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Abstract A high-efficiency polishing approach using
two-phase air–water fluid (TAWF) is proposed to avoid
surface contamination and solve the inefficiency of
previous water-dissolution polishing techniques for potas-
sium dihydrogen phosphate (KDP) crystal. In the proposed
method, controllable deliquescence is implemented with-
out any chemical impurity. The product of deliquescence is
then removed by a polishing pad to achieve surface
planarization. The mechanism underlying TAWF polishing
is analyzed, a special device is built to polish the KDP
crystal, and the effect of relative humidity (RH) on
polishing performance is studied. The relationship between
key parameters of polishing and surface planarization is
also investigated. Results show that the polishing perfor-
mance is improved with increasing RH. However,
precisely controlling the RH is extremely difficult during
TAWF polishing. Controllable deliquescence can easily be
disrupted once the RH fluctuates, which therefore needs to
be restricted to a low level to avoid its influence on
deliquescence rate. The material removal of TAWF
polishing is mainly attributed to the synergistic effect of
deliquescence and the polishing pad. Excessive polishing
pressure and revolution rate remarkably reduce the life of
the polishing pad and the surface quality of the KDP
crystal. TAWF polishing using IC-1000 and TEC-168S
increase the machining efficiency by 150%, and a smooth
surface with a root mean square surface roughness of 5.5
nm is obtained.
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1 Introduction

Potassium dihydrogen phosphate (KDP) crystal was
developed in the 1960s and is among the most typical
nonlinear optical materials [1]. KDP crystal has been
widely applied to various strategic high-tech fields owing
to its excellent properties, such as large nonlinear optical
coefficient, good optical homogeneity, and high laser-
induced damage threshold (LIDT) [2,3]. This material is
irreplaceable as a key component of frequency conversion
in inertial confinement fusion (ICF) [4,5]. However, the
machining efficiency of high-quality KDP crystal has been
substantially degraded due to some difficult-to-machine
material characteristics (e.g., softness, brittleness, thermal
sensitivity, and deliquescence). Thus, the laser intensity in
the ICF facility has been severely restricted, leading to a
delay in fusion ignition [6,7]. Efficient machining of high-
quality KDP crystal has become a technical bottleneck
worldwide.
Machining methods, such as single-point diamond

turning (SPDT), magnetorheological finishing (MRF),
and ion beam figuring (IBF) have been proposed to solve
this problem. A smooth surface with a root mean square
(RMS) roughness of 1.09 nm has been successfully
obtained through SPDT [8]. However, feed rate and
cutting depth are strictly restricted to reduce the negative
effects of micro-waviness and subsurface damage, leading
to low machining efficiency [9–11]. For MRF, special
magnetorheological fluids for the KDP crystal have been
developed, and a damage-free surface with an RMS
roughness of 0.65 nm has been obtained [12]. Never-
theless, the machining efficiency is considerably compro-
mised to avoid the embedding of carbonyl iron powder and
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abrasive [13–15]. In IBF, a mirrorlike surface has also been
achieved, but the machining efficiency is extremely low
owing to material removal on the atomic scale [16].
Moreover, the high temperature gradient generated on the
surface of the KDP crystal during the bombardment of ion
beam easily leads to the formation of cracks [17,18].
Although the machining quality is good for these methods,
the efficiency still cannot meet the requirement of the ICF
facility. For poor quality KDP crystal workblank, at least
several hours are needed to achieve surface planarization.
Therefore, the KDP crystal workblank must be prepro-
cessed by high-efficiency approaches to quickly remove
the initial surface damage before using these machining
methods.
Our research team proposed a water-dissolution polish-

ing technique [19,20], in which the water concentration is
precisely regulated by micro-emulsion fluid consisting of
alcohols, surfactant, and deionized water to achieve
controllable deliquescence. The product of deliquescence
is then removed by the polishing pad to achieve surface
planarization [21–23]. Compared with the above methods,
the efficiency of machining is improved remarkably with a
material removal rate (MRR) of 500 nm/min [24,25].
However, chemical impurities in the micro-emulsion fluid
inevitably contaminate the surface of the KDP crystal and
subsequently decrease the LIDT. Hence, a high-efficiency
polishing approach without surface contamination should
be developed to achieve controllable deliquescence by
using other catalysts instead of the micro-emulsion fluid.
This paper proposes a high-efficiency polishing approach

for the KDP crystal using two-phase air–water fluid
(TAWF), in which water flows as a dispersed phase in a
continuous air phase. TAWF has been widely applied in
many industrial processes, such as steam generators,
chemical reactors, and nuclear reactors [26,27]. Control-
lable deliquescence is implemented by the TAWF without
any chemical impurity. The dissolution layer produced by
controllable deliquescence is then removed for surface
planarization through the mechanical action of the
polishing pads. The mechanism of the proposed method
(i.e., TAWF polishing) was investigated, and a special
device was then built to polish the KDP crystal. The effect
of relative humidity (RH) on polishing performance was
analyzed to improve the regulation accuracy of the rate of
deliquescence. The relationship between key parameters
(i.e., polishing pressure, revolution rate, and polishing pad)
and surface planarization was also studied. The results
indicate that high-efficiency surface planarization could
be achieved by employing TAWF polishing, and the
KDP crystal can be well preprocessed for subsequent
machining.

2 Mechanism of TAWF polishing

Deliquescence rate increases with moisture absorption.

Meanwhile, the surface characteristics of the KDP crystal
change differently. With a relatively low deliquescence
rate, a dissolution layer that could be easily removed by
mechanical action is formed by the deliquescence product.
As the rate of deliquescence reaches beyond a certain
point, corrosion structures appear on the crystal surface, as
shown in Fig. 1. The surface quality of the KDP crystal is
substantially degraded because of these structures, which
should be avoided for surface planarization. Therefore, the
amount of absorption of moisture must be precisely
regulated to make deliquescence controllable. To this
end, a TAWF polishing was developed. Uniform disper-
sion of liquid water was performed through the two-phase
structure of the TAWF. The amount of moisture absorbed
by the KDP crystal could be regulated by changing the
supply rate of the TAWF, and the controllable deliques-
cence was thus implemented.

The mechanism of surface planarization in TAWF
polishing is shown in Fig. 2. During the polishing process,
discrete water particles in the TAWF located between the
polishing pad and the KDP crystal were absorbed to
perform controllable deliquescence. A dissolution layer
was then formed on the surface of the KDP crystal. The
dissolution layer was gradually removed owing to the
mechanical action of the polishing pad. However, the
MRR of the peaks and valleys of surface micro-topography
was different. For the peaks, the dissolution layer could be
quickly removed due to the direct contact with the
polishing pad. For the valleys, the dissolution layer was
located in the recessed region. The mechanical action of
the polishing pad was remarkably weakened, which
indicates a much lower MRR compared with that of the
peaks. Therefore, the distance between the peaks and
valleys was reduced, and surface planarization was thus
performed. Additionally, owing to the different MRR, the
dissolution layer at the valleys could not be fully removed
in a timely manner. The residual dissolution layer can
inevitably infiltrate into the substrate of the KDP crystal.
During the process of infiltration, the dissolution layer
absorbs fresh solute from the substrate. A high concentra-
tion region is then formed near the surface of the substrate,
which impedes the infiltration behavior [28]. Therefore,
most of the substrate can be protected.

Fig. 1 Corrosion structures of deliquescence.
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3 Experimental details

3.1 Building a device for TAWF polishing

The TAWF polishing device was mainly composed of six
components, namely, TAWF generator, planetary motion
system, polishing platform, recovery unit, diffusion
chamber, and marble base. A detachable polyethylene
(PE) cover and a humidifier were also introduced to
regulate RH during the polishing process. The schematic
of the TAWF polishing device is shown in Fig. 3. A class
1000 cleanroom, where RH£15% and temperature was
23 °C, was used to place the polishing device.
For the TAWF generator, the uniform dispersion of

liquid water was implemented due to the high-frequency
vibration of an ultrasonic transducer. Micron-sized water
particles were thus formed. Compared with other disper-
sion techniques, the ultrasonic one has a number of
advantages, such as stability of discrete distribution,
consistency of particle size, and controllability of flow
rate [29]. The air in the cleanroom was sucked into the

TAWF generator by a fan and then mixed with the micron-
sized water particles. Thus, the TAWF was formed. The
supply rate of the TAWF, described by the mass flow of
micron-sized water particles (MFmwp), was controlled by
regulating the fan speed.
The diffusion chamber was fixed on the marble base.

The polishing platform with some circle-distributed holes
was installed on the top of the diffusion chamber. A
polishing pad was attached to the upper surface of the
polishing platform. The polishing pad also contained holes
identical to the holes located on the polishing platform.
The recovery unit used to recycle excessive TAWF by
creating negative pressure was installed on the edge of the
polishing platform. The planetary motion system contain-
ing a rotation motor, a revolution motor, and a loading unit
was fixed on the marble base. For this motion system, the
rates of rotation and revolution can be regulated separately.
The loading unit was used to generate the polishing
pressure. The KDP crystal was clamped at the bottom of
the loading unit.
During the polishing process, the TAWF flowed from

the TAWF generator into the diffusion chamber through
pipes and then ejected from the holes located on the
polishing pad. The KDP crystal executed a planetary
motion on the surface of the polishing pad and periodically
passed the areas above the holes. The TAWF touched the
crystal surface to form a dissolution layer as the KDP
crystal reached the area above the hole. Subsequently, the
dissolution layer was gradually removed by the polishing
pad to achieve surface planarization as the KDP crystal left
the area above the hole.

3.2 Preparing for polishing experiments

Polishing experiments were conducted by using the
aforementioned polishing device (Fig. 3). KDP crystals

Fig. 2 Surface planarization mechanism in TAWF polishing.

Fig. 3 Schematic of TAWF polishing device.
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with dimensions of 30 mm� 30 mm� 10 mm were
prepared as experimental samples. Fixed abrasive lapping
films (Riken Corundum, Japan) were employed in the tests
of the effect of RH on polishing performance to preprocess
the KDP crystal samples and achieve the consistency of the
surface topography with an average RMS surface rough-
ness of 220 nm. A TEC-168S (Chiyoda, Japan) was
chosen as the polishing pad. The MFmwp was set to
0 mg/min to highlight the effect of RH. The rate of rotation
was set to 230 r/min, the polishing pressure was set to
13 kPa, and the rate of revolution was set at 17 r/min. A
temperature humidity meter (Mboos MBS-323, China)
was adopted to measure RH. As the precise control of RH
is extremely difficult, the fluctuation of RH is inevitable.
Therefore, the RH in each test was characterized by
average relative humidity (ARH), which was in the range
of 15%–90%. The testing time was set to 60 min with
regard to each ARH. Furthermore, a series of TAWF
polishing experiments were carried out to investigate
the effect of key parameters on surface roughness and
MRR. The process parameters are listed in Table 1. The
polishing pad are: TEC-168S; TEC-6377 (Chiyoda, Japan);
530N7501 (Chiyoda, Japan); and IC-1000 (Dow Chemi-
cal, USA).
The surface of the KDP crystal sample was observed by

an optical microscope (Olympus MX40, Japan). A 3D
surface profiler (Zygo NV5022, USA) was used to obtain
the surface profile and RMS surface roughness. An ultra-
precision analytical balance (Sartorius CP225D, Germany)
was used to calculate the MRR of each polishing
experiment. The 3D microcosmic morphologies of the
surface and lateral section of polishing pads were detected
by a laser scanning confocal microscope (Keyence VK-
X200 series, Japan).

4 Results and discussion

4.1 Effect of RH on polishing performance

The RMS surface roughnesses and MRR at different ARHs
are shown in Fig. 4. Moisture content was extremely low as
ARH was 15%, which was not enough to trigger
deliquescence. After 60 min of polishing, the RMS surface
roughness was reduced by 4.83% at 214.8 nm, and the
MRR was approximately 0 nm/min. Therefore, effective
material removal for the KDP crystal without deliques-
cence could not be performed merely by the polishing pad.
The polishing performance was not affected by low ARH

(£15%) at 23 °C.
Subsequently, as the ARH increased from 15% to 60%,

the RMS surface roughness reduced to 115.3 nm, and the
MRR rose to 104.5 nm/min. Moisture content increased
with the rise in ARH. Meanwhile, deliquescence occurred
on the surface of the KDP crystal. The rate of deliquescence
rose with rising ARH and subsequently led to an increase
in the formation rate of the dissolution layer. As this layer
was removed by the polishing pad, the efficiency of surface
planarization and MRR rose accordingly. Figure 5 shows
the surface topography of the KDP crystal before and after
the polishing process at an ARH of 60%. The depth and
distribution density of lapping textures, which were mainly
composed of parallel scratches, greatly decreased.

When the ARH reached 90%, the RMS surface rough-
ness decreased by 63%, and the MRR reached 189.4
nm/min. Hence, improving the polishing performance with
increasing RH is theoretically feasible. However, this
method has not been successfully implemented yet because

Table 1 Process parameters of TAWF polishing

Polishing
pressure/kPa

Revolution
rate/(r$min–1)

MFmwp

/(mg$min–1)
Rotation rate
/(r$min–1)

Polishing time
/min

Preprocessing
method

Relative
humidity/%

2–20 4–70 150 200 50 Lapping £15

Fig. 4 RMS surface roughnesses and MRR at different ARHs.

Fig. 5 Surface topography of KDP crystal before and after the
polishing process at an ARH of 60%. (a) Before polishing; (b) after
polishing.
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the precise control of RH is extremely difficult during
TAWF polishing. Once RH fluctuates, controllable deli-
quescence can easily be disrupted and lead to the formation
of corrosion structures (Fig. 1). Therefore, RH needs to be
restricted to a low level to avoid its influence on the
deliquescence rate, which is controlled by regulating the
supply rate of the TAWF.
Based on the above investigations, material removal in

TAWF polishing is mainly contributed by the synergistic
effect of deliquescence and the polishing pad. The possible
ways of material removal can be expressed as:

MR ¼ MRm þMRd þMRs, (1)

where MR is the total amount of material removal in
TWAF polishing, and MRm, MRd, and MRs are the amount
of material removal derived from the mechanical action of
the polishing pad, deliquescence, and the synergistic effect
of these two factors, respectively. MRm is approximately 0
g because no effective material removal can be performed
merely by the polishing pad. MRd is always negative
because the KDP crystal absorbs moisture in the process of
deliquescence. Hence, the majority of MR must be
contributed by MRs.

4.2 Relationship between polishing parameters and surface
planarization

The effect of polishing pressure on RMS surface roughness
and MRR is shown in Fig. 6. The polishing pad was TEC-
168S, and the revolution rate was 13 r/min. As polishing
pressure increased from 2 to 8 kPa, MRR became higher,
and RMS surface roughness decreased. The mechanical
action of the polishing pad was enhanced with the
increasing polishing pressure. Consequently, the amount
of removal of the dissolution layer rose. Moreover, for the
peaks of surface micro-topography, the MRR significantly
increased with stronger mechanical action derived from the
increasing polishing pressure. By contrast, the valleys
located in recessed regions still could not fully come in
contact with the polishing pad, thus, MRR was only

slightly increased. Hence, the difference of MRR between
the peaks and the valleys got larger. The efficiency of
surface planarization rose accordingly, an indication of a
low RMS surface roughness.
The mechanical action of the polishing pad was

strengthened when the polishing pressure increased from
8 to 12 kPa. However, MRR and RMS surface roughness
remained unchanged (Fig. 6). The formation rate of the
dissolution layer was not considered a variable due to a
constant MFmwp. The polishing pad touched the substrate
without deliquescence as the rate of mechanical action of
the polishing pad was higher than that of the formation of
the dissolution layer. At this point, no effective material
removal can be implemented as evidenced in Section 4.1.
Furthermore, RMS surface roughness increased by 67.2%
as the polishing pressure increase from 12 to 20 kPa.
Meanwhile, a number of black residues were observed on
the surface of the KDP crystal (Fig. 7). The abrasion
resistance of the TEC-168S was poor owing to the texture
of flannelette. The fluff on the TEC-168S was easily worn
and shed under excessive polishing pressure. Conse-
quently, the flatness of TEC-168S was reduced, which
led to the degradation of polishing performance. Mean-
while, part of the shedding fluff attached to the surface of
the KDP crystal to form these black residues.

The effect of revolution rate on RMS surface roughness
and MRR is shown in Fig. 8. The polishing pressure was
14 kPa, and the polishing pad was TEC-168S. As
revolution rate rose from 4 to 16 r/min, the mechanical
action of the polishing pad was enhanced, and the removal
rate of the dissolution layer became higher. Therefore, the
MRR increased. Meanwhile, the difference of MRR
between peaks and valleys increased similarly to polishing
pressure. Hence, the increased efficiency of surface
planarization led to the decrease in RMS surface rough-
ness. When the revolution rate exceeded 16 r/min, the
RMS surface roughness began to increase, and the MRR
was reduced. The planetary motion of the KDP crystal
became unstable, and the stability was reduced with
increasing revolution rate. Meanwhile, the close contact
between the KDP crystal and the polishing pad was nearly
absent, and the efficiency of material removal and surface
planarization decreased accordingly. Furthermore, the
stability of the planetary motion was significantly reduced

Fig. 6 The effect of polishing pressure on RMS surface
roughness and MRR.

Fig. 7 Black residues on the surface of KDP crystal.

298 Front. Mech. Eng. 2020, 15(2): 294–302



as the revolution rate reached 70 r/min. The polishing pad,
which was scratched by the edges of the KDP crystal (Fig.
9), led to a loss of polishing performance.

4.3 Optimization of polishing pads and its application

Optimization of polishing pads was carried out to further
improve the polishing performance. Four kinds of
polishing pads (i.e., TEC-6377, IC-1000, 530N7501, and
TEC-168S) whose textures were representative were

chosen for the polishing tests. The 3D microcosmic
morphologies of these polishing pads are shown in Fig.
10. The topographies of corresponding polished surfaces
are shown in Fig. 11. For TEC-6377, a large number of
scratches derived from the lapping process were not
removed, and new scratches were also formed (Fig. 11(a)).
TEC-6377 is made of polyurethane and fiber. Part of the
fiber is exposed on the surface (Fig. 10(a)). High local
pressure was created, under which new scratches easily
formed owing to the small contact area between the crystal
surface and the exposed fiber. Moreover, the mechanical
action of TEC-6377 was substantially degraded due to the
smooth surface of the fiber and subsequently decreased
MRR.
IC-1000 is mainly made of high-density polyurethane

(Fig. 10(b)). The flatness and hardness of IC-1000 were
higher than the other three polishing pads. Hence, IC-1000
can avoid the deterioration of flatness of the KDP crystal
and improve the efficiency of polishing simultaneously. A
high-quality surface could be quickly obtained by using
IC-100 as verified through a series of polishing tests (Fig.
11(b)). The corresponding MRR was about 2 µm/min,
which increased by more than 400% compared with the
previous techniques of water-dissolution polishing [30].
Besides, the machining efficiency of IC-1000 was also
much higher than TEC-168S. However, IC-1000 cannot
implement a closer contact with the crystal surface owing
to low compressibility, which restricted the further
improvement of surface quality.
The surfaces of 530N7501 and TEC-168S are made of

flannelette (Figs. 10(c) and 10(d)). However, the surface
topographies of the KDP crystal obtained by these two
polishing pads were different. For the 530N7501, the
lapping textures were not completely removed, and the
flatness of the crystal surface was bad owing to some
uneven regions (Fig. 11(c)). By contrast, a mirrorlike
surface was obtained by using TEC-168S (Fig. 11(d)). The

Fig. 8 The effect of revolution rate on RMS surface roughness
and MRR.

Fig. 9 Scratches on the polishing pad.

Fig. 10 3D microcosmic morphologies of the polishing pads. (a) TEC-6377; (b) IC-1000; (c) 530N7501; (d) TEC-168S.
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main reason for this difference is that the substrates of
these two polishing pads were different. The substrate of
the 530N7501 was made of felt, which was both soft and
resilient (Fig. 12(a)). Excessive local deformations, which
were formed during the polishing process to achieve full
contact with the surface of the KDP crystal, caused two
negative effects. First, the flatness of the KDP crystal was
decreased. Second, the mechanical action for the valleys of
the surface micro-topography was significantly enhanced.
The reduced difference of MRR between the peaks and
valleys led to a decreased in the efficiency of surface
planarization. The substrate of TEC-168S was synthesized
from polyethylene terephthalate (PET) as shown in Fig.
12(b). Excessive local deformation was avoided when
TEC-168C was used owing to the high hardness and

excellent resistance to deformation of PET.
According to the above studies, a high-efficiency

composite process of TAWF polishing was conducted.
This process was composed of two polishing stages, and
the relevant parameters are listed in Table 2. At the 1st
polishing stage, IC-1000 was used to quickly remove the
lapping textures and initial damage located on the surface
of the KDP crystal. Subsequently, at the 2nd stage of
polishing, surface planarization was further implemented
by employing TEC-168S. At the end, a smooth surface
with an RMS surface roughness of 5.5 nm was obtained in
20 min (Fig. 13), and the average MRR was 1.7 mm/min.
The machining efficiency was increased by 150%
compared with that using TEC-168S only. Thus, the
good surface was well preprocessed for subsequent
machining.

5 Conclusions

A high-efficiency polishing approach for KDP crystal was
developed to avoid surface contamination and solve the
inefficiency of previous water-dissolution polishing tech-
niques. TAWF was used for controllable deliquescence
without any chemical impurity. The product of deliques-
cence was then removed by a polishing pad to implement
surface planarization. The mechanism of TAWF polishing
was studied, and a special device was built to polish the
KDP crystal. The relationship between RH and polishing
performance was investigated, and the effects of polishing
pressure and revolution rate on surface planarization were
analyzed. In addition, the optimization of the polishing
pads and its application were also performed. The main
conclusions can be drawn as follows:
1) Uniform dispersion of liquid water is implemented by

utilizing the two-phase structure of the TAWF. The amount
of moisture absorbed by the KDP crystal is regulated by
changing the supply rate of the TAWF, and thus the
controllable deliquescence can be achieved.
2) Improving the polishing performance with increasing

RH is theoretically feasible. However, the precise control
of RH is extremely difficult during the TAWF polishing
process. Once RH fluctuates, controllable deliquescence
can easily be disrupted and leads to the formation of
corrosion structures.
3) In TAWF polishing, material removal is mainly

contributed by the synergistic effect of deliquescence and

Fig. 11 Surface topographies of KDP crystal obtained by
using different polishing pads. (a) TEC-6377; (b) IC-1000;
(c) 530N7501; (d) TEC-168S.

Fig. 12 Microcosmic morphologies of lateral section of the
polishing pads. (a) 530N7501; (b) TEC-168S.

Table 2 Parameters of composite TAWF polishing process

Polishing
stage

Polishing
pad

Polishing
pressure/kPa

Revolution
rate/(r$min–1)

MFmwp

/(mg$min–1)
Rotation

rate/(r$min–1)
Polishing
time/min

Preprocessing
method

Relative
humidity/%

1st IC-1000 16 24 200 62 15 Lapping (3000
Grit)

£15

2nd TEC-168S 8 13 150 200 5 N/A £15
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the polishing pad. No effective material removal for KDP
crystal without deliquescence can be performed merely by
the polishing pad.
4) Excessive polishing pressure and revolution rate

degrade the polishing performance and substantially
reduce the life of the polishing pad.
5) The machining efficiency was increased by 150%

through the composite process of TAWF polishing using
IC-1000 and TEC-168S compared with that using TEC-
168S only, and a smooth surface with an RMS surface
roughness of 5.5 nm was obtained. Thus, a good surface
was well preprocessed for the subsequent machining
process.
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