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Realization of High Efficiency and Low Damage 

Machining of Anisotropic KDP Crystal by Grinding 

Abstract: Potassium dihydrogen phosphate (KDP) is a non-linear crystal material used in various opto-

electronic applications including Q-switches, high-speed photography shutters, frequency harmonic 

generation lens and Pockels cells in the Inertial Confinement Fusion (ICF) devices. KDP belongs to the 

most difficult-to-cut material, due to its delicate and unique characteristics including the combination of 

softness with brittleness, anisotropic performances, tendency for deliquescence and sensitivity to 

temperature change. Single point diamond turning (SPDT) is considered to be the ideal method for 

machining of KDP components. However, the process efficiency is rather low and often accompanied 

with severe tool wear issues. This paper studies the feasibility using grinding method to remove the 

surface material of KDP components with high process efficiency and low damage, fulfilling the task of 

re-aligning the surface orientation to the crystalline axis. The direction of precision grinding was 

determined by studying the anisotropy of KDP, including its elastic modulus E, Vickers hardness HV and 

fracture toughness KIC, to reduce the influence of material anisotropy on machining quality. The grinding 

tests are carried out on a common CNC grinder, using resin bonded diamond grinding wheel, whilst the 

diamond abrasives are coated with Ni-P alloy. The grinding process parameters were preliminarily 

determined based the experimental results investigating the effects of spindle speed, worktable feed rate 

and grinding depth on the ground surface roughness. The surface morphology, surface defects and sub-

surface damage under different process parameters were investigated. Surface roughness Ra≤0.3μm and 

sub-surface damage depth SSD≤6μm were obtained. The machining efficiency can be improved by 

http://dict.cn/opto-electronic
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nearly ten times using the proposed precision grinding method, producing nearly the same surface 

quality(Ra≤0.2μm, SSD≤6μm) as that in the axis fixed phase by SPDT. 

Keywords:  KDP crystal  High efficiency  Low damage  Grinding  Crystal axis fixed  

1. Introduction 

KDP is a non-linear opto-electronic crystal. It is widely used in sonar and 

piezoelectric products, Q-switches, high speed photography shutters, electro-optical 

modulators, and frequency harmonic generation lens. Large size KDP crystal 

components with high surface form accuracy are required for making the Pockels cells 

in the Inertial Confinement Fusion (ICF) devices [1]. KDP is believed to be the most 

difficult-to-cut material, due to its delicate and unique characteristics including the 

combination of softness with brittleness, anisotropic performances, tendency for 

deliquescence and sensitivity to temperature change [2, 3]. Long process time is typically 

required for the complete machining of ultra-precision KDP components, covering 

sawing [4], correction of crystal axis [5], chamfering [6] and ultra-precision machining [7, 

8].  

According to previous studies, single point diamond turning (SPDT) or fly-cutting 

technique is the ideal method for the precision machining of KDP components. High-

end machine tools at ultra precision level are required to carry out the diamond 

machining processes, using single crystal diamond cutters with extreme sharpness to 

remove very thin layers of work-piece surface material [9]. Fuchs et al.  produced 

http://dict.cn/opto-electronic
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finished KDP parts on an modified Moore lathe with no need for additional surface 

polishing, with component surface roughness better than 8-Ȧ RMS and 36-Ȧ P-V. 

However, the process efficiency for removing the top surface material and to align the 

surface orientation to the crystalline axis was very low, using cross-feed rate at only 

19.1 mm/min and cutting depth 20μm [5]. Namba, et al. achieved super smooth surface 

of RMS 1.09nm on a KDP test piece, using a single point diamond tool with rake angle 

-25°and nose radius 1mm, on an ultra-precision diamond turning machine, under the 

process parameters of cutting speed of 500m/min, feed 2μm/rev and depth of cut 1μm 

[10]. Chen et al. designed an ultra-precision fly cutting machine tool with a gantry type 

structure for KDP crystal machining, which is equipped with a  high-speed spindle 

and shows an excellent slow-feed performance, whilst a diamond cutter with a large 

nose radius is adopted [11]. The consequence of using the SPDT process, which is a 

typical ultra-precision machining method, to remove the large amount of KDP surface 

allowance material, would result in rather slow process efficiency often accompanied 

with severe tool wear issues [12].  

Compared with SPDT, grinding method is also suitable as a process for aligning the 

KDP surface orientation to the crystalline axis, with potential advantages including 

higher process efficiency, better process stability with no tool breakage and possibly no 

surface waviness or ripples when using a flat cup wheel. Namba carried out grinding 

tests on a ultra-precision grinder developed in their laboratory using resin bonded 
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diamond wheel and produced super-smooth surface on KDP crystal with surface 

roughness 0.553nm (RMS), 0.441 nm (Ra) and 3.40nm(PV), whilst details regarding 

the process design was not reported [13]. Wang et al. conducted preliminary study on the 

precision grinding of KDP crystals on a horizontal surface grinder, using resin bonded 

diamond wheel, and effects of machining parameters on grinding force and surface 

roughness were investigated. However, the influence of material anisotropy was not 

considered, and effects of grinding process on the sub-surface damage of KDP work-

pieces were not investigated, which is an important issue for evaluating the feasibility 

of the grinding process [14]. Chen et al. proposed a hybrid machining method by 

combining precision grinding with fly cutting and achieved nearly five times machining 

efficiency [15].  

The present paper systematically studied the feasibility using grinding method to 

remove the surface material of KDP components with high process efficiency and low 

surface and sub-surface damages conducted on a common CNC grinder, using a resin 

bonded grinding wheel with Ni-P coated diamond abrasives. In this context, the 

anisotropy of elastic modulus E, Vickers hardness HV and fracture toughness KIC were 

used to determine the grinding direction. Here, the effects of spindle speed, worktable 

feed rate and grinding depth on the ground surface roughness were investigated. Surface 

morphology and defects, sub-surface damage (SSD) and machining efficiency were 

contrasted to SPDT. 
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2. Materials and methods 

2.1 KDP crystal samples 

The grinding tests were conducted on the sample surfaces parallel to the (001) plane 

of KDP crystal, the sample size is 20mm20mm10mm. As KDP belongs to a 

tetragonal crystal system with a single crystal axis, it only needs to measure and 

calculate the mechanical anisotropy within the range of 0°~90° around the crystal axis. 

The crystal surfaces were checked using X-ray crystal orientation analyzer, making sure 

the deviation of surface orientation is less than 6. The samples were carefully polished 

to obtain smooth surfaces with roughness (Ra) less than 5nm before micro-Vickers 

indentation tests. 

2.2 The anisotropy of E, HV and KIC 

The directional distribution of the elastic modulus E, micro-hardness HV, and 

especially the fracture toughness KIC of the KDP crystal on the (001) surface provides 

important information for selecting the appropriate grinding direction, as micro-fracture 

is the dominant mechanism of KDP material removal [16]. 

The elastic modulus E in different angular direction on the (001) crystal plane can 

be calculated using the anisotropic structural mechanics theory [17], as shown below. 

The values of flexibility coefficients used in the calculation are shown in Table 1[18]. 

       4 4 4 2 2 2 2 2

11 33 13 44 12 66
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= + + + 2 + + + 2 +S a b S g S S a b g S S a b
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where a  is the direction cosine relative to the x-axis; b  is the direction cosine 

relative to the y-axis; g  is the direction cosine relative to the z-axis; [h k l] represents 

a crystal in the one crystal orientation; Sij is the flexibility coefficient; 

Table 1. Flexibility coefficients (Unit: GPa) 

S11 S12 S13 S33 S44 S66 

151 18 -40 195 781 1620 

Variation of Vickers hardness in the range of 0°~90° around the crystal axis, on the 

sample surface, i.e., the (001) plane, were measured using micro-indentation 

instrument. Measurements under different loads, P (0.5N, 1N, 2N, 3N), were conducted 

along the x-axis direction, to determine the suitable load level generating sufficient 

indentation size and depth, a and c, and relatively low level of fracture cracks. Load 

level P=1N, was selected in the following measurements at different angular positions 

(15 interval)，as shown in Fig. 3a. The indenter was kept for 10 seconds under the 

load on the sample surface before unloading. For each angular position, six 

measurements along the radial direction were conducted to obtain the average hardness 

value at this position. 
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The variation of fracture toughness KIC was calculated according to the model 

proposed by Anstis, as shown below [19], using the calculated elastic modulus E and 

measured Vickers hardness HV values.  

  
1/2

IC 3/2

v

= 0.016 0.004
E P

K
H c

 
  

 
 (6) 

where c is half the length of radial crack. a is half of the diagonal length. When 

using the Anstis model, the load P, indentation size a and radial crack length c need to 

meet the conditions: (1) P and c3/2 satisfy linear relationship; (2) c/a > 2.5. 

2.3 Precision grinding experiments 

2.3.1 Grinding machine 

Grinding experiments were carried out on a MK2945C high-precision CNC 

grinding machine. The grinding machine has six movement control axes (X, Y, Z, C, A, 

U). For X, Y, C and A axis, any three axes can be simultaneously controlled to generate 

3-axis movements. X and Y axis adopt closed loop control using HEIDENHAIN grating 

rulers; the movement control resolution is 0.1 m. Because servo-motor is used to 

control Z-axis, tolerance on down reversing point is within 0.05mm, the movement 

resolution is 0.1 m. In addition, the grinding head power is up to 1KW. 

2.3.2 Grinding wheel and dressing 

According to physical and mechanical properties, a resin bond diamond cup wheel, 

with average abrasive grit size 35m, was used in the present research (Table 2). The 
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diamond abrasives on the wheel are coated with Ni-P alloy, as shown in Fig. 1. The Ni-

P alloy coating helps to enhance the interfacial bonding between the diamond abrasives 

and resin bond and also increase the strength of abrasives, which are beneficial to avoid 

abrasives pulling out from the wheel and stabilize the grinding performance of the 

wheel [20]. 

The grinding wheel was dressed using a silicon carbide roller. The face runout of 

the wheel after dressing is about 10m and the average protrusion height of the 

abrasives is about 12m. 

Table 2. Parameters of grinding wheel  

Diameter, D 50mm 

Abrasive layer width, W 7mm 

Binder hardness Medium hardness resin bond 

Substrate material Aluminum alloy 

Concentration, C 100％ 

2.3.3 Grinding condition and parameters 

To eliminate the potential effects of grinding fluids, the grinding tests were 

conducted under dry grinding condition.  

To find out the suitable grinding parameters, preliminary tests were carried out, 

investigating the effects of spindle speed, worktable feed rate and grinding depth on the 

ground surface roughness Ra, grinding parameters used are listed in Table 3. The 

schematic diagram of the grinding test setup is shown in Fig. 1. 

Table 3. Grinding parameters in initial tests 

spindle speed（r/min） 3000、4000、5000、6000、7000 

worktable feed rate (mm/min) 60、90、120、150、180、210、240 

http://dict.cn/radial%20runout
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grinding depth（μm） 2、4、6、8、10、12、14、16、18、20、22、24 

 
Fig. 1 Schematic diagram of grinding test setup 

2.4 Testing equipment and methods 

2.4.1 Surface roughness 

A high-resolution laser roughness measurement instrument (Laser-check), was used 

to measure the ground surface roughness, Ra. The instrument measurement range of Ra 

is 0.01-10 m, with a repetitive accuracy ±3%. Measurements of the ground surface 

roughness on each sample were repeated 10 times to obtain the average roughness value 

under a certain grinding test condition.  

2.4.2 Surface geomorphology and defects 

The ground sample surfaces were observed under a 3D optical microscope (VHX-

1000, KEYENCE, resolution: 5800 pixels, depth of field: up to 10 mm, magnification: 

20~5000 times). Before the observation, the ground samples were cleaned in anhydrous 

alcohol. Scanning electron microscope (SEM) and energy dispersive spectroscopy 

(EDS) were also used in the present research to identify the surface defects.  

2.4.3 Subsurface damage 
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Typical techniques used to expose the sub-surface damage under the ground surface 

include cross section polishing, taper polishing and ball dimpling polishing. Level of 

SSD at selected locations can be evaluated using these methods. In the present work, 

layer by layer polishing technique is adopted, which enables thorough evaluation of 

SSD on the overall ground surface and avoids the possibility of under or over-estimate 

the SSD due to the improper selection of locations. The sample preparation and 

observation procedures are as follows: (ⅰ) polish the sample surface using an oil-

based aluminum oxide polishing liquid on a polishing machine; (ⅱ) put the polished 

sample into waterless alcohol and then wipe the sample with clean cloth very gently, 

pay attention not to introduce new scratches; (ⅲ) observe the surface under 3D optical 

microscope. The top surface material is removed layer by layer and observed under 

microscope following the steps above, until there are no cracks and other sub-surface 

damages in the observed images. 

3. Results 

3.1 Directional variations of elastic modulus E, Vickers hardness HV and fracture 

toughness KIC 

Calculated values of elastic modulus E, at different angular positions are shown in 

Fig. 2a. The maximum elastic modulus value (66.2 GPA) is located at 0 and 90, whilst 

the minimum value (20.4 GPA) is at 45. Fig. 3b shows a group of indentations under 

1N load obtained from the micro-hardness measurements. The diagonal lengths of the 

javascript:;
javascript:;
javascript:;
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indentations and lengths of maximum lateral cracks (equivalent to radial cracks) were 

estimated to evaluate the Vickers hardness values. Variation of the Vickers hardness 

along the crystal orientation 0 and 90 is shown in Fig. 2b. 

 

Fig. 2 Directional variations of (a) Elastic modulus, (b) Micro Vikers hardness and (c) Fracture 

toughness 
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Fig. 3 Micro-indentation measurements: (a) schematic diagram of Vickers micro-indentation test (b) 

Vickers hardness under 1N (c) relationship between radial crack length and load 

There are several models available to calculate the fracture toughness. The 

appropriate selection of the model depends on the relations of P/c3/2 and c/a. Under 

different load 0.5N, 1N, 2N and 3N, Anstis model requires that the average value of 

P/c3/2 needs to be close to a constant, and c/a needs to be more than 2.5, Fig. 3c shows 
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the relation between radial crack length and lower indenting loads. Variation of the 

fracture toughness KIC is shown in Fig. 2c. The maximum the fracture toughness is at 

0 and 90, whilst the minimum value is at 45. The anisotropic difference of KIC is 

42.3%. The measurement results are consistent with those obtained by Zhang et al [21]. 

in the study of slip system of KDP crystal. 

3.2 Effects of grinding parameters on the surface roughness 

According to the influence of grinding parameters on the surface roughness can 

help to determine the suitable process parameters for the precision grinding of KDP 

crystal conveniently, because surface roughness Ra measured easily and has a certain 

connection on sub-surface damage[21]. 

3.2.1 Influence of spindle speed on surface roughness 

As shown in Fig. 4a, the surface roughness Ra increased slightly with the increase 

of spindle speed, when the spindle speed is less than 5000rpm. The variation of ground 

surface roughness followed a downward trend with the increase of wheel speed, when 

the spindle speed is higher than 5000rpm. Considering the process stability and 

machining efficiency, spindle speed 7000rpm would be suitable for the grinding of 

KDP samples.  

3.2.2 Influence of worktable feed rate on surface roughness 

As shown in Fig. 4b, the worktable feed rate had little effect on the ground surface 

roughness when it was less than 120mm/min. Further increase of worktable feed rate, 
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produced obvious increase of the surface roughness. However, the ground samples edge 

breakages became more serious when the worktable feed rate was greater than 

240mm/min. 210 mm/min can be selected as a reasonable machine tool feed rate. 

3.2.3 Influence of grinding depth on surface roughness 

The measured ground surface roughness Ra showed a strong dependence with the 

grinding depth ap, as shown in Fig. 4c. Based on the test results, the process parameters 

for the precision grinding of KDP crystal were preliminarily selected, as shown in Table 

4. 

Table 4. Grinding process parameters 

Spindle speed n 

(r/min) 

Worktable feed rate VW 

(mm/min) 

Grinding depth ap 

(μm) 

7000 210 20 

7000 210 10 

7000 210 2 

 

Fig. 4 Effects of grinding parameters on surface roughness: (a) spindle speed (b)worktable feed rate 

(c)grinding depth on surface roughness 

3.3 Grinding surface defects 

3.3.1 Ground surface morphology  

The ground surface defects for KDP crystal samples are mainly in the form of 

plastic grinding cracks, brittle flaking pits, surface pollution and burn cracks. As shown 
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in Fig. 5, the pictures of ground surfaces under the grinding depth of 20μm, 10μm and 

2μm, taken by the optical microscope. The grinding marks are reasonably clean, with 

visible plastic grinding crack. Brittle flaking pits, perhaps caused by the crossover of 

micro cracks, can also be observed. No obvious grinding burn cracks were observed. 

Under grinding depth 20μm,there were more brittle flaking pits on the sample surface 

and bigger surface roughness (Ra=0.312) than the other two samples. They has similar 

surface roughness under the grinding depth 10μm (Ra=0.274) and 2μm (Ra=0.252), 

however, the density of brittle flaking pits was relatively high for grinding depth 2μm, 

whilst the depths of the brittle flaking pits were obviously shallower than those under 

grinding depth 10μm when comparing the surface morphology of the samples. 

 

Fig. 5. Grinding surface topography under different grinding depth 

3.3.2 Surface impurities embedded 

The typical impurities embedded are shown in Fig. 6. The secondary electron image 

of SEM was used to locate the position of the impurities embedded. As the element 

weight of the impurities at this position is almost the same as that of the surrounding 

area, it is identified as a grinding chip embedded, as there was no process fluid applied 
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to the grinding zone to clean the sample surface, as shown in Fig. 6a. It is suggested 

that the adoption of an air cleaning nozzle and an abrasive dust collection device would 

be necessary to reduce or eliminate the chip embedding issue. 

A typical abrasive embedded onto the ground surface is shown in Fig.6b. One 

embedded abrasive was found by scanning electron microscope (SEM). Combined with 

the back scattered electron imaging, it was found that its element weight distribution 

was significantly different from the surrounding material. According to further analysis 

by EDS, it was found that the content of C element of the embedded particle was much 

higher than the surrounding material. In addition, there was only a little element such 

as Si, Na, etc. It is thus identified as a abrasive embedding introduced from the abrasive 

grit pull out from the grinding wheel. 

 

Fig. 6. Typical impurities embedded: (a) grinding chip, (b) abrasive 

3.4 Sub-surface damage 

C 

20μm 

10μm 

C 

C 

20μm 

20μm 

C 

(a) grinding chip embedded (b) abrasive embedded 
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As shown in Fig. 7a, the depth of SSD is less than 18μm for the sample ground with 

grinding depth of 20μm. Grinding marks and flaking pits are very shallow at 2μm depth 

beneath the original top surface; there are a large number of herringbone and arc-shaped 

micro-cracks at 4μm depth beneath the top surface; at larger depths beneath the surface, 

the number of herringbone and arc-shaped micro-cracks gradually decreases; At 18μm 

depth beneath the top surface, no micro-cracks are observed. The SSD is less than 12μm 

in the case of 10μm grinding depth, as shown in Fig. 7b. The surface damage layer of 

KDP crystal is less than 6μm in the case of 2μm grinding depth, as shown in Fig. 7c. 

Comparing the depths of SSD at 4μm beneath the top surface in Fig.7a, 7b, 7c, it shows 

that the density of herringbone cracks decreases gradually with the reduction of 

grinding depth. For the cases under grinding depth 10μm and 2μm, although the ground 

surface roughness Ra are similar, the depths of SSD are significantly different. 
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Fig. 7. Observation of sub-surface damages on samples ground obtained using different grinding depths 

(a) 20μm (b) 10μm and (c) 2μm 

4. Discussion 

4.1 Grinding direction based on elastic modulus E, Vickers hardness HV and fracture 

toughness KIC 

According to the variation of elastic modulus E, Vickers hardness HV and fracture 

toughness KIC, the 0 or 90 direction on the (001) plane has the high fracture toughness 
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and high resistance to crack expansion, which is preferable as the grinding direction to 

reduce the level surface and sub-surface fracture cracks in the grinding process. 

4.2 Impurities embedded on machining surface 

As KDP is a soft crystal, dusts from the environment, grinding debris and abrasive 

grits may embed onto the crystal surface causing different types of surface defects, 

which is a crucial issue for the successful conduction of grinding on this sensitive 

material. However, in the present research, according to the result of that the machining 

surface of 20×20mm was magnified 1000times and scanned by line by SEM, it is 

recognized that the impurities embedding happens just occasionally, only a few(≤3) 

embedded abrasive grits were found during the whole experimental process, i.e., 

running 300 grinding passes under different depths of grinding. Individual impurities 

embedding can be easily picked out and would have little impact on the grinding surface 

quality.  

4.3 Efficiency of the precision grinding method 

Wang, et al. studied the deviation of crystal plane orientation, parallelism between 

opposite surfaces and the sub-surface damages introduced in KDP slicing process. After 

the final slicing step, the machining allowance, which needs to be removed in the 

following diamond cutting process, was reported as 544m [23]. Based on the study of 

Wang et al. and the experimental results, a grinding process chain is proposed. The 

process chain is designed to fulfill the task of crystal orientation correction for sliced 
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KDP work-pieces, removing most of the machining allowance left on the surface after 

the slicing process, ready for carrying out the following optimal machining procedure. 

The process chain proposed provides a feasible solution to achieve high process 

efficiency with satisfactory control of the SSD. The grinding parameters for the process 

chain are listed in Table 5. 

Table 5 Proposed grinding parameter and result 

Sequence 

numbers 

Grinding 

depth (μm) 

Worktable feed 

rate (mm/min) 

Spindle speed 

(r/min) 

Surface 

roughness 

Ra (μm) 

Subsurface 

damage 

SSD (μm) 

1-25 20 210 7000 0.312 ≤18 

26-28 10 210 7000 0.274 ≤12 

29-35 2 210 7000 0.252 ≤6 

According to the study by Tie et al. [24] investigating the relationship between 

process parameters and SSD in the single point diamond cutting of KDP crystals, the 

cutting depth of 16 m and the feed rate of 20mm/min were suggested for correcting 

the optical axis of KDP crystal, whilst the surface roughness Ra and SSD obtained in 

the diamond cutting process are similar to those obtained in the present work using 

grinding method. 

Taking the size of KDP sample (20×20×10mm) used in the present work as an 

example, for a SPDT process, correcting the axis of KDP crystal spends 34 minutes to 

remove the 544 m allowance from the KDP crystal, however, for a grinding method 

proposed in this work, it only spends 3.4 minutes. The machining efficiency for 

correcting the axis of KDP crystal would be improved by about ten times using the 

proposed precision grinding method. 
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5. Conclusions  

The experimental study conducted on a common CNC grinder, using a resin bonded 

grinding wheel with Ni-P coated diamond abrasives, has proved the feasibility using 

grinding method to remove the surface material of KDP components with high process 

efficiency and low surface and sub-surface damages. Main conclusions drawn from this 

research are as follows: 

1. Optimal grinding feed direction, 0°or 90° on the (001) plane, is determined by 

studying the anisotropic performance of the KDP samples, i.e., variation of the elastic 

modulus E, Vickers hardness HV and fracture toughness KIC on the (001) plane.   

2. Under the test conditions in this work, impurities embedded on the KDP surfaces 

were only occasionally observed using SEM, including embedded grinding chips and 

abrasive grits, but the chance for the impurity embedment is very low, only a few(≤3) 

embedded abrasive grits were found during the whole experimental process, i.e., 

running 300 grinding passes under different depths of cut and spindle speeds. 

3. The effects of spindle speed, worktable feed rate and grinding depth on the 

ground surface roughness Ra, have been analyzed and a set of process parameters are 

proposed for conducting the precision grinding of KDP samples.  

4. The machining efficiency using the proposed process parameters, can be 

improved by nearly ten times, producing nearly the same surface quality (including the 
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surface roughness Ra≤0.3μm and sub-surface damage≤6μm ) as that in the axis fixed 

phase by SPDT(Ra≤0.2μm, SSD≤6μm).  
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