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Novel abrasive‑free jet polishing 
for Bulk single‑crystal KDP 
with a low viscosity microemulsion
Yan Zhang, Qichao Fan, Wei Gao, Chao Wang* & Fang Ji*

In present work, the abrasive-free jet polishing (AFJP) of bulk single-crystal KDP was first fulfilled, 
when using a newly-designed low-viscosity microemulsion as the AFJP fluid. The novel AFJP fluid 
shows a typical water-in-oil structure, in which the water cores uniformly distribute in the BmimPF6 
IL, with a particle size of about 20–25 nm. What’s more, the AFJP fluid is a controllable and selective 
non-abrasive jet fluid that the shape of the removal function is regular and smooth, presenting a 
similar Gaussian function, meanwhile, the dispersion coefficient of the removal rate is only 1.9%. 
Finally, the surface quality of the bulk single-crystal KDP is further improved by AFJP, meanwhile, the 
subsurface damage is first obviously mitigated.

Bulk single-crystal potassium dihydrogen phosphate (KDP) is a unique single crystal material with excellent opti-
cal properties, such as high nonlinear conversion efficiency, superior photoelectric and piezoelectric properties1–3, 
and thus has been chosen as the key optical material of inertial confinement fusion (ICF) facility which is 
regarded as the future of nuclear energy4–6. However, KDP is very difficult to cut and polish, because the optical 
material is crisp, soft and easy to dissolute at atmosphere7–9. Currently, the only practical precise KDP machin-
ing technique is single-point diamond turning (SPDT)10–12. However, this method inevitably generates some 
microcosmic grooves, scratches and cracks on the crystal surface, and thus deteriorates the optical properties 
of KDP13–15.

In order to improve the surface quality, many polishing methods have been developed for KDP ultra-preci-
sion, such as magnetorheological finishing (MRF)16–18, ion-beam figuring (IBF)19,20, and chemical mechanical 
polishing (CMP)21,22. As to MRF, the magnetic particles are easy to embed into the crisp and soft KDP surface 
and thus cause secondary pollution18. As compared to MRF, the IBF and CMP are particle-free polishing meth-
ods. However, IBF usually generates a temperature gradient field on the KDP surface, and thus causes thermal 
cracks19,20, while CMP is hard to ensure a good surface uniformity for large-size KDP because of the high viscosity 
of the polishing fluid21,22.

Recently, we have developed an abrasive-free jet polishing (AFJP) method for the mitigation of subsurface 
damage caused by SPDT, using a water-in-oil (w/o) type microemulsion as the AFJP fluid, which contains 
large amounts of nanoscale water-cores evenly dispersed in the non-aqueous carrier ionic liquid (IL)23–25. The 
addition of a long-chain surfactant is essential for forming nanoscale water-cores in IL, since it decreases the 
surface energy between water and IL phases26. In the static state, the water-cores are separated from the KDP 
by the barrier of the long-chain surfactant and IL. During the AFJP process, the barrier is broken by the impact 
press, and then the water-cores in IL can contact and remove KDP through dissolution at the interface. Gener-
ally speaking, the novel AFJP provides a new way addressing the ultra-precision KDP polishing, meeting the 
requirements of high-energy laser systems.

In previous study, the common 1-butyl-3-methylimidazolium hexafluorophosphate (Bmim[PF6]) and Triton 
X-100 (TX-100) have been chosen as the IL and surfactant of the microemulsion H2O/TX-100/Bmim[PF6] (BF), 
respectively23–25. The common microemulsion BF first demonstrates the novel AFJP method of polishing KDP 
crystal. However, due to its extremely high viscosity, 215mpa·s at room temperature (RT), the BF is easily mixed 
with air which produces large amounts of bubbles, and thus significantly affects the stability of removal function, 
limiting the practical application of AFJP in polishing large-size KDP crystal.

In present work, a new type of low-viscosity microemulsion is designed as the AFJP fluid, under the premise 
of good compatibility with KDP. Because of its low viscosity, the AFJP fluid effectively addresses the problem of 
bubble generation during the polishing process, which obviously improves the stability of the removal function, 
thereby first fulfills the practical application of AFJP in large-size KDP ultra-precise polishing.
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Methods
The microemulsions were synthesized at a constant environment temperature 25 °C. The original materials, 
Bmim[TF2N], Bmim[PF6], TX-100 surfactant and BuOH co-surfactant, with a purity higher than 99%, were all 
bought from Sigma Aldrich. The molecular structure, formula and weight of these original materials are shown 
in Fig. 1. The water is deionized water. As shown in Table 1, four kinds of microemulsions were prepared by mix-
ing above pure materials, and expressed as follows: H2O/TX-100/Bmim[PF6] (BF), H2O/TX-100/Bmim[TF2N] 
(BT1 BT2 and BT3), H2O/TX-100:BuOH/Bmim[TF2N] (BT + BuOH) and H2O/TX-100:BuOH/Bmim[PF6] 
(BF + BuOH). The viscosity of these microemulsions was measured by a rotational viscometer (Brookfield Model: 
LVDV-II + P). During the viscosity measurement, a calibrated beryllium-copper spring was used to drive a rotor 
to continuously rotate in the fluid, while the torque was measured by a rotational torque sensor. The torque is 
proportional to the viscosity of the liquid. The BF, BT1, BT2 and BT3 were tested using SC4-34 (sample volume 
10 mL, measurement range 30 ~ 600 K mpa.s) rotors, while the BF/BT1 + BuOH were tested using SC4-18 (sam-
ple volume 8 mL, measurement range 1.5 ~ 30 K mpa.s) rotors. The initial speed was set to 100 rpm, while the 
speed increment and cycle number were set to 5 rpm/min and 20, respectively. The testing temperature was set 
to 25 °C. The ambient humidity was 35%. The data were collected by an external display and recording device, 
with a collecting interval of 30 s.

Meanwhile, the compatibility between these microemulsions and KDP was conducted by placing the micro-
emulsions on the KDP surface for 14 h, and then the KDP surface was observed using an optical microscope. 
The cryo-transmission electron microscope (cryo-TEM FEI Talos Arctica) was used to visually confirm the 
microemulsion structure. A self-designed AFJP device was used to conduct the multi-point experiment and 
polishing experiment of bulk single-crystal KDP25. The multi-point experiment was performed to evaluate 
the removal controllability and stability of the newly-designed low-viscosity microemulsion (AFJP fluid) BT1, 
BT2 and BT3, with the praying pressure, distance and nozzle of 0.5 MPa, 10 mm and 1 mm, respectively. The 

Figure 1.   The molecular structure, formula and weight of TX-100, Bmim[TF2N], Bmim[PF6] and BuOH.

Table 1.   Microemulsion constitutions.

Name Microemulsion constitution Water content (wt%) From

BF H2O/TX-100/Bmim[PF6] 2 23–25

BF + BuOH H2O/TX-100:BuOH/Bmim[PF6] 2 This work

BT1 H2O/TX-100/Bmim[TF2N] 2 This work

BT2 H2O/TX-100/Bmim[TF2N] 3 This work

BT3 H2O/TX-100/Bmim[TF2N]] 5 This work

BT1 + BuOH H2O/TX-100:BuOH/Bmim[TF2N] 2 This work
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morphology feature was detected using a laser interferometer (ZIGO, λ = 632 nm). The spraying time of BT1, 
BT2 and BT3 is 5 min, 1 min and 10 s, respectively, making sure of that the spot depth is between the testing 
range of the laser interferometer. The AFJP polishing experiment was conducted on the (010) surface of the bulk 
single-crystal KDP using the newly-designed low-viscosity AFJP fluid BT1. Before polishing experiments, the 
(010) surface was precisely machined using SPDT. The spindle speed, cutting depth and feed rate of SPDT were 
280 r/min, 4 μm and 4 mm/min, respectively. After machining, the (010) SPDT surface was polished by AFJP 
using the newly-designed low-viscosity AFJP fluid BT1. The scanning area, scanning speed, step distance and 
number of scans were 35 mm × 35 mm, 0.05 mm/s, 0.5 mm and 4, respectively. The spraying pressure, distance 
and nozzle were 0.5 MPa, 10 mm and 1 mm, respectively. The morphology feature before and after AFJP was 
detected using the laser interferometer (ZIGO, λ = 632 nm). The structure of subsurface damage before and 
after AFJP was evaluated using the X-ray grazing incidence technique (GIXRD) by a Bruker D8 Discover XRD 
apparatus with Cu Ka radiation. The scan range (2θ), step size and counting time of GIXRD were 15° ~ 90°, 0.05° 
and 1.32 s, respectively.

Results and discussion
Designing of low‑viscosity AFJP fluid.  Microemulsion is an optically isotropic, thermodynamically and 
kinetically stable liquid solution, consisting of oil, water and a surfactant. In our previous work, the common 
microemulsion BF first demonstrates the novel AFJP method of polishing KDP crystal23–25. The dispersion type 
of the microemulsion BF is water-in-oil, where Bmim[PF6] IL acts as the oil to carry the nanoscale water-cores, 
while TX-100 acts as the surfactant to decrease the surface energy between BmimPF6 IL and water, thus promot-
ing the formation of nanoscale water-cores23–25. Figure 2 presents the surface tension of TX-100 with different 
concentrations. Shown in the figure, when the surfactant concentration is low, the surface tension decreases 
sharply with increasing the concentration. The surface tension reaches a steady state with further increasing the 
concentration after reaching the critical micelle concentration (CMC), which is the minimum concentration 
required to form micelles27–29. The CMC is determined to be about 0.001 mol/L.

However, the microemulsion BF presents an extremely high viscosity of 215mpa·s at room temperature, and 
thus limiting the practical application of AFJP in polishing large-size KDP crystal. Previously, Wasserscheid et al. 
systematically studied the effect of anions on the viscosity of IL30. Generally, in IL with the cations [Bmim +], 
the viscosity order with different anions is: η[PF6]−> η[SbF6]−>η[BF4]−>η[TF2N]− . Although the Bmim[TF2N] 
has a comparable strong Van der Waals force, its viscosity is the lowest, mainly because its hydrogen bonds are 
completely suppressed, and thus compensate for the viscosity increasing caused by strong Van der Waals force. 
In addition, Huddleston et al. analyzed the thermal stability of imidazole IL31. It is found that the stability of IL 
with [TF2N]- anion is higher than that of IL with [BF4]- and [PF6]- anions. Meanwhile, Bansal et al. found that 
n-butanol can be used as a co-surfactant to reduce the viscosity of microemulsions32. Based on previous research, 
in order to reduce the viscosity and ensure the stability, three kinds of microemulsions (shown in Table 1) have 
been designed in present work. One type is the system H2O/TX-100/Bmim[TF2N] (BT1, BT2 and BT3), while 
other two types are n-butanol BuOH co-surfactant systems H2O/TX-100:BuOH/Bmim[TF2N] (BT1 + BuOH) 
and H2O/TX-100:BuOH/Bmim[PF6] (BF + BuOH). Figure 3 schematically illustrates the structure of the micro-
emulsions. Shown in Fig. 4, the viscosity value of these microemulsions is stable with increasing the shear rate 
(γ). Interestingly, the newly-designed microemulsions BT1, BT2 and BT3 present a low viscosity of 153mpa·s, 
138mpa·s and 114mpa·s, respectively, which are obviously lower than that of microemulsion BF showing a high 
viscosity of 215mpa·s. After adding the co-surfactant BuOH, the microemulsion systems of BT1 + BuOH and 
BF + BuOH present an extremely low viscosity of 11mpa·s and 4mpa·s, respectively.

The compatibility between these microemulsions and KDP was conducted by placing the microemulsions 
on the KDP surface. Figure 5a shows the initial KDP surface. Shown in Fig. 5b, as compared to the initial 

Figure 2.   The relationship between the surface tension (γ mN/m) and concentration (c mol/L).
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KDP surface, there is almost no deliquescence on the KDP surface in the newly-designed microemulsion BT1. 
However, shown in Fig. 5c–f, there is an obvious deliquescent phenomenon and yellowish color change on 
the KDP surface in the microemulsions BT2, BT3, BT1 + BuOH and BF + BuOH. It is supposed that the free 
water molecules appear in BT2 and BT3, and thus cause serious deliquescence on the KDP surface. In addi-
tion, the n-butanol BuOH absorbs large amounts of moisture from the air which also exists in BT1 + BuOH and 
BF + BuOH in the form of free water molecules, resulting in deliquescence on the KDP surface. Accordingly, 
the microemulsions BT2, BT3, BT1 + BuOH and BF + BuOH are not suitable for jet polishing, although they 
present an extremely low viscosity. In present work, basing on above viscosity and compatibility analysis, the 
newly-designed microemulsion BT1 can be chosen as the potential AFJP fluid. Before the AFJP experiment, it 
is essential to confirm the structure of the AFJP fluid. In this work, the cryo-transmission electron microscope 
(cryo-TEM) is used to visually confirm the microemulsion structure. Shown in Fig. 6, according to the TEM 
results, the AFJP fluid BT1 was concluded to be a typical water-in-oil structure, in which the water cores present 
an excellent dispersibility and uniformly distribute in the BmimPF6 IL, with a particle size of about 20–25 nm.

The controllability and stability of material removal are essential for determining the practicability of the 
AFJP fluid. For the newly-designed low-viscosity AFJP fluid BT1, a multi-point spot AFJP removal experiment 
was performed to evaluate the removal controllability and stability. Figure 7 shows the contours and the corre-
sponding cross-sections of these jet spots. It can be clearly seen that the shape of the spot morphology is regular 
and smooth, presenting a similar Gaussian removal function. Meanwhile, there is no trace of jet fluid flow. 
Accordingly, it can be concluded that the AFJP fluid BT1 is a controllable and selective non-abrasive jet fluid. 
Meanwhile, shown in Fig. 8, as compared to the jet spots of previous results which present a high discrepancy 

Figure 3.   Schematic illustration of the w/o IL microemulsion structure.

Figure 4.   The viscosity of the microemulsions (BF, BT1, BT2, BT3, BF + Ba(OH) and BT1 + Ba(OH)).
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when using the AFJP fluid BF23, the jet spots when using the low-viscosity AFJP fluid BT1 are nearly the same, 
indicating a high material removal stability.

Shown in Fig. 8a, the KDP removal rates (maximum value) of these six jet spots using the AFJP fluid BT1 
are obtained as 240.1 nm/min, 233.6 nm/min, 241.1 nm/min, 243.8 nm/min, 241.8 nm/min and 247.4 nm/
min, respectively. In present work, the dispersion coefficient VS is used to evaluate the removal stability which 
is expressed as follow:

(1)VS = S/x

Figure 5.   The KDP surface: (a) before soaking, (b) after soaking in BT1 for 14 h, (c) after soaking in BT2 
for 14 h, (d) after soaking in BT3 for 14 h, (e) after soaking in BF + Ba(OH) for 14 h and (f) after soaking in 
BT1 + Ba(OH) for 14 h.

Figure 6.   The cryo-TEM images of the microemulsion BT: (a) low magnified image, (b) high magnified image 
and (c) the schematic illustration of the microemulsion distribution.
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Figure 7.   The 3D removal characteristics and corresponded 2D morphology features of jet spots using the BT1 
(the time, pressure and nozzle are 5 min, 0.5 MPa and 1 mm, respectively. λ = 632 nm).

Figure 8.   The 2D morphology features of jet spots using (a) the BT (the time, pressure and nozzle are 5 min, 
0.5 MPa and 1 mm, respectively) and (b) the BF (the time, pressure and nozzle are 20 s, 0.5 MPa and 1 mm, 
respectively23).
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where S and x are the variance and average value of removal rates, respectively, and expressed as follows:

Based on the removal rates and Eqs. (1), (2) and (3), the dispersion coefficient of removal stability using the 
low-viscosity AFJP fluid BT1 is calculated to be only 1.9%. However, based on the volumetric removal rates 
provided in the previous research23, the dispersion coefficient using AFJP fluid BF is calculated to be as high as 
87.9%. Thereby, it can be concluded that the removal stability is greatly improved by using the low-viscosity AFJP 
fluid BT1, which is essential for the practical application of AFJP in KDP crystal polishing.

Figure 9 schematically illustrates the removal mechanism of AFJP. So far, it is impossible to directly observe 
the reforming process of water cores based on the existing methods. Previously, Chen et al. investigated the 
deforming and reforming process of water cores at the nanoscale using molecular dynamics simulations33,34. 
Based on the simulation and calculation results, it is found that the impact process of nanoscale water cores can 
be divided into two stages: the deforming stage and reforming stage, when the impact velocity is lower than 
665 m/s. At the deforming stage, the droplet undergoes a strong deformation, the spreading radius increases, and 
the height of the droplet decreases. The initial kinetic and potential energies of the droplet partly transform into 
the surface free energy. At the end of this spreading stage, the droplet reaches its maximum spreading radius. 
Afterwards, under the effect of surface tension, the droplet undergoes the reforming stage, the spreading radius 
of the droplet decreases, and the droplet reverts to the spherical shape. In addition, the same as traditional AJP35, 
due to the spraying and moving of jet fluid, there is a stress field P(x) and velocity field v(x) distributed on the 
KDP surface. After the impact process, the stress caused by the stress field P(x) keeps the water cores contacting 
the KDP surface, while the velocity field v(x) keeps the water cores moving on the KDP surface. Finally, the KDP 
material is removed by dissolution during the contacting and moving process of the water cores. In dissolution, 
due to the effect of water molecules, the K+, H+ and PO4+ ions on the KDP surface overcome the interaction 
force and then diffuse into the water. Accordingly, the removal rate is a function of stress field P(x) and velocity 
field v(x) . In previous research, due to the extremely high viscosity of BF, the air is easy to mix into the AFJP 
fluid, then produces large amounts of bubbles, which significantly affects the stability of the stress field P(x) and 
the velocity field v(x) , and thus causes a high instability of the removal function, showing an extremely high 
dispersion coefficient of 87.9%. In present work, the viscosity of our newly-designed AFJP fluid BT1 is very low, 
therefore, there is nearly no bubble during a long polishing process, and thus the removal function presents a 
high stability, with a dispersion coefficient of only 1.9%.

In addition, the BT concentration shows a strong influence on the polishing properties. Figures 10 and 11 
show the contours and the corresponding cross-sections of jet spots using BT2 and BT3, respectively. As com-
pared to the jet spots using BT1, the removal rate obviously increases when using BT2 and BT3. It is supposed 
that the increase of water content both increases the diameter and the quantity of water cores and thus increases 
the removal rate. However, as shown in Fig. 12, the stability of removal function obviously decreases. What’s 
more, the removal function is no longer presenting a similar Gaussian function when using BT3. It is supposed 
that the free water molecules in BT2 and BT3 decrease the controllability and stability, especially for BT3, which 
is no longer a microemulsion that the water and oil separate from each other, resulting in a suspension (shown 
in the supplementary material).

Polishing of bulk single‑crystal KDP by AFJP.  In previous research, although the AFJP method is 
sound novel for mitigating the KDP subsurface damage, the method is limited for bulk single-crystal KDP, due 
to the extremely high viscosity of AFJP fluid BF23,24. During the polishing process, the air is easy to mix into the 
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√

n
∑
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Figure 9.   The schematic illustration of removal mechanism of AFJP.
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AFJP fluid BF, then produces large amounts of bubbles, which significantly affects the stability of the stress and 
velocity field. Thereby, the polishing process has to be stopped after a short polishing time. In present work, we 
conducted a polishing experiment on the (010) surface of the bulk single-crystal KDP using the low-viscosity 
AFJP fluid BT1. As shown in Fig. 13, the dimension of the bulk single-crystal KDP is 40 mm × 40 mm × 10 mm. 
Before polishing experiments, the (010) surface was precisely machined using SPDT. Figure 14a shows the (010) 
SPDT surface, in which the PV, RMS and Ra are tested to be 137.7 nm, 25.4 nm and 95.7 nm, respectively. 
After machining, the (010) SPDT surface was polished by AFJP using the low-viscosity BT1 fluid. Figure 14b 
shows the (010) SPDT surface after AFJP, in which the PV, RMS and Ra are reduced to be 80.5 nm, 11.3 nm and 
28.3 nm, respectively. Accordingly, it can be concluded that the surface quality is obviously improved by AFJP.

The subsurface damage of bulk single-crystal KDP shows a fatal impact on the optical properties and the 
laser-induced damage threshold (LIDT) of high-energy laser systems36,37. In present work, the mitigation of 
subsurface damage was evaluated by the GIXRD technique38–41. Figure 15 shows the GIXRD patterns of (010) 
SPDT surface of bulk single-crystal KDP with increasing incident angles from 0° to 17°. The GIXRD patterns 
reflect the structure information of the subsurface layer, the depth of which increases with increasing incident 
angle α42. As shown in Fig. 15, these diffraction peaks can be divided into two types: the type I is independent 
of incident angle, while the type II gradually increases with increasing incident angle. The type I consists of 
(301) and (420) diffraction peaks, which exist at the incident angle ranges of 0° ~ 5.5° and 0° ~ 8.5°, respectively. 
Interestingly, as shown in Fig. 16, after AFJP on the (010) SPDT surface, the intensity of (301) diffraction peak 
sharply decreases, and its corresponding incident angle range also decreases to 0° ~ 1.4°, meanwhile, the (420) 
diffraction peak totally disappears.

The GIXRD geometry of polycrystalline is different from that of bulk single-crystal. According to the GIXRD 
geometry, the diffraction peak of polycrystalline is independent of incident angle, while the diffraction peak of 
bulk single-crystal increases with increasing the incident angle. Therefore, it is supposed that the type I diffrac-
tion peaks correspond to the polycrystalline KDP, while the type II diffraction peaks correspond to the bulk 

Figure 10.   The 3D removal characteristics and corresponded 2D morphology features of jet spots using the 
BT2 (the time, pressure and nozzle are 1 min, 0.5 MPa and 1 mm, respectively. λ = 632 nm).
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Figure 11.   The 3D removal characteristics and corresponded 2D morphology features of jet spots using the 
BT3 (the time, pressure and nozzle are 10 s, 0.5 MPa and 1 mm, respectively. λ = 632 nm).

Figure 12.   The 2D morphology features of jet spots using (a) the BT2 (the time, pressure and nozzle are 1 min, 
0.5 MPa and 1 mm, respectively. λ = 632 nm) and (b) the BT3 (the time, pressure and nozzle are 10 s, 0.5 MPa 
and 1 mm, respectively. λ = 632 nm).
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single-crystal KDP. Accordingly, it can be concluded that the subsurface damage layer consists of single-crystal 
matrix and polycrystalline formed by the broken and crack of bulk single-crystal KDP during SPDT, which is 
schematically shown in Fig. 17. Thereby, the intensity of polycrystalline diffraction peak reflects the damage 
quantity of subsurface layer. According to the evolution of intensity, it is supposed that the damage quantity of 
bulk single-crystal KDP is effectively removed by AFJP. In addition, the incident angle range of polycrystalline 
diffraction peak reflects the thickness of subsurface damage layer. The relationship between the thickness t of 
subsurface damage layer and the incident angle α can be expressed as follows42:

Figure 13.   The bulk single-crystal KDP with a dimension of 40 mm × 40 mm × 10 mm.

Figure 14.   The (010) SPDT surface of the bulk single-crystal KDP with a dimension of 
40 mm × 40 mm × 10 mm: (a) before AFJP and (b) after AFJP using the BT.

Figure 15.   The GIXRD patterns of (010) SPDT surface of bulk single-crystal KDP with increasing incident 
angle from 0° to 17°: (a) the low magnified image and (b) the high magnified image.
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where µ is the KDP absorption coefficient of X-ray,µ = 144.30cm−1 and Gt = 0.63 . In present work, the incident 
angle range of (301) diffraction peak is used to evaluate the thickness of subsurface damage layer of (010) SPDT 
surface before and after AFJP. According to Eq. (4), the thickness of subsurface damage layer is calculated to be 
5.61 μm, which obviously decreases to 1.62 μm after AFJP. Therefore, it can be concluded that the subsurface 
damage layer of bulk single-crystal KDP is effectively mitigated by AFJP.

Accordingly, when using the low-viscosity BT1 fluid, the AFJP method demonstrates its practical application 
in polishing large-size KDP crystal, which both improves the surface quality and mitigates the subsurface damage.

Conclusions
In present work, the AFJP of bulk single-crystal KDP was fulfilled at first time, when using a newly-designed 
low-viscosity microemulsion BT1 as the AFJP fluid. Basing on this research, following can be concluded:

(1)	 The microemulsion BT1 has been designed as the AFJP fluid in present work with a low viscosity of 
140mpa·s. The AFJP fluid BT1 is a typical water-in-oil structure, in which the water cores uniformly dis-
tribute in the BmimPF6 IL, with a particle size of about 20–25 nm.

(2)	 The low-viscosity AFJP fluid BT1 is a controllable and selective non-abrasive jet fluid, that the shape of the 
spot morphology is regular and smooth, presenting a similar Gaussian removal function, meanwhile, the 
dispersion coefficient of the removal rate is only 1.9%.

(3)	 The stress breaks the long-chain surfactant, and keeps the water cores contacting the KDP surface, while 
the velocity field keeps the water cores moving on the surface, and then the KDP is removed by dissolution 
during the contacting and moving process of water cores.

(4)	 The AFJP of bulk single-crystal KDP is fulfilled at first time when using the low-viscosity fluid BT1. The 
surface quality of the bulk single-crystal KDP precisely machined by SPDT, is further improved by AFJP. 
What’s more, the subsurface damage is obviously mitigated.

(4)t =
−ln(1− Gt)

µ[ 1

sinα
+ 1

sin(2θ−α)
]

Figure 16.   The GIXRD patterns of (010) SPDT surface of bulk single-crystal KDP after AFJP with increasing 
incident angle from 0° to 17°: (a) the low magnified image and (b) the high magnified image.

Figure 17.   The schematic microstructure of subsurface damage layer of (010) SPDT surface before and after 
AFJP.
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Data availability
The datasets used and analyzed during the current study are available from the corresponding author on reason-
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