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Abstract: The application range of potassium dihydrogen phosphate (KDP) crystals can be expanded
by enhancing their surface quality properties. Therefore, a method for controlling the surface-
temperature field of various materials was developed to expand the plastic zone to overcome the
difficulty in processing KDP crystals. The ductile/brittle transition depth of the KDP crystals was
determined using a 38 nm nanoindentation experiment. The nanoscratch experiment revealed the
rules of how the transformation depth of the KDP crystals changes with temperatures, and the effect
of temperature on the microstructure of the KDP crystals was studied. Finally, KDP crystal surfaces
were processed using a UPDFC machine at elevated temperatures. According to our experiments,
the surface roughness of the KDP crystal reached 5.275 nm as temperature increased, thus enhancing
its surface quality. This method could be applied to other brittle materials.

Keywords: KDP crystal; ductile/brittle transition depth; heating assistance; nanoscratch; ultraprecision
diamond fly cutting

1. Introduction

KH,;POy (KDP) crystals, which have interesting photophysical properties, such as
piezoelectricity, dielectricity, and electro-optical properties, are optical materials with
excellent performance. KDP crystals, which are required in inertial confinement nuclear
fusion [1-5], can be used under a wide transmission band, large nonlinear optical coefficient,
and high damage threshold (greater than 15 J/ cm?, 1 ns). In addition, they can grow
large-diameter crystals (©500-600 mm) [6-8]. In the 1950s, KDP, as a high-performance
piezoelectric crystal material, was mainly used in the manufacturing of sonar and civilian
piezoelectric transducers. In the 1960s, with the emergence of laser technology, KDP
crystals were developed with a large nonlinear optical coefficient and a high laser damage
threshold, and the crystals had high transmittance from the near-infrared to ultraviolet
bands and a high birefringence coefficient. Thus, they were usually used in the second-,
third-, and fourth-harmonic-generation devices of Nd: YAG lasers (at room temperature).
At the same time, KDP is a kind of crystal material with a high electro-optic coefficient;
thus, it is widely used in electro-optic modulators, Q switching, shutters for high-speed
photography, and other components [9,10]. This crystal shows application prospects in
major technologies such as in controlled thermonuclear reactions of high-power laser
systems, nuclear explosion simulations, etc. Therefore, research on ultra-large, high-quality
KDP optical crystals has attracted much attention from researchers worldwide [11-13].

Applying KDP crystals in high-power solid-state lasers requires higher levels of sur-
face quality. The surface processing quality of KDP crystals affects the beam quality in
laser targeting and pointing accuracy. Recently, many scholars have studied this problem
considering the surface quality properties of KDP crystals. Most KDP crystal surfaces
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are currently processed using ultraprecision single-point diamond fly cutting (UPSDFC)
technology [14-16]. To improve the quality of KDP crystal surfaces, Baruch A. et al. [17]
studied the effect of the ultraprecision single-point diamond cutting process of KDP crystals
on a PNEUMO precision machine tool. The surface quality was improved to produce a
smooth surface, achieving an accuracy of 3.6 um by changing the machining parameters
and the cutting tool edge’s radius. CL Zhang et al. analyzed the influence of process-
ing parameters on the surfaces of KDP crystals through a large number of single-point
diamond-turning experiments. Based on the influence of the mechanical properties of
the KDP crystals on surface quality properties, the ultrasonic-assisted cutting of KDP
crystals was carried out, which improved the surface processing quality properties of the
KDP crystals [18]. Q Liu et al. found that KDP crystals were difficult to machine due to
their low fracture resistance, and fracture fringes were easily generated during processing.
Based on material performance tests under different temperature fields, the hardness and
elastic modulus properties of the KDP crystals decreased by 21.4% and 32.5% at high
temperatures (160 °C), respectively [19]. Kozlowski et al. [20] reported improvements in
crystal surface quality when a particular orientation was used to process the KDP crystals.
The experimental results showed that the cutting state of the material’s surface in the
ultraprecision cutting of KDP crystals changed with changes in the factors, such as the
back-cutting tool amount, the tool cutting radius, and the crystal direction, which affected
the processing quality of the KDP crystal’s surface. Penggiang Fu et al. [21] established a
model to simulate surface morphology, which included surface performance indicators,
including waviness, roughness, and 3D surface morphology. After the ultraprecision fly
cutting of KDP crystals, considering the tool’s thermal deformation, they demonstrated
that the tool’s thermal deformation affected the surface roughness and waviness of the
KDP crystals. In addition, it increased the surface slope, which affected surface precision
and thus the optical performance of the KDP crystals.

Therefore, the surface quality of KDP crystals can be improved by optimizing the
UPSDEC process. In addition, the surface morphology is affected by the temperature
change in the processed surface. Thermal-assisted machining has been widely used in
difficult-to-machine materials such as high-temperature alloys, but there is little research
exploring whether thermal-assisted machining is helpful for the brittle surface plastic trans-
formation of optical crystal materials and the improvements in machining surface accuracy.
There are also few studies on the effect of the temperature field on the surface quality
properties of the KDP crystals during processing, and the material removal mechanism
is unclear. To reveal the mechanism of the ultraprecision cutting of KDP and improve the
surface processing quality properties, a heat-assisted machining method was developed
based on the theory of ductile/brittle transitions. The plastic region range was expanded,
and the machining quality was improved by controlling the surface-temperature field of
the material. The ductile/brittle transition depths of the KDP crystals were determined
using nanoindentation experiments, and the mechanism of the ductile/brittle transitions of
the KDP crystals was analyzed. The effects of temperature on the ductile-/brittle-transition
depth and the surface morphology of KDP crystals were studied using nanoscratch experi-
ments, and thermal field assistance was explored. The feasibility of the heating-assisted
processing method was explored, and the material-removal mechanism under heat was
revealed. Finally, the global machining of KDP crystals was conducted on a fly cutting
machine. The effectiveness of the heating-assisted machining method in improving the
surface quality of KDP crystal was verified.

2. Theory of Ductile/Brittle Transition

KDP surfaces include a plastic and a brittle zone. The plastic surface layer becomes
brittle when the processing depth increases to a certain depth, known as the critical depth
of ductile/brittle transition. When the processing depth is less than the critical depth,
insignificant cracks or brittle collapses occur on crystal surfaces due to the plastic slip in
this region. When the process depth increases beyond the critical depth, the number and
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severity of pits and cracks increase due to the brittle fractures in the zone. Thus, the surface
quality drops [22-26]. By increasing the surface temperatures of the KDP crystals, the
ductile zone can be expanded. Cutting in the ductile zone can reduce the surface cracks and
subsurface damage in the material. The processing principle is shown in Figure 1. When
the cutting depth of the tool is constant, thermal-assisted cutting causes the ductile area of
the material to expand. As the temperature increases, the range of the plastic zone expands,
whereas the range of the brittle zone continues to decrease. The plastic processing of the
materials in the plastic area can reduce surface pits and cracks, further improving surface

quality.

Ductile zone Diamond Ductile zone Diamond
cutting tool cutting tool

High temperature

Expand the ductile zone

Brittle zone cutting Ductile zone cutting

Figure 1. High-temperature cutting principle of KDP crystal.

As a typical brittle material, the processing depth of KDP crystals occurs in the brittle
region. The ultraprecision single-point diamond cutting of KDP crystals can be described
as the elastic deformation changes to plastic deformation at the yield point. During the
plastic deformation process, with increases in the shear stress and slip, the fracture strength
is reached, and the chip is separated from the matrix. However, due to the low fracture
toughness of the KDP crystal (0.74-0.8 MPam'/2), the elastic and strength limits of the
material are close. Therefore, fracture failure occurs when the load on the KDP crystal
exceeds its elastic limit. During the cutting process, defects such as pits, scratches, and
cracks appear on the processed crystal surface. The overall fracture causes the sample to be
scrapped. If the cutting depth is controlled within the critical depth of the ductile/brittle
transition, the material deforms in the plastic zone via slip, improving the surface machining
quality. The thermal assisted machining process method proposed in this paper provides a
useful reference for the efficient and high-precision machining of similar brittle materials.

Nanoindentation experiments were used to measure the mechanical parameters of
crystalline materials [27-31]. A diamond indenter was used in the nanoindentation ex-
periment. The indenter acted on the sample during the indentation process, and the
loading force and depth of the test sample were obtained. The Knoop hardness, critical
fracture toughness, and elastic modulus of the material were calculated. Nanoindentation
experiments can simulate the material removal behavior during the cutting process. The
deformation of materials on both sides of the nanoscratch groove reveals effective infor-
mation on material removal [32-35]. The relationship between the critical depth of the
ductile/brittle transition, H; Knoop hardness, HK; material’s elastic modulus, E; and critical
fracture toughness, Kjc was measured by T.G. Bifano et al. [36] via the microindentation
method under static conditions. They can be expressed as

~ ( E\[(Kic)?
H_n<HK> (HK) @
The proportional coefficient # is determined by the indenter geometry (0.15 for a diamond
glass indenter). The crack was less than 10% in their experiment. The critical depth of the
ductile/brittle transition of KDP crystals was calculated using Formula (1) [37-39].

To determine the value of the ductile/brittle transition depth of KDP crystals, we
conducted nanoindentation experiments on the surfaces of KDP crystal. The experimental
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sample was a large KDP 80 mm x 40 mm x 5 mm crystal. As shown in Figure 2, the surface
was flat without defects, such as pits or cracks.

Figure 2. KDP crystal sized 80 mm x 40 mm x 5 mm.

Six points at different positions on the surface of the KDP crystal were selected for the
nanoindentation experiments. Data measurements and the related analysis are discussed
in Section 5. The experimental data were recorded and averaged to obtain parameters, such
as the elastic modulus, fracture toughness, and hardness of the KDP crystals. The surface
morphology was checked using an atomic force microscope, and the result is presented
in Figure 3.

200.00 nm

\
100.00

0 2 4 6 8um

Figure 3. Morphology of nanoindentation points on KDP crystal surfaces.

Using Formula (1), the depth, H, of the ductile/brittle transition on the test surface of
the sample was obtained as 38 nm.

On the KDP crystal surface, the processing depth was controlled within 38 nm. The
material was in the plastic zone; thus, the removal occurred via plastic slip, and the surface
quality was high without surface defects. When the cutting depth exceeded 38 nm, the
material became brittle and then was removed by brittle fracture; the surface quality was
poor. The critical depth of the ductile/brittle transition of KDP crystals is small, and
the cutting depth is difficult to control in the plastic region. Presently, KDP crystals are
processed using ultraprecision diamond fly cutting (UPDFC) tools. During KDP crystal
processing, the cutting depth of the cutter fluctuates because of the interfering environment,
temperature, machine stability, etc. The cutting depth of the tool cannot be controlled in
the plastic region, and brittle removal easily occurs.

The analysis of the ductile/brittle transition and the cutting process of KDP crystal
demonstrates that the surface quality of KDP crystals can be enhanced by increasing the
depth of the ductile/brittle transition. Therefore, a heating-assisted method was developed
to reduce the strength and hardness of the cutting-layer material by introducing high-
density external energy and changing the internal stress field; the cutting performance
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changes at high temperatures, improving the plasticity of the material. When the yield
strength of the materials is reduced below the fracture strength, the material removal mode
changes from brittle fracture to plastic slip, achieving a high-quality surface.

3. Experimental Section
3.1. Materials

Significant progress has been made in exploring the mechanical properties and deforma-
tion of brittle materials based on nanoindentation testing, but few have explored the impact
of temperature on the properties and removal behavior of brittle materials based on nanoin-
dentation testing [27-30]. To investigate the effectiveness of our heating-assisted machining
method in improving the surface quality of KDP crystals and to reveal the mechanism of the
cutting and removing of the microplastic region of materials, a high-temperature nanoscratch
experiment was conducted on KDP crystal surfaces using a Hysitron Ti-950 Triboindenter.
The difference in surface morphology between the plastic and brittle regions was analyzed to
explore the effect of the auxiliary thermal field conditions on the mechanical properties of KDP
crystals. In addition, we used a diamond fly cutting machine for processing the KDP crystal
surface and confirmed that high temperatures can expand the plastic region and improve the
surface quality. An 80 mm x 40 mm x 5 mm KDP crystal, having smooth surfaces without
defects, was used as the experimental sample (Figure 2). After XRD analysis and detection,
the [1,0,0] crystal plane of KDP was processed.

Single-point diamond fly cutting technology [40,41] is used to process infrared optical
materials, such as KDP crystals; the machining contour is controlled by single-crystal and
natural diamond tools, and the surface roughness is ensured using CNC schemes. As only
a surface layer of the material is removed by diamond fly cutting, the surface damage can
be reduced, resulting in improved surface quality. The UPDFC machine tool used in this
work is shown in Figure 4. The experimental speed was 800 r/min, and the feed speed was
4 mm/min. The cutting depth was 2 um. The arc radius of the diamond cutting tool tip
was 0.5 mm, with a negative front angle of 10 degrees and a back angle of 15 degrees. The
processing equipment was a self-developed flying cutting machine tool, SGDT-350.

Figure 4. Ultraprecision diamond fly cutting machine tool.
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3.2. Experimental Procedures
3.2.1. Nanoscratch Experiment with Heating Assistance

The nanoscratch experiment is an important method for investigating material
properties [21,36]. A nanoscratch tester was employed in our experiment. The total
length of each scratch was 300 um, the scratching was from shallow to deep; the probe
moving speed was 8 pm/s; and the loading rate was 16 mN/s. The surface temperatures
of the workpiece in the scratch experiment were set to 20 °C, 30 °C, 40 °C, or 50 °C; and
the experimental data were recorded. The surface morphology was observed using a 3D
profiler, and the rule of the change in surface morphology under different temperatures
was analyzed using a scanning electron microscope.

3.2.2. Cutting Experiment with Heating Assistance

A diamond fly cutting machine tool (Figure 4) was used to conduct the heating-assisted
processing experiment to reveal the effect of temperature on the surface quality of KDP crys-
tals and to verify the feasibility of our scheme in improving surface quality. During the fly
cutting experiment, the KDP crystal was placed in the fixture, and a ceramic plate was used
to heat the sample. KDP is a soft and crisp material [14-17]. During the experiment, when
the surface temperature of the material was above 70 °C and under continuous heating
conditions, the surface of the KDP material was softened and damaged, which could lead
to the inability to conduct processing experiments. Therefore, the processing temperature
needed to be controlled below 70 °C. In order to distinguish the effect of temperature on
the surface of the material, the temperature was lower than the soft temperature for the
experimental specimen; the temperature of the control group was increased. Material
softening is a process. To prevent material deformation caused by excessive temperature,
the surface temperature should be below 70 degrees. The temperature of the ceramic
plate was controlled using a thermostat, and this was set to 20 °C, 30 °C, 40 °C, or 50 °C.
The cutter material was a high-hardness diamond tool with a 6 mm arc radius and —45°
and 5° rake and relief angles, respectively. A white-light interferometer was employed to
determine the surface quality of the KDP crystal.

In the heating-assisted fly cutting experiment, the thermal deformation of the material
was generated when it was heated. This research aimed to increase the surface laser damage
threshold of KDP crystals to meet the requirements of the advancing and developing
optical components. In the process of the antilaser damage threshold test, the laser spot
diameter was small, and it was insensitive to the surface shape. The surface shape accuracy
could reach the micron level to meet application requirements. It was processed with a
UPSDFC machine, and the surface shape accuracy could reach nanometers. Therefore, the
thermal deformation during the experiment did not affect the application of KDP crystals in
optical components.

During the experiment, the surface of the material was raised to a certain temperature.
Temperature can change the surface properties of materials and affect surface hardness.
Therefore, after multiple sets of experimental analysis, we realized that temperatures
ranging from 20 °C to 50 °C were optimum. Thermal deformation did not affect the
application of the KDP crystals in optical components, and the deformation was within an
acceptable range.

4. Results
4.1. Heating-Assisted Nanoscratches

To investigate the effect of temperature on the surface morphology of KDP crystals,
nanoscratch experiments were conducted at different temperatures. During the nanoscratch
experiments, the probe scratched the surface of the material, which was observed with a
three-dimensional profiler the scratch morphology is shown in Figure 5. The scratch depth
continued to increase with an increase in the scratch length, which was equivalent to the
probe slashing into the surface of the material; the maximum depth of the scratch was about
250 nm. The depth of the ductile/brittle transition of KDP crystals at room temperature
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is about 38 nm (Section 2); thus, the scratch area in the scratch experiment covered both
the plastic and brittle zone, which was suitable for analyzing the ductile/brittle transition
phenomenon at different temperatures.

mm i i i i i nm
I i 253.114
0.316!
0.237. /i o Y 1
Scratch direction 4
0.158 1 \EY
0.079 -
0.000
0 0.079 0.158 0.237 0316 mm

Figure 5. Three-dimensional morphology of nanoscratch.

4.2. Results of Diamond Fly Cutting Experiment

After global cutting of the KDP crystal under heating, insignificant defects, such as
pits and cracks, developed on the surface of the materials. A white-light interferometer was
used to determine the surface quality of the KDP crystals. The average value of the multiple
groups of a test at different temperatures was taken. Figure 6a—d show the roughness of the
material surface at processing temperatures of 20 °C, 30 °C, 40 °C, and 50 °C, respectively.
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Figure 6. Roughness of machined KDP crystal surface at (a) 20 °C, (b) 30 °C, (c) 40 °C, and (d) 50 °C.
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5. Discussion
5.1. Effect of Heating on Cutting Performance of KDP Crystals

The method commonly used for judging the brittle—plastic transition is based on the
surface topography. Energy detection needs to take into account the dissipation of energy.
The whole experiment takes a long time, and there are problems such as large energy loss
and the environment can easily interference. Therefore, the detection results are usually
inaccurate. The scratches on the KDP crystal surfaces were observed via scanning electron
microscopy, as shown in Figure 7a: toward the direction of the scratch, the scratch depth
increases with the increase in the scratch length. In the initial stage of the nanoscratch, the
scratch depth is low, and the scratches are in the plastic region, as shown in Figure 7b. As
removing the KDP crystal surface by plastic slip had little effect on the surface morphology,
the surface had no evident defects. As the scratch depth increased, the surface of the
material became brittle (Figure 7c). The surface of the material was removed by brittle
fracturing, and massive chips and pits appeared on the surface of the scratch, which affected
the surface quality. The critical depth of the ductile/brittle transition is where the material
transforms from the plastic to brittle region. When the scratch depth is lower than the
critical depth, the surface is removed by plastic slip, without significant surface defects.

¢

Scratch dire;:tion
e

Ductile region -y brittle region

Figure 7. Surface morphology of nanoscratch. (a) Overall morphology of nanoscratch. (b) Plastic
region. (c) Brittle region.



Appl. Sci. 2023, 13, 6865

90f13

The effect of temperature on the toughness /brittle transition depth of KDP crystals is
explained by Formula (1). An increase in temperature leads to a decrease in the hardness HK
of KDP crystals, which leads to an increase in the depth H of the ductile/brittle transition. To
study the effect of temperature on the depth of the ductile/brittle transition of KDP crystals,
the surface morphology of scratches at 20 °C, 30 °C, 40 °C, and 50 °C was recorded using a
scanning electron microscope, and the results are presented in Figure 8a—d, respectively. The
scratch surface changed from the plastic to the brittle zone as the scratch length and depth
increased. When the scratch depth exceeded the critical depth of the ductile/brittle transition,
the material removal mode was brittle fracture, and block chips appeared. The first position
where block cutting occurred was the critical position of the ductile/brittle transition. As
shown in Figure 8a—d, the locations of brittle-plastic transformation corresponding to 20 °C,
30 °C, 40 °C, and 50 °C were sections A-A, B-B, C-C, and D-D, respectively.

Figure 8. Surface morphology of nanoscratch at (a) 20 °C, (b) 30 °C, (c) 40 °C, and (d) 50 °C.

The cross-sectional view of the ductile/brittle transition position at different tempera-
ture points was obtained via atomic force microscope observation, as shown in Figure 9.
When the scratch temperature of the KDP crystal surface was 20 °C, 30 °C, 40 °C, and
50 °C, the KDP crystal ductile/brittle transition depth values were 40 nm, 49 nm, 71 nm, and
89 nm, respectively. The surface ductile/brittle transition depth value continued to increase
as the surface temperature of KDP crystals increased, which verifies the effectiveness of the
heating-assisted processing in improving the processing performance of KDP crystals and
increasing the ductile/brittle transition depth. If the machining depth remains unchanged,
the heating-assisted method can effectively improve the ductile/brittle transition depth;
therefore, the cutting process changes from the brittle to the plastic zone, resulting in
reduced pits and cracks caused by brittle fracture and improving surface quality.
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Figure 9. Section depth of ductile/brittle transition position.

5.2. Impact of Heating-Assistance on the Surface Quality of KDP Crystals

The surface roughness Sa was 15.270 nm, 12.210 nm, 9.958 nm, and 5.275 nm ta cutting
temperatures of 20 °C, 30 °C, 40 °C, and 50 °C, respectively, as shown in Figure 10. The
surface roughness gradually decreased as the surface temperature increased. Multiple
groups of surface roughness values were recorded, the average value was taken, and error
bars were added. Combined with the result of the nanoscratch experiments, this finding can
be explained by the theory of ductile/brittle transition. When temperature increases, the
plastic zone of the KDP crystal surface expands, the depth of the ductile/brittle transition
increases, and the material removal mode transforms from brittle fracture to plastic slip,
resulting in reduced surface defects, e.g., pits and cracks and improved surface quality.

o JI_\
10

Roughness, Sa (nm)

]

. : . ; .
20C 30C 40C 50°C
Temperature, T

Figure 10. Surface roughness versus temperature of KDP crystal.

The heating-assisted fly cutting experiment of KDP crystals verified that our heating-
assisted processing method can effectively improve surface quality. Increasing the surface
temperature during the processing of KDP crystals can effectively expand the range of
the surface plasticity and increase the depth of the ductile/brittle transition. The removal
changes from the brittle zone to the plastic zone in the material. The tool remains in the
plastic region during the cutting process to remove material via plastic slip; therefore, the
defects, e.g., pits and cracks, caused by brittle removal are reduced, and the surface quality
is significantly improved.
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6. Conclusions

In this work, we studied the impact of heating assistance on the surface quality in the
processing of KDP crystals.

1. A processing method was developed to improve the surface quality of KDP crystals
on the basis of the theory of ductile/brittle transition, wherein the surface temperature
of KDP crystals is increased to enlarge the plastic zone. Several nanoindentation exper-
iments were conducted on KDP crystals, and the critical depth of the ductile/brittle
transition of KDP crystals was about 38 nm.

2. Nanoscratch experiments were performed on KDP crystal surfaces under heat. With
the increase in the scratch length, the surface scratch changed from the plastic to the
brittle zone, and the surface removal mode transformed from plastic slip to brittle
fracture. The ductile/brittle transition depth of KDP crystals increased with increasing
temperature. The surface morphology was affected by temperature, verifying the
effectiveness of the heating-assisted method in improving the cutting performance of
KDP crystal.

3. Finally, with heating, KDP crystal surfaces were processed using a UPDFC machine.
The results showed that the surface roughness value of the material reached 5.275 nm
as the surface temperature increased to 50 °C, indicating the superior surface quality
compared with that at room temperature. These results verified the effectiveness
of the heating-assisted machining method in improving the surface quality. As a
typically brittle material, the processing of KDP crystals is a challenge. We proposed a
heating-assisted method to improve surface quality, which provides a useful reference
for the processing of other soft and brittle materials.
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