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Abstract

Surface damage has great influence on optical properties, especially the laser-induced damage threshold of optics, and it has
become a difficult and basic issue to find suitable methods to efficiently remove the surface damage for improving the surface
quality. In this paper, the characteristic evolution of brittle scratch and ground/lapped surface damage during inductively
coupled plasma etching (ICPE) process are experimentally investigated on fused silica. Results of damage removal tests show
ICPE can efficiently remove brittle scratch and eliminate the lateral and medial cracks. The PV (peak to valley) and RMS
(root mean square) values of surface roughness increase with the exposure of lateral and medial cracks, and then gradually
decreases with further etching. Finally, the ground and lapped fused silica surfaces with a size of 300 x300x20 mm? are
efficiently processed by ICPE. The power spectral density analysis further demonstrates that the damage can be efficiently
removed by ICPE. This study reveals the damage evolution during ICPE process and also provides technical guidance for
optimizing the efficient damage removal process to rapidly improve surface quality, precision and fabrication efficiency of
fused silica optics.
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Abbreviations 1 Introduction

ICPE Inductively coupled plasma etching

SSD  Subsurface damage Fused silica material has been widely applied in modern
MRF Magnetorheological finishing optical systems such as the inertial confinement fusion
MRR Material removal rate facility and the ultraviolet lithography system, for its excel-
HFE Hydrofluoric acid etching lent optical properties [1]. However, in traditional fabrica-
IBF  Ion beam figuring tion of fused silica optics, the scratch, lateral and medial

crack damages are inevitably produced during the grinding
and lapping process [2]. Moreover, the post-processing for
damage removal cannot yet meet the efficiency requirement
of high performance optical systems [3]. These damages
have a profound influence on the subsequent processes, and
even affect the performance of fused silica optics such as
the laser-induced damage threshold (LIDT) [4, 5]. In recent
decades, it has become a difficult and basic issue to find
suitable methods to efficiently remove conventional grind-
ing and lapping damage for improving the surface quality of
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(HFE), ion beam figuring (IBF), and ICPE, have been used
as the final polishing process to remove the damage gener-
ated during the previous process [4, 5, 12]. MRF can remove
the damage defects, but Ce, Fe contamination in the MRF
polishing fluid is always introduced to the subsurface, which
seriously degrades LIDT [6]. HFE is regarded as a post-
processing method for increasing the damage threshold by
removing the subsurface damage (SSD) in hydrofluoric acid
solution [7, 8]. However, continuous etching always leads
to a decrease of damage threshold due to extended cracks,
indentations, pits or scratches in geometrical structures [10].
IBF uses Art bombardment to remove material, which has
the advantages of no contamination, non-contact pressure
[9-11]. However, IBF can only remove the plastic scratches
(at nanometer scale) and cannot effectively remove the brit-
tle scratches (at micron scale), and its material removal rate
(MRR) is very low [9, 12].

In contrast, ICPE using fluorine rich gases like NF;, CF,
or SF¢ to produce active fluorine atoms achieves silicon
based material removal in volatile fluorinated form of SiF,
at atmospheric pressure [15]. The material removal type of
ICPE is chemical etching without any mechanical or physi-
cal contribution, and no SSD appears [14]. Moreover, this
chemical etching can achieve a very high MRR under appro-
priate conditions [15]. As a potentially efficient processing
technology, ICPE has been studied by many researchers,
such as plasma chemical vaporization machining (PCVM)
proposed by Takino et al. [29], plasma jet machining (PJM)
proposed by Arnold et al. [16-19], reactive atom plasma
technology (RAPT) proposed by Fanara et al. [13, 20], and
atmospheric pressure plasma polishing (APPP) proposed by
Zhang et al. [21]. Recently Our research group proposed the
arc-enhanced plasma machining (AEPM) [15]. These stud-
ies achieved high processing efficiency during ICPE, which
demonstrated that ICPE could realize efficient processing
of fused silica.

Nowadays, researchers are not only focused on the mate-
rial removal efficiency of ICPE, but also show great concern
on surface quality and the mechanism of morphology evo-
lution during ICPE process. Zhang et al. recently showed
through simulation that for actual macro-scale surface with
millions of atoms, convex morphology could be elimi-
nated faster than concave one [21, 31, 32]. Wang et al. had
reported that the vanishing of sharp points formed in pits
coalescing owed to the side wall etching of the pits [27,
30, 33]. Accordingly, details in the lateral and medial crack
damage morphology evolution with efficient removal of the
grinding and lapping damage at micron scale during ICPE
process are rarely shown. It is not yet clear how this damage
morphology changes during ICPE process compared with
contact damage removal approach such as MRF, and how
to efficiently utilize ICPE to remove the grinding and lap-
ping damage. The answers to these questions will make a

great sense for understanding the influence law of grind-
ing and lapping damage evolution during ICPE process and
optimizing the damage efficient removal process of fused
silica optics.

This study was conducted to focus on the morphology
evolution with efficient removal of the scratch, lateral and
medial cracks on the ground and lapped fused silica samples
during ICPE process. Multiple characterization results of
ICPE etched scratch, ground and lapped surfaces are shown,
respectively. Results systematically reveal the damage mor-
phology evolution law during ICPE process and also could
provide technical guidance for optimization of the grinding
and lapping damage removal process for fused silica optics.

Assessment of surface morphology was performed by
means of digital microscope (Keyence VHX-600E). The
removal depth and PV value were measured by Taylor pro-
filometer (Talysurf PGI 1240). The sample surface form was
measured by coordinate measuring machine (Zeiss ACC
URA) and 24-in. large aperture wavefront interferometer
(Zygo VeriFire MST).

2 Experiment Preparation

Six fused silica samples (#1, #2, #3, #4, #5 and #6) with a
size of 100X 100 x 10 mm® are used to investigate the dam-
age morphology evolution during ICPE process. The sample
#7 and #8 with a size of 300 x 300 x 20 mm? are used to
observe the surface evolution when removing the ground
and lapped damage by ICPE, respectively.

The processing parameters shown in Table 1 are used to
etch the samples #1, #2, #5 and #6, while the processing
parameters for the samples #7 and #8 are based on the actual
damage conditions. The samples are processed in the ICPE
system developed by our research group. Figure 1a shows
the plasma source structure and Fig. 1b shows the process-
ing system.

As shown in Fig. 1b, the plasma processing experi-
ment is based on the material removal footprint. When the
parameters of gas flow, target distance and tool-path are
determined, different removal depth can be achieved by the
scanning rate of the plasma beam. The material removal

Table 1 Table of processing parameters of ICPE

Item Level

Inner tube SF¢ 30 sccm and Ar 15 sccm
Intermediate tube Ar 1.12 slm

Outer tube Ar 16.8 slm

Stand-off distance between Laval- 5 mm

nozzle and sample

Tool-path Reversed staggered raster path
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Fig. 1 ICPE system: a plasma source structure, b processing status

depth is measured approximately at the same location
before and after plasma etching by the Taylor profilom-
eter, then the section profiles are obtained by data fitting.
Meanwhile the removal profile can be obtained through
subtracting the initial surface by the processed surface.

The samples #1 and #2 are used to evaluate the scratch
morphology evolution during plasma etching. A fur-
ther quantitative study on the damage removal process
is taken on two different kinds of scratch (single scratch
and cross scratches). The scratches are produced by Ultra
Nano-indentation Tester with Rockwell pressure diamond
head on the conventional polished samples. As shown in
Fig. 2a, the single scratch was produced by 1.5 N loading
forces. As shown in Fig. 3a, the horizontal and vertical
scratches are produced by 2.5 N and 3.5 N loading forces,
respectively.

Single scratch width

e . T
Lateral crack

[50.00 um|

Lens:X 500 | & Lens:X 500

Lens:X 500
50.00 um

Lens:X 500

50.00 um

(@

Fig.2 Evolution of single scratch (X500 magnification) on the sam-
ple #1 during ICPE process at different depths: a O pm, b 3.2 pm; ¢
6.5 pm, d 9.2 pm, e 18.6 pm, f 32.9 pm, g 44.5 pm, h 52.6 pm, i
61.5 pm removal depth. Image size is 610 pm (length) X450 pm
(width)

The samples #3 and #4 are used to test the grinding
and lapping damage distribution at different removal
depths during MRF process, respectively. The samples
#5 and #6 are used to observe the morphology evolu-
tion of the ground and lapped surface during ICPE pro-
cess, respectively. The samples #3 and #5 are ground by
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Fig.3 Evolution of cross scratches (x500magnification) on the
sample #2 during ICPE process at different removal depths, a 0 pm,
b 3.1 pm, ¢ 6.4 pm, d 9.8 pm, e 12.8 pm, f 18.5 pm, g 24.9 pm, h

a cross-grinding machine. Typical grinding damage is
produced in the cross-grinding process (120 grit grind-
ing, cutting speed = 2500 rpm, feed rate =8 mm/s, depth
of cut=30 pm) [22]. The samples #4 and #6 are pro-
cessed by the lapping process (relative speed =2 m/s,
pressure = 2.7 kPa) for 30 min, and the lapping slurry
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31.5 pm, i 37.3 pm, j 44.9 pm, k 51.2 pm, 1 60.2 pm, m 68.6 pm,
n 75.8 pm, 0 79.5 pm, p 84.8 pm, q 92.2 pm, r 100.6 pm removal
depth. Image size is 610 pm (length) X450 pm (width)

consists of 20 grit (20 pm) diamond abrasives and water
in a volume ratio of 1:20, in order to obtain the typical
lapping damage [2].
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3 Scratch Evolution Test During ICPE Process
3.1 Results

Figures 2 and 3 show scratch removal results at different
removal depths. As shown in Fig. 2, single scratch dam-
age is firstly exposed, gradually developed to fully-grown
scratch, and then extended to concave morphology. It is
finally smoothed with the increase of removal depth by
ICPE. As shown in Fig. 3, the cross scratch damage is
also revealed, and then gradually removed by ICPE. Mean-
while, the adjacent area of cross scratches is gradually
merged together through chemical isotropic etching after
the formation of the fully-grown scratch [28].

3.2 Analysis

The profile measurement mode of digital microscope is
used to measure the scratch profile at different removal
depths. Scratch profiles in Fig. 4a—c are corresponding to
the single scratch in Fig. 2, the horizontal scratch and the
vertical scratch in Fig. 3, respectively. Variations of these
scratch profiles at different removal depths also present the
morphology evolution of the damage generated by differ-
ent loading forces. As shown in Fig. 4a, the initial depth of
the scratch is about 0.8 pm and width is 33.2 pm, and there
are obvious lateral and medial cracks around the scratch
in the field of view in Figs. 2a and 3a. However, at the
removal depth of 3.2 pm, the scratch gets wider and deeper
with the exposure of lateral and medial cracks. The scratch
depth gradually increases from 2.7 to 7.2 pm. The lateral
and medial cracks develop to the fully-grown cracks at the
removal depth of 18.6 pm. The crack damages develop to
concave morphologies, and then the concave morphologies
gradually get shallow with further etching. The scratch
depth decreases from 7.2 to 2.3 um (Fig. 2i) and width is
61.5 pm. The evolution law of the cross scratches at dif-
ferent removal depths is consistent with that of the single
scratch, which verifies the damage morphology evolution
law. Previous researches have confirmed that the convex
morphology is removed faster than the concave one, and
then the sample surface is gradually smoothed during
ICPE process [21]. Figure 4d shows how the two adjacent
scratches evolve. Two adjacent scratches firstly become
the concave morphologies (valleys) with the increase of
removal depth. Next the convex morphology (saddle)
between the two valleys becomes narrow. Then two adja-
cent scratches are merged together, and the scratch depth
approaches the original depth (1.5 pm, Fig. 31). Finally, the
two adjacent scratches are fully merged together, which
would make the sample surface smoother. As the walls of
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Fig.4 Scratch profile micro-structures evolution in different ICPE
removal depths: a single scratch (1.5 N loading forces), b horizontal
scratch of cross scratches (2.5 N loading forces), ¢ vertical scratch of
cross scratches (3.5 N loading forces), d adjacent scratches of cross
scratches
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Fig.6 Scratch depth variation with removal depth

the valleys are etched by chemical active particles, such
saddle between the two valleys gradually develops to the
dales with the increase of the removal depth. This property
of isotropic etching creates a special connectivity with the
adjacent dale, which may share a wall of another adjacent
dale where the active particles etch. Finally, the surface
morphology gradually tends to be flat (Fig. 4d).

To further investigate the scratch damage produced at
different loading forces, the analysis for the scratch width,
depth and width—depth ratio is carried out at different
removal depths. Figure 5 shows that scratch widths of the
loading forces consistently increase with the increase of
removal depth, and the bigger loading force will cause
the wider scratch. Figure 6 shows the variation of scratch
depth at different removal depths. Obviously, scratch
depths firstly increase with the increase of removal depth,
and the maximum value appears at the situation of the full
development of lateral and medial cracks, then decreases
to a value close to the original scratch depth with the
extension of the valley. Figure 7 shows the variation of
the scratch width—depth ratio at different removal depths.
It is very clear that the width—depth ratio firstly decreases
with the increase of removal depth, and the minimum
value appears at the point of the maximum depth of the
valley. Then the width—depth ratio increases sharply with
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Fig.7 Scratch width—depth ratio variation with removal depth

increase of removal depth, which displays that the width
of the valley is quickly getting wider. As we known, the
etched surfaces are supposed to be flat and uniform, yet
plasma etching usually makes the scratch develop at depth
in the initial processing phase and then be smoothed with
further chemical isotropic etching. All those variation laws
of the scratches produced by different loading forces fully
demonstrate the plasma etching as a good processing way
of efficiently smoothing the brittle scratch.

4 Grinding and Lapping Damage
Distribution Test

4.1 Damage Depth Test

In order to acquire the damage distribution for evaluating
the etching behavior of ICPE process, we first use MRF
spot technique [22] to test the damage distribution with the
samples #3 and #4. The sample #3 is used to test the ground
surface, while the sample #4 is used for lapped surface test.

As shown in Fig. 8, the crack damage produced in grind-
ing process is obvious and can be classified into two types,
lateral and medial cracks (Fig. 8b). As the increase of
removal depth, the redeposition products decrease and the
density of lateral and medial cracks gradually appear clearly
in the range of 0—7.6 pm under the surface. Then the cracks
are gradually reduced with the removal depth ranging from
10 to 59.2 pm. Finally, the cracks vanish completely on the
surface when the removal depth is above 59.2 pm.

As shown in Fig. 9, typical damage is generated during
a 20 grit lapping process in different depths. The cracks are
slight and uniform compared to grinding damage, and these
cracks decrease with the increase of removal depth. Finally,
the crack damages disappear and the undamaged surface
appear when the removal depth reaches above 28.8 pm.
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Fig.8 Grinding damage (x1000magnification) evolution on the
sample #3 at different removal depths by MRF: a O pm, b 7.6 pm,
¢ 152 pm, d 22.9 pm, e 32.5 pm, f 40.3 pm, g 48.6 pm, h 59.2 pm
under the surface. Image size is 308 pm (length) X 230 pm(width)

4.2 Damage Distribution During ICPE Process

The grinding and lapping damage distribution is shown
in Figs. 10 and 11, respectively. As shown in Fig. 10, the
PV value increases with the increase of removal depth,
and the maximum of 15.6 pm appears at the removal depth
of 25.9 pm, then decreases to the minimum of 3.2 pm at
the removal depth of 62.6 pm. While for lapping damage,
Fig. 11 shows that the PV value rapidly increases to the
maximum of 8.3 pm at the removal depth of 12.8 pm, then
decreases to the minimum of 1.5 pm at the removal depth of
25.6 pm. These results not only verify the maximum depth
of the damage, but also reveal that both of the grinding and
lapping damage is gradually exposed and then eliminated
during ICPE process. In these processes, the redeposition
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Fig.9 Lapping damage (x1000magnification) evolution on the
sample #4 at different removal depths by MRF: a 0 pum; b 2.9 pm;
¢ 6.7 pm; d 10.6 pm; e 16.3 pm; f 19.8 pm; g 24.3 pm; h 28.8 pm
under the surface. Image size is 308 pm (length) X 230 pm (width)

products are gradually removed, and then the lateral and
medial cracks are exposed and develop to the fully-grown
concave morphology. These processes cause increase of the
PV value with the increase of removal depth. Next, the fully-
grown concave morphologies are extended in the width for
the plasma etching, which causes decrease of the PV value.
All those results demonstrate ICPE can eliminate the lateral
and medial cracks and does not bring in the mechanical con-
tact residual stress damage.

According to surface damage evolution during ICPE
process, the damage removal procedure can be described
as a series of morphology evolution processes. Figure 12
shows that the brittle damage morphology profile evolu-
tion and the detail processes can be described as following
steps. Firstly, surface redeposition products generated in
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Fig. 10 Grinding damage morphologies (X500magnification) evo-
lution on the sample #5 during ICPE process at different removal
depths: a 0 pm, PV=6.8 pm; b 1.8 pm, PV=8.7 pm; ¢ 5.6 pm,
PV=10.9 pm; d 15.7 pm, PV=14.2 pm; e 19.6 pm, PV=15.1 pm;
f 259 pm, PV=15.6 pm; g 39.3 pm, PV=9.3 pm; h 44.5 pm,
PV=6.7 pm; i 52.6 pm, PV =4.6 pm; j 62.6 pm, PV=3.2 pm. Image
size is 610 pm (length) X450 pm (width)

grinding and lapping process are removed by the plasma
etching, which causes exposure of the medial and the lat-
eral cracks on the surface. Secondly, the medial cracks
extend to the interior of a fused silica substrate, and the
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Fig. 11 Lapping damage morphologies (x500magnification) evo-
lution on the sample #6 during ICPE process at different removal
depths: a 0 pm, PV=1.9 pm; b 1.2 pm, PV=3.2 pm; ¢ 6.3 pm,
PV=62 pm; d 99 pm, PV=7.8 pm; e 12.8 pm, PV=8.3 pm;
f 155 pm, PV=69 pm; g 18.6 pm, PV=3.8 pm; h 25.6 pm,
PV =1.5 pm. Image size is 610 pm (length) X450 pm (width)

lateral cracks extend around the medial cracks, develop-
ing to fully-grown cracks because of plasma chemical
isotropic etching. Such etching leads to undercuts in the
crack layer, and thus increases the effective width of the
crack. Thirdly, the fully-grown cracks extend to form the
valley for morphology duplicate etching [28]. Fourthly, the
single valley develops to dale, and gradually the adjacent
dales merge together [21]. Finally, the surface is gradually
smoothed by plasma etching and tends to be flat.
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Fig. 13 Ground surface error evolution on the sample #7 during ICPE
process at: a O pm, b 11.3 pm, ¢ 24.6 pm, d 36.3 pm, e 49.8 pm, f
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5 Efficient Processing of Ground and Lapped

Surface Using ICPE

The surfaces in Figs. 13 and 14a—d are measured by the
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Fig. 14 Lapped surface evolution on the sample #8 during ICPE
process at: a O pm, b 5.2 pm, ¢ 10.7 pm, d 16.8 pm, e 22.6 pm, f
28.5 pm removal depth

coordinate measuring machine. For the convenience of
data analysis, the data are converted into Binary Data File
supported by Zygo MetroPro software. The surfaces in
Fig. 14e, f are measured by 24-in. large aperture wavefront
interferometer.

Figures 13 and 14 show the form error evolution of
ground and lapped surfaces during ICPE process, respec-
tively. Considering the grinding damage distribution in
Sect. 4, processing with 200 mm/min scanning rate is per-
formed, and the MRR could be as high as 6.5 mm>/min.
While for lapped surface, 400 mm/min scanning rate is used,
and the MRR could reach 4.6 mm*/min. Figure 13 shows the
ground surface error (A=632.8 nm is the wavelength of the
wavefront interferometer) at different removal depth. The
surface error increases from the initial value of 13.6 A PV
0.9 A RMS (Fig. 13a) to the maximum value of 22.8 A PV
2.7 . RMS (Fig. 13c) at the removal depth of 24.6 pm, then
the PV value decreases to 5.6 A PV 0.8 A RMS (Fig. 13f)
with the increase of removal depth. As shown in Fig. 14,
the lapped surface error firstly increases from the initial
value of 6.4 A PV 0.8 A RMS (Fig. 14a) to the maximum
value of 12.7 A PV 1.2 A RMS (Fig. 14d) at the removal
depth of 16.8 pm, then decreases to 3.9 A PV 0.6 A RMS
(Fig. 14f). These results demonstrate ICPE can efficiently

@ Springer KEF]E



1320

International Journal of Precision Engineering and Manufacturing (2019) 20:1311-1323

remove the grinding and lapping damage while reducing the
surface error simultaneously under appropriate processing
conditions.

6 Discussion

Three issues concerned in this paper are discussed as below:

ey

2)

Evolution of the damage during ICPE process. Firstly,
ICPE can efficiently smooth the micro-morphology
defects of brittle scratches and can effectively remove
the lateral and medial cracks produced by mechani-
cal contact residual stress. Thus, ICPE can result in a
significant reduction of defects in fused silica surface
with its chemical etching (Figs. 2, 3, 10, 11). Secondly,
profile evolution of the scratches at different removal
depths demonstrates ICPE can effectively smooth the
concave morphology (Fig. 2f, 3h) evolved from the
scratch (Fig. 4). Moreover, the width, depth and width—
depth ratio variation analysis of the scratches verifies
that ICPE can efficiently eliminate the scratches on
fused silica surface (Figs. 5, 6, 7). Thus, the instinctive
fused silica surface can be processed without mechani-
cal residual stress defects.

Increase mechanism of surface error and PSD analy-
sis during ICPE process. The surface error is further
reduced with the continuous ICPE, and the value of
surface error appears to increase or be even much big-
ger than the original surface error in the initial ICPE
phase (Figs. 13a—c, 14a—d). It is because chemical iso-
tropic etching induces exposure of lateral and medial
cracks, then the exposed cracks develop to fully-grown
cracks, and finally the grown cracks gradually form
the concave morphologies with further etching [22].
These processes lead to the increase of the surface
error. Afterwards the value of surface error gradually
decreases with the concave morphologies smoothed
(Figs. 13d—f, 14e-f).

In comparison, MRF as another damage removal
approach removes the damage through free abrasive
with a contact mechanical polishing wheel and magnet-
ization [24]. Figure 15a shows that the PV roughness
value gradually reduces during MRF process [3, 23],
while for ICPE, Fig. 15b shows that the PV roughness
value firstly increases, and then gradually decreases,
so the instinctive fused silica surface appears. It is
because chemical isotropic etching causes removal of
the exposed damage and does not bring in mechanical
residual stress damage. Besides the removal efficiency
of ICPE is much higher than that of MRF. Therefore,
these results demonstrate ICPE as a good post-process-
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Fig. 15 PV value of the grinding and lapping surface at different
removal depths: a MRF, and b ICPE

ing method for efficiently removing the grinding and
lapping damage.

For further investigation of evolution of the grind-
ing and lapping damage during ICPE process, the PSD
analysis of experiment results (Figs. 13a, c, f, 14a, d,
f) is carried out. The PSD curves are results of aver-
age profile. Figure 16a shows that the low spatial fre-
quency (LSF, less than 0.021 mm™') errors increase
obviously, whereas the middle-to-high spatial fre-
quency (MHSF, 0.028 mm~! to 0.51 mm™!) errors
firstly increase, and then decrease with the increase of
removal depth. Figure 16b also shows that LSF (less
than 0.035 mm_') errors increase finally, whereas
the MHSF (0.046 mm™' to 0.46 mm™!) errors firstly
increase, and then decrease with further processing.
The analysis demonstrates that the spatial frequency
errors firstly evolve to higher spatial frequency errors,
and then evolve to lower frequency errors with itera-
tive processing. Accordingly, the lateral and medial
cracks firstly develop to fully-grown cracks (Figs. 3g,
10g, 11d), which results in the increase of the MHSF
errors. Meanwhile, the fully-grown cracks extend to
merge together (Figs. 3h-1, 10h—j, 11f, g), and then
is gradually smoothed with further plasma etching,
and thus leads to the process of MHSF errors evolv-
ing to LSF errors. It is obviously verified that the LSF
errors increase rather than decrease finally as the cracks
evolving to surface errors at larger scale (Figs. 2, 3,
4). After layer-by-layer removed by ICPE, the damage
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3)

microstructure is more obvious during the initial dam-
age exposure, and the PV value becomes larger, so that
the PV value of the surface also becomes larger, and the
errors increase on the whole spatial frequency. Then the
damage is removed through the brittle scratches, lateral
and medial cracks merge together and form larger scale
surface errors. These surface errors lead to increase of
LSF. Therefore, PSD analysis demonstrates the mor-
phology evolution process of the grinding and lapping
damage during ICPE process.

Efficient processing of ground and lapped surface
by ICPE. Experiment results demonstrate that effi-
cient processing of ground and lapped surface needs
to choose the appropriate parameters of ICPE based
on the severity of surface damage. When the pro-
cessing parameters are chosen, the removal depth is
determined. If a parameter with a low removal rate
is selected to process the severe damage surface such
as the ground surface, the processing efficiency will
decrease. If a parameter with a high removal rate is
selected to treat slight damage surface such as lapped
surface, the surface form accuracy is difficult to be

maintained. Therefore, the appropriate processing
parameter should be applied to the damage distribution
of different degree through the relationship between
MRR and plasma scanning rate [26]. Thus, our opti-
mized process of efficient damage removal by ICPE
can be concluded as follows: Firstly, The maximum
damage depths and the damage distribution should be
detected (Figs. 10, 11). Secondly, the appropriate pro-
cessing parameters of ICPE should be selected (If the
high-precision surface form is required, the surface fig-
uring method for compensating the thermal effect must
be considered) [15, 25, 26]; Thirdly, Perform iterative
processing until the damage is removed.

7 Conclusion

In this paper, the damage surface evolution during ICPE
process is studied. The conclusions are as follows:

ey

2)

3)

Scratch damage removal results reveal that the brittle
scratch damage is successfully smoothed. Meanwhile
the lateral and medial cracks around the scratch are
gradually exposed, and then eliminated by ICPE.

The exposure of the lateral and medial cracks on the
ground and lapped surface causes the increase of sur-
face error during ICPE process. Moreover, the instinc-
tive fused silica surface without the mechanical contact
residual stress could be acquired through the chemical
etching. Therefore, ICPE could be a good post-process-
ing method for efficiently removing the grinding and
lapping damage of fused silica.

The ground and lapped surfaces with a size of
300 x 300 x 20 mm? are efficiently processed by ICPE,
respectively. PSD analysis further demonstrates the
damage morphology evolution of the ground and
lapped surfaces during ICPE process. It provides guid-
ance for optimizing the grinding and lapping damage
removal processes to efficiently improve surface qual-
ity, precision and fabrication efficiency of fused silica
optics. In future research, the thermal effect of ICPE
should be considered for achieving high-accuracy of
larger fused silica surface.
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