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Abstract Potassium dihydrogen phosphate (KDP) crystals

play an important role in high-energy laser systems, but the

laser damage threshold (LDT) of KDP components is lower

than expected. The LDT is significantly influenced by

subsurface damage produced in KDP crystals. However, it

is very challenging to detect the subsurface damage caused

by processing because a KDP is soft, brittle, and sensitive

to the external environment (e.g., humidity, temperature

and applied stress). Conventional characterization methods

such as transmission electron microscopy are ineffective

for this purpose. This paper proposes a nondestructive

detection method called grazing incidence X-ray diffrac-

tion (GIXD) to investigate the formation of subsurface

damage during ultra-precision fly cutting of KDP crystals.

Some crystal planes, namely (200), (112), (312), (211),

(220), (202), (301), (213), (310) and (303), were detected

in the processed subsurface with the aid of GIXD, which

provided very different results for KDP crystal bulk. These

results mean that single KDP crystals change into a lattice

misalignment structure (LMS) due to mechanical stress in

the subsurface. These crystal planes match the slip systems

of the KDP crystals, implying that dislocations nucleate

and propagate along slip systems to result in the formation

of the LMS under shear and compression stresses. The

discovery of the LMS in the subsurface provides a new

insight into the nature of the laser-induced damage of KDP

crystals.
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1 Introduction

Crystals of potassium dihydrogen phosphate (KDP),

KH2PO4, serve as optical switch and frequency conversion

components for inertial confinement fusion (ICF) at laser

ignition facilities [1–3]. The laser damage threshold (LDT)

of KDP crystal components has a significant effect on the

output power of the ICF facility. At present, KDP crystals

must be processed with the aid of ultra-precision machin-

ing to obtain smooth surfaces [4, 5]. Nonetheless, the

subsurface damage induced by machining is one factor that

contributes to the low LDT of KDP crystals [6].

However, because the properties of KDP crystals are

sensitive to the external environment (e.g., humidity,

temperature and applied stress), it is very difficult to

investigate the machining-induced damage on the material

subsurface. To date, few studies have detected the sub-

surface damage of KDP crystals due to machining. For

example, Tie et al. [7] studied subsurface damage after

turning KDP crystals with the aid of deliquescent magneto

rheological finishing (DMRF), and concluded that subsur-

face damage depth depended on cutting parameters.

Although they observed defects, the essence of the defects
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could not be determined. The subsurface damage of KDP

crystals using section microscopy and chemical etching is

investigated in Refs. [8, 9]. They reported that subsurface

damage was primarily micro-cracking that occurred during

sawing and grinding. While polishing KDP crystals, they

observed the creation of dislocation etch pitted on the

machined surfaces [9]. Nevertheless, such destructive

methods inevitably destroyed the original structure of

subsurface damage because the KDP crystals easily reacted

with the polishing liquid. To characterize the subsurface

damage correctly, grazing incidence X-ray diffraction

(GIXD), which proved to be an effective method, was

conducted to measure the surface/subsurface damage

caused by machining [10], avoiding the signals from the

material bulk.

This paper presents the GIXD detection results and

further investigates the formation mechanism of subsurface

damage in KDP crystals during ultra-precision fly cutting,

and their effect on the material mechanical and optical

properties are analyzed.

2 Material and methods

The KDP crystal samples were produced with a rapid

growth technique [11] and were formed with a tetragonal

structure and paraelectric phase with the I-42d space group

at room temperature [12, 13], as shown in Fig. 1. At Tc =

122 K, the KDP crystal undergoes a transition to a ferro-

electric phase with the Fdd2 space group in an

orthorhombic structure [12, 13]. The elastic modulus and

hardness of a KDP crystal are (52.8±3.8) GPa and

(1.89±0.05) GPa on the (001) plane [14], respectively, and

the material is very brittle and has low hardness. The KDP

samples were sawn to a size of 50 mm910 mm913 mm.

The KDP crystals were cut along the (112) plane during the

ultra-precision machining experiments.

Ultra-precision machining experiments were performed

with a fly cutting machine. The KDP crystal specimens

were clamped with a vacuum chuck on the feed table. A

single-point diamond tool was used to process the KDP

surfaces with a tool rake angle (c0) of - 45� at a cutting

speed (v) of 13.2 m/s. The feed rate (f) was set variously to

30, 60, 90 and 150 lm/s, and the depth of cut (ap) was set

variously to 3, 5, 10 and 15 lm. A scanning electron

microscope (SEM) and atomic force microscope (AFM)

were employed to measure the finished surface

morphology.

GIXD was conducted on an Empyrean X-ray diffrac-

tometer (PANalytical, the Netherlands) with ceramic tubes

and Cu radiation at a wavelength of 0.154 nm. The radius

of the incident X-ray beam was 240 mm, and the take-off

angle was 4.37�. The PreFIX module was a parallel beam

mirror for Cu radiation with an offset angle of - 1.0932�.
The fixed mask was set to 20 mm. The divergence slit was

set to fixed slit. The subsurface damage occurred in the

outmost layer of the KDP sample, and thus, grazing inci-

dence angles of 1�, 3�, 5� and 7� were selected during

detection. The grazing incidence angle controls the pene-

tration depth of X-ray beams into materials [15, 16]. A

conventional X-ray diffraction (XRD) method was used to

obtain structure information from the KDP crystal bulk.

Fig. 1 Unit cell structure of a KDP crystal Fig. 2 Raw and machined surfaces of a KDP crystal

Understanding the formation mechanism of subsurface damage in potassium dihydrogen… 271

123



3 Results and discussion

3.1 Surface morphology

Figure 2 shows an example of the KDP surfaces before

(denoted as ‘‘raw’’) and after fly cutting (denoted as

‘‘machined’’) with a depth of cut of 5 lm and a feed rate of

60 lm/s. The roughness Ra of the machined surface was

7.08 nm. Figure 3 presents the related AFM image, where

the periodic grooves are the machining tracks caused by fly

cutting. The smooth surface morphology illustrates that the

KDP crystals are primarily machined in a ductile mode.

3.2 Subsurface damage

From Fig. 4, the (200), (112) and (312) peaks always

appear under different machining parameters, of which the

diffraction intensity of the (112) peak is the highest. It is

identical to the peak of the KDP crystal bulk, as shown in

Fig. 5, which also shows one strong (112) peak detected by

conventional XRD. This means that the KDP is a single

crystal under the surface layer. As a comparison, the

intrinsic structure of the KDP crystal, as shown in Fig. 5,

was clearly different from the damaged structure in the

subsurface layer after machining, as shown in Fig. 4.

Hence, the appearance of the (200), (112) and (312) peaks

indicates that the KDP single crystal experiences a severe

deformation during surfacing, and then is modified into a

lattice misalignment structure (LMS) in the subsurface

layer.

Besides the (200), (112) and (312) peaks, other smaller

peaks, such as (211), (220), (202), (301) and (310) peaks,

are seen in the different diffraction patterns. These peaks

match the powder diffraction file (PDF) of the KDP crys-

tals [17]. However, the angles at which the diffraction

peaks were detected were different for each machining

parameter. For example, the (211) peak only occurred at a

grazing incidence angle of 3�, depth of cut of 3 lm and

feed rate of 60 lm/s, as shown in Fig. 4a. When the depth

of cut increased to 5 lm, as shown in Fig. 4b, the (211)

peak appeared in all four diffraction patterns. Nevertheless,

the (211) peak did not appear in each diffraction pattern

with a depth of cut of 10 lm and a feed rate of 60 lm/s, as

shown in Fig. 4c. In addition, the diffraction intensities of

the detected peaks also differed under varied machining

parameters. For instance, the diffraction intensities of the

(200), (112) and (312) peaks were the strongest with a

depth of cut of 5 lm and a feed rate of 60 lm/s, as shown

in Fig. 4b. The differences between these diffraction peaks

suggest that the mechanical stresses induced by the tool-

KDP interaction had a significant influence on the forma-

tion of the LMS, as seen in the (200), (112), (312), (211),

(220), (202), (301), (310), (213) and (303) peaks.

A few diffraction peaks did not match the PDF of the

KDP crystal, and the diffraction peaks were random. For

example, Fig. 4a shows a small peak at a diffraction angle

of approximately 44.7�, corresponding to a mineral crystal

formed by dopant iron ions in the growth solution of the

KDP crystals. At a diffraction angle of 37.3�, a sharp and

tall peak from the (-302) plane of a FeFe2(PO4)2(OH)2
crystal under a grazing incidence angle of 5� was noted. As
shown in Fig. 4g, a peak with a diffraction angle 2h of

27.9� from the (-342) plane of Ca3Fe4(PO4)4(OH)6H2O, a

peak at 42.2� from the (2-40) plane of CaPO3(OH), and a

peak at 44.7� from the (310) plane of FeFe2(PO4)2(OH)2
were noted. Impurity defects such as those due to Fe and

Ca are from doped additives introduced during the growth

of the KDP crystals, which support stable growth and

restrain the extension of prismatic faces [18]. Such ions

have passive effects on the KDP LDT and their optical

transmittance and homogeneity [18, 19]. Therefore, the

quantities of impurities are strictly controlled during the

growth of the KDP crystals [18, 19].

3.3 Formation mechanism of subsurface damage

As discussed above, the occurrence of the LMS is influ-

enced by mechanical stress. A schematic of the mechanical

stress applied during the ultra-precision fly cutting of a

KDP crystal is shown in Fig. 6. The cutting forces Fs and

Fn subject the KDP crystal below a cutting line to com-

pression and shear stresses. A rake angle of - 45� can

produce a hydrostatic compression stress in the front of a

Fig. 3 AFM image of a machined KDP surface
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Fig. 4 GIXD analyses of the machined KDP crystals (a) depth of cut ap = 3 lm, feed rate f = 60 lm/s, (b) depth of cut ap = 5 lm, feed rate f =

60 lm/s, (c) depth of cut ap = 10 lm, feed rate f = 60 lm/s; (d) depth of cut ap = 15 lm, feed rate f = 60 lm/s, (e) depth of cut ap = 5 lm, feed rate

f = 30 lm/s, (f) depth of cut ap = 5 lm, feed rate f = 90 lm/s, (g) depth of cut ap = 5 lm, feed rate f = 150 lm/s
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cutting edge, enabling brittle materials to deform plasti-

cally [20]. In particular, shear stress controls the motion of

dislocations along slip systems. As shown in Fig. 7, the slip

systems of a KDP crystal are as follows [21]: the (110),

(101), (112) and (123) planes with a common Burgers

vector 1/2[111] and the (010) [100]. Hence, the LMS (i.e.,

(200), (112), (312), (211), (220), (202), (301), (213), (310)

and (303) crystal planes) can be interpreted as the

appearance of the (200) plane resulting from the movement

of the (100) plane in response to the compression stress

applied on the (010) slip plane and along the [100] slip

direction, as indicated in Figs. 7 and 8. The appearance of

the (112) plane coincides with the (112) 1/2[111] slip

system under shear stress, as shown in Fig. 9. The

appearances of the (312), (211) and (213) planes are similar

to those of the (112) and (123) slip planes under the

combined action of shear and compression stresses. The

(220) and (310) planes are related to the dislocation motion

along the (110) 1/2[111] slip system. However, the num-

bers of (202), (303) and (301) diffraction peaks are small in

the measured GIXD patterns, and their diffraction inten-

sities are low, indicating that the deformation along the

(101) 1/2[111] slip system was problematic. As a result, the

existence of the LMS is consistent with the existence of the

KDP slip systems. Along the slip systems, dislocations

initiated in the contact zone between the tool and KDP, and

then moved to form the LMS under the mechanical stress

caused by machining. Once the LMS of the KDP crystals is

generated in the subsurface layer, the dislocation density

could be very high. As such, a mass of dislocation etch pits

was observed after the uniaxial compression of the KDP

crystals, revealing that the dislocations contributed to the

material’s plastic deformation [21].

The effect of subsurface damage on the mechanical and

optical properties of KDP crystals has attracted consider-

able attention. The mechanical properties of KDP crystals

strongly depend upon the material’s microstructure. Thus,

when the LMS exists in the subsurface layer, the

mechanical properties of the machined surface will differ

from its intrinsic ones. For example, Zhang et al. [22]

carried out nanoindentation experiments on the machined

and original surfaces of KDP crystals, respectively, and

found that elastic-plastic deformation occurred more easily

on the machined surface than on the original surface. In

addition, as can be seen from Fig. 4, many diffraction

crystal planes can be detected, and can produce glide,

compression, twist and shift deformations under complex

mechanical stresses. In this case, large numbers of dislo-

cations may appear at grain boundaries, reducing the

intrinsic strength of the KDP crystals. Hence, machining-

induced damage leads to a strain-softening phenomenon in

the KDP crystals, which is different from the strain-hard-

ening phenomenon caused by dislocation interactions in

ductile crystals [23].

The existence of LMS in the subsurface also affects the

laser damage threshold of the KDP crystals [24]. First, the

LDT is affected by the degradation of the mechanical

Fig. 5 XRD analysis of KDP crystal bulk

Fig. 6 Schematic of the fly-cutting process of a KDP crystal

Fig. 7 Positions of slip planes in the KDP unit cell [21]
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properties of the KDP crystals in the subsurface layer,

which allows ultrafast melting of local materials to produce

surface damage under high-energy laser beams [25].

Moreover, machining-induced LMS destroys the integrity

of the crystal lattice, allowing numerous strains to occur in

the KDP subsurface layer, resulting in an inhomogeneous

refractive index [26]. As a result, a set of micro-/nano-

lenses can generate focused incident laser beams into the

interior of a KDP component [27]. This self-focusing laser

beam can produce bulk damage in KDP crystal compo-

nents [28]. Hence, an in-depth understanding of subsurface

damage is very important to improve the LDT of KDP

crystal components.

4 Conclusions

The subsurface damage in KDP crystals during ultra-pre-

cision fly-cutting was studied. Single KDP crystals were

modified into an LMS in the subsurface layer, including in

the (200), (112), (312), (211), (220), (202), (301), (213),

(310) and (303) crystal planes. These crystal planes coin-

cided with the slip systems of the KDP crystals, revealing

that dislocations emerge and move along the slip systems

to form subsurface damage (i.e., LMS) in response to

mechanical stresses. The LMS may significantly influence

the LDT of KDP components in high-energy laser systems.

Fig. 8 Schematic of the deformed (200) plane (a) before deformation, (b) after deformation

Fig. 9 Schematic of the deformed (112) plane (a) before deformation, (b) after deformation
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