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Abstract 

A new Al-enriched γ’-Ni3Al bond coat was developed and its oxidation behaviour was 
examined and compared to that of conventional Pt-diffused γ/γ’ coatings and β-NiPtAl 
coatings. This γ’-Ni3Al coating exhibited significantly reduced elemental interdiffusion with 
the substrate during oxidation compared to two conventional coatings. Although Al-enriched 
γ’-Ni3Al coatings presented faster thermal grown oxide (TGO) growth than the β-NiPtAl 
coating, it outperformed β-NiPtAl coatings regarding the rumpling resistance during cycling. 
The Al-enriched γ’-Ni3Al coating also exhibited superior TGO spallation resistance 
compared to Pt-diffused γ/γ’ coatings. The mechanisms for the reduced interdiffusion and 
good rumpling resistance of this γ’-Ni3Al coating are addressed. 

Keywords A. Metal coatings; B. Thermal cycling; B. Raman spectroscopy; C. Oxide coatings; 
C. Oxidation 

1. Introduction 

The quest for increased operating temperatures of gas-turbine engines, in order to achieve 
higher engine efficiency, has driven the development of thermal barrier coatings (TBCs) for 
protections of superalloy components in the hot section of gas-turbine engines [1-3]. A TBC 
system consists of a thermally-insulating ceramic top coat, an intermediate metallic bond coat 
and the underlying superalloy substrate. The bond coat has been considered as the most 
crucial part of a TBC system and has two primary functions. Firstly, it provides adhesion 
between the ceramic top coat and the metallic substrate. Maintaining the adhesion of top 
coats to the superalloy substrates is vital for the lifetime of superalloys in the high 
temperature combustion environment [4]. Secondly, the bond coat serves as an aluminium 
reservoir from which the coating can form and maintain a slow-growing α-Al2O3 thermally 
grown oxide (TGO) layer. This TGO layer can protect the underlying superalloy substrates 
from being oxidized at high temperatures. 

   The diffusion bond coats based on the Pt-modified β-NiAl intermetallic compound, have 
been optimized to form and maintain a dense α-Al2O3 layer. This ensures the coating to 
provide good oxidation resistance for the underlying superalloys. However, the Pt-modified 
β-NiAl coating (denoted as the β-NiPtAl coating hereinafter) exhibits inferior mechanical 
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properties, especially at high temperatures, thus making it vulnerable to the deformation 
(referred to as rumpling) during cyclic oxidation [5, 6]. Rumpling of the bond coat surface 
can cause the detachment of the top coat from the bond coat, leading to subsequent spallation. 
Because the ceramic top coat has low out-of-plane compliance which prevents it from 
deforming together with the bond coat [4].  

Another type of diffusion bond coat, the Pt-diffused γ-Ni/γ’-Ni3Al coating, has attracted 
increasing attention. Early work by Tatlock et al. [7] confirmed that Pt can improve the 
oxidation resistance of alloys with γ+γ’ compositions. Recent progress [8, 9] showed that the 
Pt-diffused γ/γ’ coating exhibits a significant reduction of rumpling after high temperature 
cyclic exposures, compared to the β-NiPtAl coating. This benefit can be ascribed to the high 
strength of the γ’- Ni3Al structure at elevated temperatures [10, 11]. Despite these advantages, 
the low Al content (~ 20 at. %) of the Pt-diffused γ/γ’ coatings has raised concerns regarding 
their long-term oxidation behaviour [12]. Several studies [13-15] reported the spinel 
(NiAl2O4) formation in the TGO of this coating during prolonged oxidation because of the 
insufficient Al reservoir. The brittle spinel can significantly compromise the interface 
adhesion between the TGO and the top coat, leading to spallation of the top coat. 

Overall, there are both advantages and disadvantages for the two types of Pt diffusion 
coatings. Although the β-NiPtAl coating can provide effective oxidation protection, it 
degrade mechanically by rumpling during cyclic oxidation. The Pt-diffused γ/γ’ coatings 
exhibit excellent rumpling resistance during cyclic exposures but has inferior oxidation 
resistance due to low Al contents. Another critical issue with these two diffusion coatings is 
the coating-substrate interdiffusion, which can also result in the coating failure [16]. Pt 
addition was initially intended to mitigate this interdiffusion and promote the outward Al 
diffusion to the coating/TGO interface [17]. However, Chen and Little [18] have studied the 
degradation of β-NiPtAl coatings on the CMSX-4 substrate and found that Pt neither 
inhibited coating-substrate interdiffusion nor promoted the outward Al diffusion. Other 
studies also reported that Al depletion due to interdiffusion can result in the coating 
degradation for the Pt-diffused γ/γ’ coatings [13, 15].       

Therefore, the objective of the present study is to fabricate a Pt diffusion coating that can 
resist high-temperature rumpling while maintaining adequate oxidation resistance and 
mitigating the coating-substrate interdiffusion. The proposed Al-enriched pure γ’-Ni3Al-base 
coating (denoted as the Al-enriched γ’-phase coating) not only maintains the rumpling 
resistance of the γ’-Ni3Al structure, it also shows comparable oxidation performance to the β-
NiPtAl coating. In addition, this new coating exhibits much less pronounced coating-
substrate interdiffusion during oxidation compared to the γ/γ’ two-phase coating, which 
contributes to its TGO spallation resistance. There are two steps for fabricating the Al-
enriched pure γ’-phase coating. Firstly, a Pt-diffused intermediate coating will be fabricated 
on the CMSX-4 superalloy by a selective γ-etching process and subsequent Pt electroplating. 
Then a pack cementation aluminizing process will be carried out on this Pt-diffused 
intermediate coating to obtain the Al-enriched pure γ’-phase coating. In addition, industry-
standard Pt-diffused γ/γ’ coatings and β-NiPtAl coatings will be investigated and compared to 
this new Al-enriched γ’-phase coating in terms of both isothermal and cyclic rumpling 
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behaviours. The focus of this manuscript will be on the coating-substrate interdiffusion, TGO 
microstructure & spallation and the rumpling behaviour of these coatings. 

2. Experimental procedures 

2.1 Sample preparation

   The Al-enriched γ’-phase coatings were fabricated at the University of Manchester. 
Standard Pt-diffused γ/γ’ coatings and β-NiPtAl coatings were supplied by Rolls-Royce®. 
The next section will describe the fabrication of Al-enriched γ’-phase coatings, followed by a 
brief introduction of the fabrication of the industry-standard coatings. 

2.1.1 Fabrication of Pt-diffused intermediate coatings 

   The Pt-diffused intermediate coatings were applied to CMSX-4 single crystal Ni-based 
superalloy (Table 1, Rolls-Royce® plc, Derby, UK) substrates. Cylindrical CMSX-4® 

(Cannon-Muskegon, MI, USA) bars (20 mm in diameter) with the <001> orientation aligned 
with the cylinders’ long axis were cut into buttons of 5 mm thickness by a SiC blade using a 
precision machine (Accutom 5, Struers). All buttons were ground using 400# SiC paper and 
cleaned by acetone in an ultrasonic bath for 20 min. Subsequently, the buttons were 
selectively electrolyte etched to remove the γ matrix of the single crystal superalloy. The 
selective electrolyte γ-etching parameters are shown in Table 2 [19]. Fig. 1 exhibits a) the as-
etched cross section by focus ion beam (FIB; FEI Quanta 3D) system coupled with SEM 
(secondary electron microscope), b) as-etched surface morphology and c) etching time-
thickness plot, respectively. It can be seen from a) and b) that γ phases have been totally 
removed and the cuboidal γ’ precipitates were retained after the selective γ-etching. Fig. 1 c) 
shows a linear relationship of etching time vs. thickness (~ 5.0 µm/min). 

   The as-etched substrates were Pt-electroplated where Pt filled the gaps left by removing the 
γ matrix and then formed an overlay layer above the sample surface (Fig. 1 d). After Pt 
electroplating, all samples were immersed in hot distilled water (80°C, 1 h) to remove the 
remaining salts (from the electroplating bath) on the sample surface, followed by vacuum 
heat treatment at 1150°C for 2 h to form the Pt-diffused intermediate coatings. 

2.1.2 Fabrication of Al-enriched γ’-phase coatings by pack cementation 

   A low-temperature pack cementation aluminizing process was carried out on the Pt-
diffused intermediate coatings to increase the Al content. Firstly, the powder mixture of 
aluminium (The Aluminium Powder Co. Ltd), CrCl3 activator (Sigma-Aldrich) and Al2O3 

inert filler powder (Honeywell FlukaTM) were manually ground with a mortar and a pestle, 
followed by mechanical mixing of the powder mixture for 4 h. Then the Pt-diffused 
intermediate coating samples were buried in a crucible with the powder mixture and sealed 
by the cement. The heat treatment was conducted in a tube furnace with Ar gas flowing at 
temperatures 650 to 950 °C to aluminize. Finally, samples were annealed in vacuum at 
1150°C for 4 h to form the Al-enriched γ’-phase coatings. Different pack cementation 
parameters (powder mixture composition, heat treatment temperature & time, etc.) were 
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investigated in order to obtain Al-enriched pure γ’-phase coatings, which will be detailed in 
section 3.1. The fabrication process of the Al-enriched γ’-phase coating is summarized in Fig. 
2. It is noted that the average Al concentration of the Pt-diffused intermediate coating (~ 10 - 
12 at. %) is lower than that of the Pt-diffused γ/γ’ coatings (~ 16 - 19 at. %) due to the 
etching process which removes all Al contents of the γ phase, thus ‘diluting’ the Al content of 
the coating.                                        

   The two industry-standard coatings were also applied to the CMSX-4 substrates. The Pt-
diffused γ/γ’ coatings were produced on grit blasted substrates by Pt electroplating followed 
by a diffusion anneal in vacuum [20], and β-NiPtAl coatings were produced by Pt 
electroplating followed by a low-activity chemical vapour deposition (CVD) aluminizing [21].  

2.2 Characterization methods

   To identify the phase structure of as-fabricated coatings, electron backscatter diffraction 
(EBSD, NordlysNano, Oxford Instruments) was used.  

   After isothermal oxidation at 1150°C for different time (up to 100 h), the TGO spallation 
was examined by optical microscope (Olympus BH2-UMA). The TGO spallation degree was 
evaluated by the ratio of the spalled area to the total area of the TGO. ImageJ software was 
utilized to calculate the area of spallation (bright contrast of optical images), which was 
divided by the total area of analysis to obtain the TGO spallation degree. X-ray diffraction 
(XRD, Philips X'Pert) with Cu Kα radiation (λ=0.15405 nm) was used to examine the oxide 
phases. Then the site-specific cross-sectional images of the oxides were captured by SEM 
coupled with FIB (FEI Quanta 3D). The cross-sections of the samples were ground by SiC 
paper up to 1200# and then polished using diamond paste to 0.25 μm finish. SEM (FEI 
Quanta 650) equipped with an energy dispersive X-ray spectrometer (EDS) was used to 
examine the cross-sections for elemental diffusion profiles of the coatings.

   To investigate the rumpling behaviour of the coatings, firstly, Vickers micro-hardness 
indentations (Duramin hardness tester, Struers) were placed into the surfaces of each coating 
before the cyclic oxidation. These indentations can act as markers so that the rumpling 
evolution of the same surface area on each sample could be tracked during cyclic oxidation. 
Then, the coatings were thermally cycled in air between room temperature and 1150°C in a 
cyclic furnace (CM™). Each cycle consisted of 10 min ramping period, 10 min holding time 
at 1150°C and 10 min fan-assisted air quenching. The coatings were removed from the cyclic 
furnace at specific cycles for surface roughness characterization using an optical profilometer 
(Bruker). With the help of the indentation markers, the digital images of the same area in the 
form of surface height, Z, as a function of position x and y were recorded for each coating 
during the cyclic oxidation. The surface rumpling magnitude was characterized by the root 
mean square roughness Rq:

1∑𝑛Rq= 𝑖 = 1(𝑍𝑖 ‒ 𝑍)2 (1)𝑛
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where Zi is the height of each point, 𝑍 is the average height of all points and n is the number 
of total points. 

3. Results 

3.1 Synthesis of Al-enriched γ’-phase coatings by pack cementation

  Different pack cementation parameters have been tried with the guidance of Ni-Pt-Al phase 
diagram to obtain the Al-enriched pure γ’-phase coating. Table 3 lists the pack cementation 
parameters (powder composition, temperature and holding time) of 2 trial samples (number 
1-2). The as-fabricated coating compositions corresponding to sample 1-2 were measured by 
SEM/EDX and the last column of Table 3 lists the average Al concentration of the as-
fabricated coatings. Fig. 3 exhibits the Ni-Pt-Al phase diagram at 1150°C [22], and the two 
dots represent the coating compositions of sample 1-2. Composition of the sample 1 is in the 
three-phase region (Fig. 3) including the β-NiAl phase, which indicates that these samples 
were over-aluminized. The SEM image in Fig. 3 shows the coating microstructure of the 
sample 1. The interdiffusion zone of this coating had some precipitates, which is 
characteristic for a β-NiAl-base diffusion coating [23]. Sample 2 (aluminized at 650°C) 
located at the γ-Ni+α-NiPt two-phase region, indicating this sample was under-aluminized. In 
order to achieve the Al-enriched γ’-phase coating, the Ni-Pt-Al phase diagram at the 
annealing temperature (1150°C) (Fig. 3) was utilised as a guidance. Since the Pt 
electroplating process was identical for all samples, the coatings exhibited similar Pt 
concentration (~ 29.0 - 32.0 at. %), as presented by the two blue lines in Fig. 3. The region 
defined by the two blue lines has intersected with the pure γ’-phase region, thus the upper and 
lower limit of the target Al concentration for the Al-enriched pure γ’-phase coating can be 
determined by the highest and lowest point of this intersection region, respectively. The 
upper (~ 27 at. %) and lower (~ 22 at. %) limits of the target Al concentration for pure γ’-
phase coatings were marked by the two horizontal red lines in Fig. 3. According to the Al 
concentrations of different samples in Table 3, the upper and lower Al concentrations located 
between that of sample 1 and sample 2. Therefore, with the control of a holding time between 
sample 1 and sample 2, the Al-enriched pure γ’-phase coating can be produced. 

3.2 Microstructure of the as-fabricated coatings

   By 10 min holding time at 650 °C and the pack powder composition as sample 3 (Table 3), 
the Al-enriched pure γ’-phase coating was produced. The average Ni, Pt and Al concentration 
of this coating was shown by the red triangle in Fig. 3, which was located in the single γ’-
phase region. 

   Fig. 4 a - c exhibit the cross-sectional SEM (backscattered electron, BSE) images of three 
as-fabricated coatings. Only γ’-phase presented in the Al-enriched γ’-phase coating (Fig. 4 a), 
whereas γ (dark contrast) and γ’ phase (bright contrast) were intermixed with each other in 
the Pt-diffused γ/γ’ coating (Fig. 4 b). The β-NiPtAl coating exhibited an outer β-NiPtAl 
layer and an inner interdiffusion zone (IDZ) (Fig. 4 c). A large number of white contrast 
precipitates rich in refractory elements (Ta, Mo, W) can be seen, especially in the IDZ [24]. 
Moreover, numerous pores were observed in the Al-enriched γ’-phase coating, especially in 
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the area near the surface, while the other two coatings exhibited a dense microstructure. The 
formation of these pores can be explained by the Kirkendall effect as a result of the 
interdiffusion of Al, Ni and Pt during the fabrication process. 

   The EBSD phase mappings of each coating are shown in Fig. 4 d - f. Fig. 4 d confirmed 
that no β or martensitic phases were observed in the Al-enriched γ’-phase coating, indicating 
that the pack cementation process was not over-aluminized. A previous attempt to aluminize 
the Pt-diffused γ/γ’ based coating has failed due to the over-aluminizing resulting in the 
formation of β or martensitic phase on the coating surface [25]. However, this study suggests 
that the low-temperature pack cementation process is capable of aluminizing the γ’-phase 
coating without altering the γ’-phase microstructure. 

3.3 Isothermal oxidation performance of three Pt-diffused coatings 

3.3.1 Elemental diffusion of three coatings

   The elemental diffusion (Ni, Al and Pt) profiles of three as-fabricated coatings during 
isothermal oxidation are shown in Fig. 5 - 7. For the Pt-diffused γ/γ’ coating, Pt showed the 
same fluctuating trend as Al along the distance from the coating surface to the inner 
superalloy, whereas Ni showed a contrary fluctuating trend (Fig. 6 a). Because Ni is more 
concentrated in γ phase, while Pt and Al are more concentrated in γ’ phase [4]. Conversely, 
Pt and Al were uniformly distributed throughout the Al-enriched γ’-phase coating (Fig. 5 a), 
which again confirmed the pure γ’-phase microstructure. The Al distribution was relatively 
uniform throughout the β-NiPtAl coating except for some small bumps (Fig. 7 a). These 
sudden drops of Al contents are attributed to the numerous precipitates in the β-NiPtAl 
coating which are rich in refractory elements such as Mo, Cr etc. and lean in Al, as shown by 
the white contrast precipitates in Fig. 4 c [23]. 

   After 20 h isothermal oxidation, the Pt and Al concentrations of the Al-enriched γ’-phase 
coating near the surface only showed a little drop compared to that of as-fabricated coatings. 
For instance, the Pt concentration dropped from ~ 32 at. % to ~ 25 at. %, as shown by black 
arrows in Fig. 5 a and b. And the Al concentration slightly decreased from ~ 27 at. % (as-
received coating, Fig. 5 a) to ~ 25 at. % (20 h oxidation, Fig. 5 b). This indicated only a ~ 
7 % reduction (25 at. % compared to 27 at. %) in Al content compared to the as-received 
coating. On the other hand, the Pt concentration of the β-NiPtAl coating was severely 
depleted after 20 h oxidation to an average concentration of ~ 5.0 at. % (Fig. 7 b), and the Al 
concentration dropped from ~ 45 at. % (as-received coating, Fig. 7 a) to ~ 31 at. % (20 h 
oxidation, Fig. 7 b). This indicated ~ 33% (31 at. % compared to 45 at. %) reduction in Al 
content compared to its as-received concentration, which was significantly higher than the 
Al-enriched γ’-phase coating (7 % reduction). Moreover, the Pt-diffused γ/γ’ coating 
exhibited a progressive reduction of both Pt and Al concentrations near the surface, compared 
to the as-fabricated coating (e.g. Pt dropped from ~ 40 at. % to ~ 10 at. %, black arrows in 
Fig. 6 a and b). These observations suggest that Al-enriched γ’-phase coating exhibited the 
least Pt and Al depletion during 20 h isothermal oxidation. 
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   After 50 h oxidation, the Al-enriched γ’-phase coating still showed the least Pt (and Al) 
depletion among the three coatings. For example, Pt diffused to a maximum depth of ~ 70 
and 100 μm for the γ/γ’ coating (the red arrow in Fig. 6 c) and the β-NiPtAl coating (the red 
arrow in Fig. 7 c), respectively, which was ~ 2 times of their as-fabricated coating thickness. 
Conversely, for the Al-enriched γ’-phase coating, Pt only diffused to a maximum depth of ~ 
40 μm after 50 h (the red arrow in Fig. 5 c, which was only ~ 1.3 times of its as-fabricated 
coating thickness) and Pt still remained high concentrations near the coating surface. The Al 
concentration profiles of three coatings after 50 h oxidation did not differ significantly 
compared to those after 20 h oxidation. However, the Al-enriched γ’-phase coating still 
showed the least Al depletion among the three coatings compared to the as-received coatings, 
as illustrated above. 

   Fig. 5 - 7 indicate that the Pt and Al interdiffusion with the substrate were much less 
pronounced for the Al-enriched γ’-phase coating compared to other coatings. 

3.3.2 Oxide microstructure and growth kinetics

   Fig. 8 shows the oxide phases (by XRD) on three coatings after different oxidation time at 
1150 °C. According to Fig. 8 a, only α-Al2O3 (no spinel or other oxide) was detected by XRD 
on all coatings after 20 h oxidation. After 50 h oxidation, both α-Al2O3 and spinel (NiAl2O4) 
grew on the Pt-diffused γ/γ’ coating (Fig. 8 b). While for the Al-enriched γ’-phase coating, no 
spinel was identified by XRD (Fig. 8 b). For the β-NiPtAl coating, only α-alumina was 
detected in the oxide scale up to 50 h oxidation. This indicates that the Al-enriched γ’-phase 
coating can promote the selective oxidation of aluminium and retard the Ni-oxide formation 
compared to the Pt-diffused γ/γ’ coating. It is noted that some alloy peaks were also observed 
in Fig. 8 b and 8 b. For example, the peaks of β phase were observed after 20 h oxidation for 
the β-NiPtAl coating. This agrees well with the cross-sectional SEM/EDX observations of the 
β-NiPtAl coating after 20 h oxidation (as will be shown in Fig. 9 c). Furthermore, all of the β-
phase alloy peaks shifted to smaller 2θ positions compared to the pure β-NiAl structure 
resulting from solid solution of Pt. The alloy peaks of the other two coatings were quite 
similar (Fig. 8 b and 8 b), which were also consistent with the cross-sectional SEM 
observations (as will be shown in Fig. 9). The peaks of γ and γ’ phase located very close to 
each other, apart from those additional peaks of γ’ phase. 

   Fig. 9 shows the cross-sectional BSE images of the three coatings after 20 h isothermal 
oxidation at 1150 °C. For the Al-enriched γ’-phase coating (Fig. 9 a), a pure α-Al2O3 layer (as 
determined by SEM/EDX) was observed after 20 h oxidation, which agrees with XRD results 
(Fig. 8 a). A large number of alumina particles existed near the TGO/coating interface in the 
Al-enriched γ’-phase coating (red arrows in Fig. 9 a) because of the internal oxidation. The β-
NiPtAl coating also exhibited the selective oxidation of aluminium with the formation of a 
pure alumina scale (Fig. 9 d). For the Pt-diffused γ/γ’ coating, however, local spinel 
formation above the α-Al2O3 layer was observed, as shown by the red arrows in Fig. 9 b. It is 
noticed that XRD did not detect any spinel in the oxide scale of the Pt-diffused γ/γ’ coating 
after 20 h oxidation (Fig. 8 a), which is likely due to the small amount of spinel. 
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   Fig. 10 shows the TGO morphology of three coatings after 50 h oxidation. Some spinel 
formed locally on top of the continuous alumina layer on the Al-enriched γ’-phase coating, as 
indicated by the red arrows in Fig. 10 a. Again, XRD results in Fig. 8 b did not show the 
presence of spinel on this coating due to its small amount. The TGO scale on the Pt-diffused 
γ/γ’ coating was essentially duplex in structure after 50 h (Fig. 10 b), with outer spinel layer 
and inner α-Al2O3 layer, which agrees well with XRD results (Fig. 8 b). A thin layer 
consisting of predominantly γ-phase existed just below the bond coat surface, which is due to 
γ’ to γ transformation as a result of Al depletion. For the β-NiPtAl coating, the TGO scale 
still consisted of pure α-Al2O3 after 50 h oxidation. Furthermore, this coating maintained β-
phase structure except for a small amount of γ’-phase at the coating grain boundaries (Fig. 10 
c). 

   In summary, Fig 8-10 suggest that although the Al-enriched γ’-phase coating did not 
outperform the β-NiPtAl coating regarding the selective oxidation of aluminium due to the 
much lower Al concentration (26.7 at. % compared to 41.8 at. % for both as-fabricated 
coatings), it exhibited significantly improved oxidation performance by retarding Ni-oxide 
growth compared to the Pt-diffused γ/γ’ coating. 

   The TGO thickness vs. oxidation time are plotted in Fig. 11 for the three coatings. The 
TGO on the Pt-diffused γ/γ’ coating grew much faster than the other two coatings up to 100 h 
oxidation time, which is attributable to the spinel formation of this coating. The Al-enriched γ’-
phase coating exhibited a slightly higher TGO growth rate, compared to the β-NiPtAl coating 
due to the local spinel formation after 50 h oxidation (Fig. 10 a). 

3.3.3 TGO spallation

   Table 4 gives the TGO spallation degree (defined as the ratio of the spalled area to the 
total area of TGO) of three coatings after different oxidation time at 1150 °C. No oxide 
spallation was observed for the Al-enriched γ’-phase coating and the β-NiPtAl coating after 
50 h oxidation. Conversely, the oxide scale on the Pt-diffused γ/γ’ coating exhibited 
noticeable spallation (16.5%) after 50 h oxidation. After 100 h, only a small amount of oxide 
spallation (4.7%) was observed on the Al-enriched γ’-phase coating, whereas more than 30% 
of oxide scale has spalled off for the Pt-diffused γ/γ’ coating. 

According to Table 4, the Al-enriched γ’-phase coating has exhibited significant 
improvement in terms of TGO lifetimes compared to the Pt-diffused γ/γ’ coating. In addition, 
it also shows comparable TGO spallation resistance to the conventional β-NiPtAl coating. 

3.4 Rumpling behaviour of three bond coats under cyclic oxidation 

   Fig. 12 - 14 illustrate the evolution of surface topography of three coatings under cyclic 
oxidation, respectively. The surface topography recorded from an identical region of the Al-
enriched γ’-phase coating did not show significant changes from as-received condition up to 
50 10-min cycles (Fig. 12 a and b). For detailed evaluation of the surface topography, the 
roughness profiles along a line segment (the white line in Fig. 12 a) across the probed region 
have been recorded at different stages of cyclic oxidation, as shown in Fig. 12 c. From the 
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As-received

statistical analysis, the roughness parameter for this line remained nearly a constant during 
cyclic oxidation: Rq (root mean square of roughness, calculated by Eq. 1) = 1.4 μm after 5 
cycles and Rq = 1.9 μm after 50 cycles. The small increase of Rq (~ 0.5 μm) was within the 
margins of measurement error. The Pt-diffused γ/γ’ coating exhibited similar behaviours, as 
illustrated in Fig. 13. The surface topography for the as-received coating (Fig. 13 a) was 
almost the same as that after 50 10-min cycles (Fig. 13 b). This is further confirmed by Fig. 
13 c where Rq only slightly increased from 2.9 μm (5 cycles) to 3.4 μm (50 cycles). These 
investigations indicate that both the Al-enriched γ’-phase coating and the Pt-diffused γ/γ’ 
coating did not show detectable rumpling during the cyclic oxidation. Other researchers have 
also concluded that Pt-diffused γ/γ’ coatings were resistant to the rumpling deformation 
during cyclic oxidation [9, 25, 26].

   Conversely, the profilometer images recorded from an identical region of the β-NiPtAl 
coating showed progressive changes during cycling test (Fig. 14). Clearly this coating has 
demonstrated a tendency to roughen with thermal cycling. In addition, once rumpling was 
initiated, the regions above the average surface persisted to bow up, whereas the regions 
below the average surface continued to depress down with further cycling. This observation 
is in agreement with the result reported by Chen et al. [27] on the NiCoCrAlY bond coat. Fig 
14 c exhibits the roughness profile evolution of the white line in Fig. 14 a. These profiles 
clearly showed that the corresponding positions along this line have moved either up or down 
progressively with respect to the original surface plane. As a result, the roughness Rq has 
increased from 0.9 μm after 5 cycles to 2.3 μm after 50 cycles. This suggests that the β-
NiPtAl coating showed significant rumpling increment during cyclic oxidation, which agrees 
with some previous studies on β-NiPtAl bond coats [9, 28, 29]. 

4. Discussion 

4.1 Pt and Al depletion of three coatings

 The elemental diffusion profiles in Section 3.3.1 show that Pt depletion (due to 
interdiffusion with the substrate) was more severe in the Pt-diffused γ/γ’ coating than that in 
the Al-enriched γ’-phase coating during isothermal oxidation. In other words, Pt can remain 
relatively stable in the pure γ’-phase microstructure. This is in agreement with a previous 
work [30] on ‘EQ coatings’ that the γ’ phase composition can significantly mitigate the 
elemental interdiffusion.

   As for the Al depletion, firstly, the β-NiPtAl coating had the most severe Al depletion due 
to interdiffusion with the substrate. While the Pt-diffused γ/γ’ coating exhibited a reduction of 
Al depletion compared to the β-NiPtAl coating, as also reported in [2, 12, 25]. Furthermore, 
the Al-enriched γ’-phase coating has experienced an even less Al depletion compared to the 
Pt-diffused γ/γ’ coating. The Al depletion of three coatings can be interpreted by a 
combination of thermodynamic (the activity of Al) and interdiffusion kinetic calculation, 
which will be illustrated as follows.

   For simplicity, we considered the Ni-Pt-Al ternary system. The thermodynamic calculation 
of the activity of Al (𝑎𝐴𝑙) in the Ni-Pt-Al system was carried out by Thermo-Calc (Version 
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4.1) with TCS Ni-based Superalloys Database (TCNI6). The input variables for Thermo-Calc 
include the temperature, pressure, composition and system size (1 mol in total in this study). 
The thermodynamic calculation was based on the CALPHAD (Computer Coulping of Phase 
Diagrams and Thermochemistry) method following the minimal Gibbs energy principle [31].   
The input compositions for three coatings respectively were the average elemental 
concentrations of Ni, Pt and Al (normalised to a total of 1) as measured by EDX in Fig. 5 - 7. 
The calculated activities of Al (𝑎𝐴𝑙) for each coating after different oxidation time are listed 
in Table 5. The activity of Al is a measurement of the chemical potential (𝜇𝐴𝑙) which 
describes the driving force of elemental diffusion from the thermodynamic view. Therefore, a 
higher 𝑎𝐴𝑙 indicates a higher driving force for elemental diffusion. It can be seen from Table 
5 that 𝑎𝐴𝑙 of the β-NiPtAl coating was two orders of magnitude higher than other two 
coatings during the oxidation, which means the highest tendency for Al depletion. This is 
consistent with the results that the β-NiPtAl coating experienced most severe Al depletion 
during oxidation among three coatings. 

   However, it is noticed that although 𝑎𝐴𝑙 for the Al-enriched γ’-phase coating and Pt-
diffused γ/γ’ coating was quite similar, the former exhibited a much less Al depletion during 
oxidation. To elucidate this phenomenon, the local interdiffusion flux at specific positions 
during oxidation will be calculated and compared for the Pt-diffused γ/γ’ coating/CMSX-4 
couple and the Al-enriched γ’-phase coating/CMSX-4 couple, respectively. For the Ni-Pt-Al 
ternary system, Ni was taken to be dependent and Al and Pt were independent variables. Thus, 
the local interdiffusion flux of Al ( 𝐽𝐴l) can be described by Fick’s first law in terms of the 
two independent concentration gradients [32]:   

∂𝐶𝐴𝑙 ∂𝐶𝑃𝑡 
‒ 𝐷 𝑁𝑖 𝐷 𝑁𝑖𝐽𝐴l = 𝐴𝑙𝐴𝑙 ∂𝑥 ‒ 𝐴𝑙𝑃𝑡 ∂𝑥 (2) 

𝐷 𝑁𝑖where  is the main-term interdiffusion coefficient of Al which relates the flux of Al to its 𝐴𝑙𝐴𝑙 

𝐷 𝑁𝑖own concentration gradient; 𝐴𝑙𝑃𝑡 is the cross-term interdiffusion coefficient which accounts 
∂𝐶𝐴𝑙 ∂𝐶𝑃𝑡

for the chemical interaction between Pt and Al; and are the local concentration ∂𝑥 ∂𝑥 

gradients of Al and Pt, respectively.  

𝐷 𝑁𝑖   To calculate 𝐽𝐴l of the two couples at specific position 𝑥𝑖, the data for 𝐴𝑙𝐴𝑙 can be found in 
[32] for different Ni-Pt-Al concentrations of the γ and γ’ phase, respectively. Specifically, 
𝐷 𝑁𝑖

𝐴𝑙𝐴𝑙 for the Al-enriched γ’-phase coating/CMSX-4 diffusion couple can be found directly in 
𝐷 𝑁𝑖[32], while 𝐴𝑙𝐴𝑙 for the γ/γ’ coating was calculated according to the rule of mixture based on 

the ratio of the γ and γ’ phase from the cross-sectional SEM image processing. As for the 
cross-term interdiffusion coefficient, according to Hayashi et al. [32], there is no dependence 

𝐷 𝑁𝑖of 𝐴𝑙𝑃𝑡 on the Pt and Al contents within the composition range studied (up to 25 at.% Pt 
𝐷 𝑁𝑖addition in the γ-Ni and γ’-Ni3Al alloys). Thus 𝐴𝑙𝑃𝑡 was taken as -2.4 × 10-10 and -0.9 × 10-

∂𝐶𝐴𝑙 ∂𝐶𝑃𝑡10 cm2/s for the γ and γ’ phase respectively in this study. and of the two couples can ∂𝑥 ∂𝑥 

be calculated from the elemental concentration profiles (Fig. 5 and 6). The measured 
concentration profiles of Al and Pt were fitted using a cubic spline interpolation method, then 
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∂𝐶𝐴𝑙 ∂𝐶𝑃𝑡
and can be obtained at any 𝑥𝑖  of the diffusion couple. The interdiffusion coefficient in ∂𝑥 ∂𝑥 

Eq. 2 has the unit cm2/s, and the concentration has the unit mol/cm3. The elemental 
concentration with the unit of atomic percent (at. %) in Fig. 5 and 6 can be converted into 
mol/cm3 by introducing the molar volume ( 𝑉𝑚, unit is m3/mol). The average molar volume ( 
𝑉𝑚) for the γ’ phase was estimated to be 6.83 × 10-6 m3/mol [33]. Since the molar volume 
varies very slightly with the change of composition for the γ solid solution, the average 𝑉𝑚 

for this phase was taken as 6.68 × 10-6 m3/mol [33]. Then 𝑉𝑚 for the γ/γ’ coating was 
calculated based on the rule of mixture. The local interdiffusion flux of Al ( 𝐽𝐴l, calculated by 
Eq. 2) at specific positions ( 𝑥𝑖=1, 5, 10 and 20 μm respectively) for these two couples after 20 
h oxidation at 1150 ℃ is compared in Fig. 15. 

   The arrows in Fig. 15 indicate the direction of the local interdiffusion flux. ‘←’ represents 
the uphill diffusion from the inner part to the coating/TGO interface, in which the 

∂𝐶𝐴𝑙
interdiffusion flux of Al ( 𝐽𝐴l) has the opposite sign with the Al concentration gradient ( ). ‘ ∂𝑥 

→’ represents the inward diffusion from the coating to the inner part of superalloy, in which 
the interdiffusion flux has the same sign with the concentration gradient. Fig. 15 showed that 
the Al-enriched γ’-phase coating exhibited the uphill Al diffusion at 𝑥𝑖=1, 5 and 10 μm, 
whereas the Pt-diffused γ/γ’ coating only exhibited uphill Al diffusion at 𝑥𝑖=1 μm. The cross-

𝐷 𝑁𝑖term interdiffusion coefficient 𝐴𝑙𝑃𝑡 was found to be negative in sign for both coatings, 
suggesting that Pt has a negative chemical interaction with Al. In other words, Pt can reduce 
the chemical activity of Al and promote the uphill diffusion of Al when the concentration 
gradients of Al and Pt have opposite sign in the interdiffusion zone [34]. This uphill diffusion 
can mitigate Al depletion during the oxidation process. Since the Al-enriched γ’-phase 
coating exhibited uphill Al diffusion to a greater extent as shown in Fig. 15, the Al depletion 
was less pronounced for this coating. This also coincided with the significantly reduced Al 
depletion of the γ’-phase coating compared to the γ/γ’ coating, as shown in Section 3.3.1. 

   The above calculations confirmed that the new γ’-phase coating exhibited less pronounced 
coating-substrate interdiffusion of Al, which is beneficial to its lifetime. However, there are a 
number of sources of error with this method to calculate 𝐽𝐴l. For instance, the concentration 
measurements by EDX are believed to be within the accuracy of ~ + 1.0 at. % for each 
element. The cubic spline can reduce the concentration fluctuations measured by EDX. But 
when the concentration gradient is really low, the fitting error can be relatively significant. 
The assumption that the partial molar volume for each phase is concentration-independent 
within the composition range studied can also be the error source. However, the trends and 
agreements with experimental results are reasonable for the 𝐽𝐴l as shown in Fig. 15, which 
provides an illustration for the elemental diffusion evolutions in Section 3.3.1. 

4.2 Effect of bond coat composition on the selective oxidation of aluminium 

The microstructural investigations (Section 3.3.2) confirmed that the oxide scale on the β-
NiPtAl coating was composed of exclusive alumina (without any Ni-oxides) up to 100 h 
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oxidation at 1150 °C. This is expected due to its high Al concentration (~ 41.8 at. %) which 
ensures the selective oxidation of aluminium. The Al-enriched γ’-phase coating can promote 
an exclusive growth of alumina and retard the Ni-oxide growth at initial oxidation compared 
to the Pt-diffused γ/γ’ coating, although the Al concentration of the Al-enriched γ’-phase (~ 
26.7 at. %) is under the Al concentration minimum (~ 40.0 at. %) predicted in [35] for a 
selective oxidation of aluminium. Two factors could be considered to explain this 
phenomenon. First, Chen et al. [36] proposed that large number of nanostructured grain 
boundaries in the surface region of the NiCoCrAlY coating can provide numerous fast 
diffusion paths of aluminium at initial stage of oxidation and therefore contributes to the 
establishment of an exclusive alumina scale. The Al-enriched γ’-phase coating in this study, 
however, did not have any nanostructured grains in the coating surface, as can be seen from 
the inverse pole figure map of the as-fabricated coating (Fig. 4 g). This excluded this 
microstructural factor for promoting the selective oxidation of aluminium. Second, Fig. 5 
showed that the Pt concentration of the Al-enriched γ’-phase coating sustained at a relatively 
high level during isothermal oxidation, especially near the coating surface. This Pt 
enrichment can reduce the chemical activity of aluminium near the oxide/coating surface, 
which results in the uphill aluminium diffusion flux from the inner part to the TGO/coating 
interface, as confirmed by the uphill diffusion arrows in Fig. 15. Therefore, the selective 
oxidation of aluminium was promoted at initial stage of oxidation for this Al-enriched γ’-
phase coating.    

4.3 Rumpling behaviour of three coatings

  Fig. 12 - 14 suggest that both Pt-diffused γ/γ’ coatings and the Al-enriched γ’-phase 
coatings showed negligible rumpling during cyclic oxidation, whereas the β-NiPtAl coating 
experienced a significant higher degree of rumpling than the other two coatings. While the 
substantial rumpling deformations of the β-NiPtAl coating are expected at this temperature 
(1150 °C), the mechanisms responsible for the absence of rumpling in the new Al-enriched 
γ’-phase coating are worth consideration. The following sections will discuss the possible 
mechanisms by introducing a classical rumpling model.

 4.3.1 Balint and Hutchinson rumpling model 

   Rumpling in a TBC system is characterized by viable material and geometric parameters 
including TGO thickening, lateral TGO growth strain, CTE mismatches, high temperature 
strength of TGO, bond coat strength & phase transformation, etc. Balint and Hutchinson 
(B&H) [37] have proposed a comprehensive rumpling model that resolves these competing 
factors and can be used to clarify the rumpling behaviour of coatings in experiments. In the 
B&H model, the rumpling is driven by the lateral growth strain of TGO and occurs at a rate 
governed by factors including the power-law creep of the bond coating and the plastic 
yielding of the TGO. The power-law creep of the coating can be described by the following 
temperature-dependent equation for the steady-state creep [5]:

𝑛 
exp ( 

‒ 𝑄𝑐𝑟𝑒𝑒𝑝
𝜀 = 𝐶(

𝜎 
) (3)𝐸) 𝑅𝑇 
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where 𝜀 is the creep rate; C is a constant; σ is the temperature-dependent equi-biaxial stress in 
the coating; E is the temperature-dependent Young’s modulus; R is the gas constant and T is 
the absolute temperature; 𝑄𝑐𝑟𝑒𝑒𝑝 is the activation energy for creep. 

   The equi-biaxial stress of the coating imposed by the coating/substrate CTE mismatch can 
promote the coating creep, thus promoting the rumpling through the interaction between this 
equi-biaxial stress in the coating and the normal traction imposed on the coating surface by 
TGO [5]. At high temperatures, when the coating stress is relaxing, the undulation growth of 
the coating is expected which is driven by the normal stress applied on the coating surface by 
the compressed TGO layer. When the coating stress decays completely by creep, the 
undulation growth is prohibited effectively. Because the cyclic oxidation scheme periodically 
redefines the stress of the coating, the rumpling thus grows cycle-by-cycle [38]. 

4.3.2 B&H model applied to the Al-enriched γ’-phase coating

   The first consideration regarding the absence of rumpling of the Al-enriched γ’-phase 
coating compared to the β-NiPtAl coating is CTE mismatch. The γ’-phase coating has a 
smaller CTE mismatch with the CMSX-4 substrate (CTE: ~ 15.0 × 10-6 °C-1 [39]) than that of 
the β-NiPtAl coating [40]. This can result in the lower rumpling amplitude of the Al-enriched 
γ’-phase coating for a given thermal history according to the B&H model [37], because CTE 
mismatch also contributes to the rumpling driving force.

   The second consideration is the TGO growth rate. The B&H model proposed that coatings 
with thicker TGOs tend to have a faster rumpling rate because the thicker TGO imposes a 
larger traction on the coating. However, the present experiments demonstrate that the Al-
enriched γ’-phase coating has a significantly lower rumpling rate in spite of its larger TGO 
thickness (Fig. 11). This discrepancy can be explained by the improved creep strength of the 
γ’-phase coating, as suggested by Jorgensen et al. [4]. They have shown that increasing the 
coating creep strength drastically inhibits rumpling even with thicker TGOs. These 
simulations corroborate with the present study: the γ’-phase coating resists rumpling to a 
large degree with only a slight increase in the total amplitude over the thicker TGO layer. 

5. Summary 

An Al-enriched γ’-phase coating was fabricated on the CMSX-4 substrate by the selective 
γ-phase etching and a subsequent low temperature pack cementation aluminizing process. 
The elemental diffusion profiles, TGO microstructure & spallation, and rumpling of the Al-
enriched γ’-phase coating have been investigated and compared to the industry-standard β-
NiPtAl coating and the Pt-diffused γ/γ’ coating. The following conclusions can be drawn: 

1. The Al-enriched γ’-phase coating exhibited a comparable TGO spallation lifetime to 
the β-NiPtAl coating and a significantly improved TGO lifetime compared to the Pt-
diffused γ/γ’ coating. 

2. The Al-enriched γ’-phase coating exhibited a less pronounced coating-substrate 
interdiffusion (Pt and Al depletion) compared to the other two coatings, which is 
beneficial to the coating lifetime. 
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3. The Al-enriched γ’-phase coating was more resistant to rumpling than the β-NiPtAl 
coating, which mainly arose from the improved creep strength of the γ’-phase.

   In summary, the new Al-enriched γ’-phase coating can resist high temperature rumpling 
deformation while maintaining adequate oxidation properties and mitigating coating-substrate 
interdiffusion, which is promising for TBC applications. 
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Fig. 1 a) cross-sectional FIB/SEM image and b) surface image of as-etched samples; c) etching 
time-thickness plot and d) cross-sectional FIB/SEM image after Pt electroplating on the etched 
substrate. 



      

   

  Fig. 2 Two steps to fabricate the Al-enriched γ’-phase coatings: Ⅰ. Fabricate Pt-diffused 
intermediate coatings; Ⅱ. Pack cementation aluminizing on the intermediate coatings. 



 
   

   

Fig. 3 Ni-Pt-Al phase diagram at 1150°C [22]. The compositions of sample 1-3 are 
marked by the different dots. The inset SEM image shows the as-fabricated cross-
sectional microstructure of sample 1. The two horizontal red lines represent the upper 
and lower limit of Al concentration for the pure γ’-phase coating, respectively. 



     
 

 

Fig. 4 Microstructure of as-fabricated coatings: SEM (BSE) images of: a) γ’ coating, b) γ/γ’ 
coating and c) β-NiPtAl coating; EBSD phase contrast map of the red box area in a - c: d) γ’ 
coating, e) γ/γ’ coating and f) β-NiPtAl coating; and corresponding color-coded inverse pole 
figure (IPF) mapping g) - i) showing the different grain sizes of three coatings. 



     

   
 

  

a) b) 

Pt: ~25 at. % 
Pt: ~32 at. % 

c) 

Pt: ~0 at. % 

Fig. 5 Ni, Pt and Al concentration evolution of the Al-enriched γ’-phase coating by EDX 
linescan after a) 0 h, b) 20 h and c) 50 h oxidation, the red arrow in c) indicates the maximum 
diffusion depth for Pt. These elemental profiles were taken from the interface of TGO/coating 
interface to the inner part of the superalloy substrate. 



     

  
   

    

b)a) 

Pt: ~40 at. % 

Pt: ~10 at. % 

c) 

Pt: ~0 at. % 

Fig. 6 Ni, Pt and Al concentration evolution of the Pt-diffused γ/γ’ coating by EDX linescan: 
a) 0 h, b) 20 h and c) 50 h oxidation, the red arrow in c) indicates the maximum diffusion depth 
for Pt. These elemental profiles were taken from the interface of TGO/coating interface to the 
inner part of the superalloy substrate. 



     

  
 

  

b)a) 

Pt: ~ 5 at. % 

c) 

Pt: ~ 0 at. % 

Fig. 7 Ni, Pt and Al concentration evolution of the β-NiPtAl coating by EDX linescan: a) 0 h, 
b) 20 h and c) 50 h oxidation, the red arrow in c) indicates the maximum diffusion depth for 
Pt. These elemental profiles were taken from the interface of TGO/coating interface to the inner 
part of the superalloy substrate. 
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b) 

Fig. 8 Glancing angle (3°) XRD patterns of the oxides on the γ’ coating, γ/γ’ coating and β-
NiPtAl coating after a) 20 h and b) 50 h at 1150 °C. Note: the unlabelled peaks are unidentified 
phases. 



 Fig. 9 a) - c) cross-sectional SEM images of three coatings after 20 h oxidation at 1150 °C; d) 
the magnified image of the red box area in c). RM in d): refractory metal precipitates. 



 Fig. 10 Cross-sectional SEM backscattered electron (BSE) images of three coatings after 50 h 
oxidation at 1150 °C. 



Fig. 11 Oxide thickness vs. isothermal oxidation time (at 1150 °C) for the three coatings. 



              

                  

 
  

 50 10-×a b 

Profile line in Fig. (c) 

As-received 

100 μm 

c 

Fig. 12 Profilometer images of (a) as-fabricated Al-enriched γ’-phase coating surface and after 
(b) 50 10-minute cycles at the identical area. (c) The surface profiles and the corresponding Rq 

of the line shown in (a). 



     

   

 

 As-fabricateda 50 10-×b 

100 μm 

c 

Fig. 13 Profilometer images of (a) as-fabricated Pt-diffused γ/γ’ coating surface and after (b) 
50 10-minute cycles at the identical area. (c) The surface profiles of the line shown in (a). 



     

   

 50 10-×As-fabricateda b 

100 μm 

c 

Fig. 14 Profilometer images of (a) as-fabricated β-NiPtAl coating surface and after (b) 50 10-
minute cycles at the identical area. (c) The surface profiles of the line shown in (a). 



   
   

   
   

Fig. 15 The local interdiffusion flux of Al ( 𝐽𝐴𝑙) for the Al-enriched γ’-phase coating/CMSX-4 
diffusion couple and the Pt-diffused γ/γ’ coating/CMSX-4 diffusion couple at specific positions 
(𝑥𝑖= 1, 5, 10 and 20 μm) after 20 h oxidation. The arrows represent the diffusion direction. ←: 
uphill diffusion from the inner part to the TGO/coating interface; →: from the coating to the 
inner part of superalloy. 



 
  

  

 
  

 
 

     
 

 

   
 

  
   

  
 

  

 

 

 
  

 

Fig. 1 a) cross-sectional FIB/SEM image and b) surface image of as-etched samples; c) etching 
time-thickness plot and d) cross-sectional FIB/SEM image after Pt electroplating on the etched 
substrate. 

Fig. 2 Two steps to fabricate the Al-enriched γ’-phase coatings: Ⅰ. Fabricate Pt-diffused 
intermediate coatings; Ⅱ. Pack cementation aluminizing on the intermediate coatings. 

Fig. 3 Ni-Pt-Al phase diagram at 1150°C [22]. The compositions of sample 1-3 are marked by 
the different dots, respectively. The inset SEM image shows the as-fabricated cross-sectional 
microstructure of sample 1. The two horizontal red lines represent the upper and lower limit of 
Al concentration for the pure γ’-phase coating, respectively. 

Fig. 4 Microstructure of as-fabricated coatings: SEM (BSE) images of: a) γ’ coating, b) γ/γ’ 
coating and c) β-NiPtAl coating; EBSD phase contrast map of the red box area in a - c: d) γ’ 
coating, e) γ/γ’ coating and f) β-NiPtAl coating; and corresponding color-coded inverse pole 
figure (IPF) mapping g) - i) showing the different grain sizes of three coatings. 

Fig. 5 Ni, Pt and Al concentration evolution of the Al-enriched γ’-phase coating by EDX 
linescan after a) 0 h, b) 20 h and c) 50 h oxidation, the red arrow in c) indicates the maximum 
diffusion depth for Pt. 

Fig. 6 Ni, Pt and Al concentration evolution of the Pt-diffused γ/γ’ coating by EDX linescan: 
a) 0 h, b) 20 h and c) 50 h oxidation, the red arrow in c) indicates the maximum diffusion depth 
for Pt. 

Fig. 7 Ni, Pt and Al concentration evolution of the β-NiPtAl coating by EDX linescan: a) 0 h, 
b) 20 h and c) 50 h oxidation, the red arrow in c) indicates the maximum diffusion depth for 
Pt. 

Fig. 8 Glancing angle (3°) XRD patterns of the oxides on the γ’ coating, γ/γ’ coating and β-
NiPtAl coating after a) 20 h and b) 50 h at 1150 °C. 

Fig. 9 a) - c) cross-sectional SEM images of three coatings after 20 h oxidation at 1150 °C; d) 
the magnified image of the red box area in c). RM in d): refractory metal precipitates. 

Fig. 10 Cross-sectional SEM backscattered electron (BSE) images of three coatings after 50 h 
oxidation at 1150 °C. 

Fig. 11 Oxide thickness vs. isothermal oxidation time (at 1150 °C) for the three coatings. 

Fig. 12 Profilometer images of (a) as-fabricated Al-enriched γ’-phase coating surface and after 
(b) 50 10-minute cycles at the identical area. (c) The surface profiles and the corresponding Rq 

of the line shown in (a). 

Fig. 13 Profilometer images of (a) as-fabricated Pt-diffused γ/γ’ coating surface and after (b) 
50 10-minute cycles at the identical area. (c) The surface profiles of the line shown in (a). 



   
   

   
   

Fig. 14 Profilometer images of (a) as-fabricated β-NiPtAl coating surface and after (b) 50 10-
minute cycles at the identical area. (c) The surface profiles of the line shown in (a). 

Fig. 15 The local interdiffusion flux of Al ( 𝐽𝐴𝑙) for the Al-enriched γ’-phase coating/CMSX-4 
diffusion couple and the Pt-diffused γ/γ’ coating/CMSX-4 diffusion couple at specific positions 
(𝑥𝑖= 1, 5, 10 and 20 μm) after 20 h oxidation. The arrows represent the diffusion direction. ←: 
uphill diffusion from the inner part to the TGO/coating interface; →: from the coating to the 
inner part of superalloy. 



 

Table 1 Composition of CMSX-4 superalloy 

Element Ni Al Cr Co Ta Ti W Re 

Wt. % 61.5 5.6 6.4 9.6 6.6 1.0 6.4 2.9 

Table 2 Electrolyte γ-etching bath parameters 

Chemical formula 10 vol.% H3PO4  + 90 vol.% H2O 

pH 0.04-0.06 

Temperature Room temperature 

Cathode current density 120 mA/cm2 

Magnetic stirring speed 120/min 

Table 3 Different pack cementation parameters and the resulting Al average concentration after vacuum anneal 

Sample number Powder composition 
(wt. %)* 

Temperature 

(°C) 
concentration 

coating 

Average AlHold time at 
temperature (min) 

(at.%) of the 

1 CrCl3 (1.0) + Al (1.0) 

CrCl3 (1.0) + Al (1.0) 

CrCl3 (1.0) + Al (1.0) 

650 15 33.5 

2 650 5 19.2 

3 650 10 26.3 

*Al2O3 powder with balance weight. 



 

  

Table 4 TGO spallation degree for the three coatings after different oxidation times 

Oxidation time, h Al-enriched γ’-phase coating γ/γ’ coating β-NiPtAl coating 

50 0% 16.5% 0% 

100 4.7% 30.2% 0% 

Table 5 The activity of Al (𝑎𝐴𝑙) by Thermo-Calc for three coatings after different oxidation time 

Sample/treatment γ’ coating γ/γ’ coating β-NiPtAl coating 

As-received 5.56 × 10 ‒ 6 5.44 × 10 ‒ 6 9.60 × 10 ‒ 4 

20 h 6.58 × 10 ‒ 6 7.83 × 10 ‒ 6 2.00 × 10 ‒ 4 

50 h 9.07 × 10 ‒ 6 8.21 × 10 ‒ 6 1.42 × 10 ‒ 4 
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