpeened 
and peened regions 
 

Figure 4-10 shows the spatial distribution of brass texture component in unpeened and 

peened regions. The processing coordinate system of the sample is given on the image and 

is formed by RD (rolling direction) and TD (transverse direction). The ND (normal direction) is 

into the plane of the image. The two unpeened regions are to the left and right of the central 

peened region. Multiple EBSD scans have been stitched and the scale bar is provided in the 

image. This texture component distribution map is generated by choosing a maximum 
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misorientation of 20° about the ideal brass orientation, Φ = [45°, 35°, 0°]. All symmetric 

equivalent orientations and corresponding misorientations are taken into consideration. The 

colour bar to the bottom of the image provides the relative strengths of the brass texture 

component. Numbers on the colour bar provide misorientation magnitude from the ideal brass 

location. Here, a misorientation angle of 0° indicates ideal brass texture. The larger is this 

misorientation angle, the weaker is the brass texture component. 

 

Unpeened region has both large grains (in the unpeened region to the left) and small brass 

grains (in the unpeened region to the right). Regardless of the size, they are unfragmented 

with more or less smooth intra-granular orientation gradients. On the other hand, grains in the 

peened region are fragmented with steep intra-granular orientation gradients. Orientation 

gradients in the peened region appear banded by nature, with all bands oriented at a similar 

angle to TD.  

 

It was seen in Chapter 3 that, brass texture component volume fraction and intensity changed 

little from 23.6% to 27.9% and 6.5 to 7.0 respectively. This hints that the brass texture 

component is stable under LSP. In fact brass is an end orientation during deformation texture 

evolution under rolling [109] and is known to be highly stable [69]. However, the above 

mentioned observations on the fragmentation of brass grains in the peened regions by 

orientation bands; and unfragmented brass grains in unpeened region; development of strong 

and weak brass bands in the peened region, counter this well-known stable nature of the brass 

texture component. Additionally, this result questions the stability of the brass texture 

component as clearly, there is very little change in both volume fraction and intensity, but there 

is a significant change in the physical distribution of the brass texture component.  

 

 
Figure 4-11: Spatial distribution of Brass TC in (a, b) close up of brass grains in the unpeened 
region and (c, d, e) close up of brass grains in the peened region. Note: Refer caption in Figure 
4-9 for terminologies used 
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Figure 4-11(a) and Figure 4-11(b) highlight brass grains in the unpeened region. These 

regions contain LMR and HMR brass domains respectively. Dashed lines indicate orientation 

bands. These bands are morphologically aligned at 10° to 15° to TD and contain very weak 

gradients in intra-granular orientation across their normal 𝒏 indicated in Figure 4-11(a). Figure 

4-11(c), Figure 4-11(d) and Figure 4-11(e) highlight brass grains in the peened region. No 

LMR or VLMR regions are seen in grains in Figure 4-11(c), while no VHMR regions are seen 

in Figure 4-11(d) and Figure 4-11(e). HMR regions in Figure 4-11(c) contain a region of MMR 

surrounding them indicating this is a source of the steep intra-grain misorientation gradient 

inside brass grains in peened region. Brass grains in Figure 4-11(d) and Figure 4-11(e) have 

VLMR regions oriented approximately 10° to 15° to TD. All grains in Figure 4-11(c), Figure 

4-11(d) and Figure 4-11(e) have the MMR indicating the presence of orientations with a mean 

misorientation of 10° to ideal brass. Coupled with the absence of LMR and VLMR in Figure 

4-11(c) and the presence of LMR and VLMR in both Figure 4-11(d) and Figure 4-11(e), the 

presence of MMR in all these peened grains indicate that the brass orientation evolution on 

the misorientation axis is bi-directional, like the Goss grains, where the orientations can both 

strengthen and weaken. The presence of only MMR, HMR and VHMR in peened brass grains 

indicate the orientation evolution of MMR along a direction towards larger misorientation 

angles. Additionally, presence of only MMR, LMR and VLMR in other peened brass grains 

indicate the orientation evolution of MMR along a direction towards smaller misorientation 

angles and hence towards ideal brass texture component. The former effect works towards 

reducing brass texture intensity and the latter effect works towards increasing brass texture 

intensity. Thus, LSP is simultaneously increasing and decreasing brass texture component 

intensity. Hence, it is proposed here that, such a simultaneous effect of LSP is the reason why 

texture component intensity hardly changed. 

 

The evidence on the bi-directional evolution of Brass texture component on the misorientation 

axis (presented and discussed above), coupled with the observation in Figure 4-10 that there 

are more brass orientations in peened regions which are closer to the ideal value than the 

unpeened regions (as evidenced by brass peak broadening and peak increase seen in the 

intensity distributions on 𝛼 − fibre in Figure 3-15), has led to the understanding that brass 

orientation stability is non-uniform along the misorientation axis. That is, the stability of MMR+, 

HMR and VHMR brass regions are different from that of the stability of MMR-, LMR and VLMR 

brass regions. In addition, it is also seen that the VLMR regions highlighted in Figure 4-11(e) 

contain alternating bands of thick VLMR domains and thin LMR domains. This indicates that 

the orientation evolution in these domains is still incomplete and that the formation of 

deformation bands give rise to such orientation distributions. These differences in intra-grain 
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misorientation distributions between Brass grains of unpeened and peened regions provide 

evidence for LSP induced evolution of brass texture component. 

 

4.2.9. LSP induced large scale sub-structuring, intra- and inter-granular 
misorientations in brass grains 

 

It is known from literature [20,194,203,219,236,237] that LSP can introduce a deformation 

microstructure in the processed material. In this section, such deformation structures in a brass 

grain are explored. Various deformation structures are also observed in grains of other texture 

components, but brass is presented in this section and the next, to explain some of the 

observations presented on the LSP induced orientation intensity changes on the 𝛼 − fibre, 

especially near the brass orientation. 

 
Figure 4-12: Deformation bands in brass grain (a) distribution of brass texture component (b) 
Euler angle map overlaid on the brass texture component distribution map 
 

Figure 4-12(a) shows the brass texture component spatial distribution map overlaid on the 

grain boundary map and Figure 4-12(b) shows the Euler angle map overlaid on the grain 

boundary map and brass-TC map. Grain boundaries with Δ𝜃 ≥ 20° are shown using thick black 

lines. The grain boundary of parent brass-oriented grain is shown using thick dashed green 

lines. LSP induced deformation bands are seen to run along with ~TD. These bands are 

oriented normal to the parent grain boundary, near which they appear well formed and 

continuous in structure. However, they break up towards the grain core. This is because the 

strong deformation constraints imposed by strain compatibility condition at grain boundary, 

diminishes away from the grain boundary. It can be seen from Figure 4-12(b) along with 

Figure 4-12(a), that Band1 and Band2 are brass bands while Band3 and Band 4 are not. 



76 
 

‘Band1’ and ‘Band2’ have an almost constant width throughout and are intact. ‘Band3’, ‘Band4’ 

and bands 1a-1b, 2a-2b, 4a-4b and 4c-4d appear broken due to significant orientation change 

at their centre. Figure 4-12(a) clearly reveals that LSP has resulted in deformation bands 

constituted of alternating brass and no-brass texture component. To study the deviation of 

texture component across such bands, misorientation along lines A1 and A2 are provided 

below. 

 

 
Figure 4-13: Point to point line misorientation profiles of across the deformation bands 
 

Line misorientation profiles for lines A1 and A2 taken across the deformation bands, provided 

in Figure 4-13 show that the deformation bands in Figure 4-12, across lines A1 and A2, have 

grain boundary misorientations as high as ~43° to ~51°. This suggests a significant LSP 

induced grain structure and texture evolution inside the brass grain. This leads to focus at the 

misorientation profile across representative deformation bands at A3 and A4 in Figure 4-12. 

These are provided below. 

 

 
Figure 4-14: Characteristics of deformation band at A3 in Figure 4-12(b): (a) highlight of the 
brass texture component distribution and (b) point to point misorientation angle along A3 
 

The deformation band across line A3 in Figure 4-12(b) is highlighted in Figure 4-14(a), which 

shows the line A3. Line A3 starts in Band1, crosses Band3 and ends in Band2. Point to point 

misorientation profile along A3 is provided in Figure 4-14(b). Here, x-axis represents distance 

away from ‘Start’ of A3 till ‘End’ of A3. Data shows a nearly symmetric misorientation profile 

distribution across the centre of the deformation band at ~10µm. Band interfaces 1-3 and 2-3 

show large misorientation angles of ~45° and ~41° respectively. A3 starts and ends with a weak 
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brass orientation at 𝜙2 ≈ 75°. It is understood from these results that even across thin non-

brass deformation bands sandwiched between two weak brass orientation bands, LSP induced 

grain boundary misorientation angle can be as large as 45°. Now, the misorientation profile 

inside an individual deformation band A4 is provided below. 

 

 
Figure 4-15: Characteristics of deformation band A4 in Figure 4-12 (a) highlight of the brass 
texture component distribution and (b) Origin to point misorientation angle along A4 
 

The deformation band of width 28 µm across line A4 in Figure 4-12(a) is shown in Figure 

4-15(a). Points P and R, are near the band boundaries while Q is between P and R. GB 

misorientations at near P and R were ~27° and ~23°. Euler angles at P, Q and R are provided. 

As a sufficiently large number of Kikuchi bands were available to enable indexing, the 

confidence in the orientation calculation for each pixel is high. Points P and R are away from 

ideal brass while Q is nearer. Thus, the orientation distribution across the deformation band is 

non-uniform and complex. Now Figure 4-15(b) is explained.  

 

Origin to point misorientation profile across A4 are provided in Figure 4-15(b). Deformation 

band centre Q has the highest misorientation (~14.5°) with P. Additionally, this shows that 

orientations inside the deformation band and near to the band boundaries evolve differently 

than those near the core. This means that a large re-orientation constraint exists near the grain 

boundary, inside the deformation band and it is imposed by the requirement of strain 

compatibility at the grain boundary. Such behaviour is also seen to a small extent in Figure 

4-14(b) near the centre of the band, where the misorientation angle is slightly higher. It also 

throws light on the spatial flow of orientation evolution. 

 

With respect to spatial flow orientations during orientation evolution, orientation evolution 

initiates at the band core region (near point Q in Figure 4-15(b)) and proceeds outwards till a 

point where the orientation evolution leads to an end value much different from the surrounding 

and forms a grain boundary. With repeated impacts the new orientations near the grain 

boundary evolve differently than at the core due to differences in deformation compatibility 
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requirement at the boundary. Further, the two orientation regions (P and R) away from the core 

(Q) have similar orientations, thus confirming the orientation evolution pathway put-forth 

above. 

 

4.2.10. Correlation between brass grain sub-structuring, 𝜶 − fibre texture 
peak broadening and appearance of a minor secondary peak near brass 
orientation 

 

Though the change in volume fraction of brass texture component is small (Table 3-2), the 

peened region in Figure 4-10 and Figure 4-11(b) showed large scale changes in the spatial 

distribution of brass texture component. Though the intensity has only increased by a small 

value, it can be seen in Figure 4-10  and Figure 3-15, that the high intensity brass regions are 

scattered more frequently and appears to be confined to banded regions (Figure 4-11(b)). 

 

It appears that supported by the highly stable nature of the brass texture component [69] the 

volume fraction and intensity has not changed much. But looking at Figure 3-15, an additional 

factor is noticed and must be considered because, there exists a significant difference between 

the Δ𝜃 ≤ 20° misorientation from an ideal brass position and also along with the entire 𝛼 − 

fibre. Additionally, the contour map in Figure 3-7 has shown that the distribution around the 

ideal brass location is very different in the peened region. As the near brass intensities have 

increased along the 𝛼 − fibre, the existing brass locations are remaining stable with an 

approximately equal proportion becoming weaker and stronger, in addition to non-brass 

locations re-orienting to positions on and near to, the 𝛼 − fibre. We also see from Figure 3-15, 

that unpeened region has a single brass peak as expected in rolled products. In comparison 

to this, two local brass peaks are seen in the peened region. Therefore, clearly, there should 

be additional mechanisms contributing the observed brass peak broadening and splitting. The 

single large brass grain which underwent deformation banding is studied. 

 

 

Figure 4-16: Band contrast map of the region having the large brass grain 
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Figure 4-16 shows a brass grain with thick continuous grey line representing its grain boundary 

with Δ𝜃 > 15°. The figure highlights the band contrast map over a region containing the grains. 

Band contrast (BC) indicates the average intensity of Kikuchi bands relative to the overall 

electron backscatter pattern intensity. It is a quality index for electron backscatter patterns 

processed using the Hough transform [237]. Hough transforms help identify crystallographic 

orientation [108]. Band contrast contains information pertaining to the Kikuchi pattern intensity 

(average) and also the orientation contrast [238]. It is described in relation to the overall 

intensity of the Electron Back Scattered Patterns [237]. It can indicate low intensity Kikuchi 

bands due to underlying disorder in the grain structure and strains [239]. This could be 

contributed to, by dislocations, steep orientation gradients which cannot be resolved by the 

chosen EBSD scan step size, phase and high angle grain boundaries, etc. The grain has 

suffered inhomogeneous plastic deformation, as can be seen in the presence of both high and 

band contrast region. The reason for this is the inhomogeneous stress field in the grain near 

the laser impact site. This suggests that brass grain sub-domains having very steep orientation 

gradients within 2𝜇𝑚 and high dislocation densities. 

 

The generation of such low BC regions is now explained. Orientations from the set of rolling 

induced orientation scatter near the grain boundaries and in the brass grains have evolved 

slightly differently especially near the grain boundary due to stricter re-orientation constraints. 

These constraints, according to Dillamore [179] can induce multiple slips near the grain 

boundary and also random re-orientations during plastic deformation. As the boundaries of 

these random re-orientations grow, the dislocation structures constituting which, grows and 

coalesce making dislocation cells. Such regions having high density dislocations and 

dislocation cells when contained in a single EBSD pixel presents incomplete Kikuchi bands, 

which cannot be indexed and hence showing up as low BC regions. Now, orientation 

distributions inside this brass grain are studied in Euler space. 

 

 
Figure 4-17: (a) Euler angle map of a Brass grain from the peened region (b) 𝜙2 = 0° ODF 

section of the brass grain (c) 𝜙2 = 0° ODF section of a sub-domain 
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The orientation gradients in the brass grain are visible in Figure 4-17(a) showing the map of 

Euler angle distribution. Under a suitable LSP induced dynamic stress field, the growth of such 

re-orienting sub-domains during LSP happens normal to the grain boundary (in this case along 

TD) and towards the brass grain core, as previously explained in Figure 4-12(a) and Figure 

4-12(b). Here, it is the dislocation structures at the boundaries of these re-oriented subdomains 

(bands), which evolve to become grain boundaries. The formation of internal grain morphology 

is outlined in the below steps: 

 

(1) Strain compatibility conditions are automatically imposed across the grain boundary to 

ensure deformation continuity. 

 

(2) Due to the very large intercept grain size (~1850 µm along RD and ~500 µm along TD), 

in the core of the grain, weak overall deformation gradients can satisfy this strain-

compatibility condition (∇ × 𝐹 = 0), where 𝐹 is the deformation gradient. 

 

(3) At the grain boundaries, it is not the case. To ensure strain compatibility across the 

grain boundary, multiple slips are activated [69] while a maximum of 1 or 2 would be 

sufficient in the core of the grain [69]. Microstructural evolution near the grain boundary 

region will thus be significantly different than in the core of the grain. 

 

(4) The sample used in the present work is a rolled product. Rolling induces small parent 

deformation cells having low misorientation angle cell boundaries. The cell boundaries 

are mostly constituted of dislocations. 

 

(5) Near to the grain boundary region, the complex tri-axial stress system during high strain 

rate plasticity induces random re-orientations of the parent rolling induced deformation 

sub-cells. Such random re-orientations when decreases the misorientation between 

two adjacent cells below less than a threshold 50, could together be considered a single 

cell. 

 

(6) When two parallel regions of differently evolved sub-cell sets form, a deformation band 

boundary will separate them. In the present work, the misorientation angle across such 

a boundary in the brass-oriented grains is as large as 40 to 500. 

 

(7) As deformation gradients stem from the grain boundary and proceed towards the core 

of the grain, it remains approximately normal to the grain boundary. Consequently, 

regions experiencing random cell reorientations are also forced normal to the grain 
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boundary and remain aligned with the band boundary. As the parent grain boundary is 

mostly along RD, such regions are therefore forced to orient along TD. This explains 

the morphological orientation of the deformation bands.  

 

Figure 4-17(b) shows the 𝜙2 = 0° Euler space section for ODF of post-LSP orientation data 

inside the brass grain. Two major features, (R1a, R1b) and R2 can be seen. R1a and R2a are 

equivalent features due to line symmetry at 𝜓 = 45° occurring within Δ𝜃 ≤ 20° of the ideal 

brass location. They are situated at 𝜙1 ≈ 27° along fibres parallel to 𝛼 − fibre. Comparing this 

observation to brass peak splitting on the 𝛼 − fibre seen in Figure 3-15, it is found that the 

peak R1 in Figure 3-15 has a microstructural origin which is inside the brass grain. This 

suggests that a possible evolutionary pathway for brass orientations is along the 𝛼 − fiber 

towards Goss. This also suggests that the brass orientation stability under laser shock peening 

is not similar to that under rolling. However, the exact temporal moment when this instability 

can occur cannot be known from the current work as the microstructural and texture 

characterization could not be carried out in between two laser shots. Nevertheless, it is 

fundamentally evident that LSP induced re-orientations inside the parent brass grain contribute 

to 𝛼 − fibre evolution. 

 

 
Figure 4-18: (a) Euler angle map of the sub-domain in Figure 4-17(a) (b) CODF sections of 
the sub-domain 
 

To isolate the effect of such deformation banding on texture, a local region identified by a 

rectangle in Figure 4-17(a) is considered and shown in Figure 4-18(a). The texture is 
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reconstructed for this region and the 𝜙2 = 0° CODF section is shown in Figure 4-18(b) and all 

CODF sections in Figure 4-18(c). Points A (weak brass location), B (in brass Band 1 in Figure 

4-12(b)), C (in non-brass Band 3 in Figure 4-12(b)) and D (in brass Band 2 in Figure 4-12(b)) 

are identified in Figure 4-18(a) and their orientation mapping in Euler space is given in Figure 

4-18(c). 

 

The orientation at D maps onto R1a as seen from Figure 4-18(b) and Figure 4-18(c). This 

proves that this brass orientation peaks in the texture distribution within Δ𝜃𝐵 ≤ 20° and is 

indeed due to LSP induced deformation banding. Regions R1a and R1b are provided together 

for reference. From these results, it can thus be concluded that LSP induced deformation 

bands contribute to overall texture evolution and importantly to the split at the brass peak. 

Since none of the evolved orientations are near the re-crystallization texture components such 

as cube or Goss, the microstructure evolution presented in this case (in the parent B-grain) 

does not lead to texture evolution through the dynamic re-crystallization route. Now the second 

peak R2 in Figure 3-15 is explained. 

 

Location C maps onto Euler space at a weak Brass intensity position in the 15° and 75° sections 

in Figure 4-18(c). The continuity of its 20° misorientation subspace, though reflected in the 0° 

section to the right of R1a in Figure 4-18(a), its intensity is much smaller. But, looking at the 

35° and 60° sections, the very same subspace has a peak intensity, which means that it is an 

end orientation on the pathway of LSP induced orientation evolution. What is more interesting 

is that the weak intensity to the right of R1A, also appears to the right of R1B. Even though this 

feature is an additional end orientation, it is comparably less stable and hence, has a smaller 

misorientation sub-space around it. These features, which appear symmetric about the  𝜙1 =

35° axis and 𝜙1 = 45° axis, in the 𝜙1 = 0° − 15° Euler space sub-domain, is responsible for 

the minor brass peaks R1 and R2 seen in texture analysis in Figure 3-15. Thus, the 

microstructural origin of the appearance of minor brass peaks R1 and R2 on the overall brass 

texture peak on the 𝛼 − fibre has now been established. 

 

4.3. Micro-scale LSP induced grain structure and grain 
structure coupled micro-texture changes 

 

LSP has previously introduced sub-micron scale intra-grain deformation structures [20,219]. 

In this work, such deformation structures are presented in IPF-Z contour maps. Further, this 

section provides extensive evidence of the extreme deformation heterogeneity that LSP can 

introduce, which is in many ways akin to those created under Severe Plastic Deformation 

conditions [33,64,219,240]. 
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Figure 4-19: IPF-ND maps showing the LSP induced micro-structural changes over a 1.0 mm 
X 0.5 mm region immediately below the peened surface 
 

Region 1 in Figure 4-19(a) Shows small deformation band structure alternating between 

~(212)||ND and ~(112)||ND or ~(102)||ND. This could almost be considered as to represent 

alternating band of ~(212)||ND and ~(214)||ND. It is proposed that the ~(212)||ND decrease as 

the ~(112)||ND and ~(102)||ND evolve from them during the course of plasticity induced 

orientation change.  

 

Region 2: This shows a region containing a distribution of steep orientation gradients with 

~(102)||ND, ~(212)||ND and ~(112)||ND being the prominent orientations. Regions 2a, 2b and 

2e in Figure 4-19(b) shows presence of ~(112)||ND in ~(101)||ND. A closer look at these 

regions reveal a possible orientation evolution pathway shown below. 

 

Parent  
~(101)||ND 

LSP 
-----------> 

~(102)||ND -----------> ~(112)||ND 

 

Region 2c composed mostly of ~(102)||ND containing small regions of ~(103)||ND which 

transition into ~(113)||ND at region 2d. The possible orientation evolution pathway is provided 

below. 

 

Parent  
~(101)||ND 

LSP 
-------> 

~(102)||ND 
-------

> 
~(103)||ND -------> ~(113)||ND 

 

Region 3 in Figure 4-19(a) shows regions with dense distribution of steep orientation gradients 

with orientations ~(102)||ND, ~(101)||ND, ~(103)||ND and ~(113)||ND. Regions 2 and 3 contain 

similar orientations but differ in orientation gradient levels. One possible reason for this is that 

displacement boundary condition imposed at the grain boundaries impose a large scale 

resistance against orientation gradient formation at large scale. This results in increase in small 

scale but steep orientation gradients seen in region 3. Consequently, this is reflected in IPF 
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map as black regions which are regions un-indexable by the chosen 2µm EBSD step size. The 

thick black line represents grain boundaries.  

 

Region 4 in Figure 4-19(a) shows the formation of ~(102)||ND deformation bands in parent 

~(113)||ND orientation. A look at region 5 reveals the formation of ~(113)||ND in ~(001)||ND 

and further the formation of ~(102)||ND in ~(113)||ND. This therefore has revealed the following 

orientation evolution pathway.  

 

Parent  
~(001)||ND 

LSP 
-----------> 

~(113)||ND -----------> 
Deformation band 
~(102)||ND 

 

Morphological and detailed orientation in region 4 is provided later below. Region 6 shows a 

small grain with predominant ~(101)||ND sandwiched between ~(113)||ND and ~(101)||ND. 

This region contains minor ~(112)||ND. This orientation evolution pathway is written below. 

Parent  
~(101)||ND 

LSP 
-----------> 

~(112)||ND 

 

 
Figure 4-20: LSP induced deformation band formation in ~(112)||ND and ~(001)||ND grain (a) 
Entire region (b) Morphological details of region R1 (c) Morphological details of R2 
 

Region 4 in Figure 4-19(a) is magnified and presented in above Figure 4-20(a). Two regions 

of interest R1 and R2 are identified and enclosed in squares. These regions highlight the micro-

scale texture formation induced by LSP. R1 is taken inside the ~(112)||ND grain dominated by 

~(102)||ND deformation bands. R1 is detailed in Figure 4-20(b). R2 provides near grain 

boundary zone information for ~(112)||ND and ~(001)||ND grains. R2 is detailed in Figure 

4-20(c). 
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The deformation bands named 1a are identified dashed black lines with the approximate 

lengths mentioned to their top. The deformation bands vary in length of 15 to 25µm in R1 when 

separated by a spacing indicated by 2a and 2b in Figure 4-20(b). However, they could be of 

lengths larger than 50 to 70 µm as shown by deformation bands near location 1c in Figure 

4-20(a). The long and jagged nature of such deformation bands indicate that they might be 

forming by the growth of two or more deformation bands and their subsequent merger. The 

boundaries of deformation band spacing could be developing under repeated laser impacts in 

very steep orientation gradients having large misorientations across them. These regions form 

sub-grain boundaries (5° <= Δθ < 15°) and grain boundaries (Δθ >= 15°), where Δθ is the 

misorientation angle. Regions marked by 40° to 45° inclined grain boundary to RD near location 

2c in Figure 4-20(a) could have potentially formed through the above-mentioned path. 

 

The deformation bands 1a in Figure 4-20(b) have all formed inclined 35° - 45° to RD with similar 

morphology. However, it has 𝛥𝜃 <  15°. Let us look at regions 3 in Figure 4-20(a) and Figure 

4-20(b). These are weak ~(103)||ND bands with 10-20µm width aligned crossed to deformation 

bands 1a. These bands must have been the precursor to the formation of deformation bands 

1a.  

 

Region R2 is detailed in Figure 4-20(c). Location 4 and 5 shows the formation of new grain 

structure in ~(001)||ND gran. It emanates from the grain boundary at 𝛥𝜃 ≈ 45° − 50° to RD. 

New orientations can be seen, suggesting the presence of newly formed grains. It is 

hypothesised here that the deformation bands 3 in Figure 4-20(a) and Figure 4-20(b) cross 

slip across the grain boundary in ~(001)||ND grain. 

 

In the ~(001)||ND grain, their internal deformation morphology is different and consequently 

develops high misorientations and also the internal orientation gradients. These are detailed 

in further paragraphs in this section. Regions 4a and 4b terminate shortly in ~(001)||ND 

orientations and seem to stem from the new deformation band at location 4. The regions 6 

shows the steep orientation gradient where the orientation changes from ~(113)||ND to 

~(102)||ND to ~(101)||ND as we move closer to the grain boundary. These together highlight 

LSP induced micro-scale diffuse texture evolution and heterogeneous orientation evolution 

near grain boundary. 
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Figure 4-21: LSP induced 0.5 to 2µm grains inside deformation band extension 
 

Figure 4-21 shows the deformation band near location 5 in Figure 4-20(c). The region 5 is re-

scanned with a much smaller step size of 0.042µm to reveal the internal morphology and 

orientation. The result is presented in the above figure in terms of IPF-ND(z) map, 

accompanied by IPF-ND fundamental region triangle legend. Region internal to the white lines 

is the deformation band. The continuous white line marks well defined grain boundary while 

the dashed white line marks a region with gradually varying orientation gradients and does not 

represent the grain boundary. The band itself has formed in a predominantly ~(001)||ND grain. 

Inside it, many grain-like structures can be found. However, some of these regions are 

characterised by gradual orientation changes. Therefore, no grain boundaries are seen at 

some locations. However, there exists regions that could not be indexed even with a small step 

size of 0.042 µm. This implies that such regions have very steep orientation gradients. It is not 

an artefact of sample preparation because the structures comply regularly with overall band 

morphology by orienting normal to it and further that other regions of comparable and smaller 

sizes have been very well indexed. Hence these are indeed grain boundaries. 

 

Deformation band interior is generally known to contain only a single orientation while in the 

present case, it is found to contain ~(112)||ND, ~(516)||ND, ~(314)||ND, ~(214)||ND and 

~(731)||ND predominant orientation sets. Orientations ~(214)||ND and ~(102)||ND are also 

found but are minor. The portion of the band populated by such grain structure features is 

found surrounded by ~(103)||ND orientations. These are further surrounded by low orientation 

gradients between ~(001)||ND and ~(113)||ND. From these observations about orientations 

and their spatial distribution, the following evolution pathway is proposed. 

 

Parent grain ---- > Step – 1 ---- > Step – 2 ---- > 
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Sub-structures 
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R1, R2 and R3 

LSP 
impact 

i+4 
 

Sub-structured grains 
in the larger width 
section R2, further 
break up into two 
parts. 

 

Additional scale bars of 0.5µm and 1.0µm are provided at the bottom left of the IPF-ND 

distribution for ease of reference to the eye. These are also placed normal to the deformation 

band at smaller and larger band cross sections. The larger region has a width [1.5, 2.0]µm and 

the smaller [1.0, 1.5]µm. R1 and R3 are band regions having a smaller cross-section while R2 

larger. While 2 grains on an average have formed along width in R2, 1 grain is seen in R1 and 

R3. Therefore, deformation band width affects how many grains form in the deformation band. 

More interestingly, this suggests the existence of a threshold sub-structured grain size within 

the band, above which they break up. Further, these results suggest that large and steep 

orientation gradients have been introduced. Once a threshold plastic strain energy per unit 

volume is exceeded inside such grains, they lose their orientation stability. With further input 

of plastic strain energy with subsequent laser impacts, the grain wants to re-orient towards 

stability. In this case, owing to the larger width in region R2 two new grains are formed. This is 

explained as follows. Larger width at R2 means, even though instantaneous orientation 

gradients could be small, the cumulative orientation gradient is high, thereby leading to 

dominant orientation regions along the width of R2. These later re-orient along different 

orientation evolution pathway to give two entirely different grains. It is seen in further 

explanations in the present case that such new grains are not re-crystallized grains. They 

belong to the deformation texture component. This shows the absence of re-crystallization 

process. 

 

Surrounding the band, we see nano-sized grain structure. Orientation gradients in these 

regions could not be captured with 0.042µm EBSD step size and 8 x 8 binning. More 

investigations using newer EBSD detectors which allow for better angular resolution at small 

step sizes, would reveal the orientations in such regions. Such regions form due to 

entanglement and subsequent evolution of dislocation structures. 

 

There are numerous reports confirming the LSP induced grain sub-structuring. They are now 

provided. Sun et al. [210] observed grain refinement in LSPed 2319 aluminium alloy using 

TEM and attribute the sub-grain formation to the creation of dislocation walls. Dhakal et al. 
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[161] peened 6061-T6 aluminium alloy and sub-micron grain formation using TEM. They 

attribute it the creation of dislocation walls through mechanisms involving pile-ups and re-

arrangements. They report a decrease in average grain diameter with increasing LSP power 

density. TEM studies confirmed the formation of sub-micron scale grains. They attribute it to 

dynamic re-crystallization where the dislocation cells produced in high density dislocation 

regions coalesce to form dislocation walls, which upon thinning lead to the formation of new 

grain boundaries and hence subgrains. The grain refinement zone was confined to a depth of 

150µm. They also report the presence of dislocation proliferation zone constituted of high 

dislocation density below the grain refinement zone. Meng et al. [177] LSPed 2024-T351 and 

found no macro-scale sub-grain formation using EBSD, but their Wang et al. [234] observed 

nano-grains in LSPed AA7075 in the welded zone, using TEM. They attributed it to dislocation 

activity. The various dislocation structures which could be created by LSP is due to the LSP 

induced severe plastic deformation [234]. Trdan et al. [100] LSPed Al-Mg-Si alloy and report 

the formation of ultra-fine and nano-grains using TEM. However, their polarised light 

microscopy results suggest no LSP induced effects to grain structure in the micro and macro 

scales. Results by Trdan et al. [100] on LSPed Al-Mg-Si alloy, that the extremely high strain 

deformation suffered by the material under LSP is mainly responsible for inducing the 

dislocation activity which result in grain sub-structuring. Rouleau et al. [99] did not observe any 

microstructural deformation banding in LSPed 2050-T8 even after using a LSP power density 

of 5-7 GW/cm2 and a 50% spot overlap. Interestingly, Sun et al. [210] observed the formation 

of mechanical twinning in 2319 aluminium alloy, which begs further investigations using TEM 

in LSPed 7050-T7451 used in the present work. Below, the spatial distribution of texture 

components is revealed in these sub-structured domains. 
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Figure 4-22: Spatial distribution of closeness to important texture components at different 
length scales (a) macro-scale: 1.0 x 0.5 mm2 region (b) meso-scale 160 x 160 µm2 (c) micro-
scale 12 x 12 µm2. 
 

In the above Figure 4-22, six different colours are used to represent the spatial distribution of 

texture components. The texture components considered here are the well-known brass, 

copper, rotated cube, S and cube. Colour legends used for these are provided to the right of 

the above figure. Shades of grey denote orientations that do not fall within a Δ𝜃 ≤ [0°, 20°] for 

any of the 5 texture components. The colour intensity levels indicate how close or away the 

orientation is relative to the standard definition. Region R1 in Figure 4-22(a) shows the 

presence of copper orientation at the boundaries of S grain. This region is rescanned at 1µm 

step size and the texture component map is presented in Figure 4-22(b). The locations of 

interest are explained below. 

 

Location 1: Medium to strong RC orientation spread 

Location 2: Weak S orientation spread in the form of deformation bands at 40-50° to RD. These 

are highlighted by the black lines. The region also has alternating weak RC bands. 

Location 3: Medium to strong brass orientation spread.  

Location 4 to 7: The deformation bands at 2 grow into parent RC orientation. The new region 

can be seen as weak RC orientation near locations 4, 5 and 6. Further, at 5, 6 and 7, weak to 

medium strength S orientation has evolved at the grain boundary inside the parent RC 

orientation spread. This suggests the 𝛽 − fibre evolution in G3 is being favoured from S to C 

across the S-RC grain boundary in the parent RC grain at 45° to RD. 5 is in strong RC and 7 

is in weak RC. S near 5 appears stronger than S near 7. Further, the deformation band at 6 in 

S is extended into RC orientation spread and evolved to belong to C orientation.  

 

No such deformation band extension is seen in location 3. Thus, B grain does not promote 𝛽 − 

fibre growth from native S grain into itself. The region near location 6 is rescanned with a step 

size of 0.042µm to reveal the internals of the deformation band extension. This is presented in 

Figure 4-22(c). Location 8 in this figure reveals that much of it is made up of weak copper 

orientation. Figure 4-22(d) shows the colour maps. 
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Figure 4-23: Euler angle maps and line misorientation profiles in the deformation extension 
region (a) lines 1 to 3 (b) lines 4, 5 (c) lines 6 to 8 
 

Figure 4-23 shows the cumulative misorientation profiles along vectors 1 to 8 drawn on the 

grain structure as shown as Euler angle maps in Figure 4-23(a), Figure 4-23(b) and Figure 

4-23(c). Lines 1 to 3 are in parent grain and the cumulative misorientations profile shows Δ𝜃 <

5°. The lines are taken randomly. Small Δ𝜃 shows nearby orientations. Line 4 and 5 in figure 

(b) and 6 and 7 in Figure 4-23(c) crops the deformation band extension from top to bottom as 

indicated by the arrow. The Δ𝜃𝑐𝑢𝑚 profile shows Δ𝜃𝑐𝑢𝑚 > 15° indicating large orientation 

differences. Further the orientation gradient is larger in lines 6 to 7 than for lines 1 to 3 parent 

grain. Line 8 taken along the deformation band exhibits 3 jumps in Δ𝜃 of ~15° indicating sub-

structuring inside the deformation band.  

 

4.4. Grain orientation dependent intra-granular 
misorientation 

 

Poly-crystalline metals are composed of individual grains with unique crystal orientations, 

together making crystallographic texture. Plastic deformation in grains is highly non-

homogeneous given the numerous physical, thermodynamic and morphological parameters 

involved. In efforts to improve the fatigue performance of such a structure, the repeated shock 

loading during LSP, might lead to non-homogeneous plastic strain accumulation across the 

poly-crystal as seen in previous studies [241]. This non-homogeneity need not only be 

restricted to physical space, but also to Euler space as seen in the works of Zhang et al. [241] 

and Kattoura et al. [194]. In both these references, higher KAM angle magnitudes were found 

to be contained within a certain set of grains, indicating that LSP induced plastic strain 
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accumulation is orientation dependent (However, this observation was in itself not made in the 

original literatures). This must be investigated as this can affect the way the overall material 

behaves under applied fatigue loading conditions. 

 

Further, microstructure evolution guides texture evolution in a causal loop. Further, the texture 

and microstructure, both influence the above non-homogeneity in plastic strain accumulation. 

So far, investigations on texture evolution and microstructure evolution have been presented. 

In this section, non-homogeneity of residual strain accumulation in Euler space is presented 

using texture partitioned statistics of KAM. Firstly, a brief literature is presented below. 

 

Wang et al. [242] investigated the importance of crystalline orientations on the development of 

Type-II intergranular residual stress in 316 stainless steel during high cycle fatigue and Zabeen 

et al. [243] investigated the influence of overall texture on residual stresses developed post 

LSP. While the latter study considers only the evolution of loading induced intergranular 

stresses, the former considered the influence of overall crystallographic orientation in extruded 

aluminium alloy on LSP induced macroscopic Type-I residual stresses using the well-

established incremental hole drilling technique. These studies together suggest the presence 

of an orientation dependent Type-II residual stresses and an absence of collective 

crystallographic orientation dependency by Type-I residual stresses. The latter could be so, 

because hole-drilling cannot determine orientation wise partitioned residual strains (Type-II). It 

is especially to be noted that, Type-II residual stresses can evolve [242] during loading and 

hence play a major role in fatigue behaviour of peened engineering structure. 

 

Experimental results are used to show that certain sets of grains grouped as per their 

closeness to preferred crystallographic orientations exhibit preferential orientation-specific 

post-loading residual strain accumulation. KAM profiles are taken as measures of accumulated 

residual strains. Lattice misorientations are compared between shock-loaded and free regions 

of each sample using Electron Back Scatter Diffraction (EBSD). The neutron transmission 

technique is used to characterize residual strain partitioning in the bulk sample. Results from 

EBSD show a texture component dependent residual strain accumulation. These results have 

very important implications on and texture dependent relaxation of residual stresses, which will 

be considered in the subsequent chapters. 

 

4.4.1. Orientation dependent KAM 
 
Many properties of a material are orientation dependent. For example, hardness is a 

orientation dependent parameter at the nano-scale [244]. Plastic strain accumulation is known 
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to be dependent on the orientation of the grains [242,245]. In this section, such an orientation 

dependency of plastic strain measure such as Kernel Average Misorientation (KAM) is 

presented and explained. The results are constructed from the statistics of the KAM angle 

distribution in the entire stitched EBSD maps partitioned against individual texture components 

around the ideal (or mean) orientations. 

 

 
Figure 4-24: Texture component wise variation in KAM profile. Note: two nearest neighbours 
and 5° threshold angle were used in the KAM calculation 
 

Figure 4-24 shows the changes in KAM profile for grains or orientations belonging to cube, 

rotated cube, Goss, brass, copper and S texture components, computed within a dis-

orientation threshold angle of 15°. The differences between the unpeened and peened profiles 

are evident. In general, all peaks are right shifted towards higher KAM angles, but to different 

extents. Along with such a peak shift, the FWHM also has changed by different extents. These 

are now detailed. 
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Figure 4-25: Texture partitioned KAM statistics (a) peak location and (b) FWHM for unpeened 
ad peened locations 
 

Figure 4-25(a) compares the KAM peak location and Figure 4-25(b) compares the KAM profile 

FWHM for unpeened and peened regions. Texture components are on the x-axis and the KAM 

parameter is on the y-axis. Values on the individual bars of the unpeened and peened texture 

components, represent the actual value of the KAM parameter and the times increase in that 

parameter, respectively.  

 

Copper texture component has the maximum right shift in KAM peak (X3.0), accompanied by 

a large increase in FWHM (X2.1), relative to other texture components. S texture component 

had a large x3.0 right shift in KAM peak, accompanied also by a large x2.2 increase in FWHM, 

relative to other texture components. These results mean that Copper and S grains have 

underwent significant plastic deformation having steep plasticity gradients, which gave rise to 

steep orientation gradients. This further supports the evidence presented in Figure 3-16 for 

large decrease in texture intensity of Copper and S texture components. Brass had the least 

right shift of KAM peak while having a large increase in FWHM. Amongst all, Goss exhibited a 

combined low increase in KAM peak and KAM FWHM, thus indicating that Goss grains were 

not as receptive to plastic strain accumulation, as texture components like Copper and S are. 

It is thus concluded, that LSP induced plastic strain accumulation in grain structure, is 

dependent on the amount of texture components present. 

 

4.4.2. Relationship between KAM and dislocation density 
 

It is well known that the density of geometrically necessary dislocations (𝜌𝐺𝑁𝐷) scales up with 

increase in crystallographic misorientations inside the grains [227,246,247]. The latter is also 

responsible for increase in KAM value ad can be seen from Equation 2-4. Hence, it could be 

said that an increase in KAM denotes an increase in the 𝜌𝐺𝑁𝐷.  

 

4.5. LSP induced residual stresses 
 

This section presents the grain orientation-wise partitioning of residual strains and residual 

strain measures calculated from EBSD and neutron transmission data analysis. 

 

4.5.1. Surface residual stress measurement for AA7050-T7451 samples 
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Texture and grain structure studies on the Laser shock peened AA7050-T7451 sample have 

been presented so far. In this section, residual stress measurements made using a lab based 

X-RD at Coventry University are presented as a function of peening coverage.  

 

A collimator size of 3mm was used and diffraction peaks were measured at tilt angles of 0, 

±20.7°, ±30°, ±37.8° and ±45° with no oscillations. Before the actual set of measurements, 

warm up measurements were done to raise the tube temperature between 43°C and 47°C. 

Collimator distance was obtained to be 12.07 mm dafter calibration and the corresponding 

stress was found to be -3.09 MPa, within the threshold ±10 MPa range. An exposure time of 

15 seconds was used. {311} reflection planes were set. The X-Ray control parameters were 

an energy of 30kV and current of 9mA. 

 

 
Figure 4-26: Surface residual stresses induced by LSP (a) Illustration of residual stress 

measurement location on the AA7050-T7451 sample (b) Residual stresses 𝜎𝑥𝑥 and 𝜎𝑦𝑦 in 

MPa. 
 

Figure 4-26(a) shows the sample configuration and residual stress measurement location 

(White spot on the peened patch). The measured stresses are provided in the graph to the 

right. All these samples were peened with the same LSP parameters provided in chapter 2 but 

with coverages indicated on the x-axis in Figure 4-26(b). A sample diffraction peak is shown 

in Figure 4-26(c). To calculate the strains, the peak shift was estimated using the cross 

correlation technique. A Young’s modulus of 70.6 GPa and Poisson ratio of 0.345 was used to 

estimate stresses from strains. Residual stresses are more along RD. When coverage 

increased from 2.5 to 5 spots mm-2, |σTD| increased by 25% from 160MPa to 200MPa, while 

|σRD| increased by 8.8% from 238MPa to 259MPa. The samples taken from the rolled product 

has exhibited anisotropic increase in the residual stress along RD and TD. When the coverage 

was further increased from 5 spots mm-2 to 10 spots mm-2, |𝜎𝑇𝐷| decreased by a large 51% 

from 200MPa to 98MPa and |σRD| decreased by a small 5.4% from 259MPa to 245MPa. Thus, 

|𝜎𝑇𝐷| is more sensitive to coverage parameter than |σRD| is. However, upon further increasing 

the coverage from 10 to 20 spots mm-2, |𝜎𝑇𝐷| increased by a small 4.1% from 98MPa to 102 
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MPa, while |σRD| decreased by a large 29.8% from 245MPa to 172 MPa. Thus, the following 

points are concluded. 

 

(1) Peening with the parameters, energy density of 11 GW cm-2, 18ns pulse width, 1.45 

mm laser spot diameter and coverage of 5 spots mm-2, produced the maximum surface 

residual stresses of σRD = 259MPa and σTD = 200MPa. It is interesting to note that 

residual stresses along RD and TD can vary with laser scanning pattern also during 

LSP processing [248]. However, the peening patterns were maintained same. Hence, 

the difference is perhaps due to asymmetric stress fields under the shock wave caused 

by the subsequent generation of Reyleigh waves after the primary stress waves [22] 

and the plastic anisotropy of the rolled product near surface level. As yield strength of 

rolled products is highest along the rolling direction (similar to behaviour of extruded 

aluminium [101]), the smaller residual stress along TD makes sense and is acceptable. 

𝜎𝑅𝐷 is 55.1% of the proof strength of AA7050-T7451, which is slightly less than the 

reported capability of LSP to induce maximum compressive residual stresses up-to 

60% of the material’s yield strength at moderate levels and upto 70% of the materials 

yield strength at a upper threshold [22], as can be seen in these references [40]. 

 

(2) Changes induced to 𝜎𝑅𝐷 and 𝜎𝑇𝐷 by same peening parameters at the same 

measurement location are different. This indicates the effect of anisotropy, wherein a 

textured rolled structure exhibits different yield strength along RD and TD [45,249,250]. 

Further, near-edge effects could also play a role. It can be seen from Figure 4-26(a) 

that there exists more material from the centre of the peened surface across the x (RD) 

axis than across the y (TD) axis. This naturally introduces biaxial asymmetry in the 

distribution of both RD-RD and TD-TD compressive and balancing tensile residual 

stresses. 

 

(3) Residual stresses drastically decrease if coverage increases beyond 5 spots mm-2. 

 

(4) 𝜎𝑇𝐷 changes little by increasing coverage from 10 to 20 spots mm-2. 

 

(5) 𝜎𝑇𝐷 is more sensitive to coverage in the range of 2.5 to 10 spots mm-2 than 𝜎𝑅𝐷 is. This 

is reverse in the coverage range of 10 to 20 spots mm-2. 

 

(6) Coverage greater than 5 spots mm-2 over-peened the sample and reduced the residual 

stress magnitude. 
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The following point must be noted. The peened AA7050-T7451 rolled sample has intercept 

grain sizes comparable with the laser spot size (dL = 1.45 mm) just below the peened surface 

at zND ~ 0 mm, the exact mechanics of residual stress development could be different than 

peening a small-grained sample with the same peening parameters. This is a scope for further 

investigation. The results presented in this section are used to understand residual stress 

stability along with the LSP induced texture and grain structure changes in Chapter 8. 

 

4.5.2. LSP induced depth wise residual strain accumulation 
 

Neutron transmission based residual strain measurement has been well established and is 

practically being realized in world-class research facilities such as at IMAT at ISIS in the United 

Kingdom and RADEN in Japan. The method and its adoption are outlined in detail elsewhere 

[97,251–255]. In this section, the residual strain accumulation among {111} plane of rolled and 

laser shock peened for AA7050-T7451 are provided. Sample peened with 20 spots mm-2 was 

used for these studies. 

 

 
Figure 4-27: Energy-resolved neutron imaging on IMAT. (a) ‘White-beam’ neutron radiograph 
of the sample for the wavelength range 0.7-6.7 Å; (b) energy-selective radiograph for the 
wavelength range 4.67-4.69 Å. (c) Transmission spectra from the peened region (red curve) 
and unpeened region (blue curve) 
 

Bragg edge neutron transmission mapping was performed using the energy-resolving time-of-

flight setup on IMAT at ISIS. Figure 4-27 shows normalised neutron radiographies (ratios of 

sample-in and sample-out acquisitions) for the full wavelength range (Figure 4-27(a)) and for 

a quasi-monochromatic wavelength range (Figure 4-27(b)), the latter using a narrow 

wavelength band near the {111} Bragg edge at 4.8 Å. It can be seen that the sample becomes 

brighter for the narrow wavelength range in the peened region, thus illustrating that the LSP 

area is visible in the raw data radiograph. Figure 4-27(c) displays Bragg edge spectra from 

unpeened and peened regions of interest, respectively. Overall, the transmission curves 

exhibit a similar shape throughout the sample in terms of levels and shapes of the transmission 

curves. In the peened region, Bragg edges are distinctly shifted towards shorter wavelengths 
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and reduced in height, indicating a compressive strain and a reduction of the texture intensity, 

respectively. 

 

 
Figure 4-28: LSP induced residual strain accumulation in the RD axis between {1 1 1} lattice 
planes (a) enlarged view around the 111-Bragg edge indicating a shift (related to a 
compressive strain) and Bragg edge height reduction (related to texture randomisation) in the 
peened area (b) Contour map of residual strains in relation to sample morphology 
 

Energy-resolved radiography data for {111} Bragg edge family was analysed. Bragg edge 

positions and heights were analytically fit [254]. A map of the Bragg edge heights is shown in 

Figure 4-28(a). The shift is used to calculate the residual strains. Residual strains calculated 

using neutron time of flight data is presented in Figure 4-28(b). The strains are averaged over 

the entire length of the sample along the neutron transmission direction. In the present case, 

this is rolling direction. Results correspond to spatial distribution of strains between the {1 1 1} 

planes and along the rolling direction. These strains will be denoted 𝜖𝑅𝐷
{111}

. Quite obviously, 

𝜖𝑅𝐷
{111}

 are compressive near peened region and decrease along the depth reaching an inflation 

in a depth range of 2 to 3 mm. 

 

 
Figure 4-29: {1 1 1} residual strain profiles along (a) depth below the peened surface - ND (b) 
width along width – TD 
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Residual strains are provided as a function of with depth and width in the above Figure 4-29(a 

& b) respectively. In Figure 4-29(a) residual strains in the tensile bulge region found adjacent 

to the peened region has a more or less linear variation with depth. In the peened zone 

however, the surface compressive residual strains are close to -4000µε and exhibit a steep 

decrease in magnitude with increasing depth till 2.5 mm. These values correspond to -150 

MPa to -200 MPa depending on the Young’s modulus and Poisson ratio, which agree well with 

the values calculated using X-ray diffraction. Uncertainties in strain [252] were calculated using 

the following expression 

 

 Δ𝜖 = √
1

𝜆0
2  (Δ𝜆𝑇)2 +

𝜆𝑇
2

𝜆0
4
(Δ𝜆0)

2 Equation 4-2 

 

Where, 𝜆0 is the reference Bragg edge location taken from the stress-free region, Δ𝜆0 is the 

fitting uncertainty in 𝜆0, 𝜆𝑇 is the map of fit locations and Δ𝜆𝑇 is the corresponding uncertainty 

in 𝜆𝑇. The second term is neglected as it is very small. 

 

  
Figure 4-30: Distribution of uncertainties (Equation 4-2) in the residual strains presented in 
Figure 4-28 
 

Uncertainty distribution of {111}||RD residual strain calculated using Equation 4-2 is presented 

in Figure 4-30. Uncertainties decrease with depth and are maximum near the surface. This is 

because, the macro-pixel used to compute the averages is partially filled at the edge. The 

peened region shows a greater uncertainty in comparison to unpeened region because of the 

greater scatter in the peened region due to large plasticity gradients. The uncertainties are 

also higher at regions having larger values of residual strains. 

 

4.6. Conclusions and summary 
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4.6.1. Conclusions drawn 
 

Following conclusions are drawn on the nature of texture component distribution in both 

physical (from section 4.1) and Euler space (from section 3.3). 

 

CUBE texture component: LSP decreases cube volume fraction and intensity distribution in 

Euler space. Strongly oriented cube regions are more stable against LSP induced re-

orientation than weakly oriented cube regions are. It is also concluded that the weak cube 

orientations are heavily sub-structured to the point of becoming randomized. 

 

Rolling direction cube texture component: LSP can decrease the intensity and spread of 

RD-C texture component. 

 

GOSS texture component: LSP increases the Goss volume fraction in physical space and 

non-uniformly increases the intensity distribution of Goss texture component in Euler space. 

Mechanism of Goss grain sub-structuring depends very much on the size of the grain, 

especially, the grain intercept length along TD. Very high angle misorientation regions in Goss 

grains are mostly found at the periphery of large Goss grain. LSP induced orientation evolution 

from the initially weak Goss grain is bi-directional on the misorientation axis. 

 

BRASS texture component: Brass texture component evolution is very evident in the 

physical space than Euler space and is seen to be highly dependent on the nature of 

distribution of intra-brass-grain plastic deformation. LSP altered the nature of brass intensity 

spread in Euler space, where it increased in the overall magnitude of intensity distribution and 

also introduced two minor peaks within the Brass Euler sub-space. Brass orientation evolution 

on the misorientation axis is bi-directional, like the Goss grains, where the orientations can 

both strengthen and weaken. Stability of brass texture component is understood to be very 

high by analysing Euler space of unpeened and peened regions but by analysing its intensity 

distribution in physical space, it is found that not all regions in a grain are stable and that certain 

regions of brass grains are more stable than others. 

 

COPPER texture component: LSP has kept Copper volume fraction more or less constant, 

but broadened and reduced the peak of intensity distribution. 

 

S texture component: LSP reduces S intensity and increases S volume fraction. S texture 

component subspace might as well be a subspace of end orientations of LSP induced texture 

evolution. 
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𝜶 − texture fibre: Overall intensity of the peened region α- fibre is greater than that of the 

unpeened region. The width of the Brass peak for peened region α- fibre is greater than that 

for the unpeened region α- fibre. 

 

𝜷 − texture fibre: LSP can reduce the intensity distribution of Copper and S texture 

components on the 𝛽 − fibre, while LSP can increase the intensity at Brass texture component. 

LSP has negligible impact on the orientation path of 𝛽 − fibre in Euler space. 

 

4.6.2. Explanations offered 
 

The following explanations were offered for texture LSP induced texture evolution. 

 

Goss texture component: Nature of Goss spread in Euler space suggests that non-Goss and 

non-Brass orientations between Goss and Brass locations on the alpha fibre have evolved to 

move into the Goss orientation sub-space. As, instead of observing an increase in volume 

fraction of both Cube and Goss, a decrease was observed, and also that as the post-LSP 

available plastic energy in both peened Cube and Goss grains were much higher in 

comparison to unpeened Cube and Goss grains, the evolution of Cube and Goss orientations 

have not went through the route of recovery mechanisms, even though they both are 

recrystallization texture components. It is also possible that the recovery mechanism which 

could be triggered by plasticity at smaller LSP coverages, may not be applied to Cube and 

Goss in the same way and more investigations are needed to understand this. LSP induced 

sub-structuring of Goss grains could be driven by the development of low misorientation 

regions inside a weak Goss grain, where the separations between these low misorientation 

regions could, eventually develop into a grain boundary. Neighbouring grain influences 

orientation evolution inside large Goss grains. 

 

Brass texture component: Differences in intra-grain misorientation distributions between 

Brass grains of unpeened and peened regions is a major driving factor for LSP induced 

evolution of brass texture component. The nature of stability of brass texture component is 

preserved under LSP but very complex contrary to the general treatment of orientation stability 

in Euler space. The bi-directional evolution of Brass orientations on the misorientation axis 

inside Brass sub-space is the reason why a significant change is seen its distribution in 

physical space, but hardly any change is seen in the volume fraction and intensity in Euler 

space. 
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Copper texture component: Changes seen for Copper texture component are a 

consequence of orientation randomization on the 𝛽 − fibre. 

 

S texture component: No evidence is found for S texture evolving into recrystallization texture 

components such as Cube and Goss through recovery mechanisms, as is generally seen in 

severe plastic deformation. 

 

𝜶 − texture fibre: Contrary to reported evidences of S texture component evolution ending in 

Brass sub-space, such possibility is inconclusive as S volume fraction itself increases. This 

needs more investigations to be understood. 

 

𝜷 − texture fibre: Randomizations of those sub-spaces not previously belonging to the beta 

fibre, will not result in end orientations on the beta fibre so as to make the 𝛽 − fibre more 

intense at the copper and S locations. 

 

4.6.3. Engineering implications of the work in this chapter 
 

The following engineering implications of the effects of LSP induced texture changes were 

made. 

 

Value of Goss to Brass volume fraction ratio was 0.15 for the unpeened region and 0.24 for 

the peened region, which indicated that post-LSP Goss and Brass grains, will contribute 

towards deterring crack propagation along with the LSP induced compressive residual stress 

field. This result may be extrapolated into saying that even after the magnitude of LSP induced 

compressive residual stresses relax significantly in magnitude in high cycle fatigue, post-LSP 

Goss and Brass grains would still continue to actively deter crack propagation. Similar 

contribution could be made indirectly by the observed decrease in Copper texture component 

intensity. 

 

Nature of plastic deformation in the peened region is such as to decrease the low orientation 

gradient regions and increase the high orientation gradient regions, as can be seen in KAM 

probability profile of the peened region, where the low KAM values are lesser while the high 

KAM values are relatively more. LSP has decreased the number of low angle grain boundaries 

and increased the number of high angle grain boundaries. Grain structure in peened region is 

highly sub-structured. While the entire probability distribution of KAM profiles of texture 

components in peened regions were found to be different from those in unpeened regions, the 

percentage increase in peak KAM angles are found to be 130% for cube, 112% for rotated 
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cube, 106% for Goss, 84% for brass, 200% for copper and 147% for S respectively. This 

heterogeneous effect of LSP over different texture components is evidence for orientation 

partitioned accumulation of LSP induced plastic strain. 

 

It was concluded that orientation evolution under very high strain rate deformation during LSP 

is not well understood and requires more investigations. It is also concluded that orientation 

stability during LSP is totally different from what applies to conventional deformation processes 

such as rolling. These demand more investigations to accurately understand the nature of 

texture changes induced by LSP and in general very high strain deformation processes. 

Results presented make significant contribution towards understanding the nature of texture 

changes induced by very high strain rate plastic deformation process such as LSP  
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5. Inhomogeneous texture, grain structure 
and residual stress relaxation 

 

5.1. Premise to the investigations carried out 
 

The need to investigate and reveal the relationships between residual stress relaxation and 

texture and grain structure arises from the understandings detailed in this section. 

 

5.1.1. Texture, grain structure and material property heterogeneity 
 

Texture is both a controlling factor [120] and an effect of plastic deformation [23,40,41] and so 

is grain structure [256,257]. Heterogeneities in their distribution are inadvertently introduced 

during thermo-mechanical processes like rolling [51,52], extrusion [46,55] and forging [126]. 

Engler et al. [53] and Vasudevan et al. [258] explained thickness wise texture gradients in 

rolled sheets and Vatne et al. [46] studied texture and grain structure gradients in extruded 

aluminium. Vasudevan et al. [258] and Dalaie et al. [259] respectively studied the effect of 

texture gradient on yield strength heterogeneity and formability. Further, texture can result in 

yield strength anisotropy in Al-Li alloys [145], which could also be caused by texture gradients 

in Al-Li alloy [260]. Such texture gradients can also cause spatial heterogeneities in yield 

strength. Prime et al. [147] state that texture can cause through thickness yield strength 

variations in rolled AA7050-T74 plate. It is evident that both texture and grain structure 

heterogeneities can affect the mechanical properties. 

 

5.1.2. Effect of yield strength heterogeneity on LSP induced residual stress 
 

The mechanics behind the introduction of compressive residual stress by LSP is heavily 

influenced by the material yield strength [22]. Further, the maximum surface residual stress 

can be expressed as a function of yield strength as can be seen in the references [22,98]. 

Experimentally, Zabeen et al. [243] identified yield strength heterogeneities in highly textured 

extruded Al-Li alloy 2099. They also attributed this to cause heterogeneities in LSP induced 

residual stress where the bi-axial residual stress levels were found different at flange and web 

of the peened aluminium alloy. Therefore, texture and grain structure can have an indirect 

effect on residual stress generation during LSP. 

 

5.1.3. Residual stress relaxation and redistribution 
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The beneficial compressive residual stresses induced by processes like shot peening and LSP 

are not infinitely stable [31,194]. They relax under specific thermo-mechanical loading 

conditions [30,79]. Relaxation involves a reduction in residual stress magnitude [30] and 

redistribution involves a spatial re-distribution of residual stresses [74]. Together, they 

influence residual stress stability [27]. Vasu et al. [24] emphasise the need to consider 

relaxation in the design process as it helps make better prediction of fatigue life and also in 

making re-peening decisions. Further, yield strength (and hence the onset of plasticity) is 

heavily influenced by texture [260] and grain structure as represented by the Hall-Petch 

equation [88,261]. While plasticity drives relaxation, stress equilibrium requirement drives re-

distribution. Together, these highlight the importance of residual stress relaxation and 

redistribution, and the need to consider texture and grain structure effects in studies pertaining 

these phenomenon. 

 

5.1.4. Texture, grain structure, material property and residual stress relaxation 
heterogeneity 

 

The orientation of a grain influences dislocation [83] and slip activity in it [84]. It follows, that 

texture influences the overall dislocation and slip activity in the material. Grain structure also 

controls this activity as grain boundaries deter dislocation motion and slip [87,88]. Mechanically 

induced residual stress relaxation happens through elastic residual stress re-distribution 

[27,72,85] and microstructural phenomenon such as dislocation motion [35,70,75,76] and slip 

[86]. It is also affected by the presence of sub-structuring in the grains [35]. Hence, it is this 

clear that texture, grain structure and fundamental material properties and their heterogeneities 

can lead to a heterogeneous behaviour of the relaxation of residual stresses. 

 

5.1.5. Summary 
 

Together, the above strongly indicate that texture and grain structure will either directly or 

indirectly influence every aspect of the behaviour of residual stress, starting from its generation 

to gradual relaxation under applied mechanical loads. None of the studies have explored the 

relationship between the magnitude of residual stress relaxation and the material’s texture and 

grain structure parameters. A knowledge of this will help evaluate the stability of such a stress 

field under mechanical fatigue loading, as most engineering structured have texture and a 

unique grain structure. Together, they serve as motivation for the work carried out in this PhD. 

 

5.2. Literature review 
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A major portion of studies probing relaxation of residual stresses have considered mechanical 

loading [31,35,38,70,72–76], while thermally activated relaxation [77,78] have also been 

considered. All further discussions pertain to mechanically induced residual stress relaxation. 

However, no works have investigated the effects of texture and grain structure, possibly due 

to reasons provided in section 1.2.4. A literature review detailing experimental studies of 

residual stress relaxation is provided below. 

 

5.2.1. Experimental studies on Residual stress relaxation 
 

In the experimental studies, firstly the material is laser shock peened, then subjected to 

mechanical loading and residual stress changes are measured. James [30] identified 3 loading 

regimes to understand residual stress relaxation and redistribution, which are cyclic stress 

amplitude greater than the macroscopic yield strength, lesser than the endurance limit and the 

remaining domain. Dalaei et al. [39] tracked residual stress evolution in shot peened micro-

alloyed steel. Relaxation is a two-stage process, where the 1st stage involves the 1st load cycle 

where a significant portion of residual stress relaxes, and the 2nd stage involves the gradual 

relaxation of remaining residual stresses under cyclic loading. Parameters of influence are 

detailed below. 

 

Applied mean stress, stress amplitude and number of cycles are a major factor influencing 

residual stress relaxation at the surface [35,39,80,262]. Han et al. [73] mention that, in the 

intermediate stress range (𝜎𝑎𝑝𝑝 + 𝜎𝑟𝑒𝑠 = 𝜎𝑦), 1st few cycles are accompanied by rapid residual 

stress relaxation and microplasticity is mainly responsible for further exponential relaxation. In 

line with other works [80], Dalaei et al. [39] modelled cyclic residual stress relaxation magnitude 

by linear logarithmic relation as |𝜎𝑟𝑠| = |𝜎(𝑟𝑠,𝑁=1)| − 𝑚 log𝑁, where, 𝜎(𝑟𝑠,𝑁=1) was the residual 

stress at the end of the 1st static loading. Zaroog et al. [31] observed that the rate of relaxation 

varied inversely with the rate of cold work and is directly proportional to stress levels and 

number of fatigue cycles. Many works have probed residual stress relaxation and are provided 

at appropriate sections in this thesis. Below, empirical models for relaxation are reviewed. 

 

5.2.2. Empirical models for residual stress relaxation 
 

By noting a relationship between cold work (%) and hardness, Zaroog et al. [31] propose a 

mathematical fitting model for residual stress relaxation in the form, 𝜎𝑁
𝑟𝑒 = 𝐴(

1

𝐶𝑤
)
𝑚

𝜎0
𝑟𝑒(𝑁)𝐵, 

where, 𝐶𝑤 is the extent of cold work, 𝜎0
𝑟𝑒 is the initial compressive residual stress, N is the 

number of cycles, A, m and B are constants. Though, their model did represent their 
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observations, it involves the calculation of cold work using microhardness evolution, which is 

in practical cases not possible. Further, this empirical relationship is more of a mathematical 

fit to the observed experimental data and does not involve physics behind the phenomenon.. 

Bianchetti et al. [38] incorporated depth wise shot peening induced residual stress in modified 

Navarro-Rios model to calculate CTD during fatigue crack propagation, which involved the 

effects of grain orientations in the form of Taylor factor. Their calculations involve the use of 

relaxed residual stresses, but the model did not inherently track the actual evolution of residual 

stresses. No texture information has been used in their work. As the model used a single value 

of average grain size, grain structure gradients and the morphological details of the grains 

have not been considered. Further, the depth profiles of residual stresses were obtained using 

XRD with {311} reflections having more symmetries and thereby representing a more or less 

isotropic lattice spacing change. Xie et al. [74] proposed an analytical model to predict 

relaxation of welding induced residual stresses by taking into account the yield strength, initial 

residual stress, stress amplitude and number of cycles. They defined Stress attenuation ratio 

(S) to quantify the changes in residual stress (𝜎0) after N cycles and expressed it as 𝑆 =
𝜎0−𝜎𝑁

𝜎0
. 

They later expressed S in terms of stress amplitude, yield stress and number of cycles. The 

model did not consider texture and grain structure effect, both of which possess predominant 

gradients in and near welded regions. Therefore, none of these models include texture and 

grain structure parameters. 

 

5.2.3. Numerical models for residual stress relaxation 
 

Finite element modelling carried out so far [38,72,74,263,264] relies on phenomenological 

models, mostly semi-empirical by nature. Wang et al. [72] highlighted the importance of using 

the right constitutive model in the finite element simulations as it determines the correct 

material behaviour. To simulate residual stress relaxation in welded Steel-316 material 

subjected to cyclic loading, Xie et al. [74] used a bi-component evolution law for describing the 

nonlinear kinematic hardening. It consisted of a non-linear kinematic hardening component 

and a isotropic hardening component. The former component described the yield surface 

evolution in stress space while the latter described the yield surface definition through the 

equivalent stress changes. However, the model did not consider crystallographic deformation 

mechanisms. Liu et al. [263] used a cohesive zone model to understand the relaxation and re-

distribution behaviour of compressive residual stress field induced by shot peening, around a 

crack tip. They find a non-linear increase in the relaxation with increase in the number of 

loading cycles. However, the model did not incorporate any microstructural deformation 

mechanisms in its constitutive definition. Lee et al. [264] simulated mechanical cyclic relaxation 

of welding induced tensile residual stresses using a combination of Chaboche non-linear 
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kinematic hardening and isotropic hardening. Though their results seem to explain the 

relaxation and redistribution of residual stresses, texture dependent relaxation behaviour could 

not be explained as no the constitutive model did not consider any crystallographic orientation 

information in its thermodynamic formulation. Consequently, grain structure dependent 

behaviour could not also be predicted. An additional point to consider from a crystal plasticity 

perspective is that, that none of these works capture the slip system activity in the metallic 

grains as the physical basic of the mechanics defining plasticity. 

 

5.2.4. Effect of microstructure 
 

While some studies considered microstructure effect on relaxation [35,70], while some 

considered relaxation effect on microstructure [39,70,75,76]. With plasticity, dislocations 

evolve and hence have also been considered for their effect on relaxation [35,70,75,76]. 

Kattaura et al. [35] and Kim et al. [70] highlighted the role played by dislocations and load 

induced micro-plasticity on residual stress relaxation. Kattaura et al. [35] also highlight state 

that LSP induced sub-structuring in grains can affect residual stress relaxation. These 

investigations paying attention to microstructure have done so in a qualitative manner and 

such studies only paid attention to dislocation activity. 

 

5.2.5. Effect of microplasticity 
 

James [86] highlight the role of micro-plasticity in relaxation under applied loads which produce 

localized yielding. Dalaei et al. [39] state that “residual stress relaxation correspond to re-

distribution and annihilation of the dislocations which could also be related to dislocation 

density” and considered flow stress to represent dislocation density. According to Voehringer 

[79], under microplastic deformation, the dislocations structures can rearrange into low-energy 

states and thus induce relaxation. This is because, the low energy dislocation structures 

contain overall lesser dislocation induced strain energy. As texture partitions plasticity and as 

a consequence only a few grains undergo micro-plasticity depending on Taylor factor, the 

dislocation structure re-arrangement is also texture partitioned. However, no consideration has 

been paid to the effect of texture on residual stress relaxation. 

 

5.2.6. Heterogeneity of texture, grain structure and mechanical properties 
 

Vasudevan et al. [258] found that brass and S texture components dominated the texture at 

plate centre while combination of brass, S, copper, cube and Goss constituted the texture in 

the decreasing order of intensities, at the plate surface. The relationship between these 
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heterogeneities and mechanical properties have been studied in the past. For AA2090, 

Vasudevan et al. [258] showed that the yield strength is highest at the plate centre where the 

brass and S texture components dominate the texture. Dalaie et al. [259] report unequal cyclic 

yield strengths at the core and surface of a rolled structure. As yield strength has been 

regarded as one of the important parameters in residual stress relaxation [30,37,39], we can 

therefore expect to have unequal residual stress relaxations in the core and surface for same 

conditions of loading and induced strain. According to Vatne et al. [46], the <100> to <111> 

texture ratio can significantly influence alloy formability. Since, texture influences anisotropy in 

aluminium alloys [62], texture produces anisotropic strain response for same applied loads. 

Further plastic strain is a very important factor in residual stress relaxation, . Finally, according 

to Hall-Petch equation, yield strength has an inverse square root relation with grain size. These 

arguments, thus support that “heterogeneous texture and grain structure can heterogenize the 

mechanical properties”. Wang et al. [72] have highlighted the difficulty in accurately using 

constitutive models to mechanics of residual stress behaviour in alloy structures which display 

significant heterogeneities in base mechanical properties. In investigations concerning residual 

stress relaxation, most works have assumed spatial homogeneity of mechanical properties, 

which for most engineering structures, is rarely achievable. 

 

5.2.7. Effect of material heterogeneity on LSP induced residual stress 
 

Though Zabeen et al. [243] did not find a direct relationship between texture heterogeneities 

and LSP induced residual stresses, they state that texture heterogeneities indirectly influences 

the LSP induced residual stress by introducing yield strength heterogeneities. This and the 

above-mentioned arguments based on literature, strongly suggest that when a material with 

heterogeneous mechanical properties are laser shock peened, we can expect to have 

heterogeneous residual stress depth profiles.  

 

5.2.8. Effect of heterogeneity in LSP induced residual stress on residual stress 
relaxation 

 

Such heterogeneities have a direct effect on residual stress relaxation. Laser shock peening 

results in a heterogeneous distribution of hardness increase as can be seen in the results 

presented by Zabeen et al. [243]. Dislocation and grain boundary strengthening are two 

important mechanisms increasing the hardness. This means that a region with high LSP 

induced hardness is associated with high dislocation densities as shown by Wang et al. [265] 

and Wang et al. [218]; and also sub-structuring [265] which have more boundaries deterring 
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dislocation mobility, which are crucial in the re-distribution of micro-residual stresses post 

relaxation of such stresses. 

 

5.3. Hypothesis 
 

From the above review of literature, discussions therein and results in section 4.4, and , the 

following hypothesis is arrived at: 

 

Material response in developing residual stresses under LSP is heterogeneous. This 

hypothesis has been proved in section 4.4, where Kernel average misorientations (widely 

accepted as representative of residual strain [153,154,230,266]) in the laser shock peened 

was texture partitioned and therefore heterogeneous in the orientation space. Hence, it is 

hypothesised that any further change in plasticity, post LSP, will also be texture partitioned 

and the subsequent reduction in residual stress will also be texture partitioned. 

 

5.4. Motivation 
 

Nearly all metallic structures in practical use are textured. Laser shock peened textured-

aerospace-structural-components operating under fatigue loads are expected to maintain 

stable compressive residual stresses. This is to ensure a stable structural integrity and a longer 

fatigue life. However, research trying to understand the stability of LSP induced compressive 

residual stresses in such structures have not considered the effect of texture itself, let alone 

the various parameters of texture. Literature review pointed out that the phenomenon of 

residual stress relaxation has so far been linked only to gross mechanical properties and 

loading parameters. Further, the effect of grain structure has also not been considered, though 

the effect of some of the microstructural features such as dislocation activity has been explored 

to some extent. No study has so far linked relaxation and hence stability to even one of the 

most basic parameters such as grain size. Further to these, thermo-mechanically processed 

aluminium alloys have characteristic spatial texture and grain structure gradients giving rise to 

heterogeneous mechanical properties, understanding about which itself is sparse.  The gaps 

in knowledge call out for a need to explore the effects of texture and grain structure. Hence, 

the current study is motivated by the necessity to understand the exact contributions of 

important texture and grain structure parameters towards relaxation of LSP induced residual 

stresses. 

 

5.5. Objectives 
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The primary objectives of this chapter are to present findings from experimental investigations 

which serve as evidence for: 

1. Existence of heterogeneities in texture and grain structure, 

2. Relaxation of LSP induced compressive residual stresses, and 

3. Existence of a relationship between  

a. texture and grain structure and the magnitude of compressive residual stress 

generated by LSP 

b. texture and residual stress relaxation 

c. grain structure and residual stress relaxation 

 

5.6. Experimental details 
 

5.6.1. Material details 
 

AA2099 is a third generation Al-Cu-Li alloy developed by Alcoa to meet high specific 

mechanical property, corrosion resistance and superior damage tolerance requirements of the 

Aerospace industry [267]. Its standard elemental composition is 1.8% Li, 2.7% Cu, 0.3% Mg, 

0.09% Zr, 0.3% Mn, 0.7% Zn [268]. AA2099 is a precipitation strengthened alloy and composes 

precipitates Al3Li (δ’), Al2 Cu Li (T1), Al2 Cu (θ’), Al2 Cu Mg (S1) and Al3 Zr (β') [269]. It is used 

in fuselage and floor structures in Airbus A380 [167] and is available in T83 and T86 temper 

by the manufacturer [270]. The choice of the material for studying texture and grain structure 

effects on residual stress stability are motivated by the following: 

1. The material available naturally had significant differences in both texture and grain 

structure at different locations of the sample. This presented with an opportunity to 

study multiple effects in the same sample. 

2. The material is heavily used in the aerospace industry and the results of the study 

would be directly relatable towards understanding residual stability in laser shock 

peened aerospace structures.  

 

5.6.2. Location of the four-point bending specimen 
 

The material used to understand the effects of texture and grain structure on residual stress 

relaxation is AA2099-T831 T-extrusion. This section provides the details of the samples used. 
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Figure 5-1: Locations of the four point bending samples extracted from the T-extrusion of 
AA2099 
 

The material in its T-extrusion form is illustrated in the above Figure 5-1. Samples are taken 

from the flange as indicated, because, such samples will have heterogeneous texture and 

grain structure as a consequence of heterogeneous plastic deformation history in the same 

ND-TD section, and also that such a heterogeneity varies from sample to sample. Having such 

heterogeneities will ensure that all regions along the ND axis at a given TD location in the ND-

TD section will be subjected to the same applied stress, but will possess different texture and 

grain structure. This removes the need for testing many samples to understand relaxation at 

the same applied load and thus, in a single sample, the effects of changing texture and grain 

structure on the magnitude of relaxed compressive residual stresses can be understood. The 

locations where different experimental data acquisitions were carried out are provided below. 

 

 
Figure 5-2: Portion of the four-point bending test specimen showing locations of experimental 
data acquisition for texture, grain structure, surface residual stress, residual stress depth profile 
and hardness depth profile 
 

Locations on the sample where different experimental data are acquired are shown in the 

Figure 5-2. The peened surface has been indicated and the surface opposite to it is also 
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peened. The sample is laser shock peened over the central shaded region over a length of 40 

mm along ED, using a 1.45 mm diameter laser beam having a power density of 4.5 GW/cm2. 

A total of 4 layers giving a 30% peening overlap is achieved. An ablative tape was used to 

confine the expanding plasma. Texture and grain structure characterization is carried out in 

the unpeened surface at strategic locations on the axis indicated, in the x-y plane (ED-TD 

plane). Surface residual stresses are acquired using conventional X-ray diffraction at strategic 

locations on the peened x-z plane (ED-ND plane). Hardness profiles are extracted along the 

depth axis (formed by the transverse direction of the sample processing coordinates) using 

Vickers micro-indentation and depth profile residual stresses are obtained along the same axis 

using Incremental Hole Drilling (ICHD). To measure changes in specimen bulge during 

intermittent fatigue testing and residual stress measurement, an accurate dial gauge is used 

at multiple random points in the indicated patch. 

 

 
Figure 5-3: Four-point bending specimen loading configurations (a) Sample-2 (b) Sample-3 
 

The loading configurations of the two samples 2 and 3 are provided in the above Figure 5-3(a 

and b). The sample processing coordinate system is also indicated. Sample-2 and sample-3 

are mere opposite peened surfaces of a single peened sample. Sample-2 is used to study the 

effects of crystallographic texture and grain structure on residual stress relaxation. Sample-3 

is used to study heterogeneity of residual stress relaxation at different locations having the 

same texture and grain structure, but having different LSP induced compressive residual 

stresses. Though sample-2 did provide heterogeneous residual stress field, sample-3 provided 

better statistics but at significant cost of experimental logistics and hence was performed at 

the end. 

 



113 
 

 
Figure 5-4: Locations on the peened surface of four-point bending test specimens where 
relaxation of compressive residual stresses are measured (a) Sample-2 (b) Sample-3 
 

Figure 5-4(a) and Figure 5-4(b) show the actual locations of residual stress measurement in 

samples 2 and 3 in Figure 5-3(a) and Figure 5-3(b) respectively. At the 5 locations (B1, B2, 

A, C1, C2) in Figure 5-4(a) and 15 locations (1 to 15) in Figure 5-4(b), XRD measurements of 

surface residual stresses are made intermittently with fatigue loading. Locations (B1 and B2 in 

sample-2), (C1 and C2 in sample-2), (1, 2 and 3 in sample-3), (4, 5 and 6 in sample-3), (7, 8 

and 9 in sample-3), (10, 11 and 12 in sample-3) and (13, 14 and 15 in sample-3) have same 

texture and grain structure. Consequently, they will be addressed collectively as <B1,B2> and 

<C1,C2> in sample-2 and <1,2,3>, <4,5,6>, <7,8,9>, <10,11,12> and <13,14,15> respectively. 

 

 
Figure 5-5: Fatigue loading stress rig in four-point bending sample 
 

Figure 5-5 shows the stress-rig used for inducing fatigue loading to four-point bending sample 

at Coventry University. 

 

5.6.3. Loading cycle 
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Applied load was gradually increased and intermittent residual stress measurements were 

made in between loading. A combination of both static and cyclic loading is used. 

 

 
Figure 5-6: Schematic of intermittent static and cyclic fatigue loading 
 

Figure 5-6 shows the type of loading applied to the relaxation samples. X-axis represents time 

and y-axis represents the stress. To prevent sample slip, the top surface of the bending sample 

always stays in compression. St.1, St.2 etc. are the static loading steps and Cyc.1, Cyc.2 etc. 

are the cyclic loading steps. ΔSm.1, ΔSm.2 etc. are the intermittent increase in the mean stress 

for the next cyclic loading from the previous cyclic load. The cyclic load is kept sinusoidal. After 

every loading cycle, residual stresses at the regions of interest are calculated using XRD 

measurements. 

 

5.7. Material inhomogeneity 
 

5.7.1. Inhomogeneous grain structure distribution 
 

Grain structure is the morphological arrangement of grains in the material and is important its 

properties can directly influence the mechanical properties of the material. For example, 

average grain size can affect the material yield strength as illustrated by the Hall-Petch 

relationship [67,271]. It reveals the spatial distribution of grains in the material. Commonly, it 

is observed using optical microscopy and EBSD. To make optical measurement on AA2099-

T831, EBSD samples were re-polished and etched for 5 to 6 seconds using Keller’s reagent.  
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Figure 5-7: Optical micrographs highlighting the grain structure heterogeneity in the unpeened 
region (a) 0mm to 5mm, (b) 5mm to 10mm, (c) 10mm to 15mm, (d) 15mm to 20mm and (e) 
20mm to 25mm 
 

Grain structures have been revealed by optical microscopy of etched ND-TD section of the 

sample. Sample locations (B1, B2), (A) and (C1, C2) in Figure 5-4(b) and <1, 2, 3>, <4, 5, 6>, 

<7, 8, 9>, <10, 11, 12> and <13, 14, 15> in Figure 5-4(c) are indicated on the etched optical 

micrographs in Figure 5-7(a, b, c, d and e). Sample-2 and sample-3, taken from the flange 

was seen to have similar grain structures and textures. Hence, the grain structures and 

textures of these samples are assumed same, at similar locations on the samples. Under this 

assumption, (B1, B2) is just 1 mm away from <4,5,6> between <4,5,6> and <1,2,3> and hence 

assumed to be similar as not much gradients in either texture or grain structure are observed 

at these regions. Location A coincides with <7,8,9> and (C1, C2) is just 1 mm away from 

<10,11,12> between <10,11,12> and <13,14,15> and hence assumed to be similar for the 

same reason. 

 

Contrasting differences in the grain structure between locations (B1, B2), (A) and (C1, C2) can 

be seen and also between locations <1, 2, 3>, <4, 5, 6>, <7, 8, 9>, <10, 11, 12> and <13, 14, 

15>. Grain structure analyses of these locations were performed using EBSD data and 

corresponding grain size statistics are presented below. 
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Figure 5-8: Frequency distribution of ND intercept grain size of locations (a) <1,2,3> (b) 
<4,5,6> and <B1,B2> (c) <7,8,9> and C (d) <10,11,12> and <A1,A2>, and (e) <13,14,15> for 
the unpeened region 
 

As the grains are not equiaxed, intercept grain sizes are calculated. Since grain structure and 

texture changes were observed to be most pronounced along ND (y) axis, intercept lengths 

along ND are presented. A total of 20 intercepts normal to ‘y’ on 1 x 1 mm2 scanned EBSD 

maps are used. Histogram showing the frequency distribution of the intercept sizes along ND 

(y) are provided in the above Figure 5-8(a, b, c, d and e).  Grain structure at B was found to 

be most sub-structured with small grains, that at A was the least sub-structured with large 

grains and that at C lying in-between. However, intercept grain sizes shows large spreads in 

each of these locations, to a point which cannot be represented by one mean value.  

 

Grains of smallest sizes are most characteristic to locations <1,2,3> and <13,14,15> 

respectively. These regions are also very uncharacteristic of even mid to large grains. Using 

grain structures in Figure 5-7(a) and Figure 5-7(e), in relation with Figure 5-8(a) and Figure 

5-8(e) respectively, it is concluded that grain structures in these locations are heavily sub-

structured. Similarly, it is observed that locations <1, 2, 3>, <13, 14, 15>, <4, 5, 6>, <10, 11, 

12> and <7, 8, 9> are characterized by decreasing extents of substructuring. These differences 

in grain sizes will have important consequences to the residual stress relaxation as will be seen 

later. 
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Figure 5-9: High-magnification optical micrographs of regions (a) <1,2,3> and (b) <4,5,6> in 
the unpeened region 
 

A comparison of high-magnification micrographs in Figure 5-9(a) and Figure 5-9(b) reveals 

the highly sub-structured nature of grains in location <1,2,3> and the un-substructured nature 

of grains in location <4,5,6>. Similar differences were observed with varying substructuring 

extents between other locations. In contrast to location A, locations <B1,B2> and <C1,C2> 

have many grains with low z-intercept values owing to extensive sub-structuring at the sample 

edges. These locations being near to edges, lie close to the extrusion die and hence underwent 

high shear stress gradients, which resulted in the formation of sub-structured grains. Location 

A being midway along ND, experiences mostly normal stress during extrusion, and as a 

consequence, there is little to no sub-structuring, resulting in a histogram with a broader but 

shallower intercept grain size distribution shown in Figure 5-8(c). These results together 

highlight the grain structure inhomogeneity. 

 

5.7.2. Inhomogeneous distribution of crystallographic texture intensities and 
volume fraction  

 

Texture evolution is also known to be grain structure dependent [69]. Stress gradients in the 

extrusion cross section gave rise to large plastic strain gradients, resulting in non-

homogeneous orientation and grain structure evolution resulting in spatially gradient grain 

structures as seen in Figure 5-7. This section presents the spatial distribution of intensity and 

volume fraction of major texture components in the sample used for residual stress relaxation.  
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Figure 5-10: ODF intensities for (a) Brass and D texture components (b) Goss, Cube and 
Copper texture components. 
 
In Figure 5-10, ODF intensities (𝑓(𝑔)) of major texture components, Cube, Goss, Brass, 

Copper and S are provided along the sample width. 

  

 
Figure 5-11: Volume fraction of important (a) texture components and (b) texture fibres 
 

Figure 5-11(a) and Figure 5-11(b) shows the volume fraction of texture components and 

texture fibres respectively at different locations in the sample. Variations in 𝑓(𝑔), seen in 

Figure 5-10, suggest that the texture is of deformation texture type. The below discussions for 

locations B, A and C of sample-2 also apply for locations <4,5,6>, <7,8,9> and <10,11,12> of 

sample-3 respectively. Following texture information for texture components Cube, Goss, 

Brass, Copper and S in order, were obtained from EBSD data analysis. From Figure 5-11(a), 

it is seen that greatest number of orientations belong to deformation texture components, 

namely Brass, S and Copper. Recrystallization textures, Goss and Cube are present in 

relatively lesser quantities, where Cube volume fraction is the least for all locations and nearly 

constant.  

 

From Figure 5-11(b), it is seen that, the 𝛼 − fibre (that is, <110>||ND) is the most populated 

for location <C1,C2> in sample-2 and location <13, 14, 15> for sample-3. Texture at locations 

<1,2,3>, B, A, C and <13,14,15> were characterized by texture component intensities [2.1, 

0.5, 2.1, 26.7, 15.6], [3.8, 3.1, 1.3, 23.2, 12.1], [1.3, 5.1, 1.3, 20, 9.4], [1.9, 6.8, 1.0, 28.6, 4.7] 

and [1.6, 2.7, 1.0, 37.3, 4.1] respectively. Values of texture volume fractions were found to be 

[4.8, 3.5, 37.2, 24.5, 36.2], [7.3, 11.3, 38.4, 14.5, 29.9], [4.4, 12.4, 41.5, 13.1, 26.3], [6.0, 18.4, 

30.9, 13.4, 18.0] and [5.2, 9.4, 40.1, 12, 19.7] respectively. The following observations and 

inferences are made from data in Figure 5-10 and Figure 5-11. 
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It is interesting to note that Cube, being a re-crystallization texture component is more intense 

and has highest presence at B, where the grain structure is severely broken down to large 

shear stress gradients experienced during the extrusion process, least intense and least 

presence at locations A and C. Goss being a re-crystallization texture component has highest 

intensity at C than at A and is least at B, lower presence at locations B and A compared to C. 

The dominating deformation texture component, Brass, is most intense at location B, lower at 

C and least at A and has highest presence at locations B and A than at C. 

 

It is very interesting to see that, Copper, being a major deformation texture component on the 

𝛽 − fibre is relatively inexistent at all locations, but does have a significant but almost equal 

volume fraction at all locations compared to other texture components, indicating randomized 

orientation distribution in Copper Euler sub-space, with no particular peak. S, also being a 

deformation texture component on the 𝛽 − fibre, is most intense at location B, lower at A and 

lowest at C and has the least presence at C compared to much higher but almost equal 

presence at B and A.  

 

In sample-3, Cube is most intense at location <4,5,6> and also has the most presence at the 

same location. Goss is most intense at location <10,11,12>, least intense at <1,2,3> and has 

most presence at location <10,11,12> and least presence at <1,2,3>. Brass is most intense at 

<13,14,15> and has most presence at location <7,8,9> and least at <10,11,12>. Copper is 

most intense at <1,2,3> and has highest presence at location <1,2,3> and much lesser but 

almost equal at other locations. Finally, S is most intense at <1,2,3>, least intense at 

<13,14,15> and has highest presence at <1,2,3>, lower but almost equal at <4,5,6> and 

<7,8,9> and least at other two locations. 

 

These texture gradients are along specimen width, ND. As the specimen itself is away from 

the extrusion die along TD ((a)), it is assumed that texture differences at different TD locations 

for the same location along ND, will be negligible. This assumption is supported no observed 

grain structure gradients along specimen thickness (that is, TD). Therefore, all samples are 

characteristic of thickness (TD) wise similar texture and grain structure, but different at various 

locations along sample width (ND). Similar texture gradients were also observed in the T-

extrusion of AA2099, where Zabeen et al. [208] report a fibre texture in the web and a rolling 

type texture in the flange.  

 

5.7.3. Hardness and yield strength 
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Vickers hardness measurements are as a function of depth below the peened and unpeened 

surfaces. A dwell time of 14 seconds is used for all indentations with load of 0.1 kg-f. The load 

was selected after making a sensitivity analysis to hardness measurements with 1, 0.5, 0.3, 

0.2, 0.1 and 0.05 kg-f. 

 

 
Figure 5-12: LSP induced depth profile of (a) Vickers hardness at the locations of interest (b) 
percentage change in Vickers hardness calculated against the mean hardness of the 
unpeened region. 
 

Figure 5-12(a) provides the LSP induced hardness along depth below the peened surface for 

the locations <1,2,3> (in sample-3), <4,5,6> (in sample-3; also locations B1, B2 in sample-2), 

<7,8,9> (in sample-3; also location A in sample-2), <10,11,12> (in sample-3; also locations C1, 

C2 in sample-2) and <13,14,15> (in sample-3). As B1 and B2, and C1 and C2 have the same 

location in the y-z plane along x, B1 and B2, and C1 and C2 are assumed to be represented 

by the hardness data B and C respectively. Similarly, all locations 1, 2 and 3 are assumed to 

have the same LSP induced hardness. Figure 5-12(b) shows the percentage hardness 

changes in the depth profile hardness calculated against the mean hardness of the unpeened 

region. 

 

After peening, hardness increases towards the peened surface because of material hardening. 

Hardness decrease along the depth is due to decreasing shock wave intensity down the depth 

and its increasing inability to induce dislocation hardening in grains [22]. Three representative 

regions B, A and C were selected to study residual stress relaxation on peened surface under 

fatigue conditions imposed in a four point bending loading configuration. Mean Vickers 

hardness in the unpeened region were found to be of similar values, 144, 140 and 138, which 

were taken from 22, 21 and 6 measurements. The minimum and maximum bounds of these 

base hardness values are [135, 150], [134, 149] and [137, 139] respectively. 
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Table 5-1: Percentages increase in surface and near surface hardness. Average hardness in 
the depth range of 0 to 0.3 mm and 0 to 0.55 mm represented within <…>n, with ‘n’ being the 
number of individual hardness measurements contributing to the hardness 

Depth range below 
the LSPed surface 

A B C 

0 to 0.00 mm 140 to 148: 5.9% 144 to 168: 16.7% 138 to 151>: 9.4% 
0 to 0.30 mm 140 to <150>3: 7.1% 144 to <158>3: 9.7% 138 to <151>2: 9.4% 
0 to 0.55 mm 140 to <148>5: 5.7% 144 to <155>5: 7.6% 138 to <150>3: 8.7% 

 
Post-LSP, mean hardness values immediately below the peened surface were found to be 

168, 148 and 151 at immediately below with peened surface (refer Table 5-1). Between 0 and 

0.3 mm, the mean values were found to be 158, 150 and 151. Between 0 and 0.55, the mean 

values were found to be 155, 148 and 150 respectively. Though all three locations had similar 

pre-LSP hardness values, their post-LSP hardness however, were different. Location B had 

the maximum increase in surface hardness, which also showed the maximum gradient in 

hardness depth profile, up to a depth of 0.3 mm below the peened surface. Relatively, location 

C showed lesser hardness and also gradient and location A, even less. A characteristic of all 

hardness depth profiles in Figure 5-12(a) and hence on the percentage changes in Figure 

5-12(b), is the large fluctuations in the values, which is now explained. When adjacent 

indentations are made on grains belonging to different texture components, a totally different 

set of slips activate giving rise to a heterogeneous indentation resistance, thereby giving rise 

to large fluctuations in hardness values seen in Figure 5-12(b). Such a nature of fluctuations 

was confirmed in a study published elsewhere by different researchers [244]. 

 

The depth-wise decreasing trend in hardness increase is observed in many works. Sun et al. 

[210] attribute the depth wise decreasing levels of hardness increase to the increasing 

attenuation of LSP induced shock wave. Such an attenuation would decrease the dislocation 

density along the depth hence, leading to decreasing levels of dislocation based hardening. 

This explains the depth gradient hardness in above Figure 5-12. Dhakal et al. [161] found that 

the newly created high angle grain boundaries were responsible for increase in hardness in 

LSPed 6061-T6 aluminium alloys. Meng et al. [177] also report a depth wise decreasing nano-

hardness in LSPed 2024-T351. Having observed LSP induced sub-structuring, Sun et al. [210] 

relate it to increase in hardness by using Hall-Petch type [67] relationship. LSP induced 

improvements in hardness were also reported by Wang et al. [234], who attributed it to both 

creation of new subgrains and high density dislocations. The increase in hardness is low as 

seen in Figure 5-12. However, the increase in hardness in their work is small and comparable 

to the increase seen in this work. 
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Vickers micro-indentation hardness expressed in GPa (HV in GPa = HV number x 0.009807) 

can be converted to equivalent yield strength 𝜎𝑦, using the following relation [272]: 

 

 𝜎𝑦 =
𝐻

3
(𝐵)𝑚−2 Equation 5-1 

 

Here, H is the Vickers hardness in GPa, B is a constant, which is 0.1 for aluminium [14] and m 

is the Meyer’s hardness exponent. m can be obtained using the strain hardening exponent 

using the relation n = m-2. Before Equation 5-1 can be used, the uncertainties involved should 

be considered. The error of calibrated hardness testing machine as per ASTM standards [273] 

is 2%, when the indentation force is less than 1 kg-f and the Vickers hardness number lies 

between 100 and 200. Another possible source of error is from the presence of residual 

stresses. Huber and Heerens [274] developed a comprehensive model for estimating the 

errors in the Brinell hardness due to the presence of residual stress fields for different levels 

of the ratio of minimum to maximum residual stress. But, as their study pertains to Brinell 

hardness testing, they are not applied in the present work. Vickers indentation hardness were 

shown by Larsson [275] using FE simulation to be negligibly dependent on the residual stress 

field. Therefore, this possible source of error is ignored. The difference in the responses of 

Brinell and Vickers indentation stems predominantly from the nature of stress distribution 

beneath the indenter and the corresponding material hardness response. In a Brinell 

indentation, a large portion of stress beneath the indenter is compressive. In a Vickers 

indentation however, it is largely shear. Hence, it is much easier to overcome the critical 

resolved shear stress in the grains immediately around the indenter at the beginning of the 

indentation. Hence, plastic flow is much easier to initiate at the beginning of indentation in 

Vickers indentation than the Brinell indentation. Further, as the normal compressive residual 

stresses  beneath the indenter will resist the applied compressive residual stress, this effect is 

consequently more for the Brinell indenter than the Vickers indenter. This effect can be seen 

in the reference [274], where the Brinell indentation hardness has a non-linear relationship with 

residual stress, where the hardness increases as the compressive residual stress magnitude 

increases. Nevertheless, data of yield strength calculated from hardness measurements have 

been found to differ from the value as observed in tensile testing data. Chang et al. [276] 

provide the error between the calculated and observed yield strength for a series of Al-Zn-Mg 

alloys to be random in nature and between +13.5% and -13.3%. However, this error range is, 

+9.5% to -8.1% for yield strength between 345 to 405 MPa, which is the range of the 

measurements for sample in relaxation experiment number 2. Therefore, error bound of -8% 

to +10% is applied to Equation 5-1, and will be treated as uncertainty bounds. 
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Figure 5-13: Depth wise variations in local yield strength calculated using hardness values. 
Note: Highlighted notation will be used to denote the yield strength values along with 
associated upper and lower uncertainties 
 

The hardness equivalent yield strength depth profile obtained from Equation 5-1 are shown in 

Figure 5-13. As the hardness increase is not much due to the low material hardening exponent 

of ~0.1, the depth profile of yield strength does not show a great change near the peened 

surface as commonly seen in other materials like steel, but, nevertheless, the change does 

exist and has been captured by the power law equation fits, also plotted in Equation 5-1. 

 

During bending, the bending stresses are linear across depth and therefore the compressively 

loaded shock peened surface is closest to plasticity. Hence, the relaxation would occur first at 

the surface, but the re-distribution (driven by stress equilibrium condition) is assumed to 

happen in a small depth below the peened region. This will be analysed later, but to do that, 

we need to look at the yield strength variations immediately below the peened surface. The 

graph in the above (c) shows that yield strength within 0 to 0.55 mm below the peened surface 

shows a steeper gradient than rest of the profile. An average of all yield strengths is taken in 

this region and values are provided later in Table 5-3. The power law relationship fit to yield 

strength depth profile is of the form to smooth out the fluctuations and to also serve as a 

material data input parameter which serves as an aid to generating calibration reference for 

the computer simulation models. It is in the following form. 

 

 𝜎𝑦
𝐿 = 𝐾𝑦(𝑑𝑒𝑝𝑡ℎ)𝑝 Equation 5-2 
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Here, 𝜎𝑦
𝐿 is the yield strength in MPa, 𝐾𝑦 and 𝑝 are constants of the yield strength depth profile, 

depending on the location in the peened region of the specimen and LSP parameters and the 

superscript 𝐿 represents the location on the sample surface. 

 

Table 5-2: Fit constants for yield strength depth profiles at location A, B and C 
Location in Sample-2 Location in Sample-3 𝐾𝑦 𝑝 R2 

 <1,2,3> 391.7 -0.046 0.88 
B: B1, B2 <4,5,6> 396.1 -0.052 0.69 

A <7,8,9> 371.1 -0.027 0.29 
C: C1, C2 <10,11,12> 372.9 -0.046 0.83 

 <13,14,15> 328.2 -0.049 0.86 
 

Values of the fit constants in Equation 5-2 are provided in the above table Table 5-2. R2 of fit 

for yield strength profile at location A (also, location <7,8,9>) is low due to large fluctuations, 

but the equation does represents the trend well as seen in Figure 5-13. 

 

Table 5-3: Post-LSP and pre-load local yield strength: near surface (@ ~0.12 mm or ~0.17 
mm, considered as 0 mm for simplicity) and average for 0.0 mm to 0.55 mm. Note 1: Subscript 
and superscript attached to the yield strength values are the lower and upper values of 

uncertainties respectively. Note 2: the subscript avg. in 𝜎𝑦.𝑎𝑣𝑔.
0−0.5 𝑚𝑚 denotes the average of all 

values of yield strength calculated using hardness numbers in the depth ranging from 0 mm to 
0.5 mm. Note 3: yield strength values for locations B2 and C2 are assumed same as those for 
B1 and C1 respectively as they are from the same location in the Y-Z section of the sample 
(i.e. TD-ND).  

Location in sample-2 Location in sample-3 𝜎𝑦
0 𝑚𝑚 

MPa 

𝜎𝑦.𝑎𝑣𝑔.
0−0.5 𝑚𝑚 

MPa 

𝜎𝑦.𝑎𝑣𝑔.
1.6−2.6 𝑚𝑚 

MPa 

 <1,2,3> 42134
42 41333

41 37830
38 

B1, B2 <4,5,6> 43735
44 42734

42 38231
38 

A <7,8,9> 38531
39 38631

39 36329
36 

C1, C2 <10,11,12> 40132
40 39231

39 35929
36 

 <13,14,15> 35728
36 34628

35 31725
32 

 

As seen from data in the above table, LSP has introduced a 7.2%, 10.5% and 11.4% increase 

in the surface yield strength at locations A, (B1, B2) and (C1, C2) respectively from the base 

yield strengths of 359 MPa, 372 MPa and 359 MPa respectively, thus indicating a highest 

hardening experienced by regions (C1, C2) and lowest hardening experienced by region A. 

Base yield strengths are calculated from a depth of 1.6 mm to halfway through the specimen 

thickness (~2.5 mm) in the peened region, as data in this domain exhibit a nearly constant 

trend. The average of all hardness derived yield strengths in this depth domain represents the 

base yield strength. These values are 𝜎𝑦.𝑎𝑣𝑔.
1.6−2.6 𝑚𝑚 = 359 𝑀𝑃𝑎 at location A, 𝜎𝑦.𝑎𝑣𝑔.

1.6−2.6 𝑚𝑚 =

372 𝑀𝑃𝑎 at location (B1, B2) and 𝜎𝑦.𝑎𝑣𝑔.
1.7−2.5 𝑚𝑚 = 359 𝑀𝑃𝑎 at location (C1, C2). The average of 

yield strengths between the depths 0.00 to 0.55 mm are also considered for use in residual 

stress relaxation formulation and are provided in the above table. The differences between 
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these values are correlated to texture and grain structure effects and are presented in section 

8.2.  

 

5.7.4. Spatial distribution of residual stresses in the sample 
 

Before the relaxation experiments are carried out, the initial LSP induced residual stresses are 

characterized using both Incremental Hole Drilling (ICHD) and X-Ray diffraction. The results 

are presented in this section, first as a function of depth below the peened and unpeened 

surface and then as a function of location on the peened surface. 

 

 

Figure 5-14: Depth wise residual stress profile (a) in unpeened region of the AA2099-T831 
sample and (b) peened region of the AA2099-T831 sample. 
 

Depth profiles of residual stresses in the unpeened and peened regions of the AA2099 sample 

are provided in the above Figure 5-14(a) and Figure 5-14(b) respectively. The tensile residual 

stresses in the unpeened region are a consequence of EDM process used to cut the sample 

from bulk extrusion material [277]. These tensile residual stresses extend from 80 to 100 µm 

below the surface and have a maximum value of 75 MPa to 80 MPa immediately below the 

sample surface. In the peened region, the maximum compressive residual residual stress 

magnitude of around 300 MPa and the maximum depth of compressive residual stresses is 

upto 1 mm. 

 

Table 5-4: Initial residual stress, 𝜎𝑥
𝑟0  at the regions of interest 

 𝜎𝑥
𝑟0   𝜎𝑥

𝑟0   𝜎𝑥
𝑟0   𝜎𝑥

𝑟0  

B1 −190 ± 23 1 −181 ± 23 2 −185 ± 22 3 −184 ± 27 

B2 −198 ± 24 4 −199 ± 22 5 −184 ± 18 6 −194 ± 17 

A −211 ± 10 7 −199 ± 14 8 −194 ± 22 9 −217 ± 11 

C1 −178 ± 22 10 −200 ± 11 11 −193 ± 12 12 −195 ± 20 

C2 −206 ± 16 13 −175 ± 14 14 −166 ± 17 15 −72 ± 165 
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The residual stresses before loading were calculated using XRD for {311} reflection and 

provided in Table 5-4. 𝜎𝑥𝑥
𝑟0  represent 𝜎𝐸𝐷. location A had the maximum residual stress. The 

equivalent location <7,8,9> also had high residual stress magnitude. Residual stresses at C1 

and C2 were different probably due to variations in LSP parameters during peening. However, 

looking at their equivalent location <10,11,12>, location C2 seems to be peened as intended, 

while C1 is under peened. Locations <B1, B2> and <4,5,6>, equivalent to each other in texture 

and grain structure, have developed similar residual stress magnitudes. Locations <13,14> 

have a low value of residual stress magnitude. Location C1 and 15 are not discussed. The 

differences are explained in section 8.2 from the point of view of texture and grain structure.  

  

5.8. Loading details 
 

In this section, the fatigue loading details are presented for sample – 2 and sample – 3 

(illustrated earlier in Figure 5-3 (a and b)). 

 

 
Figure 5-15: Applied bending stress to relaxation experiment carried out on sample – 2 
 

Figure 5-15 shows the applied bending stress in MPa corresponding to the cumulative number 

of fatigue load cycles (N). Number of fatigue cycles have also been provided. Studies could 

not be conducted at a single applied bending stress as the different points on the sample. 
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Figure 5-16: Loading ID steps and the corresponding number of cycles in the loading and the 
applied stress for sample-3 
 

In order to test the repeatability of residual stress behaviour for locations with same texture 

and grain structure and also to test the repeatability of the results obtained in sample-2 with 

respect to the texture and grain structure dependent residual stress relaxation, the opposite 

side of sample-2 is used. It is loaded in a combination of static and fatigue loading as was 

sample-2. A total of 18 loading steps (L1 to L18) and 19 intermittent residual stress 

measurements (M1 to M19) are made. The maximum applied compressive bending load and 

the corresponding stress amplitude are provided in Figure 5-16.  

 

5.9. Instantaneous residual stress ratio (IRSR) 
 
Residual stress ratio (RSR) is used to track residual stress relaxation and has been used 

previously by Han et al. [73] in its simplified form. Accounting for spatial in-homogeneities and 

possible temporal changes in residual stress magnitude, it is re-written in the following 

instantaneous form, by taking into account the residual stress in the previous measurement 

rather than the residual stress measurement at the beginning of the entire fatigue loading. 

 

 �̅�𝑛(𝑥, 𝑦, 𝑧) =
𝜎𝑥

𝑟|𝑛−1(𝑥, 𝑦, 𝑧) + 𝜎𝑥
𝑎|𝑛(𝑥, 𝑦, 𝑧)

𝜎𝑦(𝑥, 𝑦, 𝑧)
, 𝑛 > 0 Equation 5-3 

 

Here, 𝜎𝑥
𝑟|𝑛−1 is that residual stress at the end of load cycle previous to nth load cycle, 𝜎𝑦(𝑥, 𝑦, 𝑧) 

is the post-LSP yield strength at the location (𝑥, 𝑦, 𝑧), assumed to remain constant at low 

applied stresses, and 𝜎𝑥
𝑎|𝑛(𝑥, 𝑦, 𝑧) is the spatiotemporal applied stress parameter along n and 

at (𝑥, 𝑦, 𝑧) respectively. It can be seen in Equation 5-3, that the residual stress ratio (RSR), �̅�𝑛 

depends on the residual stress 𝜎𝑥
𝑟|𝑛−1, which depends on the relaxation in the step previous 

to it. Therefore RSR need not monotonically increase or decrease with increasing number of 

loading cycles between two intermediate load steps. This equation is expressed recursive in 

residual stress, as the previous stress state (@ the end of cycle, n-1) dictates the present 

stress state (@ the end of cycle, n). It can be seen that, for constant yield stress, �̅�𝑛 changes 

not only with the applied stress but also with the residual stress magnitude. Therefore the term 

residual stress ratio �̅�𝑛, is a function of multiple variables and is used in the representation of 

residual stress relaxation evolution in a hyperspace called Location-Event-Relaxation 

hyperspace in sections 8.5.2 and 8.5.3. In this chapter, it is used in its simplified form as an 

independent variable on which the residual stress relaxation is dependent on and hence 

representing the independent axis of graphs expressing residual stress relaxation. 
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Two indicators are used to identify. From section 5.9.3 presented later, we see that the applied 

load has not induced any measureable gross plastic deformation on the peened surface during 

intermittent testing. Hence, any small changes in yield strength which may happen during 

relaxation will be negligible and the yield strength is assumed to remain constant throughout 

the course of the experiment. 

 

Table 5-5: Values of residual stress ratios for locations B1, B2, A, C1 and C2. The subscript 
and superscript denote minimum and maximum value respectively 

 �̅�𝑥0
 Min. Max. 

B1 0.46 0.37 0.56 

B2 0.48 0.39 0.59 

A 0.55 0.47 0.62 

C1 0.52 0.43 0.60 

C2 0.44 0.35 0.54 

 

Values of �̅�𝑛 = �̅�𝑥𝑛
= �̅�𝑥0

 for locations B1, B2, A, C1 and C2 in the post LSP, before applied 

loading (𝑛 =  0), are provided in Table 5-5. Values themselves are average values, whereas 

superscript and subscript values are maximum and minimum values respectively. 

 

 
Figure 5-17: Base surface compressive residual stresses at locations B1, B2, A, C1 and C2 
in sample-2 
 

As different locations on sample-2 had different LSP induced yield strengths, the RSR at these 

locations will be different. Figure 5-17(a) and Figure 5-17(b) show the location specific LSP 

induced surface compressive residual stresses 𝜎𝑥𝑥
𝑟  and 𝜎𝑦𝑦

𝑟  in MPa, as a function of the RSR 

at the corresponding locations. 

 

5.9.1. Temporal characteristics of expected relaxation and residual stress ratio 
(RSR), �̅�𝒏(𝒙, 𝒚, 𝒛) 

  

 

The expected values of relaxation from a purely arithmetic point of view can be calculated as: 
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Δ𝜎𝑛
𝑟(𝑥 , 𝑦, 𝑧) = 𝜎𝑥

𝑎|𝑛(𝑥 , 𝑦, 𝑧) + 𝜎𝑦(𝑥 , 𝑦, 𝑧) − |𝜎𝑥
𝑟|𝑛−1(𝑥 , 𝑦, 𝑧)| Equation 5-4 

 

Here, 𝜎𝑥
𝑎|𝑛(𝑥, 𝑦, 𝑧) is the location specific applied stress, 𝜎𝑦(𝑥 , 𝑦, 𝑧) is the location specific yield 

strength, 𝜎𝑥
𝑟|𝑛−1(𝑥 , 𝑦, 𝑧) is the location specific residual stress and |𝜎𝑥

𝑟|𝑛−1(𝑥 , 𝑦, 𝑧)| is the 

magnitude of location specific residual stress. It is to be noted that, it is an arithmetic balance 

and not a mechanistically derived equation, hence contains no hardening terms. Nevertheless, 

this should denote the upper limit of residual stress relaxation. 

 

 
Figure 5-18: Residual stress ratio (�̅�𝑛) and expected residual stress relaxation magnitude 

(|Δ𝜎𝑛
𝑟|𝑒) plotted against cumulative number of cycles. Subscript e in |Δ𝜎𝑛

𝑟|𝑒 denotes ‘expected’ 
 

In Figure 5-18, the cumulative number of cycles are provided on the x-axis. The expected 

residual stress relaxation (|Δ𝜎𝑛
𝑟|𝑒(𝑁)) obtained from Equation 5-4 is plotted on the primary y-

axis and the RSR (�̅�𝑛(𝑁)) obtained from Equation 5-3 is plotted on the secondary y-axis. 

Intercept b meets the |Δ𝜎𝑛
𝑟|𝑒(𝑁) at p, where the |Δ𝜎𝑛

𝑟|𝑒 is just greater than zero. Intercept b 

then meets �̅�𝑛(𝑁) at q, where �̅� = 1. Uncertainties involved in residual stress calculation and 

local yield strength estimation contribute to the error bars for �̅�𝑛 and Δ𝜎𝑛
𝑟. Intercepts a and c 

bound RSR variation for which the maximum and minimum RSR uncertainty bounds, are close 

to unity (which, being the thick dashed line). Intercept d is the zero relaxation axis itself and 

intercept e is the relaxation axis at the upper uncertainty bound of the expected relaxation 

magnitude. Within these bounds, we see that the intercepts d and e suggest the expected 

relaxation could be either between 0 and 160 MPa. Such uncertainties in both residual stress 

measurement and the material property itself, can produce a large overall uncertainty in 

expected levels of relaxations. Therefore, importance of low uncertainty measurements of both 
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local residual stresses and yield strength is stressed. However, the observed relaxation could 

be different from the expected values due to a number of factors and we now move ahead. 

 

5.9.2. Number of measurements 
 

A number of real life conditions contribute to experimental errors. To reduce measurement 

errors, to subsequent reduce uncertainties in measured data and to increase confidence in 

experimental data interpretation, a number of repeats are made in every step of the intermittent 

residual stress measurement.  

 

 
Figure 5-19: Number of repeated residual stress measurements for sample-2 
 

These are provided as a function of residual stress ratio in Figure 5-19. An average number 

of 4 measurements are made. At the start of the experiment, a total of 12 measurements are 

made over a course of 3 days to ensure accurate positioning of the baseline measurements. 

When a large deviation is seen in the measured quantities, more than average number of 

repeat measurements are made as seen in Figure 5-19. 

 

 

Figure 5-20: Number of repeated residual stress measurements for sample-3 
 

For the same reasons mentioned above, many repeat measurements are made in fatigue 

relaxation experiment for sample-2. The number of repeat measurements are provided as a 

function of residual stress measurement ID in Figure 5-20.  

 

5.9.3. Loading induced gross plasticity 
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In order to ensure there is no gross – plasticity introduced into the sample at any point of the 

cyclic loading, the initial sample bulge is tracked with the help of an accurate dial gauge. The 

sample is located on a pre-determined location on standard steel parallel resting on a granite 

table and a dial gauge with 2µm accuracy is run across various point on the convex part of the 

specimen (also the compressive side during cyclic loading). The average of the values at 

location ‘A’ is recorded and is tracked after every loading cycle and before residual stress 

measurement. 

 

 
Figure 5-21: FWHM of XRD peak at location A and specimen bulge change measured 
between two intermittent loading for sample-2 
 
The average values of sample bulge and the FWHM throughout the course of the relaxation 

experiment are presented in Figure 5-21. As the gauge reading representing the average 

bulge of the specimen does not show any abrupt changes anywhere during the experiment, it 

is understood that the specimen has not suffered any gross – plasticity.  

 

Residual stress relaxation can induce dislocation density decay [75] as indicated by cases of 

linear decrease in Bragg edge peak with the number of cycles in AISI 4140 [76]. This is also 

confirmed by Dalaei et al. [259] who studied recovery of dislocation structures during cyclic 

loading of shot peened pearlitic steel. Change in FWHM during cyclic loading is mainly due to 

re-arrangement of mobile dislocations [70], however it is not necessary for FWHM to always 

decrease as applied load induced plasticity can increase FWHM. However, supported by no 

changes seen in the sample bulge, no overall change in the FWHM values in Figure 5-21, it 

is concluded that the applied loading has not induced any gross material plasticity. This means 

that the residual stress relaxation is entirely due to microstructural phenomenon involving 

orientation specific slip activity leading to partial plasticity of grains belonging to certain texture 
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components, dislocation activity and stress concentration at alloy precipitate – matrix 

interphase and grain boundaries. 

 

 
Figure 5-22: Mean FWHM of XRD peak at locations 1 to 15 on sample-3, between two 
intermittent loading 
 

For the same reasons mentioned previously, the average values of the means of FWHM (taken 

over many repeat measurements) for all locations 1 to 15 are provided for sample-3 in Figure 

5-22. Red indicates largeness and green indicates smallness. Colouring is done for the sets 

(1,2,3), (4,5,6), (7,8,9), (10,11,12) and (13,14,15) respectively, as they have identical texture 

and grain structure. These results indicate that with increasing loading (L1 at small load and 

N18 at high load), there is no trend of increasing FWHM. This indicates that no part of the 

sample-3 peened surface has suffered gross plasticity. Specimen bulge has not been 

measured for sample-3 over the course of loading and the FWHM results are assumed enough 

to validate the inexistence of macro-scale plasticity in sample-3. 

 

5.10. Residual stress relaxation – results and discussions 
 

5.10.1. Relaxation of surface residual stresses: sample-2 
 

This section presents changes in residual stress as a function of residual stress ratio defined 

in Equation 5-3 for sample – 2. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

M1 2.142 2.145 2.170 2.095 2.102 2.097 2 060 2.057 2.040 2.083 2.095 2 063 2.085 2.083 2.028

M2 L1 2.150 2.140 2.153 2.070 2 077 2.070 2 020 2.037 2.033 2.080 2.087 2 060 2.077 2.073 1.997

M2 L2 2.153 2.133 2.137 2.063 2 077 2.090 2 050 2.043 2.027 2.077 2.083 2 040 2.063 2.077 2.013

M4 L3 2.160 2.143 2.150 2.083 2 087 2.097 2 050 2.063 2.040 2.080 2.147 2 070 2.087 2.080 2.003

M5 L4 2.157 2.143 2.177 2.097 2 093 2.093 2 057 2.057 2.057 2.087 2.103 2 073 2.083 2.083 2.010

M6 L5 2.150 2.140 2.153 2.080 2 087 2.087 2 043 2.063 2.063 2.087 2.100 2 077 2.083 2.080 2.007

M7 L6 2.157 2.143 2.163 2.090 2 093 2.090 2 050 2.063 2.067 2.093 2.093 2 077 2.080 2.083 2.007

M8 L7 2.160 2.150 2.170 2.090 2.100 2.107 2 080 2.077 2.063 2.093 2.110 2 097 2.100 2.103

M9 L8 2.150 2.137 2.147 2.083 2 087 2.093 2 043 2.053 2.043 2.073 2.097 2 057 2.080 2.077 2.017

M10 L9 2.149 2.130 2.151 2.093 2.102 2.098 2 043 2.056 2.045 2.088 2.108 2 070 2.090 2.079 2.010

M11 L10 2.153 2.147 2.157 2.093 2 097 2.093 2 053 2.053 2.057 2.080 2.100 2 063 2.090 2.087

M12 L11 2.158 2.145 2.158 2.093 2.103 2.095 2 053 2.055 2.053 2.090 2.095 2 063 2.080 2.085 2.015

M13 L12 2.153 2.135 2.158 2.088 2 084 2.084 2 038 2.050 2.048 2.085 2.093 2 063 2.086 2.086 2.004

M14 L13 2.163 2.140 2.157 2.100 2.100 2.107 2 053 2.057 2.053 2.080 2.093 2 070 2.073 2.087 2.013

M15 L14 2.163 2.133 2.157 2.083 2 083 2.083 2 040 2.040 2.030 2.080 2.083 2 040 2.077 2.067 2.000

M16 L15 2.150 2.130 2.143 2.050 2 063 2.067 2 037 2.020 2.013 2.047 2.060 2 037 2.050 2.040 1.990

M17 L16 2.127 2.110 2.137 2.043 2 060 2.067 2 020 2.017 2.023 2.050 2.043 2 020 2.033 2.030 1.990

M18 L17 2.150 2.110 2.147 2.067 2 077 2.063 2 013 2.013 2.030 2.060 2.063 2 047 2.047 2.047 2.013

M19 L18 2.147 2.113 2.137 2.047 2 077 2.063 2 027 2.023 2.017 2.053 2.060 2 033 2.043 2.037 2.000
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Figure 5-23: Temporal change in surface residual stress at location A, expressed for different 

values of Residual stress ratio 

 
Figure 5-23 graphs the experimentally calculated relaxation of residual stresses as a function 

of RSR. The vertical error bars are the XRD measurement uncertainties and the horizontal 

error bars are the error bars in RSR stemming from uncertainties in hardness equivalent yield 

strength. We first start with the data point indicated by yellow circular marker corresponding to 

residual stress at RSR ≈ 1. Minimum and maximum RSR uncertainty bounds at this RSR are 

identified and denoted by vertical intercepts at locations e and f. Taking the minimum and 

maximum residual stress bounds at all data points falling inside e-f, we get the horizontal 

intercepts g and h1 as indicated. From uncertainty values to the right of f, it is recognized that 

data point at intercept h1 is an outlier. Hence, the intercept h2 at the second highest upper 

bound is selected. These four intercepts e, f, g and h2 make a rectangular domain P as 

indicated. 

 

A simple linear fit is made to indicate the trend of variations in residual stress vs RSR and in 

its equation provided on the graph, x represents RSR and y represents residual stress (Note: 

The choice of a linear fit is only to extract a trend and may not represent mean variation of 

residual stresses with RSR). The line has a positive slope thus indicating . It can be seen that, 

to the right of unit RSR, residual stress magnitude mostly decreases. This is explained. Unit 

RSR, represents the onset of yield according to Equation 5-3, where the summation of 

residual stress and applied stress equals the yield strength. When this condition is actually met 

practically, the material should be at the onset of yield. Therefore, the measure of yield strength 

should be correct. This has provided an immediate validation for the use of hardness derived 
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yield strength and hence such an yield strength is indeed representative of material gross yield 

strength according to the macroscopic viewpoint of residual stress relaxation (where it is 

appropriate to assume that relaxation happens when induced stress exceeds gross yield 

strength). However, due to uncertainties and experimental scatter seen to the right of unit RSR, 

it is believed that though hardness derived yield strength may be representative of gross yield 

strength, the values themselves, will not be equal. Hence, it is referred to as hardness derived 

equivalent yield strength. After this minor interlude regarding validation and explanation on 

terminology, we now proceed further. 

 

All data points in domain P, bear significant uncertainties along the RSR axis. At this point two 

viewpoints are presented, where the 1st is from the perspective of experimental uncertainties 

and the 2nd is from the perspective of crystal plasticity.  

 

From the viewpoint of experimental uncertainties, the left of unit RSR in P, need not represent 

a region of no-relaxation. Hence the entire domain P represents the domain where the 

probability of relaxation will be higher than any domain to the left of intercept e. It is seen form 

Equation 5-3, that RSR increases with increasing applied stress. It is understood from 

mechanics that the probability of encountering a residual stress relaxation event will be higher 

at higher induced stress, which further will be higher at higher applied stress. Hence, relaxation 

probability after e and before unit RSR will be non-zero but lower than that after unit RSR.  

 

Though the probability of relaxation to the left of e will be small, it is assumed zero and is not 

investigated. Domain P has a mean unit RSR, has induced stresses both below and above 

gross yield strength and will have a non-zero relaxation probability. Hence domain P is termed 

IR for Initial Relaxation domain. 

 

From the viewpoint of crystal plasticity, depending on the crystallographic orientation, different 

sets of grains yield at different local induced stresses and hence the probability of relaxation 

will be partitioned with respect to parameters of the texture components in the material. This 

is explored further in chapters 6 and 7. The IR domain, where the effective induced stress on 

the surface is still between pre-yield to yield, is a region in which the material at location A will 

start to experience crystallographic orientation specific micro-plasticity [86] due to orientation 

specific yielding. Micro-plasticity is basically dominated by slip and dislocation activity [278]. 

 

Beyond intercept f, residual stress magnitude appears to steadily decrease with RSR as can 

be seen from the data inside region Q. However, the exact nature of the dependency of 

residual stresses with RSR will be non-linear and non-monotonic, because of two reasons, 
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which are now given. Firstly, post yielding material hardening is non-linear. Secondly, with 

increasing applied stress, following a relaxation event, the RSR may even decrease instead of 

a monotonic increase, as indicated by Equation 5-3. 

 

 
Figure 5-24: Expected and observed residual stress relaxation 
 

Ignoring the crystal plasticity effects, Equation 5-4 provides values of expected relaxation in 

residual stresses. Corresponding to IR (initial relaxation) domain P (in Figure 5-23), the 

expected relaxations predicted from Equation 5-4 lead to expected initial gross relaxation 

domain P’, shown in Figure 5-24. Similarly, in the post intercept f, regions Q’ and Q are the 

expected and observed relaxation (RLX) domain. 

 

Discrepancy between the expected and observed relaxation is now provided. Location A has 

a post-LSP yield strength of 385 MPa. At an applied stress of -328 MPa (which corresponds 

to RSR = 1.32), the observed relaxation is 29.1 ± 12 MPa. However, the expected relaxation 

at this RSR is 125 MPa. Therefore, even when the LSP induced hardening is considered in 

the calculation of expected relaxation, the observed value of relaxation is lesser. Therefore, 

Equation 5-4 overestimates the residual stress relaxation even after considering LSP induced 

hardening. This is now explained.  

 

Due to the effect of crystallographic texture, not all grains undergo plasticity to the same extent. 

This is because, grains with different crystallographic orientations have different critical 

resolved shear stress and different active slip systems, under a given applied load. Hardening 

of individual grains will also differ in rates due to active slip systems and presence of 
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neighbouring grains with large grain boundary misorientation. Further, compressive residual 

stresses in material layers below the plasticised layers would not change much because of the 

linearly decreasing applied bending stress profile of 𝜎𝑛
𝑎(𝑧). Any relaxation will therefore be 

lesser than that seen at the layers closer to the peened surface. This shows that under 

bending, for the local texture, grain structure and LSP induced hardening, at and below location 

A, LSP induced compressive residual stress depth profile, is more stable than predicted by the 

simple superposition principle of continuum mechanics applied to bodies with homogenized 

material properties. Further, from mechanics, it is quite obvious to note that the depth wise 

residual stress stability would monotonously increase for residual stress profiles of the type in 

Figure 2-3(a) and would show a non-monotonous increase for residual stress of type in Figure 

2-3(b), until the compressive to tensile transition depth. The actual results are presented below 

for location A. 

 

Table 5-6: Relaxation history for residual stress at location A. Note: For simplicity, decimal 
places have been rounded. Subscript denotes the number of repeat measurements and the 
value in <..> denotes the average of all repeat measurements 

Surface residual 
stress 𝜎𝑥𝑥

𝑟 , MPa 
RSR 𝜎𝑎, 

MPa 
N n Loading 

type 
RLX Δ𝜎𝑎, 

MPa 
Cum. 
RLX, 
MPa 

< −211 ± 20 >4 1.14 -230.5 9000 0 Static  0 0.4 

< −210 ± 19 >4 1.21 -253.8 10000 1000 Cyclic  23.3 1.2 

< −198 ± 15 >4 1.29 -286.3 10000 0 Static YES 55.8 13.5 

< −196 ± 14 >7 1.26 -286.3 11000 1000 Cyclic  55.8 15.0 

< −191 ± 14 >4 1.28 -296.8 11000 0 Static YES 66.3 20.2 

< −186 ± 13 >4 1.26 -296.8 12000 1000 Cyclic YES 66.3 24.6 

< −189 ± 15 >8 1.29 -311.9 17000 0 Static  81.4 22.3 

< −185 ± 13 >4 1.37 -328.2 22000 0 Static YES 97.7 26.0 

< −180 ± 12 >5 1.33 -328.2 27000 5000 Cyclic YES 97.7 30.8 

< −182 ± 12 >5 1.32 -328.2 32000 5000 Cyclic  97.7 29.1 

 

The actual values of relaxation of residual stress 𝜎𝑥𝑥
𝑟  are shown in the above Table 5-6. 

Residual stress within <.> in column 1, indicates the average value, where the subscript 

corresponds to the total number of repeat XRD measurements carried out to calculate the 

average. The 2nd column shows the value of RSR, where the subscript and superscript 

correspond to lower and upper bound respectively. The 3rd column gives the values of applied 

bending stress at the peened surface. N in 4th column gives the cumulative number of cycles 

from the beginning of the experiment to the appropriate step of stress measurement; and n in 

5th column is the number of cycles in the current loading step. 6th column identifies whether the 

loading was static or cyclic. In this work, a ramp static load profile was applied. 7th column 

identifies the occurrence of a relaxation event. 8th column gives the increment in the applied 

bending stress at the peened surface with respect to the first loading point. Finally, the last 
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column gives the total relaxation observed in surface compressive residual stresses at location 

A. As seen, the table provides a series of events before and at relaxation. 

 

Firstly, it is recognized that increase in static applied stress does not lead to a corresponding 

decrease in residual stresses. Secondly, at a constant applied stress, residual stresses relax 

at a non-zero number of cycles, which is mainly due to cyclic loading. An example for the latter 

is as seen for N between 17000 and 32000. 

 

It has already been shown that even after considering LSP induced hardness, the relaxation 

prediction was overestimated in Equation 5-4. As the material did not exhibit any gross 

plasticity (section 5.9.3) during the entire experiment, the role of material hardening exponent 

is negligible. Hence, there must be other parameters at play. These are brought out by 

comparing the above discussed residual stress behaviour at location A against that for other 

locations. Now, the results are comparatively presented below for all locations of interest B1, 

B2, A, C1 and C2 in sample-2. 

 

 
Figure 5-25: Changes in residual stress 𝜎𝑥𝑥

𝑟  for locations (a) A, (b) B1 and B2 (c) C1 and C2 
as a function of RSR 
 

Figure 5-25(a) shows the residual stress history with different values of RSR for location A,  

Figure 5-25(b) for locations B1 and B2 and Figure 5-25(c) for locations C1 and C2. A simple 

linear fit is made for each variation, which are explained later. Details of results in Figure 

5-25(a) are in discussions on Figure 5-23 and Figure 5-24. In the interest of time, intermittent 

residual stress measurements on locations B1, B2, C1 and C2 were only made once relaxation 

was confirmed at location A. From the data presented in Figure 5-25(b), the residual stress 

reduced mostly uniformly at location B1 and B2 at mean RSR of 1.11 and 1.12 respectively, 

under static applied stress of -328.3 MPa. Mean initial residual stress magnitudes were -189.7 

MPa and -198.4 MPa respectively and both had a 0 mm to 0.5 mm depth averaged LSP 

induced mean yield strength of 427 MPa and 437 MPa just under the peened surface. Residual 

stresses relaxed by 21.4 MPa and 23.4 MPa respectively. From the point of view of 
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experimental errors and variations during peening and measurement, the difference in the 

residual stresses at B1 and B2 is not great and the difference between their relaxation 

magnitudes is also not significant. The measurement errors have been well quantified 

previously noted. It is however, uncertain as to what the peening process uncertainties and 

deviations were, and is outside of the scope of the work. Keeping in mind that these two regions 

have the same texture and grain structure, the nearly equal magnitudes of residual stress and 

relaxation, the fluctuations during LSP should have been very similar for B1 and B2. 

Nevertheless, this result brings out the fact that locations having similar texture and grain 

structure can receive very similar magnitudes of residual stresses upon uniform LSP 

processing, and also that under same applied stress history, the residual stresses change by 

nearly proportionate amounts.  

 

Thus, location B1 and B2 at RSR of 1.11 and 1.12, applied stress of -286MPa, had an expected 

relaxation magnitude of 44MPa and 50MPa respectively. On the contrary, location A with much 

different texture and grain structure, at a comparable SRS of 1.10, applied stress of -209.5 

MPa, had a high expected relaxation of 89 MPa. However, B1, B2 and A relaxed by an average 

value of 21, 23 MPa and 0 MPa. The differences between these results clearly highlight that 

different locations (B1, B2) vs (A) exhibited different relaxation under the similar conditions. 

 

Sample was fatigue loaded at an applied maximum stress of -328.2 MPa for 5000 sinusoidal 

cycles after the sample had been through 27000 cumulative load cycles in the load spectrum. 

RSR for B1, B2 and A were 1.21, 1.25 and 1.33 respectively and the expected relaxations 

were 85 MPa, 103 MPa, and 99 MPa respectively. The residual stress magnitudes at B1 

showed no change while that at B2 showed an increase in residual stress magnitude which is 

attributed to measurement errors and ignored as it is mechanistically not possible under the 

given loading. Additionally, location A showed a 5 MPa mean relaxation (calculated from 5 

repeat measurements) in residual stress against previous relaxation. Additional confidence in 

this small relaxation magnitude is due also that the residual stress at this location for the next 

RSR was found to comparable after 5 repeat measurements. Thus, from these results and 

from columns RLX and Cum. RLX in Table 5-6, it is possible from data in B1, that the residual 

stresses had not relaxed at this fatigue loading cycles, while A had a definitive relaxation from 

<-185±13>5 MPa to <-180±12>5 MPa from RSR of 1.34 to 1.33. This difference does indicate 

to be a texture and grain structure effect under fatigue.  

 

Figure 5-25(c) shows that initial residual stresses induced by the LSP process were very 

different between C1 and C2, which may be a consequence of LSP process parameter 

fluctuations. Hence, the assumption of similar LSP induced yield strength may not hold 
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appropriate and results of C1 are ignored as it had much lower initial residual stress to begin 

with. Slope of fit line in Figure 5-25(c) indicates very low change in residual stress magnitude. 

Pre-load mean residual stress was -206MPa, which at the end of the experiment was -204MPa, 

indicating no change in residual stresses at C1 after many static and fatigue loading cycles.  

 

It is recognized from results in Figure 5-25, that the amount of residual stress relaxation is not 

similar even when the applied stresses induced similar residual stress ratios. It is thus clear 

that, for the sample under study, residual stress stability is location dependent. As the applied 

stress at the three representative locations on the sample ((B1, B2), A and (C1, C2)) was same 

and the relaxations were not produced in the same proportions as the induced stress changed. 

The reason for this difference is attributed to material factors. The main characteristic 

difference resonating with the relaxation magnitudes between the locations of interest was 

texture and grain structure changes, which was presented in detail in ). As texture and grain 

structure significantly influence the mechanical behaviour, the observed differences in the 

relaxed residual stresses is attributed to texture and grain structure at these locations. 

 

Firstly, as the RSR increases, it is seen from the FWHM values in Figure 5-21, that none of 

the locations have been induced with gross material plasticity at the surface. This is further 

supported by no change in sample bulge in Figure 5-21. C2 has not shown any relaxation. It 

is thus concluded that the relaxation at location C is small and has very stable residual 

stresses. Location Locations B1 and B2 show similar relaxation levels to C. It is thus concluded 

that the relaxation at location B is small and has very stable residual stresses. The experiment 

was ended at a 𝑅𝑆𝑅 = 1.32 for location A because plasticity could be introduced due to loading 

and the previous assumption of post-LSP yield strength depth profile to remain constant below 

a given location on the peened surface, would be violated and the consequently, the yield 

strength measurements would not represent the true values. 

 

 

Figure 5-26: Changes in residual shear stress with RSR 
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Figure 5-26 shows that, even shear stresses, 𝜏𝑥𝑦 exhibit relaxation by small amounts post unit 

RSR. This indicates slip activity in the {311} system of crystallographic planes parallel to ED-

ND plane. This is because the {311} reflection plane was used in all XRD measurements to 

calculate the residual stresses. Therefore, for the applied bending stress along ED(x), residual 

stress relaxation happens to the normal residual stress along ED(x) and shear residual stress 

in ED-ND plane. 

 

 

Figure 5-27: Changes in residual stress 𝜎𝑦𝑦
𝑟  for locations B1, B2, A, C1 and C2 as a function 

of RSR 
 

Figure 5-27 shows the temporal profiles of transverse residual stress 𝜎𝑦𝑦
𝑟 , for locations B1, B2, 

A, C1 and C2 respectively. From the linear equations, we see that the slope is very small 

indicating no change in 𝜎𝑦𝑦
𝑟 . The higher negative slope for location B1 is attributed to from 

experimental errors, as mechanics restricts it. Thus, it is conclude that no relaxation is seen in 

normal residual stress along ND(y). 

 

Relaxation results of the experiment on sample-3 are now provided. Details of the fatigue 

experiment on laser shock peened AA2099 sample-3, conducted to investigate the 

phenomenon of residual stress relaxation was provided in section 5.6, Figure 5-3 and Figure 

5-4. The relaxation observed is provided below in relation to applied stress, number of fatigue 

loading cycles, initial residual stress, post-LSP yield strength and finally, texture and grain 

structure parameters and properties. 

 

5.10.2. Relaxation of surface residual stresses: sample-3 
 

This section presents changes in residual stress as a function of residual stress ratio defined 

in Equation 5-3 for sample – 3. Loading configuration of sample-3 was provided in Figure 

5-3(c). 15 locations of interest were identified on the peened surface of this sample and were 

illustrated in Figure 5-4(c). LSP induced surface residual stresses at these locations are 
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provided in Table 5-4. The fatigue testing involved intermittent static and fatigue loading blocks 

and residual stress measurement. Each intermittent loading is given an ID ranging from L1 to 

L18 and the log10(N) of each cyclic loading block was illustrated in Figure 5-16. In order to 

reduce the scatter due to experimental errors, number of residual stress measurements were 

carried out at each of the 15 locations of interest, for each of the intermittent residual stress 

measurement represented as M1 to M19. The average of these measurements is then 

calculated to represent the value of residual stress at each location. The number of such repeat 

measurements during each intermittent measurement was provided in Figure 5-20. The 

FWHM of the x-ray intensity peak profile is also tracked over intermittent loading. These results 

are presented in Figure 5-22. The randomness in the distribution, shows that no macro-scale 

plasticity was introduced in the material. 

 

Table 5-7: Surface residual stress evolution for sample-3 at locations 1 to 15. NOTE: 1st three 
columns give the measurement ID (M1 to M19), number of repeat measurements of residual 
stresses and loading ID (M1 to M18). Columns N and Nc give the actual and cumulative 
number of cyclic loading in each fatigue loading block. Columns numbered 1 to 15 give the 
surface residual stress 𝜎𝑥𝑥

𝑟 (MPa) at locations of interest 1 to 15 respectively. S_max, S_m, 
S_a and S_min correspond to stress corresponding to load applied to hold sample in place 
(MPa), applied mean stress (MPa), applied stress amplitude (MPa) and arithmetic sum of 
S_max, S_m and S_a respectively. Values are rounded to nearest integer. 

 
 
Table 5-7 shows the temporal evolution of residual stresses as a function of applied mean 

stress, applied stress amplitude, number of cycles in each cyclic loading block and the location 

in the sample. Before the beginning of the experiment, LSP induced residual stresses are 

measured and the values are provided along row M1 under locations of interest. Relaxation at 

low statically applied stresses is improbable and hence cyclic loading upto 1000 cycles were 

conducted at these stress levels. When loading block L1 ended, residual stress measurement 

M2 was made and so on. These 1000 cycle fatigue loading blocks range from L1 to L8. At the 

beginning of the next fatigue block, a static loading L9 is made and the measurements M10 

#M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

M1 6 S_min S_max S_m S_a N Nc -181 -185 -184 -199 -184 -198 -199 -194 -217 -200 -193 -195 -175 -166 -72

M2 3 L1 -143 -2 -73 -71 1000 1000 -186 -179 -188 -206 -184 -214 -192 -196 -223 -188 -191 -200 -170 -142 -51

M2 3 L2 -186 -2 -94 -92 1000 1000 -183 -187 -182 -197 -183 -197 -198 -191 -211 -204 -193 -194 -172 -170 -67

M4 3 L3 -215 -2 -108 -106 1000 1000 -181 -178 -183 -196 -180 -199 -190 -194 -210 -189 -189 -195 -168 -148 -53

M5 3 L4 -224 -2 -113 -111 1000 1000 -180 -177 -186 -194 -180 -204 -188 -192 -213 -189 -185 -195 -167 -146 -57

M6 3 L5 -234 -2 -118 -116 1000 1000 -178 -177 -186 -198 -185 -206 -188 -191 -218 -196 -186 -192 -167 -160 -48

M7 3 L6 -248 -2 -125 -123 1000 1000 -178 -176 -182 -199 -183 -202 -184 -190 -213 -196 -186 -192 -164 -154 -43

M8 3 L7 -258 -2 -130 -128 1000 1000 -179 -176 -182 -193 -179 -197 -184 -188 -203 -189 -184 -191 -167 -149

M9 3 L8 -267 -2 -135 -133 1000 1000 -177 -180 -181 -191 -181 -196 -186 -187 -204 -193 -182 -189 -166 -163 -56

M10 5 L9 -277 -2 0 0 -176 -174 -180 -191 -175 -197 -178 -183 -204 -185 -180 -186 -160 -147 -53

M11 3 L10 -277 -2 -139 -137 10 10 -177 -171 -180 -189 -176 -193 -178 -184 -206 -184 -178 -188 -161 -144

M12 4 L11 -277 -2 -139 -137 100 110 -181 -176 -178 -194 -183 -202 -182 -187 -208 -188 -186 -191 -164 -153 -57

M13 8 L12 -277 -2 -139 -137 10000 10110 -177 -172 -180 -193 -174 -202 -178 -185 -206 -183 -183 -190 -162 -137 -50

M14 3 L13 -277 -2 -139 -137 100000 110110 -180 -179 -183 -188 -182 -195 -184 -183 -200 -192 -180 -188 -163 -165 -54

M15 3 L14 -291 -2 0 0 -179 -174 -180 -192 -180 -196 -176 -184 -202 -182 -181 -185 -163 -143 -56

M16 3 L15 -310 -2 0 0 -175 -173 -178 -183 -178 -181 -181 -177 -194 -190 -174 -178 -162 -161 -64

M17 3 L16 -310 -2 -156 -154 10 10 -177 -174 -172 -183 -173 -187 -178 -177 -195 -183 -177 -180 -164 -154 -69

M18 3 L17 -310 -2 -156 -154 1000 1010 -175 -164 -169 -188 -166 -187 -169 -176 -197 -174 -174 -178 -157 -124 -56

M19 3 L18 -310 -2 -156 -154 100000 101010 -172 -171 -172 -178 -168 -183 -174 -175 -186 -180 -170 -178 -158 -150 -61
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are made. The sample was further fatigued at the same stress levels for 4 cyclic loading blocks 

L10 to L13. The corresponding residual stress measurements M11 to M14 were made 

intermittently. After M14, a static loading L14 was conducted, followed by measurement M15. 

The next fatigue block was L15 to L18 with L15 being static loading and L16, L17 and L18 

being cyclic loading blocks. M16 to M19 were the corresponding measurement blocks. This 

table provides the temporal evolution of the average values of 𝜎𝑥𝑥
𝑟  (MPa) at each locations of 

interest. Locations 14 and 15 are not considered for analysis, as they exhibit significant scatter. 

Locations in the sets (1,2,3), (4,5,6), (7,8,9), (10,11,12) and (13,14,15) have similar texture 

and grain structure. The corresponding average values of uncertainties in residual stress 

measurement are provided below. 

 

Table 5-8: Average uncertainty in measured surface residual stresses for sample-3 at 
locations 1 to 15. NOTE: 1st columns gives the measurement ID (M1 to M19) and other 

columns provide the average values of the uncertainties in residual stress 𝜎𝑥𝑥
𝑟.𝑈 (MPa), at each 

location of interest 1 to 15. 

 

 

Residual stress measurement involves uncertainties and the average values of these 

uncertainties for each measurement at every location of interest, for measurements M1 to M19 

is provided in the above Table 5-8. Locations 1,2,3,4,8,14 have the highest uncertainties 

compared to other regions while locations 7,8,10,11,12,13 have the lowest uncertainties. 

These differences are not explored further. Residual stresses in Table 5-7 are coloured 

according to their relative magnitudes, where blue and red denotes high and low compressive 

residual stress magnitude respectively. Below each location of interest in Table 5-7, residual 

stress magnitude decreases in magnitude indicating relaxation. These results are analysed 

from the perspective of texture and grain structure in Chapter 8. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

M1 23 22 27 22 18 17 14 22 11 11 12 20 14 17 15

M2 23 23 24 19 17 14 13 19 9 14 14 15 15 20 17

M2 24 22 26 23 18 17 15 24 11 12 11 19 15 16 15

M4 25 23 24 21 17 17 13 19 10 12 13 16 13 19 16

M5 24 22 25 21 17 16 14 20 11 13 13 16 15 19 18

M6 23 23 24 19 17 14 14 20 9 14 13 13 15 19 17

M7 23 24 25 16 18 14 14 20 13 15 14 12 16 20 17

M8 23 22 25 21 17 17 13 21 11 13 12 17 14 19

M9 23 23 25 18 17 16 14 22 9 14 13 14 15 18 16

M10 24 23 24 19 16 14 13 19 11 15 12 13 14 19 17

M11 24 22 24 18 17 16 13 20 12 14 13 14 15 19

M12 25 24 24 19 17 15 12 20 11 16 13 12 16 19 17

M13 24 23 25 20 16 14 13 19 11 15 14 13 16 19 17

M14 23 24 25 22 17 16 15 22 9 16 12 13 16 18 16

M15 24 23 26 21 17 16 12 20 11 15 12 14 16 19 17

M16 24 22 26 22 19 18 15 25 10 13 11 15 16 17 16

M17 24 24 27 22 18 17 13 21 11 14 12 16 15 18 15

M18 25 24 25 18 17 16 13 20 14 15 14 13 18 19 17

M19 24 24 25 20 17 16 13 22 10 15 12 14 16 19 16
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5.11. Conclusions 
Conclusions are drawn after analysing stability characteristics in Chapter 8 and are presented 

in Chapter 8. 
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6. Crystal plasticity and numerical 
methodology  

 

6.1. Background 
 

To study the effects of texture and grain structure parameters on residual stress relaxation, a 

crystal plasticity based finite element (CPFE) model is necessary because. A texture model 

with calibrated parameters modelled on experimentally observed texture is necessary. 

Parameter based texture data must be mapped to the CPFE model. CPFE material model 

parameters, calibrated against reference material behaviours should be used to study residual 

stress accumulation, relaxation, re-distribution and stability. This chapter provides details of 

the texture model construction, CPFE material model reference data construction and the 

CPFE model itself. 

 

6.2. Crystal Plasticity based Finite Element Method 
(CPFEM) 

 

6.2.1. Introduction to CPFEM 
 

Crystal Plasticity Based Finite Element Method, generally abbreviated as, CPFEM is a 

continuum mechanics based finite element method, used to solve slip deformation mechanics 

in crystalline material. The functionality of a CPFE model relies on the material models. These 

models govern the deformation and stress response of crystals and form one of the core 

aspects of CPFEM. The theoretical framework defining the material model is often empirical 

by nature, parameters of which may be derived from non-continuum approaches or 

experimental testing. However, the kernel of these frameworks is the fundamental definitions 

of slip deformations and its coupled evolution with slip system hardening. 

 

Non-continuum approaches such as molecular dynamics simulations [223,279,280] are 

performed to understand atomistic deformation processes at an atomic scale. Due to 

computational cost, these approaches are not very suited for systems having a large collection 

of atoms. Dislocation dynamics [281] is often employed to understand the dynamics of 

dislocations and their interactions with themselves, matrix and other secondary phases on 

scales usually larger that atomic scale [282,283] and helps transition from atomic to higher 

length scale. They offer unique advantages over molecular dynamics techniques. These are 

mainly related to simulation domain and computational cost in terms of time and resources. 
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For example, a dislocation dynamics code is generally able to capture complex long-range 

dislocation activity such as dislocation-interface interaction [284–286] and dislocation-

dislocation interactions [287] over larger length-scales and time-scales in comparison to what 

are possible using molecular dynamics [288,289]. The fundamental understanding of material 

behaviour, gained from such techniques, on aspects such as slip system hardening dynamics 

are formulated empirically. Such empirical formulations may be used as inputs describing the 

material models used in crystal plasticity based numerical techniques describing crystal 

plasticity [288,290]. Crystal plasticity based finite element simulation technique [291] is one 

such very prominent numerical technique which can be used to model the mechanics of crystal 

deformation at length scales usually much larger than that possible by either techniques such 

as molecular dynamics or dislocation dynamics. 

 

CPFEM was introduced by Peirce et al. [292] and since then, been implemented to study a 

variety of crystal deformation processes for purposes of understanding phenomenon such as 

texture evolution [136,293,294], grain boundary strain localization, processes such as rolling 

[295], material failure [296–298], to name a few. Over the recent years, powered by the sharp 

increase in computational power, it has been included in the arsenal of computational tools 

(grouped under the terminology ICME, which stands for Integrated Computational Materials 

Engineering) studying the structure-property relationships relying a hierarchical multi-scale 

mechanical behaviour, with the aim of better design of engineering structures [299]. It can 

function as a bottom-up approach, where using the properties of constituent grains, the 

properties of the structure can be predicted [291]. A few specific examples highlighting the 

specific advantages of CPFEM are given. Delannay et al. [294] tracked the Taylor factor inside 

each grain to understand the effect of grain shape on hardening behaviour of the grain. They 

also tracked the orientation changes of each grain under a virtual tensile test and related them 

to the average increase of volume averaged stress tensor for each grains. Zhang et al. [297] 

showed that CPFEM model using accumulated shear strain as the criteria can predict the onset 

of crack on slip planes with maximum accumulated shear strain. 

 

Thus, using CPFEM, mechanical response of each crystal can be tracked in great detail. Grain 

re-orientations under plastic deformation can be studied. As can also function as a bottom-up 

approach it is useful in understanding structure-property relationships. Also, CPFEM can be 

used to understand how crystalline orientations effect structural damage and also allows 

temporal and spatial tracking of damage and its associated parameters. These unique 

advantages of CPFEM in being able to predict inter- and intra- grain mechanical behaviour has 

made it a very important tool to study crystal mechanics. 
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6.2.2. Basics of atomic slip in FCC slip system 
 

The action of a force on a metallic crystal can displace its atoms overcoming the atomic binding 

potential. The shear stress needed to overcome is the Peierls stress [300] often called the 

Peierls barrier [301]. When an atomic entire plane moves by overcoming the corresponding 

the Peierls stress, atomic slip manifests and the plane at which this process occurs is called a 

slip plane. The direction of the movement of atoms in the slip plane is the slip direction. 

 

 
Figure 6-1: Schematic illustrating slip systems in FCC (a) a single unit cell showing lattice 
parameter a, close packed plane (111) shaded in light transparent blue and a closed pack 

direction represented by the vector 
𝒂

2
[101̅] (Ref: [50]) (b) 8 unit FCC unit cells form the 

octahedron represented in dashed red lines 
 

Slip occurs on closed packed planes in the lattice and Figure 6-1(a) shows such a plane in 

FCC lattice unit cell with the lattice constant, 𝑎 = 0.4046 𝑛𝑚. Vector (111) represents the 

normal to this plane and the vector 
𝑎

2
[101̅] a direction in (111). This (111) is the slip plane and 

𝑎

2
[101̅] is the slip direction. Together, they constitute the slip system. They are unit-normalized 

to represent (111) and [101̅] respectively. The “slip system family” is commonly represented 

in Miller indices notation {m1 m2 m3} <s1 s2 s3>. Here, {m1 m2 m3} denotes all possible slip 

planes (denoted by unit normalized slip plane normal vector, �̂�) and < s1 s2 s3> denotes all 

possible slip directions (denoted by unit normalized slip vector, �̂�). (111)[101̅] is an individual 

slip system of the family of slip systems. Bishop and Hill notation [302] considers the directions 

indicated to be positive. Eight such unit cells are shown in Figure 6-1(b), each containing such 

a slip plane. Four are unique and each has 3 directions, hence the 12 slip systems in FCC 

lattice. 

 

Table 6-1: Twelve slip systems in aluminium [303]  
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𝜶 �̂� �̂� Notation 𝜶 �̂� �̂� Notation 

1 

(111) 

[011̅] (𝑎1) 7 

(1̅11) 

[011̅] (𝑐1) 

2 [101̅] (𝑎2) 8 [101] (𝑐2) 

3 [11̅0] (𝑎3) 9 [1̅1̅0] (𝑐3) 

4 

(1̅1̅1) 

[01̅1̅] (𝑏1) 10 

(11̅1) 

[01̅1̅] (𝑑1) 

5 [101] (𝑏2) 11 [1̅01] (𝑑2) 

6 [1̅10] (𝑏3) 12 [110] (𝑑3) 

 

The 12 slip systems are provided in the above table.  

 

 
Figure 6-2: Schematic illustrating slip systems in FCC (a) 4 octahedral slip planes oriented 

along {111}, (b) 8 positive slip directions and 8 negative slip directions on the 4 slip planes 
shown in highlighted and non-highlighted text respectively 
 

The slip planes and directions presented in Table 6-1 are illustrated in Figure 6-2(a) and 

Figure 6-2(b). The indicated 4 octahedral slip planes having 3 slip directions each, together 

make up the 12 slip systems. These slip systems are obtained by the combination of slip planes 

and directions highlighted in Figure 6-2(a) and Figure 6-2(b). 

 

6.2.3. Resolved shear stress in a crystal 
 

In this section, the development of a resolved shear stress in a crystal contained within a poly-

crystal is illustrated and explained. 
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Figure 6-3: Schematic illustration of (a) mechanically loaded poly-crystal (b) load vectors in 
regions inside grains (c) relative orientation between a slip system in the grain and local load 
vector 
 

Figure 6-3(a) shows a polycrystal model and each colour represents a crystallographic 

orientation. A small region in Figure 6-3(a) highlighted in Figure 6-3(a), is enlarged in Figure 

6-3(b). Here, a cylindrical volume shown in a grain and highlighted in Figure 6-3(c). The 

individual slip system of each cylindrical volume is schematically represented in Figure 6-3(c). 

If |�⃗� | be magnitude of vector �⃗�  and �̂� be the unit vector of �⃗�  on the cross sectional area A, then 

its component along slip direction, �̂�, is 

 

 |�⃗� |(�̂� ⋅ �̂�) = |�⃗� | cos 𝛾 Equation 6-1 

 

Here, P is the magnitude of force. The projection of A normal to 𝑛 is: 
 

 𝐴′ =
𝐴

�̂� ⋅ �̂�
=

𝐴

cos 𝜙
 Equation 6-2 

 

Therefore, the shear stress along �̂� along due to �⃗� , is the resolved shear stress and it can be 

written as: 

 𝜏�̂��̂�
𝑟 = |�⃗� |(�̂� ⋅ �̂�)(�̂� ⋅ �̂�) =

|�⃗� |

𝐴
cos 𝛾 cos𝜙 = 𝜎.𝑀 Equation 6-3 

 

Here‘𝑀’ is the Schmidt factor transforming normal stress to resolved shear stress. When the 

resolved shear stress reaches a critical value, the system slips and deforms plastically [49] on 

the slip plane and in the slip direction. A grain with an orientation will have different values of 

𝑀 and the slip system with the largest 𝑀 will be the primary slip system and hence will be 

active [49,304]. Shear stress on this slip system in this grain is the yield strength of this grain. 

 

6.2.4. Shear stress – shear strain behaviour of a single crystal 
 

The stress-strain deformation of a single crystal is presented in terms of shear stress and shear 

strain [305] and is explained in this section.  
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Figure 6-4: General stress-strain response typical of a FCC single crystal under uniaxial 
tension or uniaxial compression [305] 
 

Figure 6-4 shows the shear stress – shear strain response of a single FCC crystal. It is 

characterized by three hardening stages, Stage-I, Stage-II and Stage-III. Points, A, B and C 

mark their onsets respectively. Stage-I hardening is mostly by self-hardening on the primary 

slip system and is initiated when the resolved shear stress crosses the critical resolved shear 

stress, 𝜏0 and reaches 𝜏𝐼. However, many works approximate stage – I to begin at 𝜏0 [304] and 

the present work considers 𝜏𝐼 = 𝜏0. This region is characterized by a near constant value of 

rate of hardening. Stage-II hardening begins at point B in the above curve. Hardening is rapid 

in this stage due to secondary slip activation and subsequent contribution to hardening by 

latent hardening. This stage is characterized by an increasing hardening rate until reaching an 

inflection at point C. Stage-III hardening begins at C and is parabolic [304]. It is characterized 

by the formation of slip bands due to cross slips and represents a region of continuously 

decreasing rate of hardening. 

 

 
Figure 6-5: Shear stress – shear strain curves of differently oriented copper single crystals 
[304] 
 

Figure 6-5 shows the variation of resolved shear stress with shear strain. It is observed [304], 

that as the loading axis is close to the [100] - [111] line, the Stage-I easy glide region is more 
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and more suppressed. At lesser symmetry tensile axis orientations, however, it is more difficult 

to initiate secondary slip and hence latent hardening. Consequently, the only hardening is self-

hardening and the hardening rate is very low causing the delayed onset of Stage-II. This is 

evident as loading axis in the unit triangle gets closer to less-symmetric [110] orientation on 

the [110] – [100] line. 

 

6.2.5. Modelling the elastic material behaviour in a crystal plasticity framework 
 

Every infinitesimal solid volume of the body resists deformation and consequently, internal 

resistance forces manifest, the intensity of which is stress, which could be either of normal or 

shear type. Strain and stress are 2nd order tensors linked through a 4th order material property 

tensor. Symmetric Cauchy’s stress tensor is written as 

 

 𝝈 = 𝜎𝑖𝑗(𝑒�̂� ⊗ 𝑒�̂�) ∀ (𝑖, 𝑗) ∈ [𝑥, 𝑦, 𝑧] Equation 6-4 

 

Where, 𝑒�̂� ⊗ 𝑒�̂� is the tensor product, 𝑒�̂� and 𝑒�̂� are the unit fundamental vectors along 

fundamental coordinates, 𝑥, 𝑦, 𝑧, 𝝈 is a 2nd order tensor with 𝜎𝑖𝑗 as its elements (𝜎𝑖𝑗 = 𝜎𝑗𝑖). 

Strain is a 2nd order tensor written as 

 

 𝝐 = 𝜖𝑘𝑙(𝑒�̂� ⊗ 𝑒�̂�) ∀𝑘, 𝑙 ∈ [𝑥, 𝑦, 𝑧] Equation 6-5 

 

Generalized Hooke’s law is: 

 

 𝝈 = 𝑪: 𝝐     i.e.      𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜖𝑘𝑙 Equation 6-6 

 

Where, 𝑪 is the 4th order symmetric material property (stiffness) tensor possessing. For a 

material like Aluminium with cubic crystal symmetry 𝑪 has 3 independent elements and is 

written as, 

 

 [𝐶] =

[
 
 
 
 
 
𝐶11 𝐶12 𝐶12

𝐶12 𝐶11 𝐶12

𝐶12 𝐶12 𝐶11

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

𝐶44 0 0
0 𝐶44 0
0 0 𝐶44]

 
 
 
 
 

 Equation 6-7 

 

Vallin et al. [306] calculated the elastic constants for pure aluminium using a density of 2702 

kg/m3, at 300K as C11 = 107.3 GPa, C12 = 60.8 GPa and C44 = 28.3 GPa. As the observed 
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Young’s modulus for the material is higher, the above values were changed during calibration. 

In order to ensure that the set of elasticity constants used are a valid combination, they are 

checked against the Born elastic stability criteria written as [𝐶11 − 𝐶12] > 0,     𝐶11 + 2𝐶12 > 0,     

𝐶44 > 0. The Zener ratio (𝑍) of elastic modulus [307], defined as the ratio of two shear 

coefficients of elastic modulus matrix (𝑍 =
𝐶44

(𝐶11−𝐶12)/2
). A unit Zener ratio indicates elastic 

isotropy [308] and for the set of values above, 𝑍 = 3.2, indicating elastic anisotropy of the alloy. 

 

6.2.6. Nature of hardening and their consideration in material models in crystal 
plasticity framework 

 

When slip occurs in a perfect crystal lattice, there is an opportunity to increase the disorder in 

atomic arrangement and causes dislocations. With atomic slip, dislocations become mobile. 

An increasing number of such dislocations make it harder for further slip by increasing the 

shear stress needed. As a consequence, the crystalline unit of metal under consideration 

hardens. It should be noted that while shear stress in one slip plane causes atoms in this plane 

to slip along a unique slip direction, it is also possible for this shear stress to induce slip on a 

totally different slip direction along a direction unique to the new slip plane. As a consequence, 

two types of slip induced hardening can result. The hardening of slip system due to shear on 

it is the self-hardening [292] while the possible hardening of the other slip systems is a 

secondary effect and is termed latent-hardening [292,304,309]. Consequently, for every 

particular deforming slip system, the responsiveness of other slip systems to harden is unique 

and this is quantified in terms of a latent-hardening matrix [292,310]. 

 

Many material models have been used in the literature, to describe the temporal evolution of 

strain rate in a crystal by describing the nature of hardening of slip systems in a crystal [50,68]. 

Either phenomenological constitutive models or physically based models can be used model 

plastic behaviour [299]. Both, consider slip and slip rates on different slip planes with 

interactions between different slip systems. Slip system deformation is modelled by defining 

the hardening of the crystals through self and latent hardening effects. These hardening rules 

are mathematical descriptions of the slip system characteristics. In the phenomenological 

constitutive models, accumulated slip on the slip systems are used to define the hardening 

and critical resolved shear stress evolution [50,68,304,310]. However, in physically based 

models, an internal state parameter such as dislocation density is used to define the temporal 

evolution of material behaviour [290,291,311,312]. 

 

6.2.7. Kinematics of crystal deformation and its relation to mechanics of slip 
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A force acting on a solid, deforms it and creates a strain field, which then links the initial and 

final shape of the solid. This spatiotemporal evolution of deformation geometry is addressed 

through kinematics. Here, the evolution of reference configuration into current/final 

configuration is tracked by deformation gradient. 

 

 
Figure 6-6: Decomposition of deformation gradient [291,313,314] 

 

The deformation gradient helps separates rigid body motion and deformations and is 

decomposed into elastic and plastic parts. The plastic part allows the consideration of slip. As 

slip depends on material hardening parameters, such a formulation permits a natural inclusion 

of slip mechanics. Slip mechanics and slip kinematics are inter-dependent by nature. 

Mechanics of slip is dependent on the time rate of shear strain on slip systems. In computation 

however, spatiotemporal interdependency of slip mechanics and slip kinematics are decoupled 

by time step increment. Hence the numerical evolution of slip kinetics and mechanics is 

temporally discretized, in order to allow performing the back calculation of slip strains using 

integration. That is, once the current slip system mechanics state are known, the current slip 

system kinetics state can be calculated, using which the state of slip system mechanics for the 

next time step can be calculated. These are explained below. 

 

The development of kinematics is illustrated in Figure 6-6. In the kinematic description of finite 

deformations in a crystal, shape, lattice and laboratory coordinate systems are used to 

describe the various configurations. The 1st is a general curvilinear coordinate system used to 

define geometric configuration of the solid and could be rectangular, (𝑥, 𝑦, 𝑧) coordinate 
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system. Lattice coordinate system is kept parallel to the crystallographic orientation in the 

body. For cubic crystals, it is formed by the rectangular system of [100], [010] and [001] crystal 

axes and is also called crystal coordinate system. Laboratory coordinate system is kept fixed 

against which all other references are made. In addition, slip system coordinates are also 

defined in crystal coordinates. 

 

Kinematics of finite deformations is addressed using total deformation gradient 𝑭 [68,291]. 𝑭, 

is essentially a linear transformation from undeformed or reference (𝑿) configuration to the 

deformed configuration (𝒙). It is expressed as: 

 

 𝑑�⃗⃗� = 𝑭 ⋅ 𝑑�⃗⃗�  Equation 6-8 

 

With, 𝑑�⃗⃗�  (spatial configuration) and 𝑑�⃗⃗�  (material configuration) denoting the position vectors 

of deformed and undeformed configurations respectively. 𝑭 is obtained as: 

 

 𝑭 = 𝐹𝑖𝑗 = [
𝐹11 𝐹12 𝐹13

𝐹21 𝐹22 𝐹23

𝐹31 𝐹32 𝐹33

] =

[
 
 
 
 
 
 
𝑑𝑥1

𝑑𝑋1

𝑑𝑥1

𝑑𝑋2

𝑑𝑥1

𝑑𝑋3

𝑑𝑥2

𝑑𝑋1

𝑑𝑥2

𝑑𝑋2

𝑑𝑥2

𝑑𝑋3

𝑑𝑥3

𝑑𝑋1

𝑑𝑥3

𝑑𝑋2

𝑑𝑥3

𝑑𝑋3]
 
 
 
 
 
 

 Equation 6-9 

 

A fundamental property of the deformation gradient is that the tensor product of 𝑭 and 𝑭−1 is 

the identity tensor. That is, 𝑭𝑭−1 = 𝐹𝑖𝑘𝐹𝑘𝑗
−1 = 𝛿𝑖𝑗, with 𝛿𝑖𝑗 being the Kronecker delta. 

 

In Figure 6-6, the transformation from reference to final configurations is made possible 

thorough 𝑘 number of intermediate spatiotemporal configurations for the plastic part of the 

deformation. There are thus 𝑘 plastic deformation transformations and 1 final elastic 

transformation. The total deformation gradient itself, is therefore written as a multiplicative 

decomposition of elastic (𝐹∗) and plastic parts (𝐹𝑝) [50,314,315]: 

 

 𝐹 = 𝐹∗ ⋅ 𝐹𝑝 Equation 6-10 

 

Plasticity inside the material body at a spatiotemporal instance 𝑘 is defined by the slip system 

set (𝑚𝛼𝑘 , 𝑛𝛼𝑘), which are respectively the slip plane normal and slip direction of the 𝛼𝑡ℎ active 

slip system. The spatiotemporal evolution of 𝒙 into 𝒙𝒌 is made possible by the product of 

individual plastic parts as 𝐹𝑝 = 𝐹𝑝
𝑘 ⋅. . .⋅ 𝐹𝑝

1. The time rate at which the material is deforming is 
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expressed in spatial velocity gradient, written as 𝐿. Using polar decomposition, it is written in 

terms of material and spatial deformation gradients as: 

 

𝐿 = �̇� ⋅ 𝐹−1 = 𝐹∗̇ ⋅ 𝐹∗−1 + 𝐹∗ ⋅ 𝐹�̇� ⋅ 𝐹𝑝
−1 ⋅ 𝐹∗−1 =  𝐿𝑒 + 𝐹∗𝐿𝑝𝐹

∗−1 Equation 6-11 

 

With overhead dot denotes time derivative, superscript ‘-1’ denotes inverse, 𝐿𝑒 and 𝐿𝑝 are 

elastic and plastic velocity gradients respectively, 𝐹−1 denotes spatial deformation gradient. 

The plastic velocity gradient is written as the sum of shear strain rates on individual slip 

systems of the material, as follows [315–317]: 

 

 𝐿𝑝 = ∑ �̇�𝛼

𝑛

𝛼=1

(�̂�𝛼 ⊗ �̂�𝛼) Equation 6-12 

 

Here, �̇�𝛼 is the rate of shear strain on the 𝛼𝑡ℎ slip system, �̂�𝛼 is the unit vector representing 

slip direction in slip system 𝛼 and �̂�𝛼 is the unit vector representing normal to the slip plane of 

the slip system, 𝛼. Using this expression of plastic velocity gradient (𝐿𝑝), the time derivative of 

plastic deformation gradient (𝐹�̇�) is written as [315]: 

 

 𝐹�̇� = 𝐿𝑝𝐹𝑝 = ∑ �̇�𝛼

𝑛

𝛼=1

(�̂�𝛼 ⊗ �̂�𝛼)𝐹𝑝 Equation 6-13 

 

As the plastic deformation progresses from one configuration to another, the unit slip system 

vectors re-orient. This happens under orthogonality constraint between �̂�𝛼 and �̂�𝛼 before and 

after re-orientation. If �̂�∗𝛼 and �̂�∗𝛼 be the new slip system vectors, they are calculated using �̂�𝛼 

and �̂�𝛼 as [50,314]: 

 

 �̂�∗𝛼 = 𝐹∗ ⋅ �̂�𝛼 Equation 6-14 

 

Where, 𝐹∗ is the elastic material deformation tensor; and, 

 

 �̂�∗𝛼 = �̂�𝛼 ⋅ 𝐹∗−1 Equation 6-15 

 

Here, 𝐹∗−1 is the elastic spatial deformation tensor. The nature of above relationships enable 

temporal discretization of slip system mechanics and slip system kinematics. The 

spatiotemporal evolution of stress and strain is addressed through mechanics. In the below, 
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�̂�𝛼 and �̂�𝛼 are considered 𝒔𝛼 and 𝒏𝛼 for simplicity and accuracy of representation in mechanics 

as compared to kinematics. 

 

6.2.8. Material model for slip rate and hardening law 
 

Material models are either rate independent or rate independent by formulation. In rate 

independent material model formulations, the slip system shear rates are taken to be a function 

of the corresponding rates of slip system shear stresses [315]. A major drawback of rate-

independent material formulation is that the selection of slip systems which are in active yield 

mode cannot be naturally made into a unique choice. This is because it has a combined 

dependence on the underlying kinematics formulation, state of stress and even the hardening 

nature of the crystal [315]. Firstly, this is because, kinematics formulations allow the number 

of linearly independent slip systems to be more than the minimum of 5 (as necessitated by the 

Taylor’s development of plastic strain incompressibility requirement), thus leading to a non-

unique solution. Secondly, it is because, prescription of stress state does not even guarantee 

a unique active slip system choice even when the number of slip systems are just two [315]. 

The nature of hardening is not of much use, as its definition in itself requires the knowledge of 

active slip system. The outcome of these is that, on trying to solve for the hardening modulus 

matrix (usually called ℎ𝛼𝛽), a robust numerical solution strategy could not be developed. As a 

consequence, with the inability to unique determine the active slip systems and hence the slip 

magnitudes on the active systems, the numerical model of rate-independent model brakes 

down with the singularity of the element stiffness matrix [313].  

 

A rate dependent material model formulation on the other hand overcomes these drawbacks 

by directly coupling slipping rates to the stress state and state of material model behaviour 

which allows for the slip rates to be uniquely determined on each slip system [313,315]. The 

material model used in the present work is rate dependent. The rate dependent model 

developed by Peirce et al. [315] is used. Here, the shear rates on slip systems are taken as 

functions of current state of the resolved shear stress for the corresponding slip system. This 

relationship between the shear rate and the resolved shear stress for the slip system 𝛼, was 

given by Hutchinson [318] as, 

 

 �̇�𝛼 = 𝛼′ [
𝜏𝛼

𝜏0
𝛼]

𝑛

 Equation 6-16 

 

Here, 𝜏𝛼 is the current resolved shear stress on the slip system 𝛼, 𝜏0
𝛼 is the reference (or initial) 

resolved shear stress on the slip system 𝛼 and 𝑛 is a constant exponent used to make the 
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model, a temperature dependent model, which is between 3 and 8 for metals [318]. Hutchinson 

[318], in dealing with creep, considered 𝛼′ to be any convenient reference creep rate (Note: 

As the work of Hutchinson [318] used the symbol 𝛼 for the creep rate, it is re-written as 𝛼′ to 

avoid ambiguity with slip system symbol, 𝛼). Respecting the sign of shear stress [318], and to 

avoid allowing only positive slip on both positive slip system (𝒔𝛼 , 𝒏𝛼) and negative slip system 

(−𝒔𝛼 , 𝒏𝛼) [50,315], it was re-written it as: 

 

 �̇�𝛼 = 𝛼′ (
𝜏𝛼

𝜏0
𝛼) |

𝜏𝛼

𝜏0
𝛼|

𝑛−1

 Equation 6-17 

 

Peirce et al. [315] used the above formulation for general rate dependent shear rate 

formulation, by replacing the creep rate 𝛼′, by a reference rates of shear which are a collection 

of single shear rates on each slip system 𝛼, which remained unaltered throughout the 

deformation history. This was denoted, �̇�𝛼. They also replaced the reference resolved shear 

stress, 𝜏0
𝛼, by the current strain hardening state of the crystal, 𝑔𝛼, thereby introducing a 

temporal variable. Further, the current strain hardening state of the crystal, 𝑔𝛼, was considered 

a function of totality of magnitudes of shear strain on all slip systems, 𝑔𝛼(𝜸), where, 𝜸 =

∑ (𝛾𝛼)𝑁
𝛼=1 . Also, they replaced the exponent, 𝑛, by 

1

𝑚
, where, 𝑚 is the rate sensitivity exponent. 

Thus, the shear rate was re-written as: 

 

 �̇�𝛼 = �̇�𝛼 (
𝜏𝛼

𝑔𝛼(𝜸)
) |

𝜏𝛼

𝑔𝛼(𝜸)
|

1
𝑚−1

 Equation 6-18 

 

The model in Equation 6-17 is similar to the one, first defined by Asaro and Needleman [313]. 

The evolution of functions 𝑔𝛼(𝜸), represents the material strain hardening and this is written in 

rate form as: 

 �̇�𝛼(𝜸) = ∑ℎ𝛼𝛽

𝑁

𝛽

|�̇�𝛽| Equation 6-19 

 

Where, ℎ𝛼𝛽 is the hardening modulus matrix [315] and are functions of the total shear strain 

all slip systems, 𝜸 [315]. If Equation 6-18 and Equation 6-19 are used to calculate the stresses, 

the model becomes rate dependent [50]. ℎ𝛼𝛽 is written as: 

 

 ℎ𝛼𝛽 = 𝑞ℎ + (1 − 𝑞)ℎ𝛿𝛼𝛽 Equation 6-20 
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Where, 𝑞 is the ratio of latent-hardening modulus to self-hardening modulus within the same 

set of slip systems (in self-hardening) and ℎ is taken to be ℎ(𝛾) and is written as [315], 

 

 ℎ(𝛾) = ℎ0 sech2 (
ℎ0𝛾

𝜏𝑠 − 𝜏0

) Equation 6-21 

 

Where, ℎ0 is the initial hardening rate and 𝜏𝑠 is the saturation strength. 𝜏0 is 𝑔𝛼(𝛾) when 𝛾 = 0 

on each slip system. 

 

6.2.9. Coupling material model with kinematics: constitutive law 
 

The velocity gradient 𝐿, in Equation 6-11, is written additively decomposed into symmetric rate 

of stretch tensor, 𝑫 and spin tensor 𝛀, both of which are further additively decomposed into 

elastic parts (𝑫∗, 𝛀∗)and plastic parts (𝑫𝑝, 𝛀𝑝). This is written as: 

 

 𝑫 = 𝑫∗ + 𝑫𝑝 Equation 6-22 

And, 

 𝛀 = 𝛀∗ + 𝛀𝑝 Equation 6-23 

 

The elastic part of the stretch tensor, together with the elastic part of the spin tensor represent 

lattice deformation. On the other hand, the plastic part of the stretch tensor, together with the 

plastic part of the spin tensor represent plastic slip. This plastic slip is nothing but 2nd term in 

the 2nd equality in Equation 6-11. Thus, we have, 

 

 𝑫𝑝 + 𝛀𝑝 = 𝐹∗ ⋅ 𝐹�̇� ⋅ 𝐹𝑝
−1 ⋅ 𝐹∗−1 Equation 6-24 

 

This representation of the totality of plastic slip, for the current state is also equal to  

 

 𝑫𝑝 + 𝛀𝑝 = ∑ �̇�𝛼

𝑁′

𝛼=1

𝒔∗𝛼𝒏∗𝛼 Equation 6-25 

 

Where, 𝑁′ is the set of all active slip systems. Consequent to decomposition of stretch tensor 

and the spin tensor, the rate of stretch tensor and rate of spin tensor are also decomposed into 

have elastic and plastic parts. The plastic part of the rate of stretch tensor is the symmetric 

part of Equation 6-23 and the rate of spin tensor is the skew part of Equation 6-23. These are 

expressed as: 
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 𝑃𝛼 =
1

2
(𝒔∗𝛼𝒏∗𝛼 + 𝒏∗𝛼𝒔∗𝛼) Equation 6-26 

And, 

 𝑊𝛼 =
1

2
(𝒔∗𝛼𝒏∗𝛼 − 𝒏∗𝛼𝒔∗𝛼) Equation 6-27 

 

Using Equation 6-26 and Equation 6-27 in Equation 6-25, we get 

 

 𝑫𝑝 = ∑ 𝑃𝛼 �̇�𝛼

𝑁′

𝛼=1

 Equation 6-28 

And, 

 𝛀𝑝 = ∑ 𝑊𝛼�̇�𝛼

𝑁′

𝛼=1

 Equation 6-29 

 

If 𝑳, be the material elastic modulus tensor defined in the crystal coordinate system, D, be the 

stretch tensor, 𝜏Δ, the Jaumann rate of Kirchhoff stress tensor formed on the axes rotating with 

material, then [50],  

 𝜏Δ = 𝐿:𝐷 − ∑[𝐿: 𝑃𝛼 + 𝛽𝛼]

𝑁′

𝛼=1

�̇�𝛼 Equation 6-30 

Where,  

 𝛽𝛼 = 𝑊𝛼 ⋅ 𝜏 − 𝜏 ⋅ 𝑊𝛼 Equation 6-31 

 

Thus the terms in Equation 6-21 are used in Equation 6-20. This Equation 6-20 is used in 

Equation 6-19 to calculate the material strain hardening. The expression for material strain 

hardening in Equation 6-19 is used to calculate slip system shear rate in Equation 6-18. This 

Equation 6-18 along with the stress rate equation in Equation 6-30 represents the material 

constitutive model. 

 

6.3.  Development of parametric model of crystallographic 
texture 

 

Texture, holistically describes crystallite orientation statistics and is hence realized statistically. 

Its validity inclines to sufficiently large orientation datasets. Therefore, ‘exactness’ has no 

meaning to physical texture. A sufficiently large orientation dataset derived from some 

quantitative texture expression, then represents an instance of the texture. Many 
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mathematically unique texture instances may represent the same texture. To represent 

qualitative nature of all such instances, its mathematical description should be based on 

parameters, to which the qualitative nature(s) can be associated to. Further it should be 

possible to vary their values both qualitatively and quantitatively based on correlation with 

texture of the physical world, being attempted to be represented against an experimentally 

obtained texture dataset. This leads to the need of having to develop a mathematical model of 

texture which is parametric by nature which needs to be calibrated. In this section, such a 

model is constructed. Results of calibrated texture parameters are presented in Chapter 7. 

Raabe et al. [317] provided a detailed overview of many types of parametric texture model. 

They provide account of following four texture modelling approaches: reproduction of the ODF, 

direct pole figure inversion, Fourier type series expansion methods and texture component 

method. While each have their advantages and disadvantages, motivated by the following 

reasons, the texture component method is used in this work. 

 

(1) Experimentally observed texture was sharp with distinct peaks in the Euler space. This 

means that the non-uniqueness issues (Note: Non-uniqueness is less pronounced for 

sharp textures due to much smaller orientation overlapping) will be lesser in texture 

calibration. Hence, the calibrated texture will be more representative of the 

experimental texture dataset. Further, it is a well-known problem in Fourier series 

expansion that as the series drops from a sharp peak, numerical oscillations lead to 

truncation errors. In order to overcome such errors, many functions called kernel 

functions are developed. One such function called “de la Vallee Poussin function” is 

especially advantages [319], as it poses no truncation errors and essentially is non-

negative (Note: Though a Dirichlet kernel can numerically out-perform the de la Vallee 

Poussin kernel it is not used as it does not necessary represent the physical texture 

[320]. Further, as the number of Fourier expansion terms are not of interest in the 

present work, the Dirichlet kernel is not used). Furthermore, from a computational and 

implementation perspective, this function is available in texture analysis libraries in 

MTEX [320], which are called from the custom MATLAB codes written in this work to 

construct and calibrate the texture model. This makes it fast and efficient to deal with 

the problem of texture re-construction and calibration. Additionally, “de la Vallee 

Poussin function”, available in MTEX can be used for texture reconstruction with small 

half-widths of 5°, as seen in the 𝜎-sections in the work of Schaeben et al. [319]. In the 

present work, texture re-construction carried out immediately after EBSD orientation 

data acquisition, at unpeened locations representative to texture and grain structure at 

peened locations (Note: These locations are correspond to locations of interest in the 

four-point bending test residual stress relaxation samples of laser shock peened 
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AA2099.) B, A and C revealed that, the Gaussian Half-Widths (GHW) needed to 

accurately resolve the texture features is a low value, ≈ 4.5𝑜. This further motivated the 

use of texture component method as it can be easily implemented in MATLAB. 

 

(2) The parameters used to represent texture at locations B, A and C should have physical 

significance and not just numerical significance. In the texture component method 

described by Raabe et al. [317], which is based on earlier works of Lucke et al. [321], 

Eschner et al. [322] etc., an intensity term 𝐼𝑐, is used to represent the volume fraction 

of the crystallites 𝑐, thereby mapping the numerical model and the physical world. The 

weighted model was written as: 

 

 𝑓(𝑔) = 𝐹 + ∑ 𝐼𝑐𝑓𝑐(𝑔)

𝐶

𝑐=1

 Equation 6-32 

 

Where, 𝑓(𝑔) is the ODF, 𝐹 is the random portion of 𝑓(𝑔), 𝑐 is the 𝑐𝑡ℎ crystallite 

orientation, 𝐶 is the total number of crystallites and 𝑓𝑐(𝑔) is the ODF for the individual 

crystallites. 

 

(3) The texture component model in the work of the Raabe et al. [317] is modified in the 

present work, to include other terms which can help bring the numerical model closer 

to real life. This is done by making the inherent constant valued texture model 

parameter, the GHW, to function as a parameter, whose mean value is close to the 

experimentally used GHW values. Further, by introducing, Δ𝜃𝐺𝐻𝑊
𝑛 , the orientation 

distribution sharpness can be controlled. This allows accurate calibration of both 

texture component volume fractions and intensities. 

 

(4) EBSD data analysis revealed spatial texture gradients in the experimental sample. This 

can be easily implement in the texture model by simply making the parameters as a 

function of spatial coordinates. This has been achieved in the present work.  

 

The above works carried out are now detailed in the below sections. 

 

6.3.1. Terminology 
 

1. Texture component, 𝒏: It represents a unique orientation in Euler space, 𝐺3, in a set of 

pre-identified 𝑛 orientations. Its parameters are made spatial functions. 
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2. Orientation, 𝒈𝒏: Orientation of the 𝑛𝑡ℎ texture component, expressed using Bunge’s Euler 

angles, in degrees. 

 

3. CODF and 𝑳𝒎𝒂𝒙: Intensity distributions in orientation space, expressed as spherical 

harmonic series summed over 𝐿𝑚𝑎𝑥 number of terms. In this work, Euler space represents 

the orientation space and 34 terms are used. 

 

4. Gaussian Half-Width, 𝜽𝒈𝒉𝒘
𝟎 : Spatial function of spread of orientation cluster in G3, in 

degrees. 

 

5. Texture component intensity, 𝒇(𝒈𝒏): CODF value at 𝑔𝑛, in degrees. It is also a spatial 

function in physical sample. 

 

6. Texture component volume fraction: It represents the volume share taken up by 

orientations belonging to 𝑛 in 𝐺3 in relation to volume of 𝐺3. Expected values are 𝑉𝑁
′  and 

true values are 𝑉𝑓
𝑛. 

 

7. Crystal and sample symmetry (CS and SS): Mathematical symmetries introduced by 

crystalline nature of the material and physical symmetries of the material respectively. 

 

8. Dimensionality of the parametric model, 𝑫: It represents the minimum number of 

parameters needed to sufficiently describe the required texture distribution. 

 

6.3.2. Texture reconstruction and texture model parameters 
 

In the texture model, 𝑓(𝑔𝑛) are the 1st set of parameters, used to define orientations in CPFEM. 

The CODF with a Gaussian Half Width (GHW) of 𝜃𝑔ℎ𝑤
0  and number of coefficients 𝑳𝒎𝒂𝒙 is 

constructed by analysing the EBSD data. As CODF is a spherical harmonic series expansion, 

they render themselves to arithmetic operations. This property is exploited to generate 

parametric texture model. Following are the parameters which can be varied in texture model. 

 

1. 𝐶𝑆: Crystal symmetry. 

 

2. 𝑆𝑆: Sample symmetry. 
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3. 𝑁(𝑥, 𝑦, 𝑧): Number of texture components. 

 

4. 𝑆𝑁(𝑥, 𝑦, 𝑧): Orientation spread of each texture component expressed in degrees. 

 

5. 𝐿𝑁(𝑥, 𝑦, 𝑧): Texture component ODF multiplier which is some unknown multiple of 𝑉𝑁′, 

the desired volume fraction of the 𝑁𝑡ℎ texture component at the location (𝑥, 𝑦, 𝑧). This 

is a unit-less number. 

 

6.3.3. Generalized parametric texture model 
 

Generalized parametric texture model is written as: 

 

 𝐹(𝑔) = 𝐹(𝐶𝑆, 𝑆𝑆, 𝑁(𝑥, 𝑦, 𝑧), 𝑆𝑁(𝑥, 𝑦, 𝑧) , 𝐿𝑁(𝑥, 𝑦, 𝑧)) Equation 6-33 

 

As the only dominant phase in the alloy is aluminium, 𝐶𝑆 is ignored. 𝑆𝑁(𝑥, 𝑦, 𝑧) & 𝐿𝑁(𝑥, 𝑦, 𝑧) 

together determine the intensity and volume fraction of the texture component. This texture 

model is simplified to: 

 

 𝐹(𝑔) = 𝐹(𝑆𝑆,𝑁(𝑥, 𝑦, 𝑧), 𝑆𝑁(𝑥, 𝑦, 𝑧) , 𝐿𝑁(𝑥, 𝑦, 𝑧)) Equation 6-34 

 

In order to deconstruct this, 𝑆𝑁(𝑥, 𝑦, 𝑧) and 𝐿𝑁(𝑥, 𝑦, 𝑧) are decomposed into individual 

components 𝑆𝑛 and 𝐿𝑛. 

 

6.3.4. The parametric texture model and dimensionality 
 

Using experimental texture analysis, number of texture components is chosen to be N = 6. 

These are cube, Rotated Cube, Goss, Brass, Copper and S texture components. In the 

physical sample under consideration (Laser shock peened AA2099 sample tested in four-point 

bending mode, to investigate residual stress stability), texture gradient exists only along one 

direction. Hence, (𝑥, 𝑦, 𝑧) is concisely written as 𝑋. The generalized texture model is: 

 

 𝐹(𝑁, 𝑆𝑁 , 𝐿𝑁, 𝑋) = ∑ 𝐿𝑛(𝑋) 𝐹(𝑆𝑆, 𝑔𝑛, 𝑆𝑛(𝑋))

𝑁

𝑛=1

 Equation 6-35 

 

Generalizing for N texture components, the apparent parametric dimensionality of this model 

at any given location is written as: 
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 𝑫𝑎 = (2𝑁 − 1) Equation 6-36 

 

Such a dimensionality is termed apparent parametric dimensionality because it is only used to 

generate the numerical texture model and is not affected by orientations in 𝐺3. For a given 𝑋, 

the terms 𝑁, 𝐿𝑛 and 𝑆𝑛 together produce 𝑉𝑛, the volume fraction of the 𝑛𝑡ℎ texture component 

in the constructed texture. The parameters have the following coupled influences. 

 

1. 𝑁 influences 𝑉𝑛 because it defines the total number of texture components.  

 

2. 𝑆𝑆 influences 𝑉𝑛 by introducing additional symmetries in the model.  

 

3. Both 𝐿𝑛 and 𝑆𝑛 influence 𝑉𝑛 by scaling the ODF.  

 

Consequent to the above formulations, 𝑆𝑆, 𝑁 and 𝑆𝑛 are considered the true parameters of the 

texture model while 𝐿𝑛 = 𝑘𝑉𝑓
𝑛 is the apparent parameter, where 𝑘 is some positive real number 

decided during texture calibration on a trial and error basis. For a model having set of 6 texture 

components, 6 intensity parameters are needed and 5 volume fraction parameters are needed 

(As the 6 chosen texture components dominate the texture, the sum of their volume fractions 

is close to unity, thus requiring the specification of only 5 volume fractions). 

 
Table 6-2: Parameters of the texture model 

Tex. Comp. Symbol Orientation 
(degrees) 

Spread ODF 
multiplier 

Volume 
fraction 

Intensity 

Cube W 𝑔𝑊 𝑆𝑊 𝐿𝑊 𝑉𝑊 𝐼𝑊 

Rot. Cube R 𝑔𝑅 𝑆𝑅 𝐿𝑅 𝑉𝑅 𝐼𝑅 
Goss G 𝑔𝐺 𝑆𝐺 𝐿𝐺 𝑉𝐺 𝐼𝐺 

Brass B 𝑔𝐵 𝑆𝐵 𝐿𝐵 𝑉𝐵 𝐼𝐵 
Copper C 𝑔𝐶 𝑆𝐶 𝐿𝐶 𝑉𝐶 𝐼𝐶 

S S 𝑔𝑆 𝑆𝑆 𝐿𝑆 𝑉𝑆 𝐼𝑆 

 

The Table 6-2 shows the different texture components, their symbols, and the terms 

associated with their volume fraction and orientation spread. Texture model is therefore written 

as: 

 

𝐹(𝑆𝑆, 𝑆𝑁 , 𝑉𝑁, 𝑋) = 𝐿𝑊𝐹(𝑆𝑆, 𝑔𝑊, 𝑆𝑊) + 𝐿𝑅𝐹(𝑆𝑆, 𝑔𝑅 , 𝑆𝑅) + 𝐿𝐺𝐹(𝑆𝑆, 𝑔𝐺 , 𝑆𝐺)

+ 𝐿𝐵𝐹(𝑆𝑆, 𝑔𝐵, 𝑆𝐵) + 𝐿𝑆𝐹(𝑆𝑆, 𝑔𝑆, 𝑆𝑆) + 𝐿𝐶𝐹(𝑆𝑆, 𝑔𝐶 , 𝑆𝐶) 
Equation 6-37 
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The apparent parametric dimensionality of this model for the experimentally observed texture 

is, 𝐷𝑎 = 11. 

 

6.3.5. Determining spatial functions for texture component volume fraction and 
intensity 

 
Values of parameters 𝑽𝒇

𝒏 and 𝑰𝒏 in the texture can be estimated at a given location upon 

relating changes their changes with location 𝑥. In order to achieve this, following equations are 

fit to experimentally observed spatial texture distribution (from Figure 5-10). 

 

𝑓′(𝑔𝑆, 𝑥) = 0.0007𝑥3 − 0.0012𝑥2 − 0.8095𝑥 + 16.092; 𝑅𝑆
2 = 0.8409 Equation 6-38 

𝑓′(𝑔𝐵 , 𝑥) = 0.0023𝑥3 + 0.0194𝑥2 − 1.2886𝑥 + 27.844; 𝑅𝐵
2 = 0.8115 Equation 6-39 

𝑓′(𝑔𝐺 , 𝑥) = −0.0043𝑥3 + 0.0988𝑥2 + 0.1486𝑥 + 0.0725; 𝑅𝐺
2 = 0.8366 Equation 6-40 

𝑓′(𝑔𝐷 , 𝑥) = −0.0022𝑥3 + 0.0732𝑥2 − 0.7457𝑥 + 8.0128; 𝑅𝐷
2 = 0.3757 Equation 6-41 

𝑓′(𝑔𝐶 , 𝑥) = −0.0001𝑥3 − 0.0004𝑥2 + 0.0267𝑥 + 1.8385; 𝑅𝐶
2 = 0.3905 Equation 6-42 

 

In the above equations, x is in mm. These equations are used to construct the parametric 

texture model using information of texture component intensity obtained from EBSD data 

analysis. In order to see the closeness of the fit and actual data, the values are compared in 

the below table. 

 

Table 6-3: Experimental and computed values of texture intensities. Note: 𝑓(𝑔)𝐸 is the intensity 
from experimental data 𝑓(𝑔)𝑃 is the intensity predicted by the model fit to the experimental 
data 

 Location B Location A Location C 
 Experimental From fit Experimental From fit Experimental From fit 
 𝑓(𝑔𝑊, 𝑥𝐵)𝐸 𝑓′(𝑔𝑊, 𝑥𝐵)𝑃 𝑓(𝑔𝑊, 𝑥𝐵)𝐸 𝑓′(𝑔𝑊, 𝑥𝐴)𝑃 𝑓(𝑔𝑊, 𝑥𝐵)𝐸 𝑓′(𝑔𝑊, 𝑥𝐶)𝑃 

W 4.3 3.3 1.3 1.3 1.6 0.7 
G 3.8 2.7 5.1 9.0 9.0 8.2 
B 23.3 22.2 20.0 19.3 28.3 28.2 
S 10.8 12.1 9.4 7.2 4.8 5.0 

 

In each cell in the above table, two entries are made for the intensities. The first entry is the 

experimentally obtained intensity value and the 2nd value is that obtained from the curve fit 

equations in equations 15 till 20. As the difference is small, the curve-fit equations are good at 

reproducing the intensity values and successfully represent the trend of variation.  

 

Table 6-4: Texture volume fraction computed from CODF of all the parametric texture models. 
Note: Values have been rounded to 2nd decimal 

 
B 

𝑉𝑓′(𝑔𝑊, 𝑥𝐵)𝐸 
A 

𝑉𝑓′(𝑔𝑊, 𝑥𝐵)𝐸 
C 

𝑉𝑓′(𝑔𝑊, 𝑥𝐵)𝐸 

W 0.07 0.04 0.06 
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G 0.11 0.12 0.18 
B 0.38 0.42 0.31 
C 0.15 0.13 0.13 
S 0.30 0.26 0.18 

 

Texture component volume fractions at locations B, A and C are given in the above Table 6-4. 

Brass texture component is maximum in location A and minimum at C, while S is maximum at 

B and minimum at C. 

 

𝑉𝑓
′(𝑔𝑊, 𝑥) = −0.0068𝑥4 + 0.084𝑥3 − 0.3628𝑥2 + 0.6236𝑥 − 0.2902, 𝑅2 = 1 Equation 6-43 

𝑉𝑓
′(𝑔𝑅, 𝑥) = +0.0001𝑥4 − 0.0017𝑥3 + 0.0071𝑥2 − 0.0112𝑥 + 0.0057, 𝑅2 = 1 Equation 6-44 

𝑉𝑓
′(𝑔𝐺 , 𝑥) = −0.0131𝑥4 + 0.1507𝑥3 − 0.6092𝑥2 + 1.0478𝑥 − 0.5412, 𝑅2 = 1 Equation 6-45 

𝑉𝑓
′(𝑔𝐵, 𝑥) = +0.0205𝑥4 − 0.2306𝑥3 + 0.8815𝑥2 − 1.3254𝑥 + 1.0260, 𝑅2 = 1 Equation 6-46 

𝑉𝑓
′(𝑔𝐶 , 𝑥) = +0.0015𝑥4 − 0.0261𝑥3 + 0.1630𝑥2 − 0.4284𝑥 + 0.5350, 𝑅2 = 1 Equation 6-47 

𝑉𝑓
′(𝑔𝑆, 𝑥) = +0.0092𝑥4 − 0.1044𝑥3 + 0.4098𝑥2 − 0.6996𝑥 + 0.7470, 𝑅2 = 1 Equation 6-48 

 

Above equations give the volume fractions of individual texture components as a function of 

location from edge near B to the edge near C, along ND (from Figure 5-11(a)). The domain is 

defined over 𝑥 ∈ [0.5, 24.5] mm. As the number of points considered are 5, a 4 h order 

polynomial passes through every data point and consequently, we see a 𝑅2 value of unity.  

 

6.4. Development of CPFEM model calibration references 
 

For a numerical model to computationally represent the physical material behaviour, it’s 

parameters needs calibration against experimental reference data, which usually the 

experimentally obtained stress strain curves. In the present work, the hardness gradients in 

the hardness below the peened regions are steep and data analysis is presented in Figure 

5-12(a). It was seen that, show that sub-domains as small as 0.05 mm are necessary to 

represent even an approximately unique material sub-domain. This posed a practical limitation 

that no micro-tensile tests were possible within these regions. Performing nano-indentation 

tests at these regions to determine the load deformation response to be calibrated in CPFEM 

would further present difficulties in practical experimentation, result interpretation and 

applicability of calibration models to the present problem. Hence, a different practical approach 

is adopted. In short, the steps are as follows: 

 

1. Perform the tensile test to obtain an absolute tensile stress strain curve of the material. 

This is then normalized with respect to its 0.2% yield strength. 
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2. Perform micro-hardness indentations and obtain the spatial distribution of hardness 

equivalent yield strengths. 

 

3. Scale the normalized stress-strain behaviour by the hardness equivalent yield 

strengths to obtain the reference stress-strain curves at different depth wise locations 

below the peened. 

 

The argument for developing this method is presented. Though material hardening does not 

alter the elastic modulus, it re-scales the elastic limit by pushing the yield strength higher. 

Hence, the reference data will also be re-scaled. Further, in the present work, four-point 

bending is used in the load ranges which does not introduce gross material plasticity in the 

sample (Details of the test and how this loading condition was ensured, are provided in chapter 

6). Additionally, applied strains are very near to the yield limit. This means that the no region 

in the material experienced parts of stress-strain curves which are well beyond the material 

yield limit. This indicates that, there is no need to calibrate the entire plastic part of the stress-

strain curve in the CPFEM model. Therefore, the errors introduced to hardening behaviour of 

the reference stress-strain curves by mathematical re-scaling, does not significantly enter the 

calibration procedure. The scaling induced errors very near to the yield is small and assumed 

negligible and present in equal proportions in all the sub-domains. Zhang et al. [323] developed 

a hybrid technique to model to perform material calibration, where they used a combination of 

results from experiments and other crystal plasticity simulations to get a better fit between the 

predicted and experimental data. The work in the thesis presents a different hybrid technique 

to calculate the material references needed for CPFEM material model calibration. 

 

6.4.1. Step – 1: Estimate elastic properties 
 

Here, the stress strain curve of the material AA2099-T7451 is provided. 
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Figure 6-7: Experimental stress-strain diagram of the AA2099 [208]  
 

Figure 6-7 shows the tensile stress (𝜎) – strain (𝜖) curve of the material AA2099. The value of 

the 0.2% yield strength is calculated and is 365.6 MPa. The tangent modulus is the derivative 

of 𝜎 with respect to 𝜖 and is written as 𝑇 = 𝑑𝜎/𝑑𝜖. It is used to calculate the location of the 

proportionality limit, Young’s modulus and strain plasticity onset. The end of the stress-strain 

proportionality is considered the onset of plasticity in this work.  This is indicated by a drastic 

change in T. It is also used to assess the closeness of the calibration model with the real-life 

data. 

 

 
Figure 6-8: Identifying the proportionality region in the stress strain curve: (a) changes in 

tangent modulus with 𝜖 (b) close up of initial portion of tangent modulus behaviour (c) re-

constructed elastic domain of the 𝜎 − 𝜖 curve 
 

The variation of T for the experimental data is shown in Figure 6-8(a). Three regions A, B and 

C are identified. Region A is the region of constant T. Region B is the region of rapidly 

decreasing T. This contains the onset of yield and the yield region. Post yield, T reduces and 

is asymptotic with strain till failure, as seen in region C. The region A is highlighted in Figure 

6-8(b). CPFE models are calibrated using Young’s modulus 75.9 GPa This value is higher than 
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the commonly observed values of 70 GPa for aluminium alloy, because of alloying elements 

[141].  

 

6.4.2. Step – 2: Normalize the stress-strain curve 
 

The tensile stress strain curve presented in Figure 6-7 is partitioned into elastic and plastic 

parts and presented in this section. 

 
Figure 6-9: “Norm. Abs. Base Stress Strain Curve” of the material. Normalization is carried out 
with respect to 0.2% yield strength calculated from the base stress strain curve 
 

The stress strain curve is normalized with respect to the 0.2% yield strength and its elastic and 

plastic parts are provided in the above Figure 6-9 in the form of short and long dashed lines. 

This curve is designated as “Norm. Abs. Base. Stress Strain curve”. It is used to generate 

reference stress-strain curves for calibration at different locations. 

 

6.4.3. Step – 3: Calculate hardness equivalent yield strengths 
 

Equivalent yield strength 𝜎𝑒𝑞
𝑦𝑙𝑑

 of hardness equivalent yield strength 𝐻 is obtained using the 

following relation [272]: 

 

 𝜎𝑒𝑞
𝑦𝑙𝑑

=
𝐻

3
(𝐵)𝑚−2 Equation 6-49 

 

Where, 𝐻 is the Vickers hardness in GPa, 𝐵 is a constant (0.1 for aluminium [14]) and 𝑚 is the 

Meyer’s hardness exponent. 𝑚, can be obtained using the relation, 𝑛 =  𝑚 − 2, where 𝑛, is 

the strain hardening exponent. 
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Table 6-5: Vickers micro-indentation hardness and Hardness equivalent yield strengths (MPa), 
calculated form equation 23 

 Hardness Hardness equivalent yield 
strength, MPa 

 Location B Location A Location C Location B Location A Location C 

Lower bound 135 134 137 351.4 348.8 356.6 
Average 144 140 138 374.8 364.4 359.2 

Upper bound 150 149 139 390.4 387.8 361.8 

 

Table 6-5 lists the bounds of hardness measurements and their equivalent yield strength 

values in MPa.  

 

6.4.4. Step – 4: Rescale normalized stress-strain curves 
 

The partitioned stress strain curve in Figure 6-9 is rescaled in this section to obtain the plastic 

part of the stress strain curve of different locations on the sample. 

 
Figure 6-10: “Re-scaled Base Stress Strain Curves” obtained by re-scaling “Norm. Abs. Base 
Stress Strain Curve” by hardness equivalent yield strengths at location (a) B, (b) A and (c) C, 
at a depth of 2.5 mm  
 

“Norm. Abs. Base. Stress Strain” model is then scaled with these values of hardness equivalent 

yield strength in order to get “Re-scaled Base Stress strain” for locations B, A and C. The lower 

bound, average and the upper bound of the stress-strain data indicated in Figure 6-10(a) for 

location B, in Figure 6-10(b) for location A and in Figure 6-10(c) for location C and the values 

are provided in the below. 

 

Table 6-6: 0.2% yield strength and corresponding strain 

 0.2% Yield strength, MPa Total strain at 0.2% yield strain 

 Loc. B Loc. A Loc. C Loc. B Loc. A Loc. C 

Lower bound 336.4 333.3 356.7 0.0064 0.0064 0.0065 

Average 366.7 353 359.2 0.0068 0.0066 0.0066 



170 
 

Upper bound 384.8 387.8 361.8 0.0071 0.0070 0.0066 

 

Table 6-6 shows the 0.2% yield strength and corresponding strain of calibration rescaled 

models. 

 

 
Figure 6-11: Mean of the bounds of “Re-scaled Base Stress Strain Curve” for location B, A 
and C respectively 
 

Figure 6-11 compares the average “Re-scaled Base Stress strain” behaviour for locations B, 

A and C. Tangent modulus of the elastic portion is the same. However, proportionality limit 

strains are different. Plastic domain appears different for each location. Location B obviously 

has a much higher stress-strain response than location A with a larger, 𝜎0.2%
𝑦

 and 𝜎𝑢 (Ultimate 

tensile strength, MPa), which further has a higher stress-strain response then location C.  

 

6.5. Numerical implementation of material model, texture 
and grain structure 

 

6.5.1. Material model 
 

As the applied strains are low, the possibility of activation of secondary slip and hence 

contribution to hardening by latent hardening is excluded. Hence, the hardening model 

suggested by Pierce and Asaro [50,292] is used. It is implemented in the FORTRAN subroutine 

for ABAQUS by Huang [314]. Material model terms used in the hardening model are given in 

the below table along with terminology for the elastic constants for the cubic crystals. 

 

Table 6-7: Elastic constants in the Peirce and Asaro hardening model 
Term Details 

𝐶11 Elastic constant,𝐶1111, in the crystal coordinate system, MPa 
𝐶12 Elastic constant,𝐶1122, in the crystal coordinate system, MPa 
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𝐶44 Elastic constant,𝐶1212, in the crystal coordinate system, MPa 

ℎ0 Initial hardening modulus, GPa 

𝜏𝑠 Stage-I stress, MPa 

𝜏0 Initial yield stress, MPa 

𝑞 Ratio of latent-hardening modulus to self-hardening modulus within the 
same set of slip systems 

𝑞1 Ratio of latent-hardening modulus to self-hardening modulus for slip systems 
in other sets 

 

6.5.2. Texture 
 

To obtain location specific texture, the exact location of interest in the physical sample is fed 

to the parameterized calibrated texture model. For this, spatial formulation of texture 

component parameters, volume fraction and intensity, are used. From the location specific 

texture, random orientations are drawn using a custom MATLAB script and MTEX. These are 

then converted to UMAT material orientation format and randomly mapped to the grain 

structure of each sub-domains. The mapping is random as no preferred way in the distribution 

of orientations was observed in the EBSD measurements of microstructure. This results in a 

very large orientation distribution space in the grains of each sub-domains, and hence, every 

instance of the same texture can have vastly different expressions. The randomized mapping 

further helps in avoiding trivial distributions. The texture mapping was detailed in section 6.5.2. 

 

6.5.3. Grain structure 
 

The checkerboard grain structure model is used for the below reasons. 

 

1. The model is simple and exactly placed in space. This allows the positions of points 

containing the model state variables such as hardening, slip system shear, stress and 

strain to be exactly determined, thus enabling ease of detailed post-processing. 

 

2. Residual strains are induced in the model by using a depth gradient discrete steps of 

constrained deformation. This greatly decreases the number of iterations needed in the 

residual strain calibration process given the fact that many instances of orientation 

datasets can represent the same texture and also that the same texture instance can 

be distributed in 𝑁𝑔! number of ways.  

 

3. The model used in the CPFE simulations is a multi-material model having depth 

gradient size distribution. Further, the number of grains in each of these models vary. 

The use of a checkerboard model again greatly simplifies both the creation of the multi-
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material model and the analysis of the CPFE material state variables as a function of 

orientation and location in the model. 

 

4. The computational problems of mesh generation with specific aspect ratios can be 

bypassed in addition to the effects of ill-shaped elements on the stresses and strains 

and their sub-sequent post-processing. 

 

The complete details of the checkerboard model are provided in chapter 7 along with details 

of modelling. 
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7. Material calibration and texture 
partitioned mechanical behaviour 

 

7.1. Introduction 
 

Chapters 3 and 4 brought out the LSP induced changes to texture and grain structure. It is 

seen from the results in chapter 4 that, residual strain accumulation is a function of texture. 

Experimental residual stress relaxation investigations, detailed in chapter 5 revealed grain 

structure and crystallographic texture dependent stability of residual stresses. In chapter 6, the 

need for a computational model to numerically investigate residual stress stability was detailed 

along with texture model and the multi-domain material model reference mechanical 

behaviours. Details of texture and material calibration and results of CPFE simulations are 

presented in this chapter. 

 

7.2. Texture and material model calibration 
 

7.2.1. Background to texture calibration, numerical approach and uniqueness of 
calibrated texture 

 

A background of different texture representations is provided below. 

 

1. Physical texture represents texture in the physical sample. 

 

2. Experimental texture represents the part of the physical texture measured 

experimentally. 

 

3. Mathematical texture model represents the mathematical representation of the 

experimental texture in terms of ODF. As it is defined by texture parameters such as 

volume fraction and orientation spread, it is called parametric texture model.  

 

4. Numerical texture model represents the collection of orientations drawn from the 

parametric texture model. The numerical texture model and the orientation dataset 

derived from it is simply referred as numerical texture. It is what is mapped to the finite 

element model. Numerical texture represents physical texture when mathematical 

texture model parameters are calibrated. 

 
 



174 
 

This section highlights the calibration procedure and provides the calibrated values of the  

parameters. A custom MATLAB script was written to call the MTEX texture libraries [320] to 

build parametric texture, which was taken to be an arithmetic sum of unimodal textures of each 

texture component. Gaussian Half Width (GHW) represented their orientation spreads. GHW 

and volume fractions of texture components were used as texture control parameters. 

Experimentally, using EBSD, texture information (volume fractions 𝑉𝑓
𝑛 and intensities 𝐼𝑛, where 

𝑛 is the 𝑛𝑡ℎ texture component) was measured at three locations B, A and C on the sample 

surface used for studying residual stress relaxation. These two parameter sets are used as 

target parameters during calibration using inverse problem approach. Calibrated parameters 

are assumed to be unique with no trivial solutions.  

 

The arguments for assuming parameter uniqueness are presented. GHW of texture 

components were low as the texture component intensity distributions had strong peaks in 

Euler space. This allowed use of de la Vallee Poussin kernel function, which can accurately 

represent strong texture peaks with no truncation errors, during ODF construction. As a 

consequence, the orientation sub-space around each texture component will be small, having 

a half-widths between 4 to 6 degrees. This results in very low to no orientation overlaps in G3 

for separated orientation clusters such as Goss and S for example. This favoured uniqueness 

of texture parameter calibration solution. However, as the physical sample always present 

orientation overlaps on fibres such as α- and β- texture fibres, the constructed model will model 

these overlaps, which are necessary. This overall favouring of uniqueness is necessary for 

model accuracy while it is assumed sufficient for model accuracy in the present work. GHW of 

4.5o was used in ODF construction due to sharp texture. 

 

7.2.2. Target parameters for texture model calibration acceptance 
 

Using texture component volume fraction and intensity are the target parameters, following 

target functions were developed. 

 

(1) Percentage difference between target volume fraction and model predicted volume 

fraction, 

 

(2) Percentage difference between target texture intensity and re-scaled model predicted 

intensity. 
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The 1st target function indicates the ability of the model to represent the quantity of grains which 

can reproduce experimentally measured texture component volume fractions. It is calculated 

as: 

 

 Δ𝑉𝑓
𝑛% = 100 ⋅ (

𝑉𝑓.𝑒𝑥𝑝
𝑛 − 𝑉𝑓.𝑛𝑢𝑚

𝑛

𝑉𝑓.𝑒𝑥𝑝
𝑛 ) Equation 7-1 

 

Here, 𝑉𝑓.𝑒𝑥𝑝
𝑛  is the experimentally obtained value of 𝑉𝑓

𝑛 and 𝑉𝑓.𝑛𝑢𝑚
𝑛  is the model predicted value 

of, 𝑉𝑓
𝑛. The 2nd target function considering texture component intensities, is explained. Unlike 

the 1st target function, the 2nd target function had to be re-scaled unit-normalized function. To 

reconstruct the experimental texture, the OIM software presented a limitation of using a single 

GHW for all texture components (Note: GHW of 4.5o was used in ODF construction due to 

sharp texture). However, orientation distributions clearly showed the presence of different 

orientation spreads for the texture components. Hence different GHW had to be considered in 

the mathematical model. Also, in the additively decomposed mathematical texture model, no 

texture noise is considered as opposed to that inherently present in the experimental texture. 

Due to these reasons along with the different texture reconstruction routines used by the OIM 

software, the actual values of texture intensities calculated form the numerical model and that 

obtained from the experiment will be different, however the relative levels should be 

comparable. Thus, in order to compare the component intensities (𝑓(𝑔𝑡𝑐)) of numerical texture 

model and the experimental texture, either the numerical model should be unit normalized and 

rescaled to the experimental bounds or the experimental model values should be unit 

normalized and rescaled to the numerical bounds. The 1st approach is selected, where, 

𝑓(𝑔𝑛)𝑛𝑢𝑚 were first unit normalized with max[𝑓(𝑔𝑛)𝑛𝑢𝑚] as follows: 

 

 𝑓̅(𝑔𝑛)𝑛𝑢𝑚 =
𝑓(𝑔𝑡𝑐)𝑛𝑢𝑚.

max[𝑓(𝑔𝑡𝑐)𝑛𝑢𝑚.]
∀ 𝑡𝑐 ∈ {𝑊, 𝑅𝐶, 𝐺, 𝐵, 𝐶, 𝑆} Equation 7-2 

 

The re-scaled texture component intensities were then calculated as: 

 

 𝑓′(𝑔𝑛) =  max[𝑓(𝑔𝑡𝑐)𝑒𝑥𝑝.] ∗  𝑓̅(𝑔𝑡𝑐)𝑛𝑢𝑚. Equation 7-3 

 

Using these formulations, the following percentage difference is calculated: 

 

 Δ𝑓(𝑔𝑛)% = 100 ⋅ (
𝑓(𝑔𝑡𝑐)𝑒𝑥𝑝. − 𝑓′(𝑔𝑛)

𝑓(𝑔𝑡𝑐)𝑒𝑥𝑝.

) Equation 7-4 
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Here, Δ𝑓(𝑔𝑛)% is the 2nd target function. The 6 texture components were cube (W), rotated 

cube (RC), Goss (G), brass (B), copper (C) and S. Each were associated with GHW (𝜃𝑛
𝑜) and 

𝑉𝑓
𝑛. The right combination of parameter sets 𝜃𝑛

𝑜 = {𝜃𝑊
𝑜 , 𝜃𝑅𝐶

𝑜 , 𝜃𝐺
𝑜, 𝜃𝐵

𝑜, 𝜃𝐶
𝑜, 𝜃𝑆

𝑜}, and, 𝑉𝑓 =

{𝑉𝑓
𝑊, 𝑉𝑓

𝑅𝐶 , 𝑉𝑓
𝐺 , 𝑉𝑓

𝐵, 𝑉𝑓
𝐶 , 𝑉𝑓

𝑆}, for which the absolute value of both of the above target functions was 

close to 1.0%, for each texture component was selected to be the calibrated texture 

parameters. 

 

7.2.3. Background to material model calibration 
 

Due to LSP induced hardening, one can expect the material below the peened surface to have 

different tensile stress strain curves. From the hardness variation presented earlier in Figure 

5-13, the hardness changes occurred in depths less than 2 mm. As a consequence, not even 

a single tensile test sample can be extracted in the ED-TD plane oriented along the ED 

direction. Further, any attempt to extract such a sample using EDM cutting would need 

considering the material wastage thus making a thickness layer (along the depth) of the sample 

inaccessible to the tensile testing. Due to these experimental limitations such curves could not 

be generated. Instead depth wise hardness values were used to derive the reference stress 

strain curves by re-scaling the base material stress-strain curve. The complete procedure of 

calculating the reference models itself, has been presented previously. The locations of 

interest on the sample used for residual stress relaxation studies were B, A and C on the 

peened surface. 

 

7.2.4. Background to inclusion of texture in calibration models 
 

As numerical texture is randomly drawn from the calibrated mathematical texture model, there 

can be many numerical textures for the same mathematical texture. These are instances of 

the same texture and referred as level-0 texture instances. When a level-0 texture instance 

maps to grain structure, spatial distribution of orientations is again random. Therefore, when 

sufficiently large number of grains are considered (The selection of the minimum number of 

grains needed was detailed in Chapter 6), every distribution of the same level-0 texture 

instance also become a new texture instance, which is also statistically representative of the 

original texture. This forms level-1 texture instance. In calibration process, only orientations 

extracted from level-1 texture instances are used. 

 

7.2.5. Material model calibration residual 
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The difference between the material model reference stress-strain curves and the CPFE model 

predicted stress-strain curves is named material model calibration residual. Calibration 

residual are estimated as the difference between reference and predicted stresses against a 

common strain axis. The calibration residual is expressed as: 

 

 Δ(σ: ϵ) = 𝜎𝑟𝑒𝑓: 𝜖𝑟𝑒𝑓 − 𝜎𝐹𝐸: 𝜖𝐹𝐸  Equation 7-5 

 

Here, 𝜎𝑟𝑒𝑓: 𝜖𝑟𝑒𝑓 is the reference stress strain curve, 𝜎𝐹𝐸: 𝜖𝐹𝐸 is the FE predicted stress strain 

curve and  Δ(σ: ϵ), the calibration residual is itself the target function. A material model is 

assumed to be calibrated when Δmax(σ: ϵ) is less than 5 MPa, which would be < 2.0% of the 

0.2% yield strength for material in unpeened locations and even lesser for material in the 

peened locations. 

 

7.2.6. Texture calibration results 
 

To calibrate texture, a guess 𝑉𝑓
𝑛 and 𝜃𝑛

𝑜 was chosen iteratively on a trial and error basis to 

reduce Δ𝑉𝑓
𝑛% (Equation 7-1) and Δ𝑓(𝑔𝑛)% (Equation 7-4). A MATLAB code was written to 

minimize Δ𝑉𝑓
𝑛% and Δ𝑓(𝑔𝑛)% for every set of values in 𝑉𝑓

𝑛 and 𝜃𝑛
𝑜. These volume fraction and 

half-width variables are parameter sets and contain values for 6 texture components each. 

Calibration has to be performed because the volume fraction is experimentally calculated from 

orientation information taken directly from the physical space of the grain structure and the 

Gaussian Half Width (GHW) is taken from the orientation density distribution of the CODF 

expressed in orientation space. Further, both these sets of values are to be used in the physical 

space of the virtual grain structure in the finite element simulations for an arbitrary number of 

grains. Additionally, due to GHW being defined in the Euler space, its values for some of the 

texture components allow texture component orientation overlaps [324,325], thus making the 

volume fraction computed from the orientation density distribution in the Euler space [57] to be 

different from the one calculated directly from the physical space. This is because, 

consideration of symmetries in the volume fraction estimation affects the calculated volume 

fraction [107,325], because crystal and sample symmetry decides the multiplicity used in the 

calculation of . Hence, there is a need for calibration of texture parameters of the virtual grain 

structure to the experimentally obtained reference values. In the calibration procedure, volume 

fractions of those texture components which do not overlap in the Euler space remain mostly 

fixed to the experimental values, in that, there is no need to select them by trial and error basis. 

Parameter values of the overlapping texture components are selected on a trial and error basis, 

wherein the number of trials needed to arrive at the correct set of numbers for the volume 

fractions and intensities increase with increasing GHW. A calibration constraint of the fact that 
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the sum of volume fractions must equal unity is adopted. In adopting this constraint, it is 

assumed that each crystal in the captured grain structure has a mean orientation belonging to 

one or the other of the considered 6 major texture components (that is, Cube, Rotated cube, 

Goss, Brass, Copper and S), in contrary to the exact mathematical requirement of having to 

consider Remainder components as noted by Bunge [107]. This assumption holds only under 

the present case of the material, as the material is highly textured and contained sharp and 

very well defined texture component orientation distribution in the orientation space. Even upon 

consideration of this constraint, we are still left with the number of unknown volume fractions 

and GHW to be more than the available number of equations. To address this issue, another 

set of constrains are introduced to lead to a unique solution. These are that the ratios of major 

texture component intensities calculated after solution be identical to the one represented in 

the CODF. The final calibrated model parameters are presented in the below Table 7-1. 

 

Table 7-1: Calibrated texture parameters for locations B, A and C 

Location B 

1,2 GHW (degrees) 𝜃𝑊
𝑜  𝜃𝑅𝐶

𝑜  𝜃𝐺
𝑜 𝜃𝐵

𝑜 𝜃𝐶
𝑜 𝜃𝑆

𝑜  

4.04 - 5.0 3.6 5.92 4.06  

3 Volume fractions 𝑉𝑓
𝑊 𝑉𝑓

𝑅𝐶 𝑉𝑓
𝐺 𝑉𝑓

𝐵 𝑉𝑓
𝐶 𝑉𝑓

𝑆 TOTAL 

4 Experimental values 0.07 - 0.11 0.38 0.15 0.30 1.01 

5 Guess volume fraction 0.07 - 0.11 0.6600 0.2574 1.0340 2.1302 

6 Calibrated model 0.07 - 0.11 0.3830 0.1499 0.3001 1.0131 

7 Percentage difference 0 0 0 -0.7971 0.0703 -0.0440 - 

8 Texture intensities 𝑓(𝑔𝑊) 𝑓(𝑔𝑅𝐶) 𝑓(𝑔𝐺) 𝑓(𝑔𝐵) 𝑓(𝑔𝐶) 𝑓(𝑔𝑆)  

9 Experimental values 3.3 - 2.7 22.2 1.9 12.1 - 

10 Calibrated model 68.2 - 56.6 454.2 39.9 248.2 - 

11 Rescaled Cal. Model 3.3 - 2.8 22.2 1.9 12.1 - 

12 Percentage difference -1.3 - -0.5 0 -0.1 -0.1 - 

Location A 

1,2 GHW (degrees) 𝜃𝑊
𝑜  𝜃𝑅𝐶

𝑜  𝜃𝐺
𝑜 𝜃𝐵

𝑜 𝜃𝐶
𝑜 𝜃𝑆

𝑜  

4.27 - 3.22 3.6 5.27 4.29  

3 Volume fractions 𝑉𝑓
𝑊 𝑉𝑓

𝑅𝐶 𝑉𝑓
𝐺 𝑉𝑓

𝐵 𝑉𝑓
𝐶 𝑉𝑓

𝑆 TOTAL 

4 Experimental values 0.04 - 0.12 0.42 0.13 0.26 0.97 

5 Guess volume fraction 0.04 - 0.12 0.7200 0.2350 0.8985 2.0100 

6 Calibrated model 0.04 - 0.12 0.4179 0.1306 0.2608 0.97 

7 Percentage difference 0 - 0 0.51 -0.49 -0.32 - 

8 Texture intensities 𝑓(𝑔𝑊) 𝑓(𝑔𝑅𝐶) 𝑓(𝑔𝐺) 𝑓(𝑔𝐵) 𝑓(𝑔𝐶) 𝑓(𝑔𝑆)  

9 Experimental values 1.3 - 9.0 19.3 1.9 7.2 - 

10 Calibrated model 33.0 - 230.8 495.5 49.3 182.8 - 

11 Rescaled Cal. Model 1.3 - 9.0 19.3 1.9 7.1 - 

12 Percentage difference 0.28 - -
0.0014 

0 -0.25 0.66 - 

Location C 

1,2 GHW (degrees) 𝜃𝑊
𝑜  𝜃𝑅𝐶

𝑜  𝜃𝐺
𝑜 𝜃𝐵

𝑜 𝜃𝐶
𝑜 𝜃𝑆

𝑜  

7.1 - 4.5 3.4 6.9 5.05  

3 Volume fractions 𝑉𝑓
𝑊 𝑉𝑓

𝑅𝐶 𝑉𝑓
𝐺 𝑉𝑓

𝐵 𝑉𝑓
𝐶 𝑉𝑓

𝑆 TOTAL 

4 Experimental values 0.06 - 0.18 0.31 0.13 0.18 0.86 

5 Guess volume fraction 0.06 - 0.18 0.5350 0.2230 0.6200 1.618 

6 Calibrated model 0.06 - 0.18 0.3105 0.1302 0.1804 0.8611 

7 Percentage difference 0 - 0 -0.15 -0.17 -0.22 - 
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8 Texture intensities 𝑓(𝑔𝑊) 𝑓(𝑔𝑅𝐶) 𝑓(𝑔𝐺) 𝑓(𝑔𝐵) 𝑓(𝑔𝐶) 𝑓(𝑔𝑆) - 

9 Experimental values 0.7 - 8.2 28.2 1.4 5.0 - 

10 Calibrated model 10.8 - 126.9 437.0 21.9 77.5 - 

11 Rescaled Cal. Model 0.69 - 8.20 28.22 1.41 5.00 - 

12 Percentage difference 0.36 - -0.40 0.04 -0.17 0.39 - 

 
Above Table 7-1 provides values of calibrated texture parameters for locations B, A and C. 

Parameters are Gaussian Half Width written as 𝜃𝑜 for each texture component written in sub-

script and Volume fractions 𝑉𝑓 for each texture component written as super-script. The texture 

intensities and volume fractions together help complete the texture model in Equation 6-37 

for a given location in the sample. Each location in the above table has 12 rows. 2nd row 

provides the calibrated values of GHW in degrees. 4th row provides the experimental values of 

volume fractions. Guess values for volume fractions (non-uniformly scaled and does not add 

up to unity) which were used as control parameters in the trial and error approach are provided 

in 5th row. The texture volume fractions of the calibrated model add up to unity and are provided 

in 6th row. Percentage differences are in 7 h row. Experimental texture component intensities 

are in 9th row and that of the calibrated model are in 10th row. The re-scaled values of the 

calibrated model texture intensities which were used in comparison are provided in 11th row 

and the corresponding percentage difference between 9th and 11th rows are provided in 12th 

row. 

 

7.2.7. Mapping discrete calibrated texture data to CPFE model 
 

Crystallographic texture mapping at different locations on the sample are provided in this 

section. 
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Figure 7-1: Physical locations of texture instances generated (a) Physical location of B, A and 
C in the bending sample shown with CPFE calibration models (b) Texture instance at location 
B, (c) texture instance at location A and (d) texture instance at location C 

 

Figure 7-1(a) shows the four-point bending sample where the peened surface and locations 

B, A and C on the peened surface are identified. For convenience, only half of the specimen, 

to the left of Y-Z plane of mirror symmetry is shown. Specimen coordinate systems is identified 

at the top right figure. Length, width and thickness of the specimens are along ‘x’, ‘y’ and ‘z’, 

that is extrusion direction (ED), normal direction (ND) and transverse direction (TD) 

respectively. To  represent depth wise LSP induced hardness, multiple calibration models are 

used along the depth below peened surface. These are highlighted at the respective locations 

below B, A and C, along z, taken positive below the peened surface. Texture shown in Figure 

7-1(b, c, d), represent calibrated numerical texture for locations B, A and C, respectively.  

 

7.2.8. Texture component orientation volume fraction and texture component 
grain volume fraction 

 

Two volume fractions terms are used. One is the texture component orientation volume fraction 

in the texture model (𝑉𝑓
𝑇𝐶). The other is the texture component grain volume fraction. While the 

latter is directly obtained from the texture model, the former is defined as the ratio of number 

of grains representing a particular texture component to the total number of grains in the finite 

element model. As this is a discrete number, the total number of grains representing all texture 
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components will not necessarily equate to unity. Here, the 1st estimate of texture component 

wise number of grains for the CPFE model (𝑁𝑔
𝑇𝐶) is obtained as following. 

 

 [𝑁𝑔
𝑇𝐶]

𝑖

 𝑟 = 1
= 𝑁𝑔

𝑇𝑂𝑇𝐴𝐿 ⋅ 𝑉𝑓
𝑇𝐶 Equation 7-6 

 

Here, 𝑁𝑔
𝑇𝑂𝑇𝐴𝐿 is the total number of grains in the CPFE model and the superscript, 𝑟 indicates 

the 1st estimate (in this case it is 1). As this is only an estimate, there will be a residual which 

should be made zero. This residual for the 1st estimate is, residual number of grains for each 

texture component (𝑖) represented as, [Δ𝑁𝑔]
𝑖

𝑟 = 1
. It is calculated as:  

 

 [Δ𝑁𝑔]
𝑖

𝑟 = 1
= 𝑁𝑔

𝑇𝑂𝑇𝐴𝐿 − ∑[𝑁𝑔
𝑇𝐶]

𝑖

𝑟 = 1

𝑁𝑡𝑐

𝑖 = 1

 Equation 7-7 

 

Here, 𝑁𝑡𝑐 is the number of texture components used. The number of grains to be allocated to 

each texture component (in the (𝑟 + 1)𝑡ℎ estimate) is then recursively updated by operating 

the above residual between [Δ𝑁𝑔]
𝑖
 of the 𝑟𝑡ℎ estimate as below. 

 

 [𝑁𝑔
𝑇𝐶]

𝑖

 𝑟+1
= [𝑁𝑔

𝑇𝐶]
𝑖

 𝑟
+ [Δ𝑁𝑔]

𝑖

 𝑟
⋅ 𝑉𝑓

𝑇𝐶 Equation 7-8 

 

Here, [𝑁𝑔
𝑇𝐶]

𝑖

 𝑟+1
 is the (𝑟 + 1)𝑡ℎ estimate of number of grains to be allocated to each texture 

component. If after sufficiently large (𝑟 + 1) number of estimates, the residual [Δ𝑁𝑔]
𝑖

 𝑟+1
 

remains non-zero due to numerical reasons, but is nevertheless very small (say (From trial and 

error on large data sets, it has been found this final residual will usually be 1 to 3), [Δ𝑁𝑔]
𝑖

 𝑟+1
<

5), the difference is distributed randomly to any of the three texture components with largest 

relative volume fractions, in which case are B, C and S. As only 6 texture components are 

extracted from the experimental data, the totality of their volume fractions need not add up to 

unity. 

 

The true values of texture components used in the CPFE model will be different from the 

texture component volume fractions of the texture instance. Though the difference will be 

small, it is calculated as the ratio of volumes of grains in a particular texture component to the 

CPFE model volume. It is assumed that the CPFE model has some constant finite thickness, 

𝑇 𝑚𝑚. If 𝑉𝑓
𝑡𝑐.𝐹𝐸 and 𝐴𝑓

𝑡𝑐.𝐹𝐸 be the volume and area fraction of the texture components in the FE 

model, then, 
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 𝑉𝑓
𝑡𝑐.𝐹𝐸 =

𝑇 ⋅ 𝐴𝑡𝑐.𝐹𝐸

𝑇 ⋅ 𝐴𝐹𝐸
=

𝐴𝑡𝑐.𝐹𝐸

𝐴𝐹𝐸
= 𝐴𝑓

𝑡𝑐.𝐹𝐸 Equation 7-9 

 

Here, 𝐴𝑡𝑐.𝐹𝐸  is the area of all grains of a texture component, 𝑡𝑐, in the FE model and 𝐴𝐹𝐸 is the 

total area of the FE model. Using area of a single grain, the above equation is re-written as: 

 

 𝑉𝑓
𝑡𝑐.𝐹𝐸 =

𝐴𝑡𝑐.𝐹𝐸

𝐴𝐹𝐸
=

[𝑁𝑔
𝑇𝐶]

𝑖
⋅ 𝐴𝑔

𝑡𝑐.𝐹𝐸

𝑁𝑔
𝑇𝑂𝑇𝐴𝐿 ⋅ 𝐴𝑔

𝐹𝐸  Equation 7-10 

 

Here, 𝐴𝑔
𝑡𝑐.𝐹𝐸  is the area of a single grain in this texture component and 𝐴𝑔

𝐹𝐸 is the area of a 

single grain n the model. In the checkerboard model of the grain structure, all grains are of the 

same area. Therefore, the true volume fraction of texture components of the CPFE model is 

called grain volume fraction and is estimated as: 

 

 𝑉𝑓
𝑡𝑐.𝐹𝐸 =

[𝑁𝑔
𝑇𝐶]

𝑖

𝑁𝑔
𝑇𝑂𝑇𝐴𝐿 Equation 7-11 

 

Table 7-2: True volume fraction (that is, grain volume fraction) of texture components in the 
CPFE model 

Texture 

component 
𝑉𝑓

𝑇𝐶 𝑁𝑔
𝑇𝐶 𝑉𝑓

𝑡𝑐.𝐹𝐸 �̅�𝑓
𝐹𝐸 =

𝑉𝑓
𝑡𝑐.𝐹𝐸

𝑉𝑓
𝑇𝐶  

W 0.070 259 0.069 0.986 

G 0.110 407 0.109 0.990 

B 0.383 1418 0.378 0.986 

C 0.150 555 0.148 0.987 

S 0.300 1111 0.296 0.987 

 

Table 7-2 gives the values of the above mentioned texture component orientation volume 

fraction and texture component grain fractions for texture at location A.  

 

7.2.9. Boundary conditions of the CPFE calibration model 
 

Finite element model and the boundary conditions are presented in this section. Boundary 

conditions refers to displacement and load boundary conditions. This work concerns with the 

former as only displacements have been applied on the model. Sachtleber et al. [326] 

highlighted the importance of using boundary conditions which are as close to real life 
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conditions in order to simulate the real life mechanical behaviour. A poly-crystalline grain 

structure model such as the one used in this study, contains both external and internal 

boundaries [291,327,328]. The external boundaries are the model boundaries such as the 

exterior edges of a tensile testing sample. The internal boundaries are the model boundaries 

such as the grain boundaries separating two adjacent grains. While the displacement 

continuity requirement enforced by the strain-compatibility requirement and the Taylor’s model 

of crystal plasticity, is automatically enforced in the finite element model, the external boundary 

conditions are specified. An external boundary condition may either allow shear or restrict 

shear, both of which are pretty simple to impose in a finite element model. A shear restricting 

boundary condition is known to induce additional hardening in grains near to such an imposed 

boundary condition [291]. Castelluccio et al. [329] also indicate that the type of displacement 

boundary condition does impact the internal strain field and hence the calculated model 

parameters, but also state that it is important to keep the same type of boundary conditions to 

be consistent throughout the model. All boundary conditions were kept consistent throughout 

this work and all its descriptions below refer to the external boundary conditions.  

 

Figure 7-2: Boundary condition applied on the CPFE model 
 

The major dimensions of the CPFE model are 𝐿𝑥 and 𝐿𝑦 as shown in the above Figure 7-2. 

The displacements of the vertical edges of the model along 𝑥 − and 𝑦 − axes are represented 

as 𝛿𝑥 and 𝛿𝑦. The left end of the model is fully constrained against displacement by setting its 

applied displacement values as 0. That is, 𝛿𝑥 = 0 and 𝛿𝑦 = 0 for the left edge. This is because, 

the grips in a real life tensile testing machine did not allow any lateral motion at the fixed end. 

The boundary condition used here is the shear restricting external boundary condition [291]. 

In order to induce tensile strain, a tensile displacement is applied to the right edge. Further, 

using 𝛿𝑦 = 0 for the entire constrained edge naturally avoids trivial finite element solutions 

representing rigid body motion of the model. If the 𝜖𝑥 be the total strain, which the model should 

suffer, then a displacement of 𝛿𝑥 = 𝜖𝑥 ⋅ 𝐿𝑥 is applied to the right edge of the model. No shear 

displacement is applied to this edge contrary to that used by Roters [330] who studied single 

and bi-crystal shear. Therefore, 𝛿𝑦 = 0 for the right edge. This is also because, again, the grips 

in a real life tensile testing machine did not allow any transverse displacements to the sample 

at the pulled end. However, such a boundary condition is not always necessary as in the case 

of crack propagation study in a plane stress poly-crystal model of Cheng et al. [331], where 
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𝛿𝑦 = 0 was not enforced at all but 1st finite element node at the fixed edge of the model, thereby 

enforcing a partly shear restricting boundary condition to remove rigid body solutions. On the 

other hand, Li et al. [332] used a completely shear restricting boundary condition in simulating 

crack growth in a pre-cracked single crystal. Roters [330] used similar boundary conditions in 

simulating micro-pillar compression. In some research work periodic displacement boundary 

conditions have been used [329,333,334]. However, periodic boundary conditions are not used 

in the present work. This is because, anisotropy and its distribution in the grain structure are 

non-random in orientations, material property and grain morphology as the extruded material 

AA2099-T831 was found highly textured. The model used for calibration, and actual analysis 

however, considers hexagonal grains. 

 

7.2.10. Calculating the stress-strain curves of the CPFE model 
 

Figure 7-2 presented the boundary conditions used for calibration. The sum of all 𝑥 −

 component nodal forces at the constrained end (at, 𝑋 = 0) is extracted from the model. This 

is represented as, ∑𝑅𝑋=0. The cross-sectional area is, 𝐴𝑋=0 = 1 ∗ 6 = 6 𝑚𝑚2. From this, the 

tensile stress (in 𝑀𝑃𝑎) is estimated using: 

 

 
𝜎𝑥𝑥 =

∑𝑅𝑋=0

𝐴𝑋=0
  Equation 7-12 

 

7.3. Material model calibration: Results and discussions 
 

Pierce [315] and Asaro [50] hardening model is used in the CPFE model employed in the 

UMAT sub-routine developed by Huang [314]. Following parameters of this material model are 

calibrated in addition to the elastic constants, 𝐶11, 𝐶12 and 𝐶44.  

1. ℎ0: Initial hardening modulus, MPa 

2. 𝜏𝑠: Saturation shear strength, MPa 

3. 𝜏0: Stage-I shear stress 

 

7.3.1. Calibration model details for locations in B, A and C 
 

Table 7-3: Texture location, material domains, instances of texture sampling and distribution 
for the CPFE calibration model 

Location 
on the 
peened 
surface 

Material 
domains 
below the 
peened 
surface 

Texture 
sampling 
instance 

Number of 
sampled 
orientations 

Texture 
component wise 
allocation of 
number of grains 

Texture 
distribution 
instances in the 
grain structure 
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B B8, B7, B6, 
B5, B4, B3, 
B2 and B1 

1 500 𝑁𝑔
𝑊 𝑁𝑔

𝑅𝐶 𝑁𝑔
𝐺 

33 0 54 
   

𝑁𝑔
𝐵 𝑁𝑔

𝐶 𝑁𝑔
𝑆 

189 75 149 
 

1, 2, 3 

 

Location in the relaxation specimen, instances of texture sampling and instances of spatial 

distribution in the grain structure are provided in the above Table 7-3. The same texture 

instance is mapped to the same grain structure in three different ways giving 3 texture 

distribution instances. The number of grains allocated to each texture component is same in 

all these three distribution instances, and is provided in the above table. 

 

Table 7-4: Morphological details of the calibration model 
Model 

size, 𝐿𝑥 

Model 
size, 𝐿𝑦 

Intercept grain 
size along x and 
y 

Grain 
aspect 
ratio 

Number of 

grains, 𝑁𝑔 

Number of grains 

along x and y, 𝑁𝑔
𝑥, 

𝑁𝑔
𝑦
 

100 mm 6 mm 2.5 mm, 0.24 
mm 

10.4 500 20, 25 

 

Table 7-4 shows the information of CPFE model and grain structure morphology where. The 

intercept grain sizes of the models are provided. The checkerboard model with 500 grains can 

be generated in 12 different ways, of which the sets, (𝑁𝑔
𝑥 , 𝑁 𝑔

𝑦) = (20, 25), and (𝑁𝑔
𝑥 , 𝑁𝑔

𝑦) =

(10, 50), offered most realistic grain structure where the aspect ratios can be matched with 

experimentally observed grain structures. Though the 2nd option produces y-intercept grain 

size of 100 𝜇𝑚, close to the real life value, it needs 3 times more finite elements and becomes 

computationally very expensive. Hence, the calibration model is made with (𝑁𝑔
𝑥 ,  𝑁𝑔

𝑦) =

(20, 25) distribution of number of grains. 

 

 
Figure 7-3: Texture of all material models 1 to 8 belonging to location B (a) orientation intensity 
distribution in (111) pole figure (b) Texture instance – 1 having 500 orientation samples 
mapped to calibration texture model 
 

Figure 7-3(a) shows the crystallographic texture of location B on (111) pole figure. Though 

copper texture component has no contours in the pole figure, it is not absent as clearly seen 
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in the volume fraction distribution in Table 7-1. This is reflected in Figure 7-3(b) where the 

actual sampled orientations mapped to the corresponding CPFE model are represented in the 

(111) pole figure. The number of orientations appear more because it has more points being 

represented due to orientation symmetries. The 500 unique orientations of the orientation set 

in Figure 7-3(b) is mapped in 3 different ways to the grain structure. There are 500! ways, in 

which these spatial distributions can be made and one of this spatial distribution is shown in 

Figure 7-2. The orientations to grains mapping itself, is carried out randomly. The colour key 

in Figure 7-2 identifies the texture component. 

 

Triangular elements are used as they can fill space better and provide a better spatial 

resolution in the stresses and strain fields. Finite element with mid-side nodes, CPS6M (a 

standard 6 node plane stress finite element in the ABAQUS element library), are used to allow 

better resolution in FE solution variables internal to the element. This is also needed to achieve 

better averaging of element stresses and strains at the element integration points and at 

element centroids which are used to calculate the grain averaged solution variables such as 

stresses, strains and solution dependent variables such as hardening and slip strength. Mixed 

element formulation is used to enhance element stability during non-linear deformation during 

both calibration procedure and numerical simulation of bending. 

 

Table 7-5: Finite element details of the calibration model 
Element 
type 

No. elem. 
(Ne) 

Ne per 
grain 

No. nodes, 𝑁𝑛 Elem. size Ne along y, 𝑁𝑒
𝑦
 

CPS6M 10000 20 20451 0.24 mm 1 
 

As required for solving material model involving slip mechanisms needing finite body 

kinematics, the non-linear geometry option is selected. Total simulation time is kept at 1 

second. The element statistics of the model are given in above table. 

 

The boundary condition of the CPFEM material calibration model was illustrated in Figure 7-2.  

𝛿𝑥=0
𝑥 , indicates the value of the displacement applied to the model edge at, 𝑥 = 0. The value 

of,  𝛿𝑥=𝐿𝑥

𝑥 = 4 𝑚𝑚, is the displacement of 4 mm applied on edge of the model at 𝑥 = 𝐿𝑥. Its 

calculation was provided in section 7.2.9. As a consequence of this and the simulation time 

of 1 second, the strain rate under which the model is calibrated is, 0.04 𝑠−1. 

 

7.3.2. Texture and orientation partitioned Schmid factor distribution 
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An obvious requirement of calibrated material model parameters which stem from the 

hardening behaviour of single crystals is the following inequality (To which parameters of 

calibrated model should also conform to) [335]: 

 

 𝜏𝑠 < 𝜏0 Equation 7-13 

 

Here, 𝜏𝑠 is the saturation stress for stage-I hardening region, beyond which large plastic 

deformation initiates and 𝜏0 is the critical resolved shear stress. 

 

Step - 1: Know the normalized stress vector in the sample coordinate system, �̅�𝑠𝑐𝑠 =

[�̅�𝑥𝑖,̂ �̅�𝑦𝑗,̂ �̅�𝑧�̂�]
𝑇
 and calculate its norm (𝑥, 𝑦, 𝑧 are taken as specimen length (which is along 

extrusion direction) and 𝑦 is taken as the specimen thickness or width and 𝑧 is taken as 

the specimen width or thickness, depending on the choice of FE coordinate system) as: 

 

 
|�̅�| = √�̅�𝑥

2 + �̅�𝑦
2 + �̅�𝑧

2 Equation 7-14 

 

Here, sub-script, 𝑠𝑐𝑠, indicates specimen coordinate system, formed by axes 𝑥, 𝑦, 𝑧. 

 

Step - 2: Random sample 𝑁𝑔 number of {Φ} = {𝜙1, 𝜙, 𝜙2}, from texture at locations B, A 

and C. 

 

Step - 3: Calculate orientation matrix [57], 𝑮 for each {Φ} as: 

 

𝐺 = [

+cos𝜙1 cos 𝜙2 − sin 𝜙1 sin𝜙2 cos𝜙 +sin 𝜙1 cos 𝜙2 + cos𝜙1 sin𝜙2 cos 𝜙 sin𝜙2 sin 𝜙
−cos𝜙1 sin 𝜙2 − sin𝜙1 cos𝜙2 cos𝜙 −sin 𝜙1 sin𝜙2 + cos𝜙1 cos𝜙2 cos 𝜙 cos𝜙2 sin𝜙

+ sin𝜙1 sin𝜙 − cos𝜙1 sin𝜙 cos𝜙
] Equation 

7-15 

 

Here, 𝜙1, 𝜓 and 𝜙2 are components of the Bunge’s Euler angles in degrees. 

 

Step - 4: Transform stress vector �̅� from sample to crystal coordinate system as 

 

 �̅�𝑥𝑐𝑠 = 𝑮 ⋅ �̅�𝑠𝑐𝑠 Equation 7-16 

 

Here, subscript, 𝑥𝑐𝑠, indicates crystal coordinate system formed by axes [100], [010], [001]. 

 

Step - 5: Calculate Schmid factors for each Φ as: 
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𝑀 =

(sp ⋅ �̅�𝑥𝑐𝑠) (�̅�𝑥𝑐𝑠 ⋅ sd)

|𝑚| |𝑛| |�̅�𝑥𝑐𝑠|
2

 Equation 7-17 

 

Step - 6: Partition the 𝑀 into 𝑁 sets, 𝑀𝑖. Here, ∀𝑖 ∈ [1, 𝑁] and 𝑁 is the number of texture 

components. 

 

Step - 7: Calculate mean in each 𝑀𝑖 as: 

 

 

< 𝑀𝑖 > =
∑ 𝑎𝑏𝑠(𝑀𝑑)

𝑁𝑔
𝑖

𝑛 = 1

𝑁𝑔
𝑖

 Equation 7-18 

 

Here, 𝑁𝑔
𝑖  is the number of grains in 𝑖𝑡ℎ texture component and 𝑀𝑑 is the Schmid factor of 𝑛𝑡ℎ 

grain of this texture component. As no distinction is made between positive and negative slips, 

the absolute value of 𝑀𝑑 is used. 

 

Step - 8: Calculate < 𝑀𝑖 >̃ , the standard deviation for each 𝑀𝑖 around < 𝑀𝑖 >  as: 

 

 

< 𝑀𝑖 >̃  = √
∑ (𝑀𝑑  −  < 𝑀𝑖 >)2

𝑁𝑔
𝑖

𝑛 = 1

𝑁𝑔
𝑖

 Equation 7-19 

 

Step - 9: Calculate texture volume fraction weighted mean for the current set of texture 

sampling and applied stress vector as: 

 

 

< 𝑴 >𝑇𝐸𝑋  = ∑(𝑉𝑓
𝑡   < 𝑀𝑖 >)

𝑁𝑇𝐶

𝑡 = 1

 Equation 7-20 

 

Here, 𝑁𝑇𝐶  is the number of texture components. Rewriting Schmidt’s law as 𝜎 = 𝜏0/𝑀, it is 

evident that a larger applied stress is needed to induce slip when 𝑀 is small. This is clearly 

understood by working out with an example such as 𝑀1 = 0.2 and 𝑀2 = 0.4 for two differently 

oriented grains and 𝜏0 is a constant. Therefore, grains with low 𝑀 are therefore conventionally 

addressed to be hard grains and those with high 𝑀 are soft grains as a smaller applied stress 

is needed to match the resolved shear stress to critical resolved shear stress. Real life presents 

distributions in orientations and hence a distribution of Schmid factor for the same applied 

stress vector. Such an overall distribution in 𝑀 for the entire polycrystal is characterized by 
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sets of 𝑀 belonging to each texture component. As each of these sets is a separate 

distribution, it is characterized by a mean, maximum and minimum value. These values are 

calculated for individual texture components and presented below. 

 

7.3.3. Calibration results 
 

As initial benchmark studies, a convergence study is carried out on the following three FE 

models with similar texture instance, texture distribution instance and the model dimensions. 

Three FE models (FE-1, FE-2 and FE-3) were used with one, two and three elements 

respectively in the width of grains. Calibration constants were found to be 𝐶11 = 92 𝐺𝑃𝑎, 𝐶12 =

45.3 𝐺𝑃𝑎, 𝐶44 = 28.1 𝐺𝑃𝑎, ℎ0 = 500 𝑀𝑃𝑎, 𝜏𝑠 = 105 𝑀𝑃𝑎 and 𝜏0 = 78 𝑀𝑃𝑎. 

 

 

Figure 7-4: Calibrated FE - 1' model behaviour compared with reference model 
 

Figure 7-4 shows the behaviour of FE – 1 model with the above mentioned calibration 

parameters. Though the model prediction is good, the model performance diverged when the 

number of elements increased. By varying the calibration parameters appropriately, a FE 

model with any arbitrarily chosen number of elements can be made to conform to reference 

material behaviour. Hence, the solution space of choosing the right finite elements parameters 

is non-unique, as there can be two or more FE models which can be independently calibrated. 

 
Figure 7-5: Differences between the reference model and predicted behaviours 
 

The differences between the reference stress strain curves and the predicted stress strain 

curves of FE-2 and FE-3 are shown in the above Figure 7-5. Both FE – 2 and FE – 3 conform 
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well to the reference model, as seen from the small difference. Using 228 elements per grain 

in the FE – 3 model as against 100 elements per grain in FE – 2 model does provide a 

significant improvement. In view of computational cost, FE – 2 is more economical than FE – 

3 and FE-2 was selected. Detailed benchmark studies were conducted before calibration was 

finalized. 

 

7.3.4. Stress distribution inside the FE model calibrated to mean reference for 
location B8 

 

Here, Von-Mises stress distributions in the two FE mesh models, FE – 2 and FE – 3 are studied 

in detail. The following points bring out the motivation for this study: 

 

1. Even though CPS6M elements provide a higher node density in the model, for the 

same boundary/edge seeding characteristics, the limit of the number of CPS6M 

elements needed for the convergence of FE solution variables should be understood. 

 

2. As the CPFE model allows stress discontinuities at the grain boundaries, the number 

of elements needed to distinguish the grain boundary region from the grain interior 

should be known. 

 

From the studies, it was found that using 3 elements along the grain width offered very 

negligible improvement over using 2 elements per grain. 

  

7.3.5. Material calibration parameters 
 

Based on the benchmark studies presented and discussed previously, and also on the fact 

that use of hexagonal grains incorporates the triple point grain boundary junctions (thus making 

grain structure more realistic), all calibrations are made using CPS6M elements on hexagonal 

grains. Plane stress is used in the model. Plane strain hardly exists at intra-granular length 

scales. To bring the models closer to real life, the aspect ratios are also altered and spatial 

perturbations are introduced to grain boundary triple point junctions. The elastic stiffness 

values used correspond to cubic material. Their values are, 𝐶11 = 92500 𝑀𝑃𝑎, 𝐶12 =

45300 𝑀𝑃𝑎 and 𝐶44 = 28100 𝑀𝑃𝑎. Details of the model are provided below. 

 

Table 7-6: Texture component share of number of grains in the calibration models. Note:  

𝑉𝑓
𝑂𝑟𝑖 is the experimentally observed texture component volume fraction and  

𝑉
𝑓

𝑁𝑔.𝑡𝑐
 is the texture component volume fractions in the CPFE model, as defined by the number 

of grains 
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 Location B Location A Location C 

 𝑁𝑔.𝑡𝑐 𝑉𝑓
𝑂𝑟𝑖 𝑉

𝑓

𝑁𝑔.𝑡𝑐
 𝑁𝑔.𝑡𝑐 𝑉𝑓

𝑂𝑟𝑖 𝑉
𝑓

𝑁𝑔.𝑡𝑐
 𝑁𝑔.𝑡𝑐 𝑉𝑓

𝑂𝑟𝑖 𝑉
𝑓

𝑁𝑔.𝑡𝑐
 

Cube 65 0.07 0.0688 39 0.04 0.0413 66 0.06 0.0698 

Goss 103 0.11 0.1090 117 0.12 0.1090 198 0.18 0.2095 

Brass 357 0.38 0.3778 408 0.42 0.4317 341 0.31 0.3608 

Copper 140 0.15 0.1481 127 0.13 0.1344 143 0.13 0.1513 

S 280 0.30 0.2963 254 0.26 0.2688 197 0.18 0.2085 
 

TOTAL 945 1.01 1 945 0.97 1 945 0.86 1 

 

Using texture component volume fractions in Table 7-1, grains are randomly assigned to 

texture components in the grain structure. Above table is applicable to texture instances 1, 2 

and 3 for each location B, A and C. For locations A and C, the total volume fractions as obtained 

from EBSD does not add to unity as explained in chapter 5. To account for the difference, 

number of grains are recursively calculated as described in section 7.2.7 and texture 

partitioned number of grains are provided in the above Table 7-6. After calibration, the CPFEM 

material parameters were found to be ℎ0 =485 MPa, 𝜏𝑠 = 101.0 MPa and 𝜏0 = 87.0 MPa. The 

yield strength of the reference was ref.mean, 𝜎𝑦.𝑅𝑒𝑓.
0.2% = 366.7 MPa, that of the calibrated model 

was 𝜎𝑦.𝑃𝑟𝑒𝑑.
0.2% = 369.3 MPa, indicating that the calibration was successful. 

 

7.4. Texture partitioned mechanical behaviour 
 

Differences in the mechanical behaviour amongst grains belonging to different texture 

components bring out the texture partitioned mechanical behaviour of the grain structure. In 

this section, statistics of the stress-strain behaviours of the grains belonging to individual 

texture components are presented. Here, the checkerboard model was seen to give rise to 

unrealistic stress distributions probably due to the following reasons: 

 

1. Inexistence of grain boundary triple point junctions. In a checkerboard model, 4 grains 

meet at a quadruple point junction, which is energetically unflavoured in the real world. 

 

2. Grain boundaries are either parallel to or normal to the direction of loading, which is 

also unrealistic. 

 

3. There are only 4 adjacent grains for every grain and hence chances for slip transfer 

are low 

 

To counter the above downsides and to have CPFE grain structure model closer to the real 

world, a hexagonal checkerboard model is constructed. This model has 6 adjacent grains for 
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every grain and offers only triple point junctions with 120° angle, which also happens to be 

energetically most preferred by the grain structure in real life. This model is presented first. 

Additionally, it is assumed that the above benchmark studies carried out on the rectangular 

checkerboard models apply similarly for the present hexagonally tessellated grain structures. 

 

 
Figure 7-6: Details of the grain structure model (a) a triangular lattice points used to tessellate 
a hexagonal lattice (b) hexagonal lattice formed with grain boundaries and model boundaries 
(c) grains in the FE model in ABAQUS (d) all 945 grains in ABAQUS meshed with CPS6M 
finite elements (e) numbering convention of grains 1 to 945, in the CPFE model in (d), (f) 
texture and the texture component colour key showing individual orientations mapped to the 
CPFE model in (d). 
 

Grain structure model used to study the texture effects on stress-strain behaviour of the models 

is shown in the above Figure 7-6. The triangular lattice in Figure 7-6(a) is used to generate 

the hexagonal Voronoi tessellation in Figure 7-6(b). This is then re-constructed in ABAQUS 

(Figure 7-6(c)) using custom python scripts and the grain numbering sequence is in Figure 

7-6(e). Figure 7-6(d) shows the grains meshed with CPS6M elements. Results used to 

understand the texture effects are the field variables of finite element analysis, defined either 

at elemental nodes or integration points. To investigate the mechanical behaviour at the grain 

level at the texture component level, average values of the field variable are calculated as 

explained below. 

 

1. It is first recognised that, the areas of all grains are same except at the grain structure 

boundaries. Therefore, a volumetrically averaged stress calculation (assuming a unit 

grain thickness) is not necessary, as is usually carried out in CPFE simulations.  
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2. Stresses at the integration points of an element are averaged to obtain the stress at 

the element centroids. This is repeated for all elements in a certain grain.  

 

3. The average of all these values of stresses (at the centroid of all elements in the grain) 

is then calculated. This represents the grain averaged stresses. Standard deviation and 

bounds are also calculated. 

 

4. The average of all grain averaged stresses of all grains belonging to a certain texture 

component represents the texture component averaged stress.  

 

5. This procedure is applied to all field variables of the CPFE model, such as strain and 

solution dependent variables 

 

 
Figure 7-7: Schmid factor for the texture in and applied stress vector stress vector, 𝜎 =
[+1  0  0]𝑇, used to study texture and orientation partitioned mechanical behaviour (a) Texture 
partitioned Schmid factors, (b, c) Orientation partitioned Schmid factor scatter in projected 𝜙1 −
𝜓 plane of the Euler space, (d) Orientation partitioned Schmid factor scatter in projected 𝜙1 −
𝜙2 plane of the Euler space, (e) highlight from (d) showing Schmid factor changes along the 𝛽 
fibres, and (f) Meaning of symbols used in (c) 
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Tension along the length (extrusion direction) of the model has the following stress tensor 

 

𝜎𝑖𝑗 = [
𝜎𝑥𝑥 0 0
0 0 0
0 0 0

] 

 

The unit stress vector is therefore, �̂�𝑖𝑖 = [1 0 0]𝑇. Schmid factors of the orientations used in 

the texture presented in Figure 7-6(f) is calculated for this applied stress tensor using the 

method outlined in section 7.3.2. The results are presented in Figure 7-7(a) with respect to 

texture components and in Figure 7-7(b), with respect to individual orientations. Here, in 

Figure 7-7(a), it is seen that Cube and Goss texture components form softer grains while 

Brass, copper and S texture components form relatively harder grains for this applied stress 

vector. The bounds in the values of Schmid factor represented by maximum and minimum are 

the effect of misorientations of the actual orientation from the actual values. The mean values 

shown, contain error bars, which represent the standard deviations in the spread of M 

corresponding to the spread in the texture component. These represent texture partitioned 

Schmid factor for the texture at location B. Brass to S to copper orientations form the 𝛽 − fibre 

and Goss to Brass orientations form the 𝛼 − fibre. Thus, it is evident that, a strong 𝛽 − fibre, 

makes the grain structure mechanically stronger. This is evidenced by the fact that 𝛽 − fibre is 

the end texture fibre during texture evolution under thermo-mechanical processing. However, 

the effect of 𝛼 − fibre is asymmetric as an increase in Goss leads to weakening of the grain 

structure due to its higher Schmid factor, and an increase in Brass leads to stronger grain 

structure due to its lower Schmid factor. Finally, a strong cube texture will mechanically weaken 

in the grain structure. These arguments, of course, hold value only with respect to the stress 

vector considered here. This behaviour is seen to be even, as changing the unit stress vector 

from tension to compression does not change the Schmid factor distribution, which is only true 

for the case of single slip in the initial Stage-I portion of the stress-strain curves of individual 

orientations. This brings out effect of texture components on the mechanical behaviour. 

 

Further Figure 7-7(b) brings out the changes in the Schmid factor for individual orientations in 

Figure 7-6(f) sampled from texture model for location B. The patterns made here, are a 

consequence of Euler space symmetry. Figure 7-7(c) presents the same set of results with 

the orientation names and texture features overlaid. It is easily evident that there are clusters 

of stronger and weaker orientations. These are a direct consequence of the orientation spread, 

which is due to the texture component GHW. Thus, the texture component parameter GHW 

has a definitive impact on the mechanical behaviour. It can be seen from the 𝜙1 − 𝜙2 projection 

of the Euler space in Figure 7-7(d) and Figure 7-7(e), that there exists stronger and weaker 
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grains at specific locations on the 𝛽 −fibre itself. However, most orientations here are hard 

orientations. Thus, it is seen that the shape of orientation clustering on the 𝛽 − fibre largely 

controls the Schmid factor. Therefore, the orientation spread, is a major texture parameter 

deciding the strength of grains and hence that of the grain structure. 

 

 
Figure 7-8: Texture partitioned, texture component averaged stress-strain (𝜎𝑥𝑥: 𝜖𝑥𝑥) 
behaviours: (a) Cube (b) Goss (c) Brass (d) Copper and (e) S texture components. Note 1: the 
highlighted portion of the stress strain region highlights the elastic-plastic transition region and 
the elastic anisotropy between orientations belonging to the same texture component. Note 2: 
error bars represents the standard deviation of the different grain averaged stress-strain 
behaviours of all grains belonging to the same texture component. Note 3: The three lines 
across the individual figures are iso-stress lines valued 285, 370, and 450 MPa as represented. 
 

Figure 7-8 shows presents the mean values and upper and lower bounds of the behaviour of 

texture component averaged 𝑆𝑥𝑥 component of stress with applied engineering strain. 

Analogous to the Schmid factors variations for texture components see in Figure 7-7(a), the 

mean values of the texture component averaged stress, shows that Cube and Goss grains are 

indeed softer grains in comparison to the Brass, Copper an S grains. The highlights inside 

each figure bring out the small elastic anisotropy of grains belonging to different orientations 

within the same texture component. The unusually steep elastic region in Figure 7-8(c) is due 

to a grain at the end of the constrained end of the model (Due to fully constrained nodal 

boundary conditions and the fact that this grain has a smaller volume and also is at a corner 

of the grain structure model, the corner elements developed very high stresses and the nodal 

averaging performed to extract the element centroidal stresses are not accurate for these 

elements). The effect of orientation spread is the highest for cube grains, as shown by the 
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larger error bars representing the standard deviations. Elastic anisotropy is very small as can 

be seen by comparing elastic portions of stress-strain data for all texture components. This is 

expected as the Zener factor for aluminium is low at 1.22 [336,337]. 

 

 
Figure 7-9: Texture partitioned grain averaged stress-strain (𝜎𝑥𝑥: 𝜖𝑥𝑥) behaviours for all (a) 
Cube, (b) Goss, (c) Brass, (d) Copper and (e) S grains 
 

The above Figure 7-9 brings out the grain averaged stress strain behaviours for individual 

texture components. In all the figures, X-axis represents the grain number in the grain set of 

the texture component. Y-axis represents the gross engineering strain (𝜖𝑥𝑥) of the entire grain 

structure. Colours along with the legend key to the right of every figure represents the value of 

stress 𝜎𝑥𝑥 in MPa. 

 

 
Figure 7-10: Texture partitioned standard deviations of grain averaged stress-strain (𝜎𝑥𝑥: 𝜖𝑥𝑥) 
behaviours for all (a) Cube, (b) Goss, (c) Brass, (d) Copper and (e) S grains 
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The above Figure 7-10 brings out the grain averaged stress strain behaviours for individual 

texture components. In all the figures, X-axis represents the grain number in the grain set of 

the texture component. Y-axis represents the gross engineering strain (𝜖𝑥𝑥) of the entire grain 

structure. Colours along with the legend key to the right of every figure represents the value of 

standard deviations in 𝜎𝑥𝑥, represented as 𝜎𝑥𝑥. 𝑆𝐷 in MPa. 

 

Comparing Figure 7-9(a to e), it is evident that the texture components brass, copper and S 

develop higher stresses for the same applied strain than the cube and Goss texture 

components do, beyond the elastic region. In these figures, regions in cyan mark the elastic to 

plastic transition region while the region in green. These results clearly show that cube and 

Goss grains being re-crystallization texture components hardens lesser than the brass, copper 

and S texture components, which are basically deformation texture components. Additionally, 

from the standard deviations in Figure 7-10(a to e), it is evident that the stress strain behaviour 

of cube texture component is more sensitive to small changes in orientations when compared 

to G, B, C and S texture components. This means that the misorientation of cube oriented 

grains with respect to ideal cube orientation has a higher influence on the stress-strain 

behaviour than that of other texture components. In the grain structure model, the extent of 

this misorientation angle is defined by the texture model which was used to determine the 

orientation distribution in Euler space. In texture model, this distribution itself was obtained 

using weighted sum of orientation distributions for individual orientations. The strength and 

spread of these orientations are controlled together by two texture parameters, texture 

component volume fraction and texture component Gaussian Half Width. While the texture 

component strength, is determined by how closely packed is the orientation distribution in Euler 

space and the number of orientations making up this distribution, the other term, the spread is 

determined by the actual width of the distribution, which is determined mostly by the GHW. 

Therefore, the GHW, by controlling the orientation spread and the strength, decides the 

severity of misorientation between any two orientations inside the orientation distribution 

cluster of a certain texture component. Thus, it can therefore be said that, by controlling the 

spread of cube orientations around the ideal cube orientation in Euler space, the texture 

parameter, GHW, has a much larger influence on the stress-strain behaviour of the cube 

texture component than the other four. 
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8. Texture and grain structure partitioned 
residual stress relaxation and stability 

 

8.1. Texture and grain structure parameters and their 
spatial differences 

 

Texture component intensity (f(g)) and volume fraction (Vf) are the two texture parameters. 

Additional texture parameters called texture component intensity ratio and texture component 

volume fraction ratio are developed. For given two texture components, 1 and 2, the texture 

component intensity ratio is defined by the following equation. 

 

 
𝐼(̅𝑔1, 𝑔2) =

𝑓(𝑔1)

𝑓(𝑔2)
 

Equation 8-1 

  

Here, 𝐼(̅𝑔1, 𝑔2) is the intensity ratio, 𝑓(𝑔1) and 𝑓(𝑔2) are the intensities of texture components 

of orientations 𝑔1 and 𝑔2 respectively. The texture component volume fraction raio is defined 

by the following equation. 

 

 
𝑉�̅�(𝑔1, 𝑔2) =

𝑓(𝑔1)

𝑓(𝑔2)
 

Equation 8-2 

 

Here, 𝑉�̅�(𝑔1, 𝑔2) is the volume fraction ratio of texture components of orientations 𝑔1 and 𝑔2 

respectively.  

 

Locations on samples 2 and 3 were selected so as to offer contrasting differences in both 

texture and grain structure. Details and results of fatigue experiment on laser shock peened 

AA2099 sample-2, conducted to investigate the phenomenon of residual stress relaxation was 

provided in section 5.10.1. Before inferences are made and correlations are drawn, the unique 

texture and grain structure characteristics at locations B, A and C in sample-2 and <1,2,3>, 

<4,5,6>, <7,8,9>, <10,11,12> and <13,14,15> in sample-3 are listed for continuity. 

 

It was seen from Figure 5-7 and Figure 5-8 that, the grain structure for locations (B1, B2) and 

(C1, C2) are similar, consisting of sub-structured grains and very few large grains in 

comparison to location A. Compared to other texture components, cube f(g) is relatively much 

lower at B, A and C. Volume fraction of brass is more or less uniform. Goss f(g) is lowest at B 

and C and maximum at A. Brass f(g) is highest at B and C and lowest at A. Goss and Brass 
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Vf is more or less uniform at B, A and C. Copper f(g) is relatively negligible at all locations. 

Copper Vf is highest at location <1,2,3> and decreases steadily towards <7,8,9> and stays 

more or less constant at <14,15,16>. Copper orientations are very randomized. S f(g) and Vf 

are highest at location B, lower at A and lowest at C. 

 

In sample-3, Cube is most intense at location <4,5,6> and also has the most presence at the 

same location. Goss is most intense at location <10,11,12>, least intense at <1,2,3> and has 

most presence at location <10,11,12> and least presence at <1,2,3>. Brass is most intense at 

<13,14,15> and has most presence at location <7,8,9> and least at <10,11,12>. Copper is 

most intense at <1,2,3> and has highest presence at location <1,2,3> and much lesser but 

almost equal at other locations. Finally, S is most intense at <1,2,3>, least intense at 

<13,14,15> and has highest presence at <1,2,3>, lower but almost equal at <4,5,6> and 

<7,8,9> and least at other two locations. Texture and grain structure effects on yield strength 

and residual stress are provided below. 

 

8.2. Texture and grain structure effects on LSP induced 
yield strength and residual stress 

 

Differences in LSP induced depth averaged near-surface residual stresses were provided in 

Table 5-4. Results therein highlighted that locations <7,8,9> (A) and locations <10,11,12> (C2) 

develop on a average, higher residual stress magnitude in comparison to locations <123>. 

Locations <13,14> were found to have the least residual stress magnitude. These can be 

correlated with texture results in Figure 5-10 and Figure 5-11, grain structure results in Figure 

5-7 and Figure 5-8, and LSP induced yield strength results in Table 5-3.  

 

8.2.1. Texture and grain structure effect on yield strength 
 

Depth averaged base yield strengths at locations <1,2,3> and <4,5,6> were similar and 

highest, while that at <7,8,9> (A) and <10,11,12> (C2) were similar but smaller and that at  

<13,14,15> was lowest.  

 

Correlating the observations, it can be said that a combination of low Goss f(g), low Goss Vf, 

high S f(g), high S Vf, high Copper Vf, highly sub-structured grains result in a high base yield 

strength (<1,2,3> and <4,5,6>).  

 

The grain size increases greatly from locations <1,2,3> and <4,5,6> two locations to <7,8,9> 

and <10,11,12>. According to Hall-Petch [88] expression, the yield strength at <7,8,9> and 
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<10,11,12> should be significantly lesser than that at <13,14,15> which has highly sub-

structured grains. However, yield strength at <13,14,15> is in fact found to be lesser. This 

could be contributed by texture differences, which has been neglected [67] in Hall-Petch 

relationship. Post-LSP the increases in yield strength were found to be maximum for locations 

<1,2,3> and <4,5,6>). Hence, it can be said that a combination of low Goss f(g), low Goss Vf, 

high S f(g), high S Vf, high Copper Vf, highly sub-structured grains results increases the local 

material’s hardenability and causes high LSP induced yield strength. The increase in yield 

strength was found to be the least in the region of large grain size, high Goss f(g), high Goss 

Vf and low Brass f(g), which is location <7,8,9>.  

 

8.2.2. Texture and grain structure effect on LSP induced surface residual stress 
 

Correlating the observations of residual stress from Table 5-4 to texture and grain structure, it 

can be said that, location <7,8,9> (A) with large grains, low brass f(g), high Goss f(g) and high 

Goss Vf, are more receptive to LSP in developing high residual stresses. On the contrary, 

locations with small grains, high brass f(g), low Goss f(g) and low Goss Vf, may not be very 

beneficial to developing high compressive residual stress magnitude under LSP.  

 

8.3. Important observations from residual stress relaxation 
experiments 

 

8.3.1. Residual stress relaxation studies in sample-2 and sample-3 
 

This section has the following objectives: 

 

1. To test the repeatability of results provided in previous section 

 

2. To understand the effects of initial residual stress on residual stress relaxation and 

stability at locations having similar texture and grain structure 

 

3. To understand the spatial heterogeneity in residual stress relaxation among locations 

having different texture and grain structure 

 

4. To serve as a basis for the mathematical development of residual stress development 

 



201 
 

Firstly, results from residual stress history in Table 5-7 are used to analyse the behaviour of 

relaxation and instantaneous residual stress ratio at different textures and grain structures, 

under cyclic loading at two different applied mean stress and stress amplitude levels.  

 

It is to be noted that many repeat measurements are made to arrive at each data point of 

residual stress. The number of repeat measurements are provided as a function of residual 

stress measurement ID in Figure 5-20. Further, it was shown for sample-2 that the applied 

loading conditions do not introduce gross plasticity in Figure 5-21. With these in mind, the 

following arguments and discussions are presented. 

 

Relaxation and IRSR at locations 1, 2 and 3 on sample-3 

 
Figure 8-1: Temporal changes to origin to event relaxation Δ𝜎𝑥𝑥 (MPa) and �̅� (MPa/MPa) for 

locations 1, 2 and 3 of sample-3 at applied mean stress of (a) σm = −139 MPa and (a) σm =
−156 MPa. NOTE: the logarithmic in the above equations are log to the base 10. 
 

For cyclic loading under constant mean stress, IRSR is influenced only by the instantaneous 

compressive residual stress, assuming change in yield strength is negligible (see Equation 

5-3). Figure 8-1(a) and Figure 8-1(b) show the temporal evolution of ISRS and origin to point 

RLX for locations 1, 2, and 3 as a function of number of cycles at mean stress of -139 MPa 

and -156 MPa respectively and stress amplitudes of 137 MPa and 154 MPa (elastic applied 

stress). C.L.Block refers to ‘Cyclic Loading Block’. At the beginning and end of each C.L.Block, 

the sample was taken out of the loading rig and residual stresses were measured. At a mean 

stress of -139 MPa, the sample was subjected to 4 cyclic loading blocks, with 10, 100, 10000 

and 100000 cycles each. At mean stress of -156 MPa, the sample was subjected to fatigue, in 

3 cyclic loading blocks of 10, 1000 and 100000 cycles each. Together, with the cumulative 

number of cycles being 1.1 x 105 and 1.01 x 105 cycles, the sample was tested for residual 

stress relaxation under high cycle fatigue [338]. 
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The beginning of the first block, C.L.Block-1 for both cases was a static loading (N has been 

made 1, to allow logarithmic computation). LSP induced residual stresses at locations 1, 2 and 

3 are -181, -185 and -184 MPa respectively. At the end of 1st static loading to a maximum 

applied stress -277 MPa, and before the beginning of cyclic loading at σm = -139 MPa, these 

stresses were -176, -174 and -180 MPa. For this σm, the magnitude of relaxation (Δσxx), 

fluctuates with no clearly increasing trend. A linear logarithmic equation is fit to the values of 

relaxation against the number of cycles as in reference [70,259,339] and shown in Figure 

8-1(a). The slope of each linear fit is negative, clearly indicating no relaxation. Therefore, 

residual stress field at locations 1, 2 and 3 is stable for the given texture, grain structure, initial 

residual stress and applied mean stress of -139 MPa over the range of number of loading 

cycles indicated before. At the end of the last C.L.Block, the residual stresses were -180, -179 

and -183 MPa. Then, load is statically ramped from 0 to a maximum applied stress of -291 

MPa and then ramped down. Upon measurement, the residual stress were found to be -179, 

-174 and -180 MPa, which shows no relaxation. These results are excluded from Figure 8-1(a) 

and Figure 8-1(b). Next, the maximum applied stress was ramped up from 0 to -310 MPa and 

ramp unloaded to make residual stress measurement (@N = 1 in Figure 8-1(b)). The residual 

stresses were found to be -176, -174 and -180 MPa, again showing no relaxation. Therefore, 

residual stresses at all locations 1, 2 and 3 are stable under high cycle fatigue for 1.1 x 105 

cycles at σm = -139 MPa and σa = 137 MPa. It remains stable under static ramp loading to -

291 MPa and unloading. It continues to be stable even under static ramp loading to -310 MPa 

and unloading.  

 

After this, 3 cyclic loading blocks indicated in Figure 8-1(b) were conducted at a mean stress 

of -156 MPa. Linear logarithmic equation was fit to relaxation trend and shown in Figure 8-1(b). 

From the fit, we see that the relaxation magnitude is found to increase more or less for all 

points as opposed that seen in Figure 8-1(a). The slope of all linear logarithmic fits for 

relaxation vs N is positive and also similar. The equations are also provided, where the y-

intercept is non-zero as relaxations are origin to point values and are different because the 

initial residual stresses at these locations were different. Based on the observations, the 

following mathematical development is made. The relaxation fit in [70,259,339] is re-written 

as: 

 

 𝜎𝑥𝑥
𝑟 (𝑋,𝑁) − 𝜎𝑜(𝑋) =  𝐴 log10 𝑁 +  𝐵 Equation 8-3 
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Here, 𝜎𝑥𝑥
𝑟 (𝑋,𝑁) is the instantaneous surface residual stress (𝜎𝑥𝑥) at location 𝑋, over cumultive 

number of cyles 𝑁, 𝜎𝑜(𝑋), is the initial surface residual stress (taken as origin), 𝐴 and 𝐵 are 

constants. Differentiating, we get the ‘cyclic rate of change of residual stress’ as follows, 

 

 
𝜕𝜎𝑟

𝜕𝑁
=

𝐴

ln(10) 𝑁
+ 𝐵 Equation 8-4 

 

It can now be easily seen that, if 
𝜕𝜎𝑟

𝜕𝑁
 decreases asymptotically to zero, the relaxation should 

stop after N cycles. On the other hand, if 
𝜕𝜎𝑟

𝜕𝑁
 increases in any way, the relaxation will not stop 

and the residual stresses will be completely unstable. However, under the present case where 

the applied stress is maintained elastic, the residual stresses will eventually reach stability after 

an N number cycles. Hence, it is imperative that under high-cycle fatigue, the function  
𝜕𝜎𝑟

𝜕𝑁
 will 

be asymptotic to zero, assuming that the high cycle fatigue does not drive relaxation through 

thermal or other relaxation driving phenomenon. As aluminium does not have an endurance 

limit, it would be necessary to describe compressive residual stress relaxation through the 

cyclic rate (
𝜕𝜎𝑟

𝜕𝑁
) as a function of different values of ratios 

𝜎𝑚

𝜎𝑓
 and 

𝜎𝑎

𝜎𝑓
, where the 𝜎𝑚, 𝜎𝑎 and 𝜎𝑓 

are the mean stress, stress amplitude and fatigue strength respectively, defined over 𝑁𝑓 

number of cycles. 

 

Under constant applied mean stress, stress amplitude and the assumption that yield strength 

does not change during cyclic loading, values of IRSR at any N2>N1, should theoretically 

conform to the following: IRSR@N2 < IRSR@N1 (see equation 5.3). Due to experimental 

errors, the above inequality may become IRSR@N2 > IRSR@N1, as seen in Figure 8-1(a) and 

Figure 8-1(b). Nevertheless, for cyclic loading at σm = -139 MPa, values of IRSR fluctuate 

around the starting value, for all locations with some values even increasing. IRSR is used to 

interpret stability and is taken up in section . For cyclic loading at σm = -156 MPa, values of 

IRSR show a more or less decreasing trend. Due to the nature of its calculation, changes to 

IRSR are not as sensitive N as changes to Δσxx are. Nevertheless, the IRSR vs. N trend is 

decreasing. An increase in IRSR is ruled out as previously explained in this paragraph. Due to 

experimental errors, the nature of the decreasing trend itself, cannot be commented upon. 

 

Relaxation and IRSR at locations 4, 5 and 6 on sample-3 
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Figure 8-2: Temporal changes to origin to event relaxation Δ𝜎𝑥𝑥 (MPa) and �̅� (MPa/MPa) for 

locations 4, 5 and 6 of sample-3 at applied mean stress of (a) σm = −139 MPa and (a) σm =
−156 MPa 
 

Figure 8-2(a) and Figure 8-2(b) show both temporal evolution of ISRS and origin to point RLX 

for locations 4, 5, and 6 as a function of number of cycles, at mean stress of -139 MPa and -

156 MPa respectively and stress amplitudes of 137 MPa and 154 MPa (elastic applied stress). 

The details of individual cyclic loading blocks at these stress levels are the same as explained 

for locations 1,2,3. Results are explained below. 

 

LSP induced residual stresses at locations 4, 5, 6 are -199, -184 and -198 MPa. At the end of 

1st static loading to a maximum applied stress -277 MPa, and before the beginning of cyclic 

loading at σm = -139 MPa, these stresses were -191, -175 and -197 MPa. Clearly residual 

stresses at points 4 and 5 have relaxed but not 6. We will now look at loading blocks L9 to L13, 

L14, L15 and L15 to L18. 

 

The measurements M10 to M14 during the loading blocks L9 to L13 are provided in Figure 

8-2(a). Relaxation magnitude fluctuate, with no clearly increasing trend. The slope of each 

linear fit is negative or close to zero, indicating the absence of cyclic residual stress relaxation. 

IRSR values appear more or less constant as N increases, indicating that residual stress field 

at these locations are stable for the given texture, grain structure, initial residual stress, applied 

mean stress and stress amplitude, over the range of number of loading cycles. At the end of 

this 4 block of cyclic loading, the stresses were -188, -182 and -195 MPa. A static ramp loading 

from 0 to a maximum applied stress of -291 MPa, followed by ramp unload to 0 was conducted 

(L14). The residual stresses at the end were -192, -180 and -196 MPa, thus showing no 

relaxation. Next, the maximum applied stress was ramped up from 0 to -310 MPa and ramp 

unloaded to measure residual stresses (L15). They were -183, -178 and -181 MPa. This shows 
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that the residual stresses at locations 4 and 6 were not stable at these static loading condition. 

However, as the initial residual stress at 5 was relatively lower in magnitude, the relaxation is 

small as expected from the stress superposition principle. This shows that stability is not just 

a function of applied stress, but a function of relative values of pre-loading residual stress, 

applied stress and local yield strength; and it is these reasons which motivated the 

development of  instantaneous RSR in Equation 5-3. After this, 3 cyclic loading blocks 

indicated in Figure 8-2(b) were conducted at a mean stress of -156 MPa (L16 to L18) and the 

results are explained below. 

 

Now 4 and 6 had a higher residual stress before the static loading to -310 MPa, in relation to 

5. Post static loading, residual stress at 4 and 6 relaxed by relatively greater amount, thus 

making the residual stress at 4, 5 and 6 more or less equal at -183, -178 and -181 MPa. Hence, 

relaxation could be spatially non-homogeneous depending on the local residual stress 

magnitude. 

 

Over fatigue loading in L16 to L18, cyclic relaxation magnitude increases greatest for location 

5, as seen from the positive slope of all linear logarithmic fits. Hence, residual stress at location 

5 was relatively less cyclically stable than at locations 4 and 6 at mean stress of -156 MPa.  

 

Relaxation and IRSR at locations 7, 8 and 9 on sample-3 

 

 
Figure 8-3: Temporal changes to origin to event relaxation Δ𝜎𝑥𝑥 (MPa) and �̅� (MPa/MPa) for 

locations 7, 8 and 9 of sample-3 at applied mean stress of (a) σm = −139 MPa and (a) σm =
−156 MPa 
 

Figure 8-3(a) and Figure 8-3(b) show both temporal evolution of ISRS and origin to point RLX 

for locations 7, 8, and 9 as a function of number of cycles, at mean stress of -139 MPa and -
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156 MPa respectively and stress amplitudes of 137 MPa and 154 MPa (elastic applied stress). 

The details of individual cyclic loading blocks at these stress levels are the same as explained 

for locations 1,2,3. Results are explained below. 

 

LSP induced residual stresses at locations 7,8,9 are -199, -194 and -217 MPa. Before the start 

of L9, the residual stresses were -186, -187 and -204 MPa. At the end of 1st static loading to a 

maximum applied stress -277 MPa (L9), and before the beginning of cyclic loading at σm = -

139 MPa (L10), these stresses were -178, -183 and -204 MPa. Under this static load, residual 

stresses at points 7 had relaxed but not 8 and 9. We will now look at loading blocks L9 to L13, 

L14, L15 and L15 to L18. 

 

The measurements M10 to M14 during the loading blocks L9 to L13 are provided in Figure 

8-3(a). Relaxation magnitude fluctuate, with no increasing trend. Slope of linear fits for 7 and 

9 are negative and close to zero, indicating the absence of cyclic residual stress relaxation. 

Slope for 9 is positive, but given the nature of relaxation data points in this figure and also trend 

of residual stress in Table 5-7 for M11 to M14, we see that the cyclic relaxation of residual 

stress has starts N = 10000. This is very much opposite to observations for locations 1,2,3 and 

4,5,6. This spatially non-homogeneous relaxation is because, initial residual stress at 9 was 

higher at M11. However, as the applied stress levels were same for L10 to L13, relaxation 

mostly appeared for L12 and L13. It is believed that, though these changes are small values, 

due to number of repeat measurements, the trend is consistent and this temporal location of 

relaxation at L12 is by a combined analysis of both instantaneous relaxation magnitude and 

temporally local residual stress history before L12. This non-homogeneous relaxation is 

different from what was seen for locations 4,5,6 and is explained in section 8.4 and section 

8.5. 

 

At the end of this 4 block of cyclic loading (L13), the stresses were -184, -183 and -200 MPa. 

A static ramp loading from 0 to a maximum applied stress of -291 MPa, followed by ramp 

unload to 0 was conducted (L14). The residual stresses at the end were -176, -184 and -202 

MPa. Based on these instantaneous values and residual stress history in Table 5-7, can be 

said that there no relaxation here. Next, the maximum applied stress was ramped up from 0 to 

-310 MPa and ramp unloaded to measure residual stresses (L15), which were -181, -177 and 

-194 MPa. This, along with local stress history in Table 5-7, shows that the residual stresses 

at locations 8 and 9 were not stable at this static loading condition. The greater relaxation at 9 

is due to higher residual stress magnitude. After the above static loading (L15), 3 cyclic loading 

blocks (L16 to L18) were conducted at a mean stress of -156 MPa. Results are now explained. 

Residual stresses at M19 were -174, -175 and -186 MPa. Due to scatter in data for 7, 
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interpretations are not made. No relaxation is observed for 8. Residual stress do relax for 

location 9.  

 

Relaxation and IRSR at locations 10, 11 and 12 on sample-3 

 

 

Figure 8-4: Temporal changes to origin to event relaxation Δ𝜎𝑥𝑥 (MPa) and �̅� (MPa/MPa) for 

locations 10, 11 and 12 of sample-3 at applied mean stress of (a) σm = −139 MPa and (a) 

σm = −156 MPa 
 

Figure 8-4(a) and Figure 8-4(b) show both temporal evolution of ISRS and origin to point RLX 

for locations 10, 11, and 12 as a function of number of cycles, at mean stress of -139 MPa and 

-156 MPa respectively and stress amplitudes of 137 MPa and 154 MPa (elastic applied stress). 

The details of individual cyclic loading blocks at these stress levels are the same as explained 

for locations 1,2,3. Results are explained below. 

 

LSP induced residual stresses at locations 10,11,12 are -200, -193 and -195 MPa. Before the 

start of L9, the residual stresses were -193, -182 and -189 MPa. At the end of 1st static loading 

to a maximum applied stress -277 MPa (L9), and before the beginning of cyclic loading at σm 

= -139 MPa (L10), these stresses were -185, -180 and -186 MPa. Under this static load, 

residual stresses at point 10 had relaxed but not 11 and 12, as t had a higher initial residual 

stress. We will now look at loading blocks L9 to L13, L14, L15 and L15 to L18. 

 

The measurements M10 to M14 during the loading blocks L9 to L13 are provided in Figure 

8-3(a). Relaxation magnitude fluctuate, with no increasing trend. Slope of the linear fits for 

7,8,9 are negative, indicating the absence of cyclic residual stress relaxation. A static ramp 

loading from 0 to a maximum applied stress of -291 MPa, followed by ramp unload to 0 was 

conducted (L14). The residual stresses at the end were -182, -181 and -185 MPa. Based on 



208 
 

these instantaneous values and residual stress history in Table 5-7, can be said that there is 

no relaxation. Next, the maximum applied stress was ramped up from 0 to -310 MPa and ramp 

unloaded to measure residual stresses (L15), which were -190, -174 and -178 MPa. This, 

along with local stress history in Table 5-7, shows that the residual stresses at locations 11 

and 12 were not stable at this static loading condition. This is contrary to the observation for 

locations 7,8,9, where a location with greater initial residual stress had greater potential to 

relax. In-fact, location 10 having a higher initial residual stress, relaxed by a relatively smaller 

amount. This is explained in the context of texture and grain structure in section 8.4 and 

section 8.5 

 

After the above static loading (L15), 3 cyclic loading blocks (L16 to L18) were conducted at a 

mean stress of -156 MPa. Results are now explained. Residual stresses at M19 were -174, -

175 and -186 MPa. Due to scatter in data for 7, interpretations are not made. No relaxation is 

observed for 8. Residual stress do relax for location 9.  

 

Relaxation and IRSR at location 13 on sample-3 

 

 

Figure 8-5: Temporal changes to origin to event relaxation Δ𝜎𝑥𝑥 (MPa) and �̅� (MPa/MPa) for 

location 13 of sample-3 at applied mean stress of (a) σm = −139 MPa and (a) σm = −156 MPa 
 

Figure 8-5(a) and Figure 8-5(b) show both temporal evolution of ISRS and origin to point RLX 

for locations 10, 11, and 12 as a function of number of cycles, at mean stress of -139 MPa and 

-156 MPa respectively and stress amplitudes of 137 MPa and 154 MPa (elastic applied stress). 

The details of individual cyclic loading blocks at these stress levels are the same as explained 

for locations 1,2,3. Results are explained below. 
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LSP induced residual stresses at location 13 is -175 MPa. Before the start of L9, the residual 

stresses were -166 MPa. At the end of 1st static loading to a maximum applied stress -277 

MPa (L9), and before the beginning of cyclic loading at σm = -139 MPa (L10), the residual 

stress was -160 MPa. Taking this and the local temporal trend in residual stress (Table 5-7), 

there is no relaxation. We will now look at loading blocks L9 to L13, L14, L15 and L15 to L18. 

 

The measurements M10 to M14 during the loading blocks L9 to L13 are provided in Figure 

8-5(a). Slope of the linear fit is negative and relaxation magnitude has no increasing trend, 

indicating the absence of considerable cyclic residual stress relaxation, though the relaxation 

seems to be after L12. As the local temporal gradient in residual stress at 13 at L12 is small, 

this result is not conclusive. A static ramp loading from 0 to a maximum applied stress of -291 

MPa, followed by ramp unload to 0 was conducted (L14). The residual stresses at the end 

were -163 MPa. Based on these instantaneous values and residual stress history in Table 5-7, 

can be said that there is no relaxation. Next, the maximum applied stress was ramped up from 

0 to -310 MPa and ramp unloaded to measure residual stress (L15), which was -162. This, 

along with local stress history in Table 5-7, shows that there is no relaxation.  

 

After the above static loading (L15), 3 cyclic loading blocks (L16 to L18) were conducted at a 

mean stress of -156 MPa. Results are now explained. Residual stresses at M19 were -158 

MPa. This indicates relaxation. However, as the data from locations 14 and 15 are not 

considered due to large experimental scatter, no further comparative analysis is made between 

locations 13,14,15.  

 

8.4. Heterogeneous residual stress stability between 
locations of similar texture and grain structure 

 

8.4.1. Influence of initial residual stress 
 

Over fatigue loading in L16 to L18, cyclic relaxation magnitude increases greatest for location 

5, as seen from the positive slope of all linear logarithmic fits in Figure 8-2(b). Hence, residual 

stress at location 5 was relatively less cyclically stable than at locations 4 and 6 at mean stress 

of -156 MPa. It has been shown in section 4.4.2 and elsewhere [202], that dislocation content 

increases upon LSP treatment, which also increases the induced residual stress. Hence, 4 

and 6 must be having a higher dislocation content than 5. Further, 4 and 6 had lower initial 

residual stress. Further, it is known that, high cycle fatigue involves micro-plasticity [340] where 

the dislocation motion is primarily responsible for relaxation [79,231,341]. The dislocation 

mobility decreases with increasing dislocation density [342]. Grain structure and texture cannot 
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have a differential effect on dislocation density at 4, 5 and 6 as they had same grain structures 

and texture. The lower residual stresses at 4 and 6 therefore means that the dislocation 

mobility at locations 4 and 6 must be smaller than for location 5. Hence, with continued cyclic 

loading, the lower dislocation density and higher dislocation mobility at 5, favours residual 

stress relaxation, as it promotes relaxation of type-2 residual stresses. The type-2 and type-3 

residual stresses could also be decreasing through possible dislocation instability processes 

involving intermittent energy dissipation phenomenon such as avalanches and bursts 

[343,344], where the dislocation structure re-arranges to a lower energy state. Hence, residual 

stress at 5, contrary to 4 and 6, decreases with increasing N. Hence, stability of LSP induced 

residual stresses, between locations of same texture, grain structure and base yield strength, 

is dependent on initial LSP induced residual stress. This motivates the need to achieve 

constant LSP parameters, as they can significantly affect the residual stress stability. 

 

8.4.2. Influence of large grain size 
 

Grain boundaries are major sources of slip and dislocation obstacles and locations 7,8,9, in 

comparison to 1,2,3 and 4,5,6 (see Figure 5-7 and Figure 5-8), had larger grain size and thus 

lesser number of such obstacles. Hence, it is easier for dislocation slip to carry the elastic 

residual strains as micro-plastic strains leading to residual stress relaxation [79]. This promotes 

residual stress instability. With this, observations and deductions are provided below. 

 

But, it can be seen from Figure 8-3(b) and Table 5-7, that the spatial inhomogeneity in the 

relaxation magnitude between locations 7,8,9 do not correspond to the spatial inhomogeneity 

of the initial residual stress at locations 7,8,9, for the same applied loading condition, similar 

grain structure and similar texture. It is to be noted from Figure 5-7 and Figure 5-8, grains in 

1,2 and 3 is relatively much smaller. Also, it is the largest for locations 7,8 and 9. Hence, the 

extent of similarity between grain structures and texture for locations 1,2 and 3 is higher than 

for 4,5 and 6 and is the least for locations 7,8 and 9. This means that, as the grain size is large, 

the effective number of grains and hence the orientation distribution therein, which take part in 

relaxation local to locations 7,8 and 9 could be different from each other, though similar. This 

means that effect of grain structure and texture on residual stress relaxation and re-distribution 

at locations in 7, 8 and 9 could be different from each other. This could also be the reason why 

location 9 has a higher initial residual stress in comparison to locations 7 and 8. Also, the 

dynamics of micro-plasticity driving the relaxation in regions below the possible upper sub-

grain region, could be affected by the presence of high density dislocation structures (as 

observed by TEM studies by Meng et al. [177]). This could be possibly by altering the 

dislocation mobility, which further influence micro-plasticity. Also, when sub-grains are formed 
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near to the peened surface, the dislocation density and compressive residual stress reduces 

[177], which could further influence residual stress stability in regions near to the peened 

surface. 

 

8.4.3. Combined influence of initial residual stress and grain size 
 

When the maximum applied stress was ramped up from 0 to -310 MPa and ramp unloaded to 

measure residual stresses (L15), the residual stresses were -190, -174 and -178 MPa. This, 

along with local stress history in Table 5-7, showed that the residual stresses at locations 11 

and 12 were not stable at this static loading condition, even though they had a relatively smaller 

initial compressive residual stress. This is contrary to the observation for locations 7,8,9, where 

a location with greater initial residual stress had greater potential to relax. This is explained. It 

is apparent from Figure 5-7 and Figure 5-8, that locations 10,11,12 had a smaller intercept 

grain size in relation to 7,8,9. This means that there are more grain boundaries which means 

there are more strain-compatibility enforcing boundary conditions in locations (1,2,3), (4,5,6) 

and (13,14,15) than (7,8,9) and (10,11,12). EBSD measurements in section 4.1, revealed that 

plastic deformation near the grain boundary is distinct from that at the core. Hence, as the 

misorientation density is higher in smaller grain regions, the dislocation density will be higher, 

which leads to a decrease in dislocation mobility, which is further compounded by the increase 

in the number of grain boundaries acting as dislocation obstacles. Location 10 had a higher 

initial residual stress, indicating the possibility of having an increased dislocation density. 

Hence, greater number of dislocation mobility enforcing events related to dislocation structure 

instability would be required to induce an increase in dislocation activity. As 10 has a higher 

potential against this, it is relatively less probable for location 10 to see such dislocation activity 

contrary to what locations 11 and 12 might be experiencing at the same applied stress. 

Therefore, it is concluded that higher magnitudes of residual stresses in regions of small grain 

sizes are more stable than higher magnitudes of residual stresses in regions of large grain 

sizes. 

 

8.5. Heterogeneous residual stress stability between 
locations of different texture and grain structure 

 

In this section, deductions from relaxation experiment on sample-2 are provided at first. Then, 

these deductions are reinforced by deduction made from observations from relaxation 

experiment on sample-3. 
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8.5.1. Deductions from relaxation experiment on sample-2 
 

Loading configuration of sample-2 is provided in Figure 5-3(b) and the locations on sample-2 

(B1, B2, A, C1 and C2) are provided in Figure 5-4. B1 and B2 were together considered B and 

C1 and C2 are together considered as C. In section 5.10.1 (see analysis of results in Figure 

5-25), it was observed that, in comparison to location A, locations B and C having smaller 

grains displayed higher resistance to residual stress relaxation. It is also seen from Figure 

5-10 that these locations consist of relatively higher intensity of brass texture component and 

lower intensity of Goss texture component. Therefore, the texture characteristic of having 

higher brass and lower Goss texture component intensities and higher brass and lower Goss 

texture component volume fraction may be more conducive towards maintaining a higher 

stability of LSP induced residual stresses. Also, the grain structure characteristic of having 

small highly sub-structured grains could further support such a conduciveness. However, the 

role played by the relatively low intensity texture components such as S, cube and copper are 

inconclusive, and more investigations are necessary to understand their contribution to overall 

residual stress stability. Hence, effects of cube texture component on residual stress relaxation 

are inconclusive. More investigations are necessary. The role of copper and S texture 

components are revealed from the results analysis of relaxation experiment on sample-3, 

provided below. 

 

8.5.2. Formulations for analysis of results from relaxation experiment on 
sample-3 

 

Loading configuration of sample-3 is provided in Figure 5-3(c) and the locations on sample-3 

(1 to 15) are provided in Figure 5-4. Locations in each of the sets (1,2,3) to (13,14,15) had 

similar texture and grain structure. Now, a platform to compare relaxations at different physical 

locations is developed. It is known from CPFEM simulations (section 7.4) and literature, that 

texture and grain structure [67,345] have a major influence on yield strength. Hence, to enable 

location wise comparison of relaxation, it is normalized against the local yield strength as 

below. 

 

 �̂�𝑂:𝑃 =
(𝜎𝑥𝑥

𝑟𝑖 (𝑥, 𝑦) − 𝜎𝑥𝑥
𝑟0 (𝑥, 𝑦))

𝜎𝑦(𝑥, 𝑦)
 Equation 8-5 

 

Here, subscript ‘O’ denotes the point on the temporal event axis before residual stress 

relaxation (ORIGIN), subscript ‘P’ denotes any point along the temporal event axis (POINT), 

𝜎𝑥𝑥
𝑟0 (𝑥, 𝑦) is the location specific initial residual stress taken at O, 𝜎𝑥𝑥

𝑟𝑖 (𝑥, 𝑦) is the location 
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specific residual stress at the end of event ‘i’ on the temporal event axis, 𝜎𝑦(𝑥, 𝑦) is the location 

specific post LSP yield strength averaged over depth 0 to 0.5 mm and �̂�𝑂:𝑃 denotes the yield 

strength normalized Origin to Point (O:P) residual stress relaxation. These are used to analyse 

relaxation of residual stresses (Even a point to point (P:P) relaxation analysis can also be 

performed but will be plagued by deviations introduced by experimental factors and is not 

used). To compare the above with initial residual stress and instantaneous residual stress, the 

above formulation is unit normalized with respect to the maximum value. The unit normalized 

�̂�𝑂:𝑃 is denoted �̅̂�𝑂:𝑃. A space is developed where, relaxation and residual stability is analysed. 

This space is described below. 

 
Figure 8-6: Location - Event - Relaxation hyperspace (LER hyperspace) 
 

A space is formed by axes sets n physical (spatial), temporal and relaxation axes. This space 

will be called Location - Event - Relaxation hyperspace (LER hyperspace). It is shown in the 

above Figure 8-6. It conveniently brings together the spatial location and applied parameters 

to describe residual stress relaxation. It is an n-dimensional space. The spatial axes sets are 

independent and describes the location in the material (3 dimensions). The event axes set is 

independent and describes the temporal locations on the load spectrum and is composed of 

applied mean stress, applied stress amplitude and number of cycles (3 dimensions). The 

relaxation axis is dependent and describes the changes in relaxation magnitude either O:P or 

P:P. As there are 7 dimensions compacted into a 3 dimensional space, it is referred to as 

hyperspace. In this thesis, stability is treated as a mathematical quantity defined in ELR space. 

 

8.5.3. Analysis of results from relaxation experiment on sample-3 
 

Spatial heterogeneity of residual stress relaxation is detailed in this section using quasi in-situ 

readings surface residual stresses on the peened surface of sample – 3. 
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Figure 8-7: ‘Location-Event-Relaxation (LER) space’ of residual stress history for sample-3 
 

As values are averaged for physical locations in (1,2,3), (4,5,6), (7,8,9), (10,11,12) and (13), 

the two dimensional distribution of locations (see Figure 5-4) can be described by just 1 

dimension, which forms the 1st independent axis of the LER space. The events, situated along 

the temporal dimension forms the other dimension, which forms the 2nd independent axis of 

the LER space. Changes in yield normalized relaxation are tracked along the residual stress 

axis forming the 3rd axis (dependent), against positions on the two independent axes. The 

experimentally observed changes to residual stress relaxation are tracked in such a LER space 

in Figure 8-7. The line plots represent values of �̂�𝑂:𝑃, calculated from experimental 

observations of residual stress history at different locations. To enable stability calculation, the 

observed scatter is smoothed by fitting a higher order surface polynomial function which has 

been indicated in the above figure. Further analyses is carried out using this surface fit and is 

detailed below. 
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Figure 8-8: Origin to event assessment of residual stress stability (a) contour map of yield 

strength normalized origin to point residual stress relaxation (�̂�𝑂:𝑃) and unit normalized values 

of �̂�𝑂:𝑃 at the end of loading event number (b) 6, (c) 8, (d) 14 and (e) 18 
 

Figure 8-8(a) shows the contour map of the surface fit in Figure 8-7. Four event are selected 

along the event axis in this LER space, at the end of loading events 6, 8, 14 and 18. As no 

relaxation was observed until the end of 6th loading, all values of residual stresses till the end 

of 5th loading are taken to represent initial residual stress. Hence, the section at event 6, takes 

into consideration the average of residual stresses from measurements in the set (before 

loading, after loading event number 1, 2, 3, 4, 5 and 6), using the mean of the repeat 

measurements made at each location. Values from this section are unit normalized (see 

equation to the right in the above figure) to enable comparison against similarly computed unit 

and yield normalized initial residual stress and instantaneous residual stress. These are plotted 

in Figure 8-8(b). Similar plots for sections at events 8,14 and 18 are provided in Figure 8-8(c), 

Figure 8-8(d) and Figure 8-8(e) respectively. Refer to corresponding events in the 3rd column 

in Table 5-7 for the applied load details. The unit normalized initial residual stresses and unit 

normalized instantaneous residual stresses are maximum at <7,8,9>. At the end of 6 h loading, 

the �̂�𝑂:𝑃 values fluctuate with no clear clear spatial trend in relaxation. However, the trend 

reaches a maximum for location <7,8,9> after the end of 8th loading event, and stays at unit 

magnitude. This means that the residual stresses at location <7,8,9> reduce greater than at 

other locations for entire loading history. Now, the observations are correlated with texture and 

grain structure below. Now, correlations between texture, grain structure, relaxation and 

residual stress stability is made. 

 

8.5.4. Texture and grain structure correlations 
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In this section, the spatial heterogeneity of residual stress relaxation detailed in the previous 

section is related to the spatial heterogeneity of grain structure and crystallographic texture 

provided in section 5.7.1 and section 5.7.2 respectively. 

 

Table 8-1: Texture and grain structure parameters at locations 1 to 15 on sample-3 

 

Table 8-1 shows the relative values of texture and grain structure parameters between 

different locations of interest. Volume fraction and intensity texture provided in Figure 5-10 

and Figure 5-11 are reproduced here in rows f(g) and Vf. From grain structure observations in 

Figure 5-7 and grain size distributions in Figure 5-8, the row ‘Grain sub-structuring’ levels are 

written. Ratios defined by Equation 8-1 and Equation 8-2 are provided in rows ‘f(g) ratio’ and 

‘Vf ratio’ respectively. Stability analysis is performed below. 

 

 
Figure 8-9: Residual stress relaxation and stability analysis in ELR space 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Brass

S

Goss

Cube

Copper

Brass

S

Copper

Goss

Cube

Goss/Brass

Goss/S

Goss/Copper

Brass/S

Vf ratio Goss/Brass

Goss/S

Goss/Copper

Brass/S

0.1 0.8 0.9 1.4 0.8

1.0 1.3 1.6 1.7 2.0

0.1 0.3 0.3 0.6 0.2

0.1 0.4 0.5 1.0 0.5

f(g) ratio

0.0 0.1 0.5 0.3 0.1

0.1 0.2 1.3 1.6 0.9

0.5 1.4 4.7 5.8 4.1

1.8 1.8 2.7 5.6 6.6

7.3 4.4 6.0 4.9

Grain sub-structuring Highest Low Lowest High Very high

1.4 1.1

Vf

37.2 38.4 41.5 30.9 40.1

36.2 29.9 26.3 18.0 19.7

24.5 14.5 13.1 13.4 12.0

3.5 11.3 12.4 18.4 9.4

4.8

f(g)

24.8 22.2 19.3 28.2 34.9

14.1 12.1 7.2 5.0 5.2

1.0 2.7 9.0 8.2 4.5

3.2 3.3 1.3 0.7 1.9

1.9 1.9 1.9
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Figure 8-8(a) is reproduced in the above Figure 8-9(a). Gradient of the polynomial surface in 

Figure 8-7 is calculated against spatial axis and event axis and presented in Figure 8-9(b) 

and Figure 8-9(c). Firstly, the data is described. Important locations have been identified in 

Figure 8-9(a). Event axis locations 14 to 18 represent cyclic loading. Location <1,2,3> and 

<4,5,6> shows minimal relaxation as against other locations, even when the locations <7,8,9>, 

<10,11,12> and <13> cross the low to high relaxation regime along the event axis. Other 

relaxation trends have already been described in section 8.3.1. From the absolute value of 

the spatial gradients presented in Figure 8-9(b), it can be seen that as we move up the event 

axis, the increase in stability gets steeper across <4,5,6> from <7,8,9> towards <1,2,3>. This 

is primarily because of the relaxation at location <7,8,9> which increases at a faster rate in 

relation to <1,2,3>. In the same way, increase in stability gets steeper across <10,11,12> from 

<7,8,9> towards <13>. Unlike the previous trend, this is observed only in the cyclic domain. 

This suggests that residual stress stability at location <13> does not monotonously change 

along the event axis. From the event wise gradient in Figure 8-9(c), it can be seen that, location 

<7,8,9> approaches instability much quicker than other locations. 

 

Correlating these to texture and grain structure variations in Table 8-1, the following 

conclusions are made.  

 

1. Region with high Goss and low Brass texture component intensity has low residual 

stress stability.  

 

2. Region with low Goss and high Brass texture component intensity has high residual 

stress stability. 

 

3. Region with high Goss texture component volume fraction has lower residual stress 

stability. 

 

4. Regions with high S texture component intensity and volume fraction has a higher 

residual stability. 

 

5. In general, region with lower value of Goss/Brass, Goss/S and Goss/Copper texture 

component intensity ratio and volume fraction ratio have higher residual stress 

stability.  
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6. Region with high Goss and low Brass texture component intensities and high Goss 

volume fraction has experienced accelerated residual stress instability under both 

quasi-static and cyclic loading conditions. 

 

7. Regions with high levels of grain sub-structuring have higher residual stress stability. 

 

These verify the correlations between texture, grain structure and relaxation, drawn from 

relaxation experiment on sample-2 and promote repeatability. Hence, it would be desirable to 

select AA2099 alloy with those of the above texture and grain structure characteristics to 

ensure not only higher residual stress stability, but also higher sustenance of residual stress 

stability under fatigue loading conditions.  

 

8.6. Deductions from CPFEM studies 
 

The texture effect is now explained using the results of crystal plasticity based finite element 

simulations presented in section 7.4. From the texture partitioned mechanical behaviour 

presented in Figure 7-8(a) to Figure 7-8(e), proof strengths at 0.2% strain are extracted and 

analysed. These are discussed below. 

 

 
Figure 8-10: Texture partitioned probability distribution of grain averaged normal stress 𝜎𝑥𝑥, 
MPa 
 

The engineering strain 𝜖𝑥𝑥 of the calibrated stress-strain curve corresponding to 0.2% proof 

strength is 0.00683. At this strain, the corresponding  stresses for each stress-strain behaviour 

of grains in the grain structure are extracted and presented for different texture components in 

the above Figure 8-10 as probability distribution. The stresses shown here are the grain 

averaged values of stresses. The peak locations are obvious from the figure. Values of the 

peak widths of stress distributions are calculated to be 81 MPa, 59 MPa, 55, 70 and 71 MPa 
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for the 5 texture components in order. Orientation spread of texture components (GHW) 

obtained from texture calibration for location B (Table 7-1) are 4.04°, 5.0°, 3.6°, 5.92° and 4.06° 

respectively for W, G, B, C and S. 

 

It can be said from these datasets, that the relationship between the scatter in the stresses in 

grains belonging to different texture components and the texture component spreads in the 

Euler space is not same for different texture components. Even though GHW for Cube is equal 

to that of S, the spreads in peak widths of stress distribution are different along with the peak 

location. Peak location is mostly the effect of both Schmid factor and slip mechanics for the 

given orientations. Peak width on the other hand, are a consequence of GHW. Therefore, it 

can be seen from the figures and the values of peak widths and GHW, that Cube grains 

develop a much varied scatter in stress distributions around the peak value, for the same value 

of GHW. Hence, cube grains are most sensitive to the orientation spread. From the context of 

residual stress relaxation, this means that a broad range of applied stresses would be 

necessary to fully relax the residual stresses in all cube grains. However, these cannot be 

related to experiment as the presence of cube is small in the experimental sample. 

 

Further, Goss grains have a sharper peak but a narrow FWHM. Hence, a smaller range of 

applied stresses would be enough to relax the residual stresses in Goss grains. This is seen 

in experiments. It is seen from experiments, that increasing Goss increases the relaxed stress 

and reduces residual stress stability. This observation combined with the above understanding 

from CPFEM allows us to conclude that the applied stress threshold for significant relaxation 

of residual stresses in regions having high Goss content is sharp. Such a narrow applied stress 

threshold range, which allows the residual stress to have a sharp transition from state of 

stability to instability has thus provided a valuable insight that though Goss and cube texture 

components contribute to instability, the instability offered by Goss is sharper. More 

importantly, these results validate the experimental findings that locations having high Goss 

intensity and volume fraction exhibit higher residual stress relaxation. Going one step further, 

these results receive a strong validation from the theory of crystal plasticity, wherein in from 

Figure 7-7, it is seen that the Schmid factors for a representative texture, has a high value and 

low scatter for Cube and Goss grains. This means that the Goss and Cube grains are soft and 

undergo easy deformation, as a consequence, of which residual stresses can relax easily by 

micro-plasticity. 

 

According to results in Figure 8-10, Brass, Copper and S grains have a large stress proof 

strength peak, where the FWHM of Brass grains is the smallest and that of S grains is the 

widest. Now, from Figure 7-7, in relation to Cube and Goss grains, Brass has a large Schmid 
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factor scatter, wherein the mean and lower of the scatter are contributing to harder grains. 

7Hence, brass grains need an overall higher applied stress to see grain internal plasticity, 

which can trigger residual stress relaxation. This validates the experimental finding that region 

with high Brass exhibit low relaxation and region with low Brass exhibit high relaxation. Similar 

explanations apply to texture components Copper and S. 

 

The grain structure effect is now explained. At a microstructural level, residual stress relaxation 

is mainly due to slip and dislocation activity, both of which are hindered by grain boundaries. 

Larger the sub-structuring, larger is the total grain boundary surface area. This reduces 

dislocation mobility, hinders slip activity and consequently gives to the sub-structured grain 

structure, an increased capacity to hold the residual stresses and thereby increasing the 

residual stress stability. This means that, such large grains however, are not beneficial to 

maintaining a good stability of residual stresses. 

 

8.7. Influence of dislocation activity and precipitates on 
stability of LSP induced residual stresses in AA2099-T8 

 

In this section, the stability of LSP induced residual stresses is addressed from the perspective 

of dislocation activity and texture influence on dislocation activity. In understanding residual 

stress stability, relative magnitudes of applied stress and yield strength are important [15,80]. 

It is observed that at 𝜎𝑎 > 0.8𝜎𝑦, similar process like shot peening, will not increase fatigue life 

[346], as it would induce quasi-static and cyclic residual stress relaxation. Such high loads 

were not of interest. Also, in cyclic loading, Bauchinger effect can induce cyclic softening and 

hardening, which in the case of very high dislocation densities, will be the former [80].This 

cyclic softening may not influence relaxation at all. This is when the applied strain amplitudes 

are low, causing very small changes to cyclic yield strength [39]. These changes in dislocation 

densities can be tracked using FWHM of X-Ray diffraction peaks. 

 

FWHM has been used to study stress relaxation [85,259] as it directly reflects the underlying 

dislocation activity. This FWHM can decrease upon relaxation [39]. This is due to micro-

plasticity, involving reduction in dislocation density [80] which also drives relaxation [80,347]. 

This reduction in dislocation activity is normally attributed to dislocation re-arrangement and 

annihilation [39,80]. However, at small applied strain levels, FWHM may not change noticeably 

with number of cycles, as seen by Dalaei et al. [39]. It was seen in Figure 5-21 and Figure 

5-22, that no changes in FWHM were observed through XRD measurements. This suggests 

that, in the present work, either changes in dislocation densities were not significant to induce 

changes in FWHM or, the dislocation density did not reduce. The latter is unlikely as a positive 
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relaxation magnitude was observed. Therefore, it could have been that, not all sets of grains 

underwent large changes in dislocation density and also that any cyclic softening which could 

have taken place was negligible. Hence, the texture may also influence the stability through 

orientation specific dislocation activity and not just by influencing critical resolved shear stress. 

 

The previous discussions, in light of what follows, helps assess relative stability of LSP and 

shot peening induced residual stress and also the combined role of texture and LSP. It is 

known that, a decrease in dislocation density should lead to cyclic softening [39,80,259], hence 

motivating relaxation [80]. Further, as LSP induces less cold work than shot peening [348], the 

comparatively lower dislocation density will undergo lesser decrease, thereby promoting lesser 

relaxation. Hence, LSP induces cyclically more stable residual stresses than shot peening. 

Additionally, the combination of texture and LSP could be the reason for the low levels of 

residual stress relaxation observed in Figure 5-25 and Figure 8-9, even when the 

instantaneous residual stress ratio (IRSR) (Equation 5-3) exceeded unity. But, as regions with 

different textures exhibited different levels of relaxation at similar values of IRSR, the 

differences in cyclic stability of residual stresses is once again controlled by texture, by 

influencing dislocation activity. 

 

From the above arguments and the results and discussions carried out so far, it could be 

concluded that, the effect of texture on residual stress stability is multi-fold, wherein orientation 

partitioned Schmidt factor is an important factor and orientation partitioned dislocation activity 

is another important parameter. The possible effect of precipitates on stability is described 

below. 

 

Dislocations, in general can be pinned by precipitate particles [349] and LSP induced 

dislocations can also be pinned in such a way [347]. Pinned dislocations have reduced mobility, 

thereby cannot rearrange easily during cyclic loading. Hence, this resists micro-plasticity and 

hence relaxation. The alloy AA2099-T8 is rich in precipitates [62,349] and LSP treatment could 

induce highly pinned dislocation structures. As a consequence, there could be an additional 

contribution of precipitates towards residual stress stability in AA2099-T8 and as Brochu et al. 

[62] found no difference in spatial precipitate distribution across the extrusion. Hence, such a 

contribution by precipitates toward residual stress stability may be spatially homogeneous. 

 

8.8. Possible state of residual stress stability in the alloy 
AA7050-T7451 
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Laser shock peened 7050-T7451 aluminium alloy was studied extensively for texture and grain 

structure changes in section 3.3 and section 4.1 respectively. It was seen that LSP had 

induced significant changes to both texture and grain structure. Residual stress measurements 

were provided in section 4.5.1. The following observations are provided once again in the 

following for the sake of continuity. 

 

LSP had introduced the following changes to texture. 

 

1. It had increases the Goss volume fraction in physical space and non-uniformly 

increases the intensity distribution of Goss texture component in Euler space (refer 

section 3.3.1) 

 

2. It altered the nature of brass intensity spread in Euler space, where it increased in the 

overall magnitude of intensity distribution. Brass texture component volume fraction 

had not changed significantly (refer section 3.3.1). 

 

3. It kept Copper volume fraction more or less constant, but broadened and reduced the 

peak of intensity distribution (refer section 3.3.2). 

 

4. It reduced S intensity and increases S volume fraction by orientation randomization 

(refer section 3.3.3). 

 

LSP had introduced the following changes to grain structure. 

 

1. Grains were sub-structured at the macro-scale (refer section 4.2.5). 

 

2. Nano-scale subgrains had formed (refer section 4.3). 

 

3. Grains had extensive deformation bands (refer section 4.2.9). 

 

4. Large angle misorientations had increased (refer section 4.2.4 and section 4.4) 

 

The LSP induced surface residual stress was at LSP coverage of 20 spots/mm2 was lesser in 

comparison to that at smaller coverage values and the value was 172 MPa (section 4.5.1). 

From section 4.5.2, it is seen that LSP had induced compressive residual strains upto a 

magnitude depth of 2 to 2.5 mm. LSP had increased the surface roughness (refer section 
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3.1). Evidence from literature (refer Figure 3-1) show fatigue cracks emanating from broken 

intermetallic particles under the shot peened surface. 

 

Using these and the effects of texture and grain structure on residual stress relaxation and 

stability presented in sections 8.5.4, the following inferences are made. 

 

1. Increase in Goss to Brass volume fraction and decrease in Copper and S intensity 

promotes lesser residual stress stability post LSP at a coverage of 20 spots/mm2. 

 

2. Increase in Brass volume fraction promotes higher residual stress stability. 

 

3. Sub-structuring promotes residual stress stability. 

 

4. A lower LSP induced residual stress promotes lesser residual stress stability as LSP 

had not induced a noticeable increase in hardness in AA7050. 

 

5. A deep compressive residual strain indicates higher sustenance of residual stress 

stability. 

 

Further, increase in surface roughness increases the chances of fatigue crack initiation post-

relaxation of residual stresses. The high shock wave pressure under LSP may break the 

intermetallic particles below the peened surface. Such particles will act as fatigue crack 

initiation locations and may even induce an accelerated residual stress relaxation due to 

increase in stress concentration. 

 

It can be seen from the above that, these are competing factors trying to both increase and 

reduce the stability of residual stresses. Amongst them, the factors promoting residual stress 

stability are few and it is inferred that laser shock peening AA7050-T7451 on the roll plane with 

a coverage of 20 spots/mm2, will promote residual stress instability and consequently lower 

fatigue strength. The present study therefore advices against peening AA7050-T7451 at such 

high coverage. Further investigations are needed to assess the effects of lower coverage on 

residual stress stability and sustainability in AA7050-T7451. 

 

8.9. Descriptions of residual stress stability 
 

It is noted from literature, that the term residual stress stability has been widely used without 

any regard to the mathematical view on stability. Mathematically, stability could most easily be 
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described in phase-space approach using Lypunov variables and bifurcation diagrams. Hence,  

efforts are made to improve the approach in treating residual stress stability, based on 

experimental findings. 

 

The positive slope of each equation confirms residual stress relaxation. Magnitude of the slope 

indicates the overall rate of change in residual stress with respect to RSR. This can be 

expressed as: 

 

 �̇�𝑥𝑥,�̅�
𝑟 =

𝜕𝜎𝑥𝑥
𝑟

𝜕�̅�
  Equation 8-6 

 

Here, 𝜕�̅� is the overall change in residual stress ratio and 𝜕𝜎𝑥𝑥
𝑟  is the overall change in residual 

stress 𝜎𝑥𝑥
𝑟 . For the overall loading regime, if the value of the above term, �̇�𝑥𝑥,�̅�

𝑟  is positive small, 

overall residual stress relaxation will be small. Conversely, if �̇�𝑥𝑥,�̅�
𝑟  is positive large, residual 

stress relaxation will be large. A negative value either indicates an increasing magnitude of 

residual stress or a decreasing �̅�. The former is unlikely, but the latter happens during every 

relaxation event as can be seen from Equation 5-3. Both residual stress and RSR are 

spatiotemporal variables, and so will be, �̇�𝑥𝑥,�̅�
𝑟 .  

 

From the above formulation, it is understood that, at a given location in the sample, for a given 

load spectrum and under the local LSP induced hardness and surface residual stresses, the 

surface residual stress can be more stable if the influential local material properties are more 

conducive towards maintaining a low positive value of �̇�𝑥𝑥,�̅�
𝑟 . Equation 8-6 is temporally 

discretised as: 

 

 (�̇�𝑥𝑥,�̅�
𝑟 )

𝑖−1

𝑖
=

(𝜎𝑥𝑥
𝑟 )𝑖 − (𝜎𝑥𝑥

𝑟 )𝑖−1

�̅�𝑖 − �̅�𝑖−1
  Equation 8-7 

 

Here, 𝑖 denotes the 𝑖𝑡ℎ residual stress measurement in Figure 5-23 and remaining terms have 

their usual meaning. It represents the slope of 𝜎𝑥𝑥
𝑟  between two adjacent values of �̅� in Figure 

5-23. 
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Figure 8-11: Two possible steps in the temporal profile of residual stress (a) positive slope 
with increase in RSR (b) negative slope with decrease in RSR 
 

Equation 8-7 is graphically represented in Figure 8-11(a), where residual stress relaxed but 

higher applied stress has not decreased the RSR, and in Figure 8-11(b) where residual stress 

relaxation is higher than the applied stress increment so that RSR decreases (refer Equation 

5-3). Using Equation 8-7, the residual stress itself may then be written as following: 

 

 (𝜎𝑥𝑥
𝑟 )𝑖 = (𝜎𝑥𝑥

𝑟 )𝑖−1 + (�̇�𝑥𝑥,�̅�
𝑟 )

𝑖−1

𝑖
⋅ [(�̅�)𝑖 − (�̅�)𝑖−1]  Equation 8-8 

 

Here, (𝜎𝑥𝑥
𝑟 )𝑖 is the 𝑖𝑡ℎ residual stress measurement and remaining terms are understood. This 

linear equation represents 𝜎𝑥𝑥
𝑟  between two adjacent values of �̅� in Figure 8-11 and Figure 

5-23. 

 

Figure 8-12: A temporal profile of residual stress undergoing relaxation 
 

Figure 8-12 shows the temporal profile of residual stress at a given location between two time 

instances 𝑗 and 𝑘. From Equation 8-8 and Figure 8-11, the temporal profile in Figure 8-12 

becomes a sum of individual steps in the profile, irrespective of the actual temporal profile itself 

between 𝑗 and 𝑘. The temporal profile of residual stress can therefore be written in incremental 

form: 
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 (𝜎𝑥𝑥
𝑟 )𝑘 = (𝜎𝑥𝑥

𝑟 )𝑗 + ∑[(𝜎𝑥𝑥
𝑟 )𝑖 − (𝜎𝑥𝑥

𝑟 )𝑖−1]

𝑘

𝑖=𝑗

 Equation 8-9 

 

Which is, 

 (𝜎𝑥𝑥
𝑟 )𝑘 = (𝜎𝑥𝑥

𝑟 )𝑗 + ∑(�̇�𝑥𝑥,�̅�
𝑟 )

𝑖−1

𝑖
⋅ [(�̅�)𝑖 − (�̅�)𝑖−1]

𝑘

𝑖=𝑗

 Equation 8-10 

 

From the above equation, overall relaxation is calculated as (𝜎𝑥𝑥
𝑟 )𝑘 − (𝜎𝑥𝑥

𝑟 )𝑗. Now the above is 

discussed in view of experimental findings on relaxation in section 5.10.1.  

 

Relaxation has been seen to occur in discrete increments in Figure 5-23 due to intermittent 

measurements. In the results in Figure 5-23, fluctuations leading to increase in residual stress 

magnitude had their source in experimental errors. Hence, if the experimental errors were to 

be reduced to a point of being negligible, then only two possible cases for relaxation profile are 

(1) it stays same in magnitude and (2) it reduces in magnitude. If a hypothetical experiment 

were to be conducted with real time and continuous monitoring of residual stress relaxation, 

then the result analogous to what is discrete in Figure 5-23, would then be continuous. The 

mathematical form of this profile would also be differentiable. In that case, the gradient of 

residual stress profile can then be represented by Equation 8-6. This argument renders itself 

to be treated from the perspective of stability in phase space. A phase space formed out by 

the coordinates applied stress and RSR is found convenient. But before this, regimes of 

residual stress stability are developed. 

 

 
Figure 8-13: Regimes of residual stress stability in Δ𝜎𝑥𝑥

𝑟 (𝑡) − 𝜎𝑥𝑥
𝑎 (𝑡) space 

 

The regime of residual stress stability can be described in a number of ways and a convenient 

way is illustrated in Figure 8-13 in a plot of applied stress on the independent axis and the 

residual stress relaxation on the dependent axis. A stability space is where the residual 
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stresses don’t change no matter what the applied stress is within the range. Outside of this 

space is the instability space. It starts at a threshold value on the applied stress axis, where 

the applied stress is able to initiate residual stress relaxation. The instability space can change 

depending on loading. The illustration contains a single independent axis, while the same could 

also be constructed in the presence of a second independent axis namely number of cycles or 

time. The instability space has been highlighted and contains three basic stability variations, 

which decaying, linear and growing instability. These are described below. 

 

1. In the case of decaying instability, the relaxation decreases with increasing applied 

stress, the full extent of which is impractical. 

 

2. In the case of linear instability, the relaxation follows a ramp up behaviour with the 

applied stress with a constant slope. 

 

3. In the case of growing instability, the relaxation continues to increase with increasing 

applied stress until all the compressive residual stress has been relaxed.  

 

 
Figure 8-14: Instability behaviour for location A of sample-2 
 

Figure 5-23 shows the temporal evolution of residual stresses at location A of sample-2 for all 

the instances of RSR. In Figure 8-14, the relaxed residual stress and the corresponding RSR 

are plotted. Contrary to using applied stress as the independent axis, as in Figure 8-13, here 

RSR is used as it inherently contains the changes in both residual stresses and applied stress. 

Increase in RSR gives rise to an increase in the magnitude of relaxed residual stresses as 

defined by power law expression, within the RSR domain. It follows from the discussion on 

Figure 5-25, that observed relaxation evolved disproportionately with expected relaxation for 
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different locations with different texture and grain structure. The observed relaxation was lesser 

than expected relaxation for all relaxation events. Thus, expected relaxation in Equation 5-4 

grows faster with applied stress but diminishes slower with observed relaxation. These 

understandings are used to extrapolate the observations to higher values of RSR. 

 

Considering we continue the experiment till all residual stress has relaxed and ignoring any 

loading induced changes to yield strength, RSR in Equation 5-3 will be the ratio of 

corresponding applied stress and yield in compression. Hence, the relaxation trend in Figure 

8-14 will grow asymptotic to RSR threshold of |Sa|/|Sy|, with increasing RLX increments and 

fewer and fewer instances of having increments having a negative slope and decrease in RSR 

(like segment 5 in Figure 8-14). The effect of increasing number of cycles will then be to 

accelerate this process so that the instability space would then be even tighter for the same 

levels of applied stress. However, as in this case, there would then be an increasing probability 

to encounter RLX increments with negative slope and decreasing RSR, thus making the trend 

to be non-monotonously asymptotic to a new and smaller RSR threshold. The way in which 

the slope of the relaxation trend grows with RSR for different texture and grain structure will 

then quantify the actual stability of residual stresses for the given set of loading spectrum for 

the specific location. The overall relaxation however, is expressed by Equation 8-9 and 

Equation 8-10. 

 

Similar analyses can be made in an extended LER space in the case of results pertaining to 

sample-3 and is not presented in the thesis. 

 

8.10. Conclusions 
 

Following conclusions are drawn on texture and grain structure effects on base yield strength 

and LSP induced yield strength. 

 

1. A combination of low Goss f(g), low Goss Vf, high S f(g), high S Vf, high Copper Vf, 

highly sub-structured grains result in a high base yield strength and increases the local 

material’s hardenability and also causes high LSP induced yield strength.  

 

2. The increase in yield strength is lesser for the region of large grain size, high Goss f(g), 

high Goss Vf and low Brass f(g). 

 

The following conclusions are drawn on texture and grain structure effects on LSP induced 

residual stress 
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1. Region with large grains, low brass f(g), high Goss f(g) and high Goss Vf, are more 

receptive to LSP in developing high residual stresses.  

 

2. On the contrary, locations with small grains, high brass f(g), low Goss f(g) and low Goss 

V(f), may not be very beneficial to developing high compressive residual stress 

magnitude under LSP.  

 

Relaxation could be spatially non-homogeneous depending on the local residual stress 

magnitude. Stability is not just a function of applied stress, but a function of relative values of 

pre-loading residual stress, applied stress and local yield strength.  

 

Stability of LSP induced residual stresses, between locations of same texture, grain structure 

and base yield strength, is dependent on initial LSP induced residual stress.  

 

Following conclusions are drawn on texture and grain structure effects on residual stress 

stability 

 

1. Region with high Goss and low Brass texture component intensity has low residual 

stress stability. 

 

2. Region with low Goss and high Brass texture component intensity has high residual 

stress stability. 

 

3. Region with high Goss texture component volume fraction has lower residual stress 

stability. 

 

4. Regions with high S texture component intensity and volume fraction has a higher 

residual stability. 

 

5. In general, region with lower value of Goss/Brass, Goss/S and Goss/Copper texture 

component intensity ratio and volume fraction ratio have higher residual stress 

stability.  

 

6. Region with high Goss and low Brass texture component intensities and high Goss 

volume fraction has experienced accelerated residual stress instability under both 

quasi-static and cyclic loading conditions. 
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7. Regions with high levels of grain sub-structuring have higher residual stress stability. 

 

It is also concluded that higher magnitudes of residual stresses in regions of small grain sizes 

are more stable than higher magnitudes of residual stresses in regions of large grain sizes, 

without ruling out the effects of different textures. 

 

A texture and material calibrated crystal plasticity based finite element model was used to 

study mechanical behaviour partitioning with different texture components and insights from 

the results confirm the experimental findings on texture effects. The following conclusions are 

drawn from computer simulations. 

 

1. Goss and Cube grains are soft and undergo easy deformation, as a consequence, of 

which residual stresses can relax easily by micro-plasticity. 

 

2. Though both Cube and Goss texture components contribute to instability, the instability 

offered by Goss is sharper. Hence, contribution to residual stress instability by Goss 

would be relatively higher. 

 

3. Brass grains need an overall higher applied stress to develop grain internal plasticity 

and hence resist relaxation over higher applied stresses. 

 

4. Large grains are not beneficial to maintaining a good stability of residual stresses. 
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9. Conclusions, recommendations and 
scope for future work 

 

9.1. Outcomes 
 

Understanding the effects of LSP on texture and grain structure and the effects of texture and 

grain structure on the stability of LSP induced residual stresses can advance the scientific and 

engineering knowledge in the following ways: 

 

1. LSP effects on texture and grain structure will reshape and progress the scientific 

understanding of how the material changes under very high pressure and extremely 

high strain rates. 

 

2. The study will help understand how texture and grain structure contribute to residual 

stress stability at a microstructural level. 

 

3. Research outcomes could help make better material selection based not only on the 

characteristics of mechanical properties, but also on their texture and grain structure, 

in view of decreasing residual stress instability. 

 

4. Insights into texture and grain structure dependent residual stress stability will help 

service interval estimation of an aerospace structure, based on accurate fatigue life 

estimation which takes into account texture and grain structure dependent residual 

stress relaxation. 

 

5. Insights into texture and grain structure dependent residual stress stability will help in  

better tailoring LSP process parameters to minimize residual stress instability. 

 

Together, the above outcomes are contributions which could be made to the scientific and 

engineering community at the end of this thesis. They highlight the importance of investigating 

the complex aspects of residual stress stability under fatigue loading conditions. 

 

9.2. Conclusions 
 

It is concluded that surface roughness increases with increasing LSP coverage and the 

morphology of the peened surface also changes with LSP coverage.  
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The multi-scale EBSD analysis revealed changes in both macro-texture and micro-texture in 

AA7050-T7451 sample LSP treated with a coverage of 20 spots mm-2. Results revealed 

changes to crystallographic macro-texture in Euler space and physical space on the grain 

structure. It is found that LSP can induced texture evolution, where the evolution of deformation 

texture was strikingly different in comparison to processes such as rolling and extrusion. 

Orientations believed to be otherwise very stable under conventional deformation processes, 

are not so under LSP. The physical nature of distribution of various texture components were 

also different in the peened and unpeened regions. The micro-texture changes were found to 

be confined to the evolution of deformation bands both inside the grains and at the grain 

boundaries. Peened region was found to be constituted by multi-scale sub-structured grains. 

Misorientation analysis revealed non-homogeneous partitioning of LSP induced plastic strain 

amongst different components of texture. 

 

Texture and grain structure can influence residual stress behaviour, starting from its generation 

to the way it relaxes under applied cyclic loading conditions. Low Brass, and high Goss f(g) 

and Vf together with larger un-substructured grains are beneficial to achieving a higher LSP 

induced compressive residual stress. Grain structure and crystallographic texture of the 

material influence the stability of LSP induced residual stresses under applied mechanical 

loads. Residual stress relaxation is spatially non-homogeneous and dependent on texture and 

grain structure.  

 

High Goss and low Brass texture component intensity has low residual stress stability and 

those with low Goss and high Brass texture component intensity has high residual stress 

stability. High Goss texture component volume fraction has lower residual stress stability, 

whereas regions with high S texture component intensity and volume fraction has a higher 

residual stability. High Goss and low Brass texture component intensities and high Goss 

volume fraction has experienced accelerated residual stress instability under both quasi-static 

and cyclic loading conditions. Lower value of Goss/Brass, Goss/S and Goss/Copper texture 

component intensity ratio and volume fraction ratio have higher residual stress stability.  

 

A broad range of applied stresses would be necessary to fully relax the residual stresses in all 

cube grains. Cube and Goss grains are soft and undergo easy deformation, as a consequence, 

of which residual stresses in these grains can relax easily by micro-plasticity. Though both 

Cube and Goss texture components contribute to instability, the instability offered by Goss is 

sharper. Hence, contribution to residual stress instability by Goss would be relatively higher. 
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Brass grains need an overall higher applied stress to develop grain internal plasticity and hence 

resist relaxation over higher applied stresses.  

 

9.3. Recommendations 
 

9.3.1. Recommendation to material selection for LSP treatment intended for 
fatigue critical application 

 

It is recommended that selecting AA2099 alloy for LSP should be done so by taking into 

consideration its texture and grain structure characteristics in order to ensure not only higher 

residual stress stability, but also higher sustenance of residual stress stability under fatigue 

loading conditions. 

 

9.3.2. Recommendation for design consideration  
 

Against common notion that the onset of relaxation is generally considered as the onset of 

global monotonic yield of the specimen [39] and the associated repercussions in having to 

consider global yield strength of the material as the only design parameter for engineering 

fatigue load bearing structures, we propose that the following parameters must be considered 

to ensure accurate predictability in the amount of residual stresses which may relax during the 

course of operation, so that the structural integrity can be safely assumed to be enhanced by 

LSP: 

 

1. Crystallographic texture 

 

2. Grain structure 

 

3. LSP induced residual stress field 

 

4. LSP induced material hardening 

 

9.3.3. Recommendation in selection of LSP parameters 
 

It is also recommended that AA7050-T7451 should not be LSPed on the roll plane with a high 

coverage of 20 spots/mm2, as it is likely to promote residual stress instability. The present 

study therefore advices against peening AA7050-T7451 at such high coverage. 
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9.3.4. Recommendations for stability representation 
 

As aluminium does not have an endurance limit, it is recommended to describe compressive 

residual stress relaxation through the cyclic rate (
𝜕𝜎𝑟

𝜕𝑁
) as a function of different values of ratios 

𝜎𝑚

𝜎𝑓
 and 

𝜎𝑎

𝜎𝑓
, where the 𝜎𝑚, 𝜎𝑎 and 𝜎𝑓 are the mean stress, stress amplitude and fatigue strength 

respectively, defined over 𝑁𝑓 number of cycles. It is further recommended, that these form 

independent stress axes as addition to the Location – Event – Relaxation (LER) hyperspace 

to form Location – Stress – Event – Relaxation (LSER) hyperspace. Logical extensions are 

also possible, but the efficient treatments of which can only be achieved through advanced 

computer algorithms as the parameter and solution space would be just too vast. 

 

9.4. Scope for future work 
 

A rigorous depth wise analysis of texture differences between peened and unpeened regions 

for all samples peened with LSP would reveal the full nature of depth gradient texture changes 

induced by LSP. This could be carried out by synchrotron and neutron beam based studies 

and confirmed by EBSD results.  

 

LSP induced changes before and after LSP on the same region would better reveal changes 

to grain structure than comparing peened and unpeened region. Transmission Electron 

Microscopy and Transmission Kikuchi Diffraction analysis would reveal great details into the 

material behaviour under LSP at a much more fundamental level and it should be carried out. 

 

In-situ residual stress relaxation experiments must be performed to understand multi-scale 

mechanics involved in residual stress relaxation and those contributing to residual stress 

stability.  

 

CPFEM models capable of generating a residual stress field representative of LSP induced 

residual stress field will have to be developed to understand texture and grain structure 

partitioned residual stress accumulation. More detailed crystal plasticity based finite element 

simulations would reveal more details regarding the microstructural stability of LSP induced 

residual stresses. 

  



235 
 

REFERENCES 

[1] S. Suresh, Fatigue of Materials, 2nd ed., Cambridge University Press, 1998. 
https://doi.org/10.1017/CBO9780511806575. 

[2] P. Peralta, C. Laird, Fatigue of Metals, Fifth Edit, Elsevier, 2014. 
https://doi.org/10.1016/B978-0-444-53770-6.00018-6. 

[3] M. Porton, B.P. Wynne, R. Bamber, C.D. Hardie, M. Kalsey, Structural integrity for 
DEMO: An opportunity to close the gap from materials science to engineering needs, 
Fusion Eng. Des. 109–111 (2016) 1247–1255. 
https://doi.org/10.1016/j.fusengdes.2015.12.050. 

[4] C.R. spiros Pantelakis, ed., Engineering Against Fracture, 2009. 
https://doi.org/10.1007/978-1-4020-9402-6. 

[5] A. Pineau, Claude Bathias, Fatigue of Materials and Structures, ISTE Ltd, John Wiley & 
Sons, Inc., 2013. http://doi.wiley.com/10.1002/9781118616789. 

[6] B.R. Cayton M, Bunch J, Walker P, Brown J, Brussat T, Ransom J, Poast T, Garcia W, 
Test demonstrated damage tolerance of F-22 wing attach lugs with forcemate bushings, 
Palm Springs, CA, n.d. 

[7] K.A. Honn, B.C. Satterfield, P. McCauley, J.L. Caldwell, H.P.A. Van Dongen, Fatiguing 
effect of multiple take-offs and landings in regional airline operations, Accid. Anal. Prev. 
86 (2016) 199–208. https://doi.org/10.1016/j.aap.2015.10.005. 

[8] L.A.L. Franco, N.J. Lourenço, M.L.A. Graça, O.M.M. Silva, P.P. de Campos, C.F.A. von 
Dollinger, Fatigue fracture of a nose landing gear in a military transport aircraft, Eng. 
Fail. Anal. 13 (2006) 474–479. https://doi.org/10.1016/j.engfailanal.2004.12.025. 

[9] T. Reytier, C. Bes, P. Marechal, M. Bianciardi, A. Santgerma, Generation of correlated 
stress time histories from continuous turbulence Power Spectral Density for fatigue 
analysis of aircraft structures, Int. J. Fatigue. 42 (2012) 147–152. 
https://doi.org/10.1016/j.ijfatigue.2011.08.013. 

[10] S.M.O. Tavares, P.M.S.T. de Castro, An overview of fatigue in aircraft structures, 
Fatigue Fract. Eng. Mater. Struct. 40 (2017) 1510–1529. 
https://doi.org/10.1111/ffe.12631. 

[11] S. Barter, L. Molent, D. Science, R.J.H. Wanhill, Marker loads for quantitative 
fractography (QF) of fatigue in aerospace alloys, in: 25 ICAF 2009 Symp. Bridg. Gap 
between Theory Oper. Pract., 2009. https://doi.org/10.1007/978-90-481-2746-7_2. 

[12] U.G. Goranson, Fatigue issues in aircraft maintenance and repairs, Int. J. Fatigue. 20 
(1997) 413–431. 

[13] G. Zucca, F. Cianetti, M. Palmieri, C. Braccesi, F. De Paolis, Fatigue Life Extimation of 
a Military Aircraft Structure subjected to Random Loads, Procedia Struct. Integr. 12 
(2018) 183–195. https://doi.org/10.1016/j.prostr.2018.11.096. 

[14] P.M. Toor, A review of some damage tolerance design approaches for aircraft 
structures, Eng. Fract. Mech. 5 (1973). https://doi.org/10.1016/0013-7944(73)90054-4. 

[15] R. John, D.J. Buchanan, M.J. Caton, S.K. Jha, Stability of shot peen residual stresses 
in IN100 subjected to creep and fatigue loading, Procedia Eng. 2 (2010) 1887–1893. 
https://doi.org/10.1016/j.proeng.2010.03.203. 

[16] J.J. Ruschau, R. John, S.R. Thompson, T. Nicholas, Fatigue crack nucleation and 
growth rate behavior of laser shock peened titanium, Int. J. Fatigue. 21 (1999) 199–209. 
https://doi.org/10.1016/s0142-1123(99)00072-9. 

[17] J.S. Eckersley, J. Champaigne, Shot Peening: Theory and Application, IITT-
International, 1991. 

[18] A.K. Gujba, M. Medraj, Laser peening process and its impact on materials properties in 
comparison with shot peening and ultrasonic impact peening, 2014. 
https://doi.org/10.3390/ma7127925. 

[19] R.A. Brockman, W.R. Braisted, S.E. Olson, R.D. Tenaglia, A.H. Clauer, K. Langer, M.J. 
Shepard, Prediction and characterization of residual stresses from laser shock peening, 
Int. J. Fatigue. 36 (2012) 96–108. https://doi.org/10.1016/j.ijfatigue.2011.08.011. 



236 
 

[20] S.J. Lainé, K.M. Knowles, P.J. Doorbar, R.D. Cutts, D. Rugg, Microstructural 
characterisation of metallic shot peened and laser shock peened Ti–6Al–4V, Acta Mater. 
123 (2017) 350–361. https://doi.org/10.1016/j.actamat.2016.10.044. 

[21] C.S. Montross, T. Wei, L. Ye, G. Clark, Y.W. Mai, Laser shock processing and its effects 
on microstructure and properties of metal alloys: A review, Int. J. Fatigue. 24 (2002) 
1021–1036. https://doi.org/10.1016/S0142-1123(02)00022-1. 

[22] P. Peyre, R. Fabbro, Laser shock processing: a review of the physics and applications, 
Opt. Quantum Electron. 27 (1995) 1213–1229. https://doi.org/10.1007/BF00326477. 

[23] D. Jensen, Adaptation of LSP Capability for on F-22 Raptor Primary Structure at an 
Aircraft Modification Depot, in: 2nd Int. Conf. Laser Peen., San Francisco, CA, 2010: 
pp. 1–23. 

[24] A. Vasu, K. Gobal, R. V. Grandhi, A computational methodology for determining the 
optimum re-peening schedule to increase the fatigue life of laser peened aircraft 
components, Int. J. Fatigue. 70 (2015) 395–405. 
https://doi.org/10.1016/j.ijfatigue.2014.07.008. 

[25] L. Veitch, E. Laprade, Recent Developments in The Joint Strike Fighter Durability 
Testing, Inst. Def. Anal. Res. Notes. (2016) 47–52. 

[26] Q. Liu, An Effective Life Extension Technology for 7xxx Series Aluminium Alloys by 
Laser Shock Peening, (2008) 129. 

[27] R.C. McClung, A literature survey on the stability and significance of residual stresses 
during fatigue, Fatigue Fract. Eng. Mater. Struct. 30 (2007) 173–205. 
https://doi.org/10.1111/j.1460-2695.2007.01102.x. 

[28] Y. Sano, K. Akita, K. Takeda, R. Sumiya, T. Tazawa, T. Saito, C. Narazaki, Stability of 
residual stress induced by laser peening under cyclic mechanical loading, Int. J. Struct. 
Integr. 2 (2011) 42–50. https://doi.org/10.1108/17579861111108608. 

[29] S. Kwofie, Relaxation of residual stress under fatigue load described in terms of cyclic-
plastic deformation model, SDHM Struct. Durab. Heal. Monit. 8 (2012) 295–305. 
https://doi.org/10.32604/sdhm.2012.008.295. 

[30] M.R. James, The relaxation of residual stresses during fatigue, in: Kula E., Weiss V. 
Residual Stress Stress Relaxation. Sagamore Army Mater. Res. Conf. Proceedings. Vol 
28, Springer, Boston, MA, 1982: pp. 297–314. 
https://doi.org/https://doi.org/10.1007/978-1-4899-1884-0_16. 

[31] O.S. Zaroog, A. Ali, B.B. Sahari, R. Zahari, Modeling of residual stress relaxation of 
fatigue in 2024-T351 aluminium alloy, Int. J. Fatigue. 33 (2011) 279–285. 
https://doi.org/10.1016/j.ijfatigue.2010.08.012. 

[32] X.D. Liu, D.G. Shang, M. Li, J. Jin, T. Chen, Y.B. Guo, M.E. Barkey, Healing fatigue 
damage by laser shock peening for copper film, Int. J. Fatigue. 54 (2013) 127–132. 
https://doi.org/10.1016/j.ijfatigue.2013.03.013. 

[33] H. Ding, Y. Li, Z. Zhang, D. Yuan, Analysis of microstructural evolution properties based 
on laser shock peening, Optik (Stuttg). 179 (2019) 361–366. 
https://doi.org/10.1016/j.ijleo.2018.10.165. 

[34] N. Kashaev, V. Ventzke, M. Horstmann, S. Chupakhin, S. Riekehr, R. Falck, E. 
Maawad, P. Staron, N. Schell, N. Huber, Effects of laser shock peening on the 
microstructure and fatigue crack propagation behaviour of thin AA2024 specimens, Int. 
J. Fatigue. 98 (2017) 223–233. https://doi.org/10.1016/j.ijfatigue.2017.01.042. 

[35] M. Kattoura, S.R. Mannava, D. Qian, V.K. Vasudevan, Effect of laser shock peening on 
residual stress, microstructure and fatigue behavior of ATI 718Plus alloy, Int. J. Fatigue. 
102 (2017) 121–134. https://doi.org/10.1016/j.ijfatigue.2017.04.016. 

[36] C. Rubio-González, A. Garnica-Guzmán, G. Gómez-Rosas, Relaxation of residual 
stresses induced by laser shock processing, Rev. Mex. Fis. 55 (2009) 256–261. 

[37] O. Zaroog, A. Ali, B. Sahari, R. Zahari, Modelling of residual stress relaxation : a review, 
Pertanika J. Sci. Technol. 17 (2009) 325–336. 

[38] C. Bianchetti, D. Delbergue, P. Bocher, M. Lévesque, M. Brochu, Analytical fatigue life 
prediction of shot peened AA 7050-T7451, Int. J. Fatigue. 118 (2019) 271–281. 
https://doi.org/10.1016/j.ijfatigue.2018.07.007. 



237 
 

[39] K. Dalaei, B. Karlsson, L.E. Svensson, Stability of residual stresses created by shot 
peening of pearlitic steel and their influence on fatigue behaviour, Procedia Eng. 2 
(2010) 613–622. https://doi.org/10.1016/j.proeng.2010.03.066. 

[40] Y. Shadangi, K. Chattopadhyay, S.B. Rai, V. Singh, Effect of LASER shock peening on 
microstructure, mechanical properties and corrosion behavior of interstitial free steel, 
Surf. Coatings Technol. 280 (2015) 216–224. 
https://doi.org/10.1016/j.surfcoat.2015.09.014. 

[41] A.P. Mouritz, 8 - Aluminum alloys for aircraft structures, in: Introd. to Aerosp. Mater., 
Woodhead publishing, 2012: pp. 173–201. 
https://doi.org/10.1533/9780857095152.173. 

[42] R.J.H. Wanhill, Aerospace Applications of Aluminum–Lithium Alloys, in: Aluminum-
Lithium Alloy. Process. Prop. Appl., Elsevier, 2014: pp. 503–535. 
https://doi.org/10.1016/B978-0-12-401698-9.00015-X. 

[43] V.V.K. Prasad Rambabu, N. Eswara Prasad, R.J.H. Wanhill, Aerospace Materials and 
Material Technologies, Volume 1: Aerospace Material Technologies, Aerosp. Mater. 
Mater. Technol. Vol. 1 Aerosp. Mater. 1 (2017) 586. https://doi.org/10.1007/978-981-
10-2134-3. 

[44] J. Hirsch, K. Lücke, Overview no. 76. Mechanism of deformation and development of 
rolling textures in polycrystalline f.c.c. metals-II. Simulation and interpretation of 
experiments on the basis of Taylor-type theories, Acta Metall. 36 (1988) 2883–2904. 
https://doi.org/10.1016/0001-6160(88)90173-3. 

[45] J. Hirsch, Texture and anisotropy in industrial applications of aluminium alloys, Arch. 
Metall. Mater. 50 (2005) 21–34. 

[46] H.E. Vatne, K. Pedersen, O. Lohne, G. Jenssen, Texture and Structure Evolution During 
Indirect Extrusion of an AlSiMgMn Aluminium Alloy, Textures Microstruct. 30 (1997) 81–
95. https://doi.org/10.1155/tsm.30.81. 

[47] Y. Lin, Z. Zheng, S. Li, X. Kong, Y. Han, Microstructures and properties of 2099 Al-Li 
alloy, Mater. Charact. 84 (2013) 88–99. https://doi.org/10.1016/j.matchar.2013.07.015. 

[48] A.W. Bowen, Texture development in high strength aluminium alloys, Mater. Sci. 
Technol. (United Kingdom). 6 (1990) 1058–1071. 
https://doi.org/10.1179/mst.1990.6.11.1058. 

[49] S. E, W. Boas, Crystal plasticity, Hughes, London, 1950. 
[50] R.J. Asaro, Micromechanics of Crystals and Polycrystals, Adv. Appl. Mech. 23 (1983) 

1–115. https://doi.org/10.1016/S0065-2156(08)70242-4. 
[51] O. V. Mishin, B. Bay, D. Juul Jensen, Through-thickness texture gradients in cold-rolled 

aluminum, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 31 (2000) 1653–1662. 
https://doi.org/10.1007/s11661-000-0175-2. 

[52] J.Z. Chen, L. Zhen, W.Z. Shao, S.L. Dai, Y.X. Cui, Through-thickness texture gradient 
in AA 7055 aluminum alloy, Mater. Lett. 62 (2008) 88–90. 
https://doi.org/10.1016/J.MATLET.2007.04.074. 

[53] O. Engler, M.Y. Huh, C.N. Tomé, A study of through-thickness texture gradients in rolled 
sheets, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 31 (2000) 2299–2315. 
https://doi.org/10.1007/s11661-000-0146-7. 

[54] M. Khadyko, S. Dumoulin, O.S. Hopperstad, Texture gradients and strain localisation in 
extruded aluminium profile, Int. J. Solids Struct. 97_98 (2016) 239–255. 
https://doi.org/10.1016/j.ijsolstr.2016.07.024. 

[55] T. Furu, H.E. Vatne, Texture evolution during extrusion of flat AA6060 and AA6082 
aluminium profiles, Mater. Sci. Forum. 273–275 (1998) 403–410. 
https://doi.org/10.4028/www.scientific.net/msf.273-275.403. 

[56] X.H. Fan, D. Tang, W.L. Fang, D.Y. Li, Y.H. Peng, Microstructure development and 
texture evolution of aluminum multi-port extrusion tube during the porthole die extrusion, 
Mater. Charact. 118 (2016) 468–480. https://doi.org/10.1016/j.matchar.2016.06.025. 

[57] H.J. Bunge, Texture analysis in materials science - Mathematical methods, Cuvillier 
Verlag, Gottinge 1993, 1993. 

[58] J. Hirsch, Texture evolution during rolling of aluminium alloys, TMS Light Met. (2008) 



238 
 

1071–1077. 
[59] L. Zhen, J. Chen, S. Yang, W. Shao, S. Dai, Development of microstructures and texture 

during cold rolling in AA 7055 aluminum alloy, Mater. Sci. Eng. A. 504 (2009) 55–63. 
https://doi.org/10.1016/j.msea.2008.10.055. 

[60] K.Y. Luo, T. Lin, F.Z. Dai, X.M. Luo, J.Z. Lu, Effects of overlapping rate on the 
uniformities of surface profile of LY2 Al alloy during massive laser shock peening 
impacts, Surf. Coatings Technol. 266 (2015) 49–56. 
https://doi.org/10.1016/j.surfcoat.2015.02.017. 

[61] J.Z. Lu, K.Y. Luo, Y.K. Zhang, G.F. Sun, Y.Y. Gu, J.Z. Zhou, X.D. Ren, X.C. Zhang, L.F. 
Zhang, K.M. Chen, C.Y. Cui, Y.F. Jiang, A.X. Feng, L. Zhang, Grain refinement 
mechanism of multiple laser shock processing impacts on ANSI 304 stainless steel, 
Acta Mater. 58 (2010) 5354–5362. https://doi.org/10.1016/j.actamat.2010.06.010. 

[62] A. Bois-Brochu, F.A.T. Goma, C. Blais, D. Larouche, R. Gauvin, J. Boselli, Al-Li alloy 
2099-T83 extrusions : Static mechanical properties, microstructure and texture, Adv. 
Mater. Res. 409 (2012) 29–34. https://doi.org/10.4028/www.scientific.net/AMR.409.29. 

[63] R.J. Rioja, Fabrication methods to manufacture isotropic Al-Li alloys and products for 
space and aerospace applications, Mater. Sci. Eng. A. 257 (1998) 100–107. 
https://doi.org/10.1016/S0921-5093(98)00827-2. 

[64] K.R. Cardoso, D.N. Travessa, A.M. Jorge, W.J. Botta, Microstructure evolution of 
AA7050 Al alloy during equal-channel angular pressing, Mater. Res. 15 (2012) 732–
738. https://doi.org/10.1590/S1516-14392012005000105. 

[65] Y. Yang, K. Zhou, G. Li, Surface gradient microstructural characteristics and evolution 
mechanism of 2195 aluminum lithium alloy induced by laser shock peening, Opt. Laser 
Technol. 109 (2019) 1–7. https://doi.org/10.1016/j.optlastec.2018.07.041. 

[66] D.J. Chadwick, S. Ghanbari, D.F. Bahr, M.D. Sangid, Mechanism of shot peening 
enhancement for the fatigue performance of AA7050, 13th Int. Conf. Shot Peen. (2017) 
184–190. 

[67] Z.C. Cordero, B.E. Knight, C.A. Schuh, Six decades of the Hall–Petch effect – a survey 
of grain-size strengthening studies on pure metals, Int. Mater. Rev. 61 (2016) 495–512. 
https://doi.org/10.1080/09506608.2016.1191808. 

[68] J.L. Bassani, Plastic Flow of Crystals, Adv. Appl. Mech. 30 (1993) 191–258. 
https://doi.org/10.1016/S0065-2156(08)70175-3. 

[69] I.L. Dillamore, W.T. Roberts, Rolling textures in f.c.c. and b.c.c. metals, Acta Metall. 12 
(1964) 281–293. https://doi.org/10.1016/0001-6160(64)90204-4. 

[70] J.C. Kim, S.K. Cheong, H. Noguchi, Residual stress relaxation and low- and high-cycle 
fatigue behavior of shot-peened medium-carbon steel, Int. J. Fatigue. 56 (2013) 114–
122. https://doi.org/10.1016/j.ijfatigue.2013.07.001. 

[71] X. Liu, J. Liu, Z. Zuo, H. Zhang, Numerical study on residual stress redistribution of shot-
peened aluminum 7075-T6 under fretting loading, Int. J. Mech. Sci. 160 (2019) 156–
164. https://doi.org/10.1016/j.ijmecsci.2019.06.031. 

[72] Q. Wang, X. Liu, Z. Yan, Z. Dong, D. Yan, On the mechanism of residual stresses 
relaxation in welded joints under cyclic loading, Int. J. Fatigue. 105 (2017) 43–59. 
https://doi.org/10.1016/j.ijfatigue.2017.08.016. 

[73] S. Han, T. Lee, B. Shin, Residual stress relaxation of welded steel components under 
cyclic load, Steel Res. 73 (2002) 414–420. https://doi.org/10.1002/srin.200200008. 

[74] X. fang Xie, W. Jiang, Y. Luo, S. Xu, J.M. Gong, S.T. Tu, A model to predict the 
relaxation of weld residual stress by cyclic load: Experimental and finite element 
modeling, Int. J. Fatigue. 95 (2017) 293–301. 
https://doi.org/10.1016/j.ijfatigue.2016.11.011. 

[75] B.L. Boyce, X. Chen, J.O. Peters, J.W. Hutchinson, R.O. Ritchie, Mechanical relaxation 
of localized residual stresses associated with foreign object damage, Mater. Sci. Eng. 
A. 349 (2003) 48–58. https://doi.org/10.1016/S0921-5093(02)00543-9. 

[76] R. Menig, V. Schulze, O. Vöhringer, Influence of optimized warm peening on residual 
stress stability and fatigue strength of AISI 4140 in different material states, Shot Peen. 
(2006) 317–323. https://doi.org/10.1002/3527606580.ch40. 



239 
 

[77] I. Altenberger, E.A. Stach, G. Liu, R.K. Nalla, R.O. Ritchie, An in situ transmission 
electron microscope study of the thermal stability of near-surface microstructures 
induced by deep rolling and laser-shock peening, Scr. Mater. 48 (2003) 1593–1598. 
https://doi.org/10.1016/S1359-6462(03)00143-X. 

[78] C. Ye, S. Suslov, B.J. Kim, E.A. Stach, G.J. Cheng, Fatigue performance improvement 
in AISI 4140 steel by dynamic strain aging and dynamic precipitation during warm laser 
shock peening, Acta Mater. 59 (2011) 1014–1025. 
https://doi.org/10.1016/j.actamat.2010.10.032. 

[79] O. Voehringer, Relaxation of residual stresses by annealing or mechanical treatment, 
Adv Sur Treat, Technol - Appl - Eff. 4 (1987) 367–396. https://doi.org/10.1016/b978-0-
08-034062-3.50027-6. 

[80] D. Löhe, O. Vöhringer, Stability of residual stresses, Handb. Residual Stress Deform. 
Steel. (2002) 54–69. https://doi.org/10.1361/h. 

[81] J. Lin, W. Ren, Q. Wang, L. Ma, Y. Chen, Influence of grain size and texture on the yield 
strength of Mg alloys processed by severe plastic deformation, Adv. Mater. Sci. Eng. 
2014 (2014) 24–32. https://doi.org/10.1155/2014/356572. 

[82] W.F. Hosford, On the Crystallographic Basis of Yield Criteria, Textures Microstruct. 26 
(1996) 479–493. https://doi.org/10.1155/tsm.26-27.479. 

[83] K. Wierzbanowski, M. Wroński, T. Leffers, FCC rolling textures reviewed in the light of 
quantitative comparisons between simulated and experimental textures, Crit. Rev. Solid 
State Mater. Sci. 39 (2014) 391–422. https://doi.org/10.1080/10408436.2014.899485. 

[84] Q. Zhao, Z. Liu, S. Li, T. Huang, P. Xia, L. Lu, Evolution of the Brass texture in an Al-
Cu-Mg alloy during hot rolling, J. Alloys Compd. 691 (2017) 786–799. 
https://doi.org/10.1016/j.jallcom.2016.08.322. 

[85] J.C. Kim, S.K. Cheong, H. Noguchi, Evolution of residual stress redistribution associated 
with localized surface microcracking in shot-peened medium-carbon steel during fatigue 
test, Int. J. Fatigue. 55 (2013) 147–157. https://doi.org/10.1016/j.ijfatigue.2013.06.010. 

[86] James M.R., Relaxation of Residual Stresses During Fatigue, in: W. V. Kula E. (Ed.), 
Residual Stress Stress Relaxation. Sagamore Army Mater. Res. Conf. Proceedings, 
Vol. 28, Springer, Boston, MA, 1982: p. 297. 

[87] R.K. Sabat, W. Muhammad, R.K. Mishra, K. Inal, Effect of microstructure on fracture in 
age hardenable Al alloys, Philos. Mag. 0 (2020) 1–23. 
https://doi.org/10.1080/14786435.2020.1726524. 

[88] N. Hansen, Hall-petch relation and boundary strengthening, Scr. Mater. 51 (2004) 801–
806. https://doi.org/10.1016/j.scriptamat.2004.06.002. 

[89] B. Cullity, Elements of X-ray diffraction, Second, Addison-Wesley publishing company 
Inc., 1978. 

[90] N.S. Rossini, M. Dassisti, K.Y. Benyounis, A.G. Olabi, Methods of measuring residual 
stresses in components, Mater. Des. 35 (2012) 572–588. 
https://doi.org/10.1016/j.matdes.2011.08.022. 

[91] ed M E Fitzpatrick, A. Lodini, Analysis of Residual Stress by Diffraction Using Neutron 
and Synchrotron Radiation, Meas. Sci. Technol. 14 (2003) 1739–1740. 
https://doi.org/10.1088/0957-0233/14/9/703. 

[92] P.J.J. Withers, H.K.D.H. Bhadeshia, Residual stress. Part 1– Measurement techniques, 
Mater. Sci. Technol. 17 (2001) 366–375. https://doi.org/10.1179/026708301101510087. 

[93] C.O. Ruud, A review of selected non-destructive methods for residual stress 
measurement, NDT Int. 15 (1982) 15–23. https://doi.org/10.1016/0308-9126(82)90083-
9. 

[94] P. V Grant, J.D. Lord, P.S. Whitehead, Measurement Good Practice Guide No. 53: The 
Measurement of Residual Stresses by the Incremental Hole Drilling Technique, (2002). 

[95] T. Sun, M.J. Roy, D. Strong, P.J. Withers, P.B. Prangnell, Comparison of residual stress 
distributions in conventional and stationary shoulder high-strength aluminum alloy 
friction stir welds, J. Mater. Process. Technol. 242 (2017) 92–100. 
https://doi.org/10.1016/j.jmatprotec.2016.11.015. 

[96] M.E. Fitzpatrick, A.T. Fry, P. Holdway, F.A. Kandil, J. Shackleton, L. Suominen, 



240 
 

Determination of residual stresses by X-ray diffraction., Teddington, 2005. 
http://eprintspublications.npl.co.uk/2391/. 

[97] R.S. Ramadhan, A.K. Syed, A.S. Tremsin, W. Kockelmann, R. Dalgliesh, B. Chen, D. 
Parfitt, M.E. Fitzpatrick, Mapping residual strain induced by cold working and by laser 
shock peening using neutron transmission spectroscopy, Mater. Des. 143 (2018) 56–
64. https://doi.org/10.1016/j.matdes.2018.01.054. 

[98] R. Fabbro, P. Peyre, L. Berthe, X. Scherpereel, Physics and applications of laser-shock 
processing, J. Laser Appl. 10 (1998) 265–279. https://doi.org/10.2351/1.521861. 

[99] B. Rouleau, P. Peyre, J. Breuils, H. Pelletier, T. Baudin, F. Brisset, Characterization at 
a local scale of a laser-shock peened aluminum alloy surface, Appl. Surf. Sci. 257 (2011) 
7195–7203. https://doi.org/10.1016/j.apsusc.2011.03.090. 

[100] U. Trdan, M. Skarba, J. Grum, Laser shock peening effect on the dislocation transitions 
and grain refinement of Al-Mg-Si alloy, Mater. Charact. 97 (2014) 57–68. 
https://doi.org/10.1016/j.matchar.2014.08.020. 

[101] S. Zabeen, K. Langer, M.E. Fitzpatrick, Effect of texture on the residual stress response 
from laser peening of an aluminium-lithium alloy, J. Mater. Process. Technol. 251 (2018) 
317–329. https://doi.org/10.1016/j.jmatprotec.2017.07.032. 

[102] I. Angulo, F. Cordovilla, A. García-Beltrán, N.S. Smyth, K. Langer, M.E. Fitzpatrick, J.L. 
Ocaña, The effect of material cyclic deformation properties on residual stress generation 
by laser shock processing, Int. J. Mech. Sci. 156 (2019) 370–381. 
https://doi.org/10.1016/j.ijmecsci.2019.03.029. 

[103] S. Keller, S. Chupakhin, P. Staron, E. Maawad, N. Kashaev, B. Klusemann, 
Experimental and numerical investigation of residual stresses in laser shock peened 
AA2198, J. Mater. Process. Technol. 255 (2018) 294–307. 
https://doi.org/10.1016/j.jmatprotec.2017.11.023. 

[104] M. Achintha, D. Nowell, D. Fufari, E.E. Sackett, M.R. Bache, Fatigue behaviour of 
geometric features subjected to laser shock peening: Experiments and modelling, Int. 
J. Fatigue. 62 (2014) 171–179. https://doi.org/10.1016/j.ijfatigue.2013.04.016. 

[105] L. Trško, S. Fintová, F. Nový, O. Bokůvka, M. Jambor, F. Pastorek, Z. Florková, M. 
Oravcová, Study of relation between shot peening parameters and fatigue fracture 
surface character of an AW 7075 aluminium alloy, Metals (Basel). 8 (2018). 
https://doi.org/10.3390/met8020111. 

[106] R. Krakow, R.J. Bennett, D.N. Johnstone, Z. Vukmanovic, W. Solano-Alvarez, S.J. 
Lainé, J.F. Einsle, P.A. Midgley, C.M.F. Rae, R. Hielscher, On three-dimensional 
misorientation spaces, Proc. R. Soc. A Math. Phys. Eng. Sci. 473 (2017). 
https://doi.org/10.1098/rspa.2017.0274. 

[107] H.J. Bunge, Physical Versus Mathematical Aspects in Texture Analysis, Textures 
Microstruct. 25 (1996) 71–108. https://doi.org/10.1155/tsm.25.71. 

[108] O. Engler, V. Randle, B. Raton, Introduction to texture analysis : macrotexture , 
microtexture and orientation book reviews book reviews, (2014) 20–21. 
https://doi.org/10.1107/S0021889810014548. 

[109] J. Hirsch, Texture evolution during rolling of aluminium alloys, TMS Light Met. (2008) 
1071–1077. 

[110] J. Hirsch, K. Lücke, M. Hatherly, Overview No. 76. Mechanism of deformation and 
development of rolling textures in polycrystalline f.c.c. Metals-III. The influence of slip 
inhomogeneities and twinning, Acta Metall. 36 (1988) 2905–2927. 
https://doi.org/10.1016/0001-6160(88)90174-5. 

[111] T. Leffers, R.K. Ray, The brass-type texture and its deviation from the copper-type 
texture, Prog. Mater. Sci. 54 (2009) 351–396. 
https://doi.org/10.1016/j.pmatsci.2008.09.002. 

[112] J. Sidor, A. Miroux, R. Petrov, L. Kestens, Microstructural and crystallographic aspects 
of conventional and asymmetric rolling processes, Acta Mater. 56 (2008) 2495–2507. 
https://doi.org/10.1016/j.actamat.2008.01.042. 

[113] B. Hutchinson, The cube texture revisited, Mater. Sci. Forum. 702–703 (2012) 3–10. 
https://doi.org/10.4028/www.scientific.net/MSF.702-703.3. 



241 
 

[114] A. Akef, J.H. Driver, Local Textures in Deformed and Recrystallized Aluminium Crystal, 
Textures Microstruct. 20 (1993) 141–154. https://doi.org/10.1155/tsm.20.141. 

[115] W.. Liu, J.. Morris, Lattice rotation and stability of 22.5° ND rotated cube orientation in 
cold rolled polycrystalline AA 5182 aluminum alloy, Mater. Sci. Eng. A. 380 (2004) 147–
154. https://doi.org/10.1016/J.MSEA.2004.03.085. 

[116] J. De Paula Martins, A.L.M. De Carvalho, A.F. Padilha, Texture analysis of cold rolled 
and annealed aluminum alloy produced by twin-roll casting, Mater. Res. 15 (2012) 97–
102. https://doi.org/10.1590/S1516-14392011005000101. 

[117] Q. Zhao, Z. Liu, Y. Hu, F. Li, C. Luo, S. Li, Texture effect on fatigue crack propagation 
in aluminium alloys: an overview, Mater. Sci. Technol. (United Kingdom). 35 (2019) 
1789–1802. https://doi.org/10.1080/02670836.2019.1651954. 

[118] H. Hu, P.R. Sperry, A. Beck, Rolling textures in face-centered cubic metals, Jom. 4 
(1952) 76–81. https://doi.org/10.1007/bf03397654. 

[119] K. Lucke, C. Darmann, J. Hirsch, Rolling textures in FCC and BCC metals investigated 
by means of ODF’s., Trans. Indian Inst. Met. 38 (1985) 496–509. 

[120] J.R. Hirsch, H. Aluminium, Texture evolution during rolling of aluminium alloys, TMS 
Light Met. (2008) 1071–1077. 

[121] R. Jamaati, Unexpected Cube texture in cold rolling of copper, Mater. Lett. 202 (2017) 
111–115. https://doi.org/10.1016/j.matlet.2017.05.054. 

[122] J. Hirsch, K. Lücke, Description and presentation methods for textures, Textures 
Microstruct. 8 and 9 (1988) 131–151. https://doi.org/10.1155/tsm.8-9.131. 

[123] L.A.I. Kestens, H. Pirgazi, Texture formation in metal alloys with cubic crystal structures, 
Mater. Sci. Technol. (United Kingdom). 32 (2016) 1303–1315. 
https://doi.org/10.1080/02670836.2016.1231746. 

[124] J. Hirsch, K. Lücke, Overview no. 76. Mechanism of deformation and development of 
rolling textures in polycrystalline f.c.c. metals-I. Description of rolling texture 
development in homogeneous CuZn alloys, Acta Metall. 36 (1988) 2863–2882. 
https://doi.org/10.1016/0001-6160(88)90172-1. 

[125] K. Okayasu, H. Fukutomi, Texture formation in AA5182 aluminum alloy by hot extrusion, 
Mater. Sci. Forum. 753 (2013) 497–500. 
https://doi.org/10.4028/www.scientific.net/MSF.753.497. 

[126] J.R. Hirsch, M.D. Crowley, Textures in Aluminum Forgings, Textures Microstruct. 14 
(1991) 133–138. https://doi.org/10.1155/tsm.14-18.133. 

[127] C. Maurice, J.H. Driver, High temperature plane strain compression of cube oriented 
aluminium crystals, Acta Metall. Mater. 41 (1993) 1653–1664. 
https://doi.org/10.1016/0956-7151(93)90185-U. 

[128] C. Maurice, D. Piot, H. Klocker, J.H. Driver, Hot plane strain compression testing of 
aluminum alloys by channel-die compression, Metall. Mater. Trans. A Phys. Metall. 
Mater. Sci. 36 (2005) 1039–1047. https://doi.org/10.1007/s11661-005-0297-7. 

[129] S. Li, O. Engler, P. Van Houtte, Plastic anisotropy and texture evolution during tensile 
testing of extruded aluminium profiles, Model. Simul. Mater. Sci. Eng. 13 (2005) 783–
795. https://doi.org/10.1088/0965-0393/13/5/011. 

[130] P. Xia, Z. Liu, W. Wu, Q. Zhao, L. Lu, S. Bai, Texture Evolution in an Al-Cu-Mg Alloy 
During Hot Rolling, J. Mater. Eng. Perform. 27 (2018) 3255–3267. 
https://doi.org/10.1007/s11665-018-3427-2. 

[131] J. Hirsch, K. Lücke, Description and Presentation Methods for Textures, Textures 
Microstruct. 8 (1988) 131–151. https://doi.org/10.1155/tsm.8-9.131. 

[132] D.N. Lee, Relationship between deformation and recrystallisation textures of fcc and 
bcc metals, Philos. Mag. 85 (2005) 297–322. 
https://doi.org/10.1080/14786430412331315734. 

[133] E.N. J Hjelen, R Ørsund, On the origin of recrystallization textures in aluminium, Acta 
Metall. Mater. 39 (1991) 1377–1404. 

[134] J.F.W. Bishop, A theory of the tensile and compressive textures of face-centred cubic 
metals, J. Mech. Phys. Solids. 3 (1955) 130–142. https://doi.org/10.1016/0022-
5096(55)90056-9. 



242 
 

[135] X. Chen, Y. Peng, C. Chen, J. Li, K. Wang, T. Wang, Mechanical behavior and texture 
evolution of aluminum alloys subjected to strain path changes: Experiments and 
modeling, Mater. Sci. Eng. A. 757 (2019) 32–41. 
https://doi.org/10.1016/j.msea.2019.04.091. 

[136] L.T. Li, Y.C. Lin, L. Li, L.M. Shen, D.X. Wen, Three-Dimensional Crystal Plasticity Finite 
Element Simulation of Hot Compressive Deformation Behaviors of 7075 Al Alloy, J. 
Mater. Eng. Perform. 24 (2015) 1294–1304. https://doi.org/10.1007/s11665-015-1395-
3. 

[137] A. Bhattacharyya, D. Rittel, G. Ravichandran, Effect of strain rate on deformation texture 
in OFHC copper, Scr. Mater. 52 (2005) 657–661. 
https://doi.org/10.1016/J.SCRIPTAMAT.2004.11.019. 

[138] M. Zhang, L. Deng, B. Wang, H. Xiang, Effect of torsional rate on the gradient 
microstructure, texture evolutions and microhardness of pure copper, Mater. Charact. 
161 (2020) 110141. https://doi.org/10.1016/j.matchar.2020.110141. 

[139] N.P. Gurao, R. Kapoor, S. Suwas, Effect of strain rate on evolution of the deformation 
microstructure and texture in polycrystalline copper and nickel, Metall. Mater. Trans. A 
Phys. Metall. Mater. Sci. 41 (2010) 2794–2804. https://doi.org/10.1007/s11661-010-
0360-x. 

[140] S. Li, Q. Zhao, Z. Liu, F. Li, A Review of Texture Evolution Mechanisms During 
Deformation by Rolling in Aluminum Alloys, J. Mater. Eng. Perform. 27 (2018) 3350–
3373. https://doi.org/10.1007/s11665-018-3439-y. 

[141] X.H. Zeng, T. Ericsson, Anisotropy of elastic properties in various aluminium-lithium 
sheet alloys, Acta Mater. 44 (1996) 1801–1812. https://doi.org/10.1016/1359-
6454(95)00320-7. 

[142] C.F. Gu, M. Hoffman, L.S. Toth, Y.D. Zhang, Grain size dependent texture evolution in 
severely rolled pure copper, Mater. Charact. 101 (2015) 180–188. 
https://doi.org/10.1016/j.matchar.2015.02.003. 

[143] M. Muzyk, Z. Pakiela, K.J. Kurzydlowski, Ab initio calculations of the generalized 
stacking fault energy in aluminium alloys, Scr. Mater. 64 (2011) 916–918. 
https://doi.org/10.1016/j.scriptamat.2011.01.034. 

[144] J. Hirsch, Slip system selection during plane strain deformation in FCC metals, 
Researchgate.Net. (2017). 

[145] K.V. Jata, A.K. Singh, Texture and its effects on properties in aluminum–lithium alloys, 
Aluminum-Lithium Alloy. (2014) 139–163. https://doi.org/10.1016/B978-0-12-401698-
9.00005-7. 

[146] G.E.. Tucker, Texture and earing in deep drawing of aluminium, Acta Metall. 9 (1961) 
275–286. https://doi.org/10.1016/0001-6160(61)90220-6. 

[147] M.B. Prime, M.R. Hill, Residual stress, stress relief, and inhomogeneity in aluminum 
plate, Scr. Mater. 46 (2002) 77–82. https://doi.org/10.1016/S1359-6462(01)01201-5. 

[148] A. Day, P. Trimby, HKL Technology: Channel 4, (1999). 
[149] S.R. Claves, A. Deal, Orientation Dependence of EBSD Pattern Quality, Microsc. 

Microanal. 11 (2005) 514–515. https://doi.org/10.1017/s1431927605507347. 
[150] L. Delannay, Observation and modelling of grain interactions and grain subdivision in 

rolled cubic polycrystals, 2001. 
[151] S. Nagarajan, R. Jain, N.P. Gurao, Microstructural characteristics governing the lattice 

rotation in Al-Mg alloy using in-situ EBSD, Mater. Charact. 180 (2021) 111405. 
https://doi.org/10.1016/j.matchar.2021.111405. 

[152] B. El-Dasher, A.D. Rollett, M.H. Alvi, G.S. Rohrer, P.N. Kalu, T. Bennett, N. Bozzolo, F. 
Wagner, Analysis of EBSD Data - Texture, Microstructure & Anisotropy, (2016) 27–250. 
http://pajarito.materials.cmu.edu/rollett/27750/L18b-EBSD-analysis-15Apr14.pdf. 

[153] M.A. Mohtadi-Bonab, M. Eskandari, J.A. Szpunar, Texture, local misorientation, grain 
boundary and recrystallization fraction in pipeline steels related to hydrogen induced 
cracking, Mater. Sci. Eng. A. 620 (2015) 97–106. 
https://doi.org/10.1016/j.msea.2014.10.009. 

[154] B. Yang, C. Tan, Y. Zhao, L. Wu, B. Chen, X. Song, H. Zhao, J. Feng, Influence of 



243 
 

ultrasonic peening on microstructure and surface performance of laser-arc hybrid 
welded 5A06 aluminum alloy joint, J. Mater. Res. Technol. 9 (2020) 9576–9587. 
https://doi.org/10.1016/j.jmrt.2020.06.057. 

[155] S. Al-Shahrani, T.J. Marrow, Effect of surface finish on fatigue of stainless steels, 12th 
Int. Conf. Fract. 2009, ICF-12. 2 (2009) 861–870. 

[156] M. Hanief, M.F. Wani, Effect of surface roughness on wear rate during running-in of 
En31-steel: Model and experimental validation, Mater. Lett. 176 (2016) 91–93. 
https://doi.org/10.1016/j.matlet.2016.04.087. 

[157] C.F. Yao, X.T. Dou, D. Wu, Z. Zhou, J. Zhang, Surface integrity and fatigue analysis of 
shot-peening for 7055 aluminum alloy under different high-speed milling conditions, 
Adv. Mech. Eng. 8 (2016) 1–10. https://doi.org/10.1177/1687814016674628. 

[158] R. Zhang, X. Zhou, H. Gao, S. Mankoci, Y. Liu, X. Sang, H. Qin, X. Hou, Z. Ren, G.L. 
Doll, A. Martini, Y. Dong, N. Sahai, C. Ye, The effects of laser shock peening on the 
mechanical properties and biomedical behavior of AZ31B magnesium alloy, Surf. 
Coatings Technol. 339 (2018) 48–56. https://doi.org/10.1016/j.surfcoat.2018.02.009. 

[159] M. Mathias, A. Göcke, M. Pohl, The residual stress, texture and surface changes in steel 
induced by cavitation, Wear. 150 (1991) 11–20. https://doi.org/10.1016/0043-
1648(91)90302-B. 

[160] P.K. Sharp, G. Clark, The effect of peening on the fatigue life of aluminium alloys, 2001. 
[161] B. Dhakal, S. Swaroop, Effect of laser shock peening on mechanical and microstructural 

aspects of 6061-T6 aluminum alloy, J. Mater. Process. Technol. 282 (2020) 116640. 
https://doi.org/10.1016/j.jmatprotec.2020.116640. 

[162] T. Hisakado, The influence of surface roughness on abrasive wear, Wear. 41 (1977) 
179–190. https://doi.org/10.1016/0043-1648(77)90200-9. 

[163] S.A. Barter, L. Molent, R.J.H. Wanhill, Typical fatigue-initiating discontinuities in metallic 
aircraft structures, Int. J. Fatigue. 41 (2012) 11–22. 
https://doi.org/10.1016/j.ijfatigue.2011.10.017. 

[164] J.T. Tan, B.K. Chen, Prediction of fatigue life in aluminium alloy (AA7050-T7451) 
structures in the presence of multiple artificial short cracks, Theor. Appl. Fract. Mech. 
78 (2015) 1–7. https://doi.org/10.1016/j.tafmec.2015.06.001. 

[165] J.R. Davis, Light Metals and Alloys-Aluminum and Aluminum Alloys, Alloy. Underst. 
Basics. (2001) 351–416. https://doi.org/10.1361/autb2001p351. 

[166] ASM Handbook. Volume 2. Properties and selection: Non-Ferrous alloys and special 
purpose materials, ASM International, 1990. 

[167] R.J.H. Wanhill, Aerospace Applications of Aluminum–Lithium Alloys, in: Aluminum-
Lithium Alloy., Elsevier, 2014: pp. 503–535. https://doi.org/10.1016/B978-0-12-401698-
9.00015-X. 

[168] P. Peyre, R. Fabbro, P. Merrien, H.P. Lieurade, Laser shock processing of aluminium 
alloys. Application to high cycle fatigue behaviour, Mater. Sci. Eng. A. 210 (1996) 102–
113. https://doi.org/10.1016/0921-5093(95)10084-9. 

[169] P. Pavliček, E. Mikeska, White-light interferometer without mechanical scanning, Opt. 
Lasers Eng. 124 (2020) 105800. https://doi.org/10.1016/j.optlaseng.2019.105800. 

[170] F. Dai, J. Zhou, J. Lu, X. Luo, A technique to decrease surface roughness in overlapping 
laser shock peening, Appl. Surf. Sci. 370 (2016) 501–507. 
https://doi.org/10.1016/J.APSUSC.2016.02.138. 

[171] W. Liu, J. Dong, P. Zhang, C. Zhai, W. Ding, Effect of shot peening on surface 
characteristics and fatigue properties of T5-treated ZK60 alloy, Mater. Trans. 50 (2009) 
791–798. https://doi.org/10.2320/matertrans.MRA2008415. 

[172] M. Drbúl, P. Martikáň, J. Bronček, I. Litvaj, J. Svobodová, Analysis of roughness profile 
on curved surfaces, MATEC Web Conf. 244 (2018) 4–10. 
https://doi.org/10.1051/matecconf/201824401024. 

[173] Mitutoyo, Quick guide to surface roughness measurement: Reference guide for 
laboratory and workshop., Mitutoyo Am. Corp. 1 (2010) 1–8. 
http://www.mitutoyo.com/wp-content/uploads/2012/11/1984_Surf_Roughness_PG.pdf. 

[174] J. Wu, H. Liu, P. Wei, C. Zhu, Q. Lin, Effect of shot peening coverage on hardness, 



244 
 

residual stress and surface morphology of carburized rollers, Surf. Coatings Technol. 
384 (2020) 125273. https://doi.org/10.1016/j.surfcoat.2019.125273. 

[175] A. Salimianrizi, E. Foroozmehr, M. Badrossamay, H. Farrokhpour, Effect of Laser Shock 
Peening on surface properties and residual stress of Al6061-T6, Opt. Lasers Eng. 77 
(2016) 112–117. https://doi.org/10.1016/j.optlaseng.2015.08.001. 

[176] X.Q. Zhang, H. Li, X.L. Yu, Y. Zhou, S.W. Duan, S.Z. Li, Z.L. Huang, L.S. Zuo, 
Investigation on effect of laser shock processing on fatigue crack initiation and its growth 
in aluminum alloy plate, Mater. Des. 65 (2015) 425–431. 
https://doi.org/10.1016/j.matdes.2014.09.001. 

[177] X. kai Meng, H. Wang, W. sheng Tan, J. Cai, J. zhong Zhou, L. Liu, Gradient 
microstructure and vibration fatigue properties of 2024-T351 aluminium alloy treated by 
laser shock peening, Surf. Coatings Technol. 391 (2020) 125698. 
https://doi.org/10.1016/j.surfcoat.2020.125698. 

[178] D. Raabe, Z. Zhao, S.J. Park, F. Roters, Theory of orientation gradients in plastically 
strained crystals, Acta Mater. 50 (2002) 421–440. https://doi.org/10.1016/S1359-
6454(01)00323-8. 

[179] I.L. Dillamore, W.T. Roberts, Rolling textures in f.c.c. and b.c.c. metals, Acta Metall. 12 
(1964) 281–293. 

[180] H. Qiao, J. Zhao, Y. Gao, Experimental investigation of laser peening on TiAl alloy 
microstructure and properties, Chinese J. Aeronaut. 28 (2015) 609–616. 
https://doi.org/10.1016/J.CJA.2015.01.006. 

[181] H. Hu, On the mechanism of texture transition in FCC metals, Textures Microstruct. 8 
and 9 (1988) 191–206. https://doi.org/10.1007/BF02900245. 

[182] S. Kundu, H.K.D.H. Bhadeshia, Transformation texture in deformed stainless steel, Scr. 
Mater. 55 (2006) 779–781. https://doi.org/10.1016/j.scriptamat.2006.07.021. 

[183] J. Lee, H. Jeong, Effect of rolling speed on microstructural and microtextural evolution 
of Nb tubes during caliber-rolling process, Metals (Basel). 9 (2019). 
https://doi.org/10.3390/met9050500. 

[184] A.Y. Ku, A.S. Khan, T. Gnäupel-Herold, Quasi-static and dynamic response, and texture 
evolution of two overaged Al 7056 alloy plates in T761 and T721 tempers: Experiments 
and modeling, Int. J. Plast. 130 (2020). https://doi.org/10.1016/j.ijplas.2020.102679. 

[185] H. Hu, On the mechanism of texture transition in FCC metals, Metall. Mater. Trans. 8 
and 9 (1988) 191–206. 

[186] J. Hirsch, Texture evolution during rolling of aluminium alloys, TMS Light Met. (2008) 
1071–1077. 

[187] A. Spolidor, C. Goux, Theoretical model of the formation of cold-rolling textures: Texture 
stability criteria and application to cubic metals, J. Mater. Sci. 28 (1993) 4325–4340. 
https://doi.org/10.1007/BF01154939. 

[188] I.J. Beyerlein, R.A. Lebensohn, C.N. Tome, Modeling texture and microstructural 
evolution in the equal channel angular extrusion process, Mater. Sci. Eng. A. 345 (2003) 
122–138. https://doi.org/https://doi.org/10.1016/S0921-5093(02)00457-4. 

[189] S. Prabhakaran, H.G.P. Kumar, S. Kalainathan, V.K. Vasudevan, P. Shukla, D. Lin, 
Laser shock peening modified surface texturing, microstructure and mechanical 
properties of graphene dispersion strengthened aluminium nanocomposites, Surfaces 
and Interfaces. 14 (2019) 127–137. https://doi.org/10.1016/j.surfin.2018.12.003. 

[190] B. Hutchinson, The cube texture revisited, Mater. Sci. Forum. 702–703 (2012) 3–10. 
https://doi.org/10.4028/www.scientific.net/MSF.702-703.3. 

[191] Q. Zhao, Z. Liu, T. Huang, P. Xia, F. Li, Enhanced fracture toughness in an annealed 
Al-Cu-Mg alloy by increasing Goss/Brass texture ratio, Mater. Charact. 119 (2016) 47–
54. https://doi.org/10.1016/j.matchar.2016.07.015. 

[192] F. Goli, R. Jamaati, Intensifying Goss/Brass texture ratio in AA2024 by asymmetric cold 
rolling, Mater. Lett. 219 (2018) 229–232. https://doi.org/10.1016/j.matlet.2018.02.124. 

[193] B. Chen, A. Skouras, Y.Q. Wang, J.F. Kelleher, S.Y. Zhang, D.J. Smith, P.E.J. Flewitt, 
M.J. Pavier, In situ neutron diffraction measurement of residual stress relaxation in a 
welded steel pipe during heat treatment, Mater. Sci. Eng. A. 590 (2014) 374–383. 



245 
 

https://doi.org/10.1016/j.msea.2013.10.060. 
[194] M. Kattoura, S.R. Mannava, D. Qian, V.K. Vasudevan, Effect of laser shock peening on 

residual stress, microstructure and fatigue behavior of ATI 718Plus alloy, Int. J. Fatigue. 
102 (2017) 121–134. https://doi.org/10.1016/j.ijfatigue.2017.04.016. 

[195] Y. Zhou, L.S. Tóth, K.W. Neale, On the stability of the ideal orientations of rolling 
textures for F.C.C. polycrystals, Acta Metall. Mater. 40 (1992) 3179–3193. 
https://doi.org/10.1016/0956-7151(92)90481-S. 

[196] R. J. Clifton, High Strain Rate Behavior of Metals, Appl. Mech. Rev. 43 (1990). 
https://doi.org/10.1115/1.3120862. 

[197] S.R. Bodner, M.B. Rubin, Modeling of hardening at very high strain rates, J. Appl. Phys. 
76 (1994) 2742–2747. https://doi.org/10.1063/1.357578. 

[198] W.. Liu, J.. Morris, Comparison of the texture evolution in cold rolled DC and SC AA 
5182 aluminum alloys, Mater. Sci. Eng. A. 339 (2003) 183–193. 
https://doi.org/10.1016/S0921-5093(02)00160-0. 

[199] S. Li, Orientation stability in equal channel angular extrusion. Part I: Face-centered cubic 
and body-centered cubic materials, Acta Mater. 56 (2008) 1018–1030. 
https://doi.org/10.1016/j.actamat.2007.11.001. 

[200] Z. Tong, X. Ren, Y. Ren, F. Dai, Y. Ye, W. Zhou, L. Chen, Z. Ye, Effect of laser shock 
peening on microstructure and hot corrosion of TC11 alloy, Surf. Coatings Technol. 335 
(2018) 32–40. https://doi.org/10.1016/j.surfcoat.2017.12.003. 

[201] J.Z. Lu, K.Y. Luo, Y.K. Zhang, C.Y. Cui, G.F. Sun, J.Z. Zhou, L. Zhang, J. You, K.M. 
Chen, J.W. Zhong, Grain refinement of LY2 aluminum alloy induced by ultra-high plastic 
strain during multiple laser shock processing impacts, Acta Mater. 58 (2010) 3984–
3994. https://doi.org/10.1016/j.actamat.2010.03.026. 

[202] U. Trdan, M. Skarba, J. Grum, Laser shock peening effect on the dislocation transitions 
and grain refinement of Al–Mg–Si alloy, Mater. Charact. 97 (2014) 57–68. 
https://doi.org/10.1016/J.MATCHAR.2014.08.020. 

[203] X. Shen, P. Shukla, D. Sharma, A. Zammit, P. Swanson, Y. Jiao, J. Lawrence, On 
restructuring the microstructure of Ti-6Al-7Nb alloy before surface engineering, Mater. 
Charact. 169 (2020) 110629. https://doi.org/10.1016/j.matchar.2020.110629. 

[204] C.J. Ruestes, E.M. Bringa, R.E. Rudd, B.A. Remington, T.P. Remington, M.A. Meyers, 
Probing the character of ultra-fast dislocations, Sci. Rep. 5 (2015) 1–9. 
https://doi.org/10.1038/srep16892. 

[205] Z. Hong, Y. Chengye, Laser shock processing of 2024-T62 aluminum alloy, Mater. Sci. 
Eng. A. 257 (1998) 322–327. https://doi.org/10.1016/S0921-5093(98)00793-X. 

[206] A. M., M. R., T. K., Effect of Low energy laser shock peening on plastic deformation, 
wettability and corrosion resistance of aluminum alloy 7075 T651, Optik (Stuttg). 219 
(2020) 165045. https://doi.org/10.1016/j.ijleo.2020.165045. 

[207] J.Z. Lu, K.Y. Luo, F.Z. Dai, J.W. Zhong, L.Z. Xu, C.J. Yang, L. Zhang, Q.W. Wang, J.S. 
Zhong, D.K. Yang, Y.K. Zhang, Effects of multiple laser shock processing (LSP) impacts 
on mechanical properties and wear behaviors of AISI 8620 steel, Mater. Sci. Eng. A. 
536 (2012) 57–63. https://doi.org/10.1016/j.msea.2011.12.053. 

[208] S. Zabeen, K. Langer, M.E. Fitzpatrick, Effect of texture on the residual stress response 
from laser peening of an aluminium-lithium alloy, J. Mater. Process. Technol. 251 (2018) 
317–329. https://doi.org/10.1016/j.jmatprotec.2017.07.032. 

[209] S. Zabeen, K. Langer, M.E. Fitzpatrick, Effect of alloy temper on surface modification of 
aluminium 2624 by laser shock peening, Surf. Coatings Technol. 347 (2018) 123–135. 
https://doi.org/10.1016/j.surfcoat.2018.04.069. 

[210] R. Sun, L. Li, Y. Zhu, W. Guo, P. Peng, B. Cong, J. Sun, Z. Che, B. Li, C. Guo, L. Liu, 
Microstructure, residual stress and tensile properties control of wire-arc additive 
manufactured 2319 aluminum alloy with laser shock peening, J. Alloys Compd. 747 
(2018) 255–265. https://doi.org/10.1016/j.jallcom.2018.02.353. 

[211] J.A. Gorman, D.S. Wood, T. Vreeland, Mobility of dislocations in aluminum, J. Appl. 
Phys. 40 (1969) 833–841. https://doi.org/10.1063/1.1657472. 

[212] D.L. Olmsted, L.G. HectorJr, W.A. Curtin, R.J. Clifton, Atomistic simulations of 



246 
 

dislocation mobility in Al, Ni and Al/Mg alloys, Model. Simul. Mater. Sci. Eng. 13 (2005) 
371–388. https://doi.org/10.1088/0965-0393/13/3/007. 

[213] L. Zhou, Y. Li, W. He, G. He, X. Nie, D. Chen, Z. Lai, Z. An, Deforming TC6 titanium 
alloys at ultrahigh strain rates during multiple laser shock peening, Mater. Sci. Eng. A. 
578 (2013) 181–186. https://doi.org/10.1016/j.msea.2013.04.070. 

[214] S. Pour-Ali, A.R. Kiani-Rashid, A. Babakhani, Surface nanocrystallization and gradient 
microstructural evolutions in the surface layers of 321 stainless steel alloy treated via 
severe shot peening, Vacuum. 144 (2017) 152–159. 
https://doi.org/10.1016/j.vacuum.2017.07.016. 

[215] X. Jin, L. Lan, S. Gao, B. He, Y. Rong, Effects of laser shock peening on microstructure 
and fatigue behavior of Ti–6Al–4V alloy fabricated via electron beam melting, Mater. 
Sci. Eng. A. 780 (2020). https://doi.org/10.1016/j.msea.2020.139199. 

[216] Y. Yang, X. Lian, K. Zhou, G. Li, Effects of laser shock peening on microstructures and 
properties of 2195 Al-Li alloy, J. Alloys Compd. 781 (2019) 330–336. 
https://doi.org/10.1016/j.jallcom.2018.12.118. 

[217] J.T. Wang, L. Xie, K.Y. Luo, W.S. Tan, L. Cheng, J.F. Chen, Y.L. Lu, X.P. Li, M.Z. Ge, 
Improving creep properties of 7075 aluminum alloy by laser shock peening, Surf. 
Coatings Technol. 349 (2018) 725–735. https://doi.org/10.1016/j.surfcoat.2018.06.061. 

[218] J. Wang, Y. Lu, D. Zhou, L. Sun, L. Xie, J. Wang, Mechanical properties and 
microstructural response of 2A14 aluminum alloy subjected to multiple laser shock 
peening impacts, Vacuum. 165 (2019) 193–198. 
https://doi.org/10.1016/j.vacuum.2019.03.058. 

[219] Z.D. Wang, G.F. Sun, Y. Lu, M.Z. Chen, K.D. Bi, Z.H. Ni, Microstructural 
characterization and mechanical behavior of ultrasonic impact peened and laser shock 
peened AISI 316L stainless steel, Surf. Coatings Technol. 385 (2020). 
https://doi.org/10.1016/j.surfcoat.2020.125403. 

[220] X.D. Ren, J.J. Huang, W.F. Zhou, S.D. Xu, F.F. Liu, Surface nano-crystallization of 
AZ91D magnesium alloy induced by laser shock processing, Mater. Des. 86 (2015) 
421–426. https://doi.org/10.1016/j.matdes.2015.07.039. 

[221] M. Muzyk, Z. Pakieła, K.J. Kurzydłowski, Generalized Stacking Fault Energies of 
Aluminum Alloys – Density Functional Theory Calculations, (2018) 12–14. 
https://doi.org/10.3390/met8100823. 

[222] S.H. Kim, H.K. Kim, J.H. Seo, D.M. Whang, J.P. Ahn, J.C. Lee, Deformation twinning of 
ultrahigh strength aluminum nanowire, Acta Mater. 160 (2018) 14–21. 
https://doi.org/10.1016/j.actamat.2018.08.047. 

[223] B.Q. Li, M.L. Sui, B. Li, E. Ma, S.X. Mao, Reversible twinning in pure aluminum, Phys. 
Rev. Lett. 102 (2009) 1–4. https://doi.org/10.1103/PhysRevLett.102.205504. 

[224] G.T. Gray, Deformation twinning in Al-4.8 wt% Mg, Acta Metall. 36 (1988) 1745–1754. 
https://doi.org/10.1016/0001-6160(88)90242-8. 

[225] Y. Liao, G.J. Cheng, Controlled precipitation by thermal engineered laser shock peening 
and its effect on dislocation pinning: Multiscale dislocation dynamics simulation and 
experiments, Acta Mater. 61 (2013) 1957–1967. 
https://doi.org/10.1016/j.actamat.2012.12.016. 

[226] M.F. Ashby, The deformation of plastically non-homogeneous materials, Philos. Mag. A 
J. Theor. Exp. Appl. Phys. 21 (1970) 399–424. 
https://doi.org/10.1080/14786437008238426. 

[227] A. Arsenlis, D.M. Parks, Crystallographic aspects of geometrically-necessary and 
statistically-stored dislocation density, Acta Mater. 47 (1999) 1597–1611. 
https://doi.org/10.1016/S1359-6454(99)00020-8. 

[228] J. Jiang, T.B. Britton, A.J. Wilkinson, Evolution of dislocation density distributions in 
copper during tensile deformation, Acta Mater. 61 (2013) 7227–7239. 
https://doi.org/10.1016/j.actamat.2013.08.027. 

[229] L. Bortoloni, P. Cermelli, Statistically stored dislocations in rate-independent plasticity, 
Rend. Del Semin. Mat. 58 (2000) 25–36. 

[230] A.S. Azar, L.E. Svensson, B. Nyhus, Effect of crystal orientation and texture on fatigue 



247 
 

crack evolution in high strength steel welds, Int. J. Fatigue. 77 (2015) 95–104. 
https://doi.org/10.1016/j.ijfatigue.2015.03.008. 

[231] J.S. Wang, C.C. Hsieh, C.M. Lin, E.C. Chen, C.W. Kuo, W. Wu, The effect of residual 
stress relaxation by the vibratory stress relief technique on the textures of grains in AA 
6061 aluminum alloy, Mater. Sci. Eng. A. 605 (2014) 98–107. 
https://doi.org/10.1016/j.msea.2014.03.037. 

[232] S. Kotha, D. Ozturk, S. Ghosh, Parametrically homogenized constitutive models 
(PHCMs) from micromechanical crystal plasticity FE simulations, part I: Sensitivity 
analysis and parameter identification for Titanium alloys, Int. J. Plast. 120 (2019) 296–
319. https://doi.org/10.1016/j.ijplas.2019.05.008. 

[233] MATLAB, www.mathworks.in/products/matlab, (2007). 
[234] J.T. Wang, Y.K. Zhang, J.F. Chen, J.Y. Zhou, M.Z. Ge, Y.L. Lu, X.L. Li, Effects of laser 

shock peening on stress corrosion behavior of 7075 aluminum alloy laser welded joints, 
Mater. Sci. Eng. A. 647 (2015) 7–14. https://doi.org/10.1016/j.msea.2015.08.084. 

[235] P. Liu, S. Sun, S. Xu, Y. Li, G. Ren, Microstructure and properties in the weld surface of 
friction stir welded 7050-T7451 aluminium alloys by laser shock peening, Vacuum. 152 
(2018) 25–29. https://doi.org/10.1016/j.vacuum.2018.03.002. 

[236] J.Z. Lu, L.J. Wu, G.F. Sun, K.Y. Luo, Y.K. Zhang, J. Cai, C.Y. Cui, X.M. Luo, 
Microstructural response and grain refinement mechanism of commercially pure 
titanium subjected to multiple laser shock peening impacts, Acta Mater. 127 (2017) 252–
266. https://doi.org/10.1016/j.actamat.2017.01.050. 

[237] T. Maitland, S. Sitzman, Electron backscatter diffraction (EBSD) Technique and 
materials characterization examples, in: W. Zhou, L. Wang, Z (Eds.), Scanning Microsc. 
Nanotechnol., 2007. 

[238] B. Winiarski, A. Gholinia, K. Mingard, M. Gee, G. Thompson, P.J. Withers, Correction 
of artefacts associated with large area EBSD, Ultramicroscopy. 226 (2021) 113315. 
https://doi.org/10.1016/j.ultramic.2021.113315. 

[239] J. Pérez-Arantegui, A. Larrea, Electron backscattering diffraction as a complementary 
analytical approach to the microstructural characterization of ancient materials by 
electron microscopy, TrAC - Trends Anal. Chem. 72 (2015) 193–201. 
https://doi.org/10.1016/j.trac.2015.03.026. 

[240] M. Rozmus-Górnikowska, J. Kusiński, Ł. Cieniek, Effect of Laser Shock Peening on the 
Microstructure and Properties of the Inconel 625 Surface Layer, J. Mater. Eng. Perform. 
29 (2020) 1544–1549. https://doi.org/10.1007/s11665-020-04667-3. 

[241] H. Zhang, Z. Ren, J. Liu, J. Zhao, Z. Liu, D. Lin, R. Zhang, M.J. Graber, N.K. Thomas, 
Z.D. Kerek, G.X. Wang, Y. Dong, C. Ye, Microstructure evolution and electroplasticity 
in Ti64 subjected to electropulsing-assisted laser shock peening, J. Alloys Compd. 802 
(2019) 573–582. https://doi.org/10.1016/j.jallcom.2019.06.156. 

[242] Y.D. Wang, R. Lin Peng, R.L. McGreevy, A novel method for constructing the mean field 
of grain-orientation-dependent residual stress, Philos. Mag. Lett. 81 (2001) 153–163. 
https://doi.org/10.1080/09500830010017088. 

[243] S. Zabeen, K. Langer, M.E. Fitzpatrick, Effect of texture on the residual stress response 
from laser peening of an aluminium-lithium alloy, J. Mater. Process. Technol. 251 (2018) 
317–329. https://doi.org/10.1016/j.jmatprotec.2017.07.032. 

[244] T. Csanádi, M. Bl’Anda, N.Q. Chinh, P. Hvizdoš, J. Dusza, Orientation-dependent 
hardness and nanoindentation-induced deformation mechanisms of WC crystals, Acta 
Mater. 83 (2015) 397–407. https://doi.org/10.1016/j.actamat.2014.09.048. 

[245] Y.D. Wang, H. Tian, A.D. Stoica, X.L. Wang, P.K. Liaw, J.W. Richardson, The 
development of grain-orientation-dependent residual stressess in a cyclically deformed 
alloy, Nat. Mater. 2 (2003) 101–106. https://doi.org/10.1038/nmat812. 

[246] J.F. Nye, Some geometrical relations in dislocated crystals, Acta Metall. 1 (1953) 153–
162. https://doi.org/10.1016/0001-6160(53)90054-6. 

[247] X. Ren, X. Zhang, Y. Huang, Y. Liu, L. Zhao, W. Zhou, Evolution of shear texture during 
the asymmetric rolling and its annealing behavior in a twin-roll casting AA6016 sheet: 
An ex-situ electron backscatter diffraction study, J. Mater. Res. Technol. 9 (2020) 6420–



248 
 

6433. https://doi.org/10.1016/j.jmrt.2020.04.026. 
[248] S. Adu-Gyamfi, X.D. Ren, E.A. Larson, Y. Ren, Z. Tong, The effects of laser shock 

peening scanning patterns on residual stress distribution and fatigue life of AA2024 
aluminium alloy, Opt. Laser Technol. 108 (2018) 177–185. 
https://doi.org/10.1016/j.optlastec.2018.06.036. 

[249] K. Yoshida, T. Ishizaka, M. Kuroda, S. Ikawa, The effects of texture on formability of 
aluminum alloy sheets, Acta Mater. 55 (2007) 4499–4506. 
https://doi.org/10.1016/j.actamat.2007.04.014. 

[250] M. Kuroda, Effects of texture on mechanical properties of aluminum alloy sheets and 
texture optimization strategy, AIP Conf. Proc. 778 A (2005) 445–450. 
https://doi.org/10.1063/1.2011260. 

[251] W. Kockelmann, T. Minniti, D.E. Pooley, G. Burca, R. Ramadhan, F.A. Akeroyd, G.D. 
Howells, C. Moreton-Smith, D.P. Keymer, J. Kelleher, S. Kabra, T.L. Lee, R. Ziesche, 
A. Reid, G. Vitucci, G. Gorini, D. Micieli, R.G. Agostino, V. Formoso, F. Aliotta, R. 
Ponterio, S. Trusso, G. Salvato, C. Vasi, F. Grazzi, K. Watanabe, J.W.L. Lee, A.S. 
Tremsin, J.B. McPhate, D. Nixon, N. Draper, W. Halcrow, J. Nightingale, Time-of-flight 
neutron imaging on IMAT@ISIS: A new user facility for materials science, J. Imaging. 4 
(2018). https://doi.org/10.3390/jimaging4030047. 

[252] R.S. Ramadhan, W. Kockelmann, T. Minniti, B. Chen, D. Parfitt, M.E. Fitzpatrick, A.S. 
Tremsin, Characterization and application of Bragg-edge transmission imaging for strain 
measurement and crystallographic analysis on the IMAT beamline, J. Appl. Crystallogr. 
52 (2019) 351–368. https://doi.org/10.1107/S1600576719001730. 

[253] W. Kockelmann, S.Y. Zhang, J.F. Kelleher, J.B. Nightingale, G. Burca, J.A. James, 
IMAT - A new imaging and diffraction instrument at ISIS, Phys. Procedia. 43 (2013) 
100–110. https://doi.org/10.1016/j.phpro.2013.03.013. 

[254] A.S. Tremsin, J.B. McPhate, W.A. Kockelmann, J. V. Vallerga, O.H.W. Siegmund, W.B. 
Feller, Energy-resolving neutron transmission radiography at the ISIS pulsed spallation 
source with a high-resolution neutron counting detector, IEEE Nucl. Sci. Symp. Conf. 
Rec. (2008) 2902–2908. https://doi.org/10.1109/NSSMIC.2008.4774973. 

[255] F. Malamud, J.R. Santisteban, M.A. Vicente Alvarez, R. Bolmaro, J. Kelleher, S. Kabra, 
W. Kockelmann, Texture analysis with a time-of-flight neutron strain scanner, J. Appl. 
Crystallogr. 47 (2014) 1337–1354. https://doi.org/10.1107/S1600576714012710. 

[256] K. Lu, H.Y. Zhang, Y. Zhong, H.J. Fecht, Grain size dependence of mechanical 
properties in nanocrystalline selenium, J. Mater. Res. 12 (1997) 923–930. 
https://doi.org/10.1557/JMR.1997.0132. 

[257] T. Koizumi, M. Kuroda, Grain size effects in aluminum processed by severe plastic 
deformation, Mater. Sci. Eng. A. 710 (2018) 300–308. 
https://doi.org/10.1016/j.msea.2017.10.077. 

[258] A.K. Vasudévan, W.G. Fricke, R.C. Malcolm, R.J. Bucci, M.A. Przystupa, F. Barlat, On 
through thickness crystallographic texture gradient in Al-Li-Cu-Zr alloy, Metall. Trans. A. 
19 (1988) 731–732. https://doi.org/10.1007/BF02649289. 

[259] K. Dalaei, B. Karlsson, L.E. Svensson, Stability of shot peening induced residual 
stresses and their influence on fatigue lifetime, Mater. Sci. Eng. A. 528 (2011) 1008–
1015. https://doi.org/10.1016/j.msea.2010.09.050. 

[260] X.H. Zeng, F. Barlat, Effects of texture gradients on yield loci and forming limit diagrams 
in various aluminum-lithium sheet alloys, Metall. Mater. Trans. A. 25 (1994) 2783–2795. 
https://doi.org/10.1007/BF02649229. 

[261] D.A. Hughes, Microstructure evolution, slip patterns and flow stress, Mater. Sci. Eng. A. 
319–321 (2001) 46–54. https://doi.org/10.1016/S0921-5093(01)01028-0. 

[262] M. Benedetti, V. Fontanari, M. Bandini, E. Savio, High- and very high-cycle plain fatigue 
resistance of shot peened high-strength aluminum alloys: The role of surface 
morphology, Int. J. Fatigue. 70 (2015) 451–462. 
https://doi.org/10.1016/j.ijfatigue.2014.07.002. 

[263] J. Liu, H. Yuan, R. Liao, Prediction of fatigue crack growth and residual stress 
relaxations in shot-peened material, Mater. Sci. Eng. A. 527 (2010) 5962–5968. 



249 
 

https://doi.org/10.1016/j.msea.2010.05.080. 
[264] C.H. Lee, K.H. Chang, V.N. Van Do, Finite element modeling of residual stress 

relaxation in steel butt welds under cyclic loading, Eng. Struct. 103 (2015) 63–71. 
https://doi.org/10.1016/j.engstruct.2015.09.001. 

[265] C. Wang, L. Wang, C.L. Wang, K. Li, X.G. Wang, Dislocation density-based study of 
grain refinement induced by laser shock peening, Opt. Laser Technol. 121 (2020) 
105827. https://doi.org/10.1016/j.optlastec.2019.105827. 

[266] J. Jiang, T. Ben Britton, A.J. Wilkinson, The orientation and strain dependence of 
dislocation structure evolution in monotonically deformed polycrystalline copper, Int. J. 
Plast. 69 (2015) 102–117. https://doi.org/10.1016/j.ijplas.2015.02.005. 

[267] J.M. C. Giummarra, R. Rioja, G. Bray, P. Magnusen, Development of corrosion 
resistant, high toughness aluminum-lithium aerospace alloys, in: G.G. J. Hirsch, B. 
Skrotzki (Ed.), Alum. Alloy. Their Phys. Mech. Prop. ICAA11, Wiley-VCH GmbH & Co, 
2008: pp. 176–194. 

[268] R.J. Rioja, J. Liu, The evolution of Al-Li base products for aerospace and space 
applications, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 43 (2012) 3325–3337. 
https://doi.org/10.1007/s11661-012-1155-z. 

[269] J. Sun, L. Zhang, G. Wu, X. Zhang, M. Rong, C. Wang, Microstructural characteristics 
and mechanical properties of extruded Al-4Cu-1Li-0.4Mg-0.1Zr-xZn alloy, Mater. Sci. 
Eng. A. 743 (2019) 223–232. https://doi.org/10.1016/j.msea.2018.11.050. 

[270] J. Goebel, T. Ghidini, A.J. Graham, Stress-corrosion cracking characterisation of the 
advanced aerospace Al–Li 2099-T86 alloy, Mater. Sci. Eng. A. 673 (2016) 16–23. 
https://doi.org/10.1016/j.msea.2016.07.013. 

[271] R.E. Smallman, A.H.W. Ngan, Surfaces, Grain Boundaries and Interfaces, Mod. Phys. 
Metall. (2014) 415–442. https://doi.org/10.1016/b978-0-08-098204-5.00010-9. 

[272] J.R. Cahoon, An improved equation relating hardness to ultimate strength, Metall. 
Trans. 3 (1972) 3040. https://doi.org/10.1007/BF02652880. 

[273] ASTM92-17, Standard Test Methods for Vickers Hardness and Knoop Hardness of 
Metallic Materials, ASTM International, West Conshohocken, PA, (2017) 1–27. 
https://doi.org/10.1520/E0092-17. 

[274] N. Huber, J. Heerens, On the effect of a general residual stress state on indentation and 
hardness testing, Acta Mater. 56 (2008) 6205–6213. 
https://doi.org/10.1016/j.actamat.2008.08.029. 

[275] P.L. Larsson, On the invariance of hardness at vickers indentation of pre-stressed 
materials, Metals (Basel). 7 (2017). https://doi.org/10.3390/met7070260. 

[276] S.C. Chang, M.T. Jahn, C.M. Wan, J.Y.M. Lee, T.K. Hsu, The determination of tensile 
properties from hardness measurements for Al-Zn-Mg alloys, J. Mater. Sci. 11 (1976) 
623–630. https://doi.org/10.1007/BF01209447. 

[277] N. Naveed, Experimental study of the effects of wire EDM on the characteristics of 
ferritic steel, at a micro-scale on the contour cut surface, Metall. Res. Technol. 115 
(2018). https://doi.org/10.1051/metal/2018032. 

[278] X. Zhang, J. Xiong, H. Fan, M. Zaiser, Microplasticity and yielding in crystals with 
heterogeneous dislocation distribution, Model. Simul. Mater. Sci. Eng. 27 (2019) 
074003. https://doi.org/10.1088/1361-651x/ab2851. 

[279] J. Wang, I.J. Beyerlein, N. Mara, A. Misra, C.N. Tome, Deformation twinning 
mechanisms in FCC and HCP metals, Conf. Progr. 3rd Int. Conf. Heterog. Mater. Mech. 
ICHMM 2011. 836 (2011) 88–91. 

[280] F. Zhao, L. Wang, D. Fan, B.X. Bie, X.M. Zhou, T. Suo, Y.L. Li, M.W. Chen, C.L. Liu, 
M.L. Qi, M.H. Zhu, S.N. Luo, Macrodeformation Twins in Single-Crystal Aluminum, 
Phys. Rev. Lett. 116 (2016) 1–5. https://doi.org/10.1103/PhysRevLett.116.075501. 

[281] M.C. Fivel, C.F. Robertson, G.R. Canova, L. Boulanger, Three-dimensional modeling of 
indent-induced plastic zone at a mesoscale, Acta Mater. 46 (1998) 6183–6194. 
https://doi.org/10.1016/S1359-6454(98)00278-X. 

[282] D. Raabe, Introduction to discrete dislocation statics and dynamics, Comput. Mater. 
Eng. (2007) 267–316. https://doi.org/10.1016/B978-012369468-3/50008-3. 



250 
 

[283] D. Raabe, Microstructure Mechanics Dislocation dynamics, (2013). 
[284] I.N. Mastorakos, F.E. Akasheh, H.M. Zbib, Treating internal surfaces and interfaces in 

discrete dislocation dynamics, J. Mech. Behav. Mater. 20 (2011) 13–20. 
https://doi.org/10.1515/jmbm.2011.002. 

[285] R. Santos-Güemes, G. Esteban-Manzanares, I. Papadimitriou, J. Segurado, L. 
Capolungo, J. LLorca, Discrete dislocation dynamics simulations of dislocation-θ′ 
precipitate interaction in Al-Cu alloys, J. Mech. Phys. Solids. 118 (2018) 228–244. 
https://doi.org/10.1016/j.jmps.2018.05.015. 

[286] B. Bakó, D. Weygand, M. Samaras, J. Chen, M.A. Pouchon, P. Gumbsch, W. Hoffelner, 
Discrete dislocation dynamics simulations of dislocation interactions with Y2O3 particles 
in pm2000 single crystals, Philos. Mag. 87 (2007) 3645–3656. 
https://doi.org/10.1080/14786430701383085. 

[287] M. Ovaska, L. Laurson, M.J. Alava, Quenched pinning and collective dislocation 
dynamics, Sci. Rep. 5 (2015) 1–8. https://doi.org/10.1038/srep10580. 

[288] B. Devincre, R. Madec, G. Monnet, S. Queyreau, R. Gatti, L. Kubin, Modeling crystal 
plasticity with dislocation dynamics simulations: the “microMegas” code, Mech. Nano-
Objects. 1 (2011) 81–99. 

[289] E. Chow, J.L. Klepeis, C.A. Rendleman, R.O. Dror, D.E. Shaw, New technologies for 
molecular dynamics simulations, Elsevier Ltd., 2012. https://doi.org/10.1016/B978-0-
12-374920-8.00908-5. 

[290] Y. Xu, D.S. Balint, D. Dini, A method of coupling discrete dislocation plasticity to the 
crystal plasticity finite element method, Model. Simul. Mater. Sci. Eng. 24 (2016) 0–22. 
https://doi.org/10.1088/0965-0393/24/4/045007. 

[291] F. Roters, P. Eisenlohr, L. Hantcherli, D.D. Tjahjanto, T.R. Bieler, D. Raabe, Overview 
of constitutive laws, kinematics, homogenization and multiscale methods in crystal 
plasticity finite-element modeling: Theory, experiments, applications, Acta Mater. 58 
(2010) 1152–1211. https://doi.org/10.1016/j.actamat.2009.10.058. 

[292] D. Peirce, R.J. Asaro, A. Needleman, An analysis of nonuniform and localized 
deformation in ductile single crystals, Acta Metall. 30 (1982) 1087–1119. 
https://doi.org/https://doi.org/10.1016/0001-6160(82)90005-0. 

[293] L.Y. Si, C. Lu, N.N. Huynh, A.K. Tieu, X.H. Liu, Simulation of rolling behaviour of cubic 
oriented al single crystal with crystal plasticity FEM, J. Mater. Process. Technol. 201 
(2008) 79–84. https://doi.org/10.1016/j.jmatprotec.2007.11.227. 

[294] L. Delannay, P.J. Jacques, S.R. Kalidindi, Finite element modeling of crystal plasticity 
with grains shaped as truncated octahedrons, Int. J. Plast. 22 (2006) 1879–1898. 
https://doi.org/10.1016/j.ijplas.2006.01.008. 

[295] H. Wang, C. Lu, K. Tieu, G. Deng, P. Wei, Y. Liu, A crystal plasticity FEM study of 
through-thickness deformation and texture in a {112} <111> aluminium single crystal 
during accumulative roll-bonding, Sci. Rep. 9 (2019) 1–13. 
https://doi.org/10.1038/s41598-019-39039-y. 

[296] Y.J. Wei, L. Anand, Grain-boundary sliding and separation in polycrystalline metals: 
Application to nanocrystalline fcc metals, J. Mech. Phys. Solids. 52 (2004) 2587–2616. 
https://doi.org/10.1016/j.jmps.2004.04.006. 

[297] L. Zhang, L. Zhao, R. Jiang, C. Bullough, Crystal plasticity finite-element modelling of 
cyclic deformation and crack initiation in a nickel-based single-crystal superalloy under 
low-cycle fatigue, Fatigue Fract. Eng. Mater. Struct. 43 (2020) 1769–1783. 
https://doi.org/10.1111/ffe.13228. 

[298] J.E. Kendrick, Y. Lavallée, E. Mariani, D.B. Dingwell, J. Wheeler, N.R. Varley, Crystal 
plasticity as an indicator of the viscous-brittle transition in magmas, Nat. Commun. 8 
(2017) 1–12. https://doi.org/10.1038/s41467-017-01931-4. 

[299] D. Helm, A. Butz, D. Raabe, P. Gumbsch, Microstructure-based description of the 
deformation of metals: Theory and application, Proc. 1st World Congr. Integr. Comput. 
Mater. Eng. ICME. (2011) 89–98. https://doi.org/10.1002/9781118147726.ch12. 

[300] Y. Kamimura, K. Edagawa, S. Takeuchi, Experimental evaluation of the Peierls stresses 
in a variety of crystals and their relation to the crystal structure, Acta Mater. 61 (2013) 



251 
 

294–309. https://doi.org/10.1016/j.actamat.2012.09.059. 
[301] R. Gröger, V. Vitek, Stress dependence of the Peierls barrier of 1/2<111> screw 

dislocations in bcc metals, Acta Mater. 61 (2013) 6362–6371. 
https://doi.org/https://doi.org/10.1016/j.actamat.2013.06.047. 

[302] H.R. Piehler, Crystal-Plasticity Fundamentals, Fundam. Model. Met. Process. 22A 
(2009) 0. https://doi.org/10.31399/asm.hb.v22a.a0005400. 

[303] G. Winther, X. Huang, Dislocation structures. Part II. Slip system dependence, Philos. 
Mag. 87 (2007) 5215–5235. https://doi.org/10.1080/14786430701591505. 

[304] T. Wu, J.L. Bassani, C. Laird, P.R.S.L. A, Latent hardening in single crystals - I. Theory 
and experiments, Proc. R. Soc. London. Ser. A Math. Phys. Sci. 435 (1991) 1–19. 
https://doi.org/10.1098/rspa.1991.0127. 

[305] A. Lotkov, V. Grishkov, A. Baturin, V. Timkin, D. Zhapova, Yield stress and reversible 
strain in titanium nickelide alloys after warm Abc pressing, Materials (Basel). 12 (2019) 
1–14. https://doi.org/10.3390/ma12193258. 

[306] J. Vallin, M. Mongy, K. Salama, O. Beckman, Elastic constants of aluminum, J. Appl. 
Phys. 35 (1964) 1825–1826. https://doi.org/10.1063/1.1713749. 

[307] C. Zener, Contributions to the theory of beta-phase alloys, Phys. Rev. 71 (1947) 846–
851. https://doi.org/10.1103/PhysRev.71.846. 

[308] Z.A.D. Lethbridge, R.I. Walton, A.S.H. Marmier, C.W. Smith, K.E. Evans, Elastic 
anisotropy and extreme Poisson’s ratios in single crystals, Acta Mater. 58 (2010) 6444–
6451. https://doi.org/10.1016/j.actamat.2010.08.006. 

[309] K.P. Boyle, Latent Hardening in Copper and Copper Alloys, Mater. Sci. Forum. 495–
497 (2005) 1043–1048. https://doi.org/10.4028/www.scientific.net/msf.495-497.1043. 

[310] J.L. Bassani, T. Wu, P.R.S.L. A, Latent hardening in single crystals. II. Analytical 
characterization and predictions, Proc. R. Soc. London. Ser. A Math. Phys. Sci. 435 
(1991) 21–41. https://doi.org/10.1098/rspa.1991.0128. 

[311] A. Ma, F. Roters, D. Raabe, A dislocation density based constitutive model for crystal 
plasticity FEM including geometrically necessary dislocations, Acta Mater. 54 (2006) 
2169–2179. https://doi.org/10.1016/j.actamat.2006.01.005. 

[312] A. Ma, F. Roters, D. Raabe, On the consideration of interactions between dislocations 
and grain boundaries in crystal plasticity finite element modeling - Theory, experiments, 
and simulations, Acta Mater. 54 (2006) 2181–2194. 
https://doi.org/10.1016/j.actamat.2006.01.004. 

[313] L. Anand, M. Kothari, A computational procedure for rate-independent crystal plasticity, 
J. Mech. Phys. Solids. 44 (1996) 525–558. https://doi.org/10.1016/0022-
5096(96)00001-4. 

[314] Y G Huang, A user-material subroutine incorporating single crystal plasticity in the 
ABAQUS finite element program, 1991. 

[315] D. Peirce, R.J. Asaro, A. Needleman, Material rate dependence and localized 
deformation in crystalline solids, Acta Metall. 31 (1983) 1951–1976. 
https://doi.org/10.1016/0001-6160(83)90014-7. 

[316] F.-J. Gallardo-Basile, Y. Naunheim, F. Roters, M. Diehl, Lath Martensite microstructure 
modeling: A high-resolution crystal plasticity simulation study, Materials (Basel). 14 
(2021) 691. https://doi.org/10.3390/ma14030691. 

[317] D. Raabe, F. Roters, Using texture components in crystal plasticity finite element 
simulations, Int. J. Plast. 20 (2004) 339–361. https://doi.org/10.1016/S0749-
6419(03)00092-5. 

[318] J.W. Hutchinson, Bounds and self-consistent estimates for creep of polycrystalline 
materials, Proc. R. Soc. London. A. Math. Phys. Sci. 348 (1976) 101–127. 
https://doi.org/https://doi.org/10.1098/rspa.1976.0027. 

[319] H. Schaeben, F. Bachmann, J.J. Fundenberger, Construction of weighted 
crystallographic orientations capturing a given orientation density function, J. Mater. Sci. 
52 (2017) 2077–2090. https://doi.org/10.1007/s10853-016-0496-1. 

[320] F. Bachmann, R. Hielscher, H. Schaeben, Texture analysis with MTEX- Free and open 
source software toolbox, Solid State Phenom. 160 (2010) 63–68. 



252 
 

https://doi.org/10.4028/www.scientific.net/SSP.160.63. 
[321] K. Luecke, J. Pospiech, J. Jura, J. Hirsch, On the Presentation of Orientation Distribution 

Functions By Model Functions., Zeitschrift Fuer Met. Res. Adv. Tech. 77 (1986) 312–
321. 

[322] T. Eschner, J.-J. Fundenberger, Application of Anisotropic Texture Components, 
Textures Microstruct. 28 (1997) 181–195. https://doi.org/10.1155/tsm.28.181. 

[323] K. Zhang, B. Holmedal, O.S. Hopperstad, S. Dumoulin, J. Gawad, A. Van Bael, P. Van 
Houtte, Multi-level modelling of mechanical anisotropy of commercial pure aluminium 
plate: Crystal plasticity models, advanced yield functions and parameter identification, 
Int. J. Plast. 66 (2015) 3–30. https://doi.org/10.1016/j.ijplas.2014.02.003. 

[324] R.J. Roe, W.R. Krigbaum, Description of crystallite orientation in polycrystalline 
materials having fiber texture, J. Chem. Phys. 40 (1964) 2608–2615. 
https://doi.org/10.1063/1.1725571. 

[325] J.-H. Cho, A.D. Rollett, K.H. Oh, Determination of volume fractions of texture 
components with standard distributions in euler space, Metall. Mater. Trans. A. 35 
(2004) 1075–1086. https://doi.org/10.1007/s11661-004-0033-8. 

[326] M. Sachtleber, Z. Zhao, D. Raabe, Experimental investigation of plastic grain interaction, 
Mater. Sci. Eng. A. 336 (2002) 81–87. https://doi.org/10.1016/S0921-5093(01)01974-8. 

[327] N. Jia, P. Eisenlohr, F. Roters, D. Raabe, X. Zhao, Orientation dependence of shear 
banding in face-centered-cubic single crystals, Acta Mater. 60 (2012) 3415–3434. 
https://doi.org/10.1016/j.actamat.2012.03.005. 

[328] Z. Zhao, M. Ramesh, D. Raabe, A.M. Cuitiño, R. Radovitzky, Investigation of three-
dimensional aspects of grain-scale plastic surface deformation of an aluminum 
oligocrystal, Int. J. Plast. 24 (2008) 2278–2297. 
https://doi.org/10.1016/j.ijplas.2008.01.002. 

[329] G.M. Castelluccio, D.L. McDowell, Microstructure and mesh sensitivities of mesoscale 
surrogate driving force measures for transgranular fatigue cracks in polycrystals, Mater. 
Sci. Eng. A. 639 (2015) 626–639. https://doi.org/10.1016/j.msea.2015.05.048. 

[330] F. Roters, Advanced material models for the crystal plasticity finite element method: 
development of a general CPFEM framework, RWTH Aachen Libr. Serv. 33 (1995) 913–
916. https://doi.org/10.1002/mrc.1260331114. 

[331] J. Cheng, X. Tu, S. Ghosh, Wavelet-enriched adaptive hierarchical FE model for 
coupled crystal plasticity-phase field modeling of crack propagation in polycrystalline 
microstructures, Comput. Methods Appl. Mech. Eng. 361 (2020) 112757. 
https://doi.org/10.1016/j.cma.2019.112757. 

[332] J. Li, H. Proudhon, A. Roos, V. Chiaruttini, S. Forest, Crystal plasticity finite element 
simulation of crack growth in single crystals, Comput. Mater. Sci. 94 (2014) 191–197. 
https://doi.org/10.1016/j.commatsci.2014.03.061. 

[333] M. Sharaf, P. Kucharczyk, N. Vajragupta, S. Münstermann, A. Hartmaier, W. Bleck, 
Modeling the microstructure influence on fatigue life variability in structural steels, 
Comput. Mater. Sci. 94 (2014) 258–272. 
https://doi.org/10.1016/j.commatsci.2014.05.059. 

[334] K.S. Zhang, J.W. Ju, Z. Li, Y.L. Bai, W. Brocks, Micromechanics based fatigue life 
prediction of a polycrystalline metal applying crystal plasticity, Mech. Mater. 85 (2015) 
16–37. https://doi.org/10.1016/j.mechmat.2015.01.020. 

[335] D. Peirce, R.J. Asaro, A. Needleman, An analysis of nonuniform and localized 
deformation in ductile single crystals, Acta Metall. 30 (1982) 1087–1119. 
https://doi.org/10.1016/0001-6160(82)90005-0. 

[336] J.A. Evans, B.T. Sturtevant, B. Clausen, S.C. Vogel, F.F. Balakirev, J.B. Betts, L. 
Capolungo, R.A. Lebensohn, B. Maiorov, Determining elastic anisotropy of textured 
polycrystals using resonant ultrasound spectroscopy, J. Mater. Sci. 56 (2021) 10053–
10073. https://doi.org/10.1007/s10853-021-05827-z. 

[337] J.F. Thomas, Third-order elastic constants of aluminum, Phys. Rev. 175 (1968) 955–
962. https://doi.org/10.1103/PhysRev.175.955. 

[338] F.C. Campbell, Chapter 14: Fatigue, in: Elem. Metall. Eng. Alloy., ASM International, 



253 
 

2008: pp. 243–265. 
[339] S. Kodama, The behaviour of residual stress during fatigue stress cycling, in: 

Proceeding Int. Conf. Mech. Behav. Mater., 1972. 
[340] H. Holzapfel, V. Schulze, O. Vöhringer, E. MacHerauch, Residual stress relaxation in 

an AISI 4140 steel due to quasistatic and cyclic loading at higher temperatures, Mater. 
Sci. Eng. A. 248 (1998) 9–18. https://doi.org/10.1016/s0921-5093(98)00522-x. 

[341] L. Yu, K. Saida, H. Araki, K. Sugita, M. Mizuno, K. Nishimoto, N. Chigusa, Mechanism 
for stress relaxation behavior of the residual stress improving treatments with water jet 
peening and buffing, Mater. Sci. Eng. A. 796 (2020) 140221. 
https://doi.org/10.1016/j.msea.2020.140221. 

[342] H. Fan, Q. Wang, J.A. El-Awady, D. Raabe, M. Zaiser, Strain rate dependency of 
dislocation plasticity, Nat. Commun. 12 (2021) 1–11. https://doi.org/10.1038/s41467-
021-21939-1. 

[343] J. Alcalá, J. Očenášek, J. Varillas, J. A. El-Awady, J.M. Wheeler, J. Michler, Statistics 
of dislocation avalanches in FCC and BCC metals: dislocation mechanisms and mean 
swept distances across microsample sizes and temperatures, Sci. Rep. 10 (2020) 1–
14. https://doi.org/10.1038/s41598-020-75934-5. 

[344] J. Weiss, W. Ben Rhouma, S. Deschanel, L. Truskinovsky, Plastic intermittency during 
cyclic loading: From dislocation patterning to microcrack initiation, Phys. Rev. Mater. 3 
(2019). https://doi.org/10.1103/PhysRevMaterials.3.023603. 

[345] A.K. Vasudevan, M.A. Przystupa, W.G. Fricke, Texture-microstructure effects in yield 
strength anisotropy of 2090 sheet alloy, Scr. Metall. Mater. 24 (1990) 1429–1434. 
https://doi.org/https://doi.org/10.1016/0956-716X(90)90409-A. 

[346] M.A.S. Torres, H.J.C. Voorwald b, An evaluation of shot peening, residual stress and 
stress relaxation on the fatigue life of AISI 4340 steel, Int. J. Fatigue. 24 (2002) 877–
886. 

[347] Y. Liao, S. Suslov, C. Ye, G.J. Cheng, The mechanisms of thermal engineered laser 
shock peening for enhanced fatigue performance, Acta Mater. 60 (2012) 4997–5009. 
https://doi.org/10.1016/j.actamat.2012.06.024. 

[348] C.S. Montross, T. Wei, L. Ye, G. Clark, Y.W. Mai, Laser shock processing and its effects 
on microstructure and properties of metal alloys: A review, Int. J. Fatigue. 24 (2002) 
1021–1036. https://doi.org/10.1016/S0142-1123(02)00022-1. 

[349] Y. Wang, G. Zhao, Hot Extrusion Processing of Al–Li Alloy Profiles and Related Issues: 
A Review, Chinese J. Mech. Eng. (English Ed. 33 (2020). 
https://doi.org/10.1186/s10033-020-00479-7. 

 




