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Abstract Silicon carbide (SiC) is a competitive candidate
material for building the space-based reflecting mirrors.
However, SiC is also a typical difficult-to-machine material
due to its extreme hardness. When SiC workpiece is machined
by grinding, the wheel wears rapidly which leads to a deteri-
oration of surface form accuracy. Grinding efficiency also
becomes extremely low due to the frequent truing and dress-
ing of grinding wheels. To achieve high-performance grinding
process capable of producing accurate surface at high grinding
efficiency, an ultrasonic vibration-assisted fix-point grinding
technology was developed in this study. Wheel wear observa-
tion indicated that the wheel needs not to be dressed during the
whole grinding cycle. Moreover, a laser tracker was used to
achieve an on-machine measurement of the surface form error.
A CNC tool microset was adopted to evaluate the wheel wear
amount. On the basis of the above two results, surface form
error could be predicted before grinding, and thus, an in-
process compensation of surface form error was carried out.
Using the above-mentioned grinding strategies, a SiC mirror
blank with an aperture diameter of 2 m was successfully
ground to a form accuracy of 18 um in peak-to-valley (PV).
Therefore, this work provides an efficient and economical
solution for grinding the large-scale SiC aspherical surfaces.
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1 Introduction

Hubble space telescope (HST) is a best-known space-based
telescope that is placed in orbit around the Earth. The optics of
the HST include a 2.4-m diameter primary mirror made of
ultra low expansion (ULE) glass and a 0.3-m secondary mirror
made of Zerodur glass [1-4]. It has been long suggested that
silicon carbide (SiC) would be a competitor material to ULE
and Zerodur for building the next-generation large-scale
reflecting mirrors, particularly used in the space-based tele-
scope, owing to its high stiffness-to-density ratio and low
thermal distortion properties [5—7]. However, SiC is a typical
difficult-to-machine material because of its extreme hardness,
only lower than diamond, cubic boron nitride (¢cBN), and bo-
ron carbide (B4C) [8]. The extreme hardness induced an ex-
tremely low material removal rate. For example, Zygo
Corporation has reported that even using diamond abrasive,
the material removal rate of SiC is approximately 1/35th that
of fused silica and less than 1/50th that of Zerodur.

On the other hand, the advantages of aspherical elements over
spherical ones are well recognized for its reduced weight, im-
proved performance, and lower cost. Present “state of the art”
manufacturing procedures for SiC aspherical mirrors are started
from successive grinding, followed by computer-controlled
subaperture lapping and polishing processes. Afterward, high-
deterministic processes such as magnetorheological finishing
and ion beam figuring are always used to achieve necessary form
accuracy typically less than 100 nm in peak-to-valley (PV)
[9—11]. The grinding is a high efficiency process, and its material
removal rate is about 20~50 times of that of the subsequent
processes. Therefore, it is highly expected that form accuracy
of the ground surface could be as close as the targeted values,
thus greatly reducing the subsequent production cycles.

As for grinding of a small SiC spherical surface with an
aperture of 13.5 mm, submicron form accuracy could be
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directly achieved by utilizing an ultra-precision machine tool
and well-dressed metal-bond grinding wheels [12]. However,
the form accuracy deteriorates rapidly when grinding a large-
scale workpiece, mainly due to severe wheel wear. For exam-
ple, Cranfield University in 2005 had developed a three-axis
ultra-precision grinding machine, called BoX®, and reported
their research on grinding of a hexagonal SiC part with
400 mm across corners [13, 14]. Experimental results showed
that severe wheel wear occurred and the diamond wheel re-
quired to be dressed each 26.5 min to maintain a normal
grinding force. The final achieved form accuracy of the 400-
mm scale SiC workpiece was only 5 um in PV, significantly
larger than the results reported in reference 12. It can thus be
known that precisely and efficiently grinding of large-scale
SiC is a challenge task.

To the best of our knowledge, until now, there exists little
information reported on the machining technologies and the
obtainable form accuracy for even larger SiC component. In
this work, a five-axis fix-point grinding mode was developed
for rapidly and accurately machining a 2-m scale aspherical
SiC mirror blank. Rotary ultrasonic grinding system was
adopted to realize a non-dressing grinding process, which
means that the wheel needs not to be dressed during the whole
grinding cycle. A commercial laser tracker was used to
achieve an on-machine measurement of the surface form error.
A CNC tool microset was also used to evaluate the wheel wear
amount. On the basis of the above two results, wheel wear
amount could be predicted before grinding, and thus, an in-
process compensation of surface form error was developed.
Subsurface damages of the ground SiC surface were also in-
vestigated by SEM observation and EDX analysis. It is ex-
pected that the present study could provide a very efficient and
economical method for high-performance grinding of large-
scale SiC aspherical surfaces.

2 Experimental details
2.1 Workpiece

Conventional methods for manufacturing SiC ceramic mate-
rial include pressureless sintering, gas pressure sintering, hot
pressing, and reaction-bonding (RB) technology. The RB-SiC
was fabricated by infiltrating silicon (Si) melt into a green
compact consisting of C and SiC powders (o¢-SiC). The liquid
Si reacts with the C particles, forming new SiC particles (f3-
SiC). However, the infiltrated Si cannot react with C
completely, and any excess Si fills remaining large pores in
the body as well as boundary space among SiC grains. Thus,
dense SiC-Si composite with excessive silicon as bonding
material is produced [16]. By several decades’ effort, we have
successfully developed a gelcasting process for sintering
large-scale optical grade RB-SiC mirror blanks [15]. In this
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study, a RB-SiC mirror blank in aperture diameter of
2000 mm was fabricated. Different from a monolithic mirror,
the 2000-mm mirror blank was welded together by six fan-
shaped segments as shown in Fig. la. The joined grinding
workpiece as shown in Fig. 1b has rough casting spherical
surface in radius of about 7000 mm. The designed mirror
surface is a convex paraboloid having equation of
¥*=12000x. Initial form error of workpiece surface before
grinding was 4000 um in PV, which was measured by using
an on-machine profilometer probe.

2.2 Five-axis fix-point grinding mode

As shown in Fig. 2a, a three-axis arc-enveloped grinding
mode is conventionally used for grinding aspherical surfaces
with rotational symmetry [17]. In this mode, the grinding
point is variable on the arc-shaped wheel surface because the
axial direction of the grinding wheel remains constant. This
mode can average wheel wear and prolong wheel life when
grinding large workpieces. However, both complicated calcu-
lation of shifting contact point and high-accuracy truing of
wheel to keep its accurate profile are required, which severely
reduce grinding efficiency.

In order to increase grinding efficiency, a four-axis fix-
point grinding mode as shown in Fig. 2b was proposed [18].
In this mode, the grinding point remains constant during
grinding as a result of the B-axis rotation. This grinding mode
eliminates contact point calculation and has a very low

Fig.1 Photos of reaction-bonded SiC workpiece: a before welding and b
after welding
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requirement of wheel profile accuracy. A remarkable problem
is that wheel wears rapidly at the fixed grinding point, which
will introduce a gradually increased form error on ground
surface. Fortunately, this low-frequency error could be signif-
icantly reduced by a proper compensation grinding.

To achieve fix-point grinding of aspherical surface without
rotational symmetry (such as off-axis aspherical surface) as
shown in Fig. 2c, an additional Y-axis motion is also needed
to adjust the wheel-axis angle according to the random varia-
tion of surface normal vector. In this study, a five-axis
(XYZBC) fix-point grinding mode is developed for grinding
large-scale complicated SiC mirror blanks including the off-
axis aspherical surfaces.

Fig. 2 The schematics of a three-axis arc-enveloped grinding mode, b
four-axis fix-point grinding mode, and ¢ five-axis fix-point grinding
mode

2.3 Grinding machining center

Grinding experiments were carried out on a five-axis
(XYZBC) numerically controlled machining center
(ULTRASONIC 210-P SAUER, DMG Corporation,
Germany). Figure 3 shows the mounting of workpiece onto
the machining center. Figure 4 shows the workpiece on the
turntable of the machining center. The configuration of the
machining center is shown in Fig. 5. The traverse ranges of
X-, ¥-, and Z-axes are 2100, 1800, and 762 mm, respectively.
The repetitive positioning accuracy of the linear axes is 8 pm
in whole traverse range. It needs to point out that the B-axis
head of the machining center is different from a standard or-
thogonal machining center configuration. The B-axis head has
a swivel range of —10°~+120°. It is originally designed for
realizing both vertical and horizontal machining in a single
machine. Such a configuration makes it ideally suited for ma-
chining curved surfaces.

2.4 Ultrasonic vibration system

As shown in Fig. 6, ultrasonic vibration system was adopted
on this five-axis machining center, which enables rotary ultra-
sonic machining by vibrating the wheel along wheel-axis di-
rection at ultrasonic frequency. Figure 7 is a schematic dia-
gram of the inclined axis rotary ultrasonic machining, in
which the wheel is ultrasonically vibrated along the wheel axis
during grinding. The ultrasonic vibration is generated by the
ultrasonic wave generator and transmitted to the piezoelectric
device inside of the special tool by the electric inductor at-
tached to the end face of the spindle.

2.5 Grinding conditions

Cup-like resin-bonded diamond wheels were used in grinding.
Each grinding wheel has a 100-mm outer diameter and a 10-mm
thickness. The width of abrasive layer is 5 mm with grit size of
126 um. No truing and no dressing of grinding wheel were
performed before and during grinding. That is because known

Fig. 3 Mounting of the 2-m workpiece onto the machining center
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Fig. 4 2-m SiC mirror blank under grinding

from our former research that the SiC grains on workpiece sur-
face functioned as a dressing tool slowly scratching the resin
matrix of the diamond wheel during grinding process [19].

Before grinding the 2-m workpiece, several miniature SiC
samples were used to optimize the grinding conditions. After
that, the grinding of the 2-m workpiece was carried out. The
conditions of the grinding experiment are listed in Table 1.
Ultrasonic vibration frequency was automatically set in the
operation system of machine center by sensing the largest
amplitude of the wheel vibration.

3 Results
3.1 Wheel wear observation

When a grinding wheel is subject to wear during long-term
grinding process, the abrasive layer as well as the diamond
grits wears out. Figure 8a shows the image of the unused
wheel. Figure 8b, ¢ shows the worn wheel after the first and
the second grinding cycle, respectively. It can be seen that the
abrasive layer is significantly worn out. To investigate the
diamond grits, the unused wheel surface and the worn surface
are, respectively, examined using the scanning electron micro-
scope (SEM). Comparing Fig. 9b with Fig. 9a, no detectable
difference could be found on the diamond grits between the
unused wheel surface and the worn one. That is to say, the

Fig. 5 Axis configuration of the used machining center
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Fig. 6 Ultrasonic vibration system of the used machining center

diamond grits are sharp enough for use again. Therefore, no
dressing work is needed in the whole grinding cycles. That is
obviously different from the wheel wear phenomenon which
shows only worn of the diamond grits. The observation results
also indicate that the thickness of abrasive layer dominates the
grinding wheel working life. In addition, some grinding debris
can be seen on the worn surface. Diamond grit pullout is also
clearly found in Fig. 9b.

3.2 Measurement of wheel wear amount

Evaluation of wheel edge profile was carried out using a CNC
tool microset (DMG ECO 210) as shown in Fig. 10. After
each grinding cycle, the tool holder with the grinding wheel
was removed from the machining center spindle, and subse-
quently set onto the microset which has an air-bearing tool
holder with high-precision taper bore. During measurement,
a set of optical system was adopted to measure the edge profile
of the grinding wheel. The movement along the X- and the Y-
directions is supported by aerostatic guide ways with a 1-pm
repositioning accuracy. Thus, the edge profile could be pre-
cisely measured.

&
A
4\
. Ve
O ‘
&

Workpiece

Fig. 7 The schematic of the inclined axis rotary ultrasonic grinding
method
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Table 1  Grinding conditions

Machining center ULTRASONIC 210 P

Grinding wheel Resin-bonded diamond wheel
Workpiece Reaction-bonded SiC

Wheel rotation (rpm) 4000~6000

Table feed (mm/min) 80~1500

Depth of cut (mm) 0.05~0.5

Radial feed (mm/rpm) 0.1~2

Grinding fluid Blaser Swisslube

Vibration frequency (kHz) 20~30

Measurement of wheel wear amount is based on the calcu-
lation of the wear volume that occurs on the wheel edge.
Figure 11a shows the unused edge, and Fig. 11b shows a
typical worn wheel from the CRT screen of the above-

Fig.8 Grinding wheel at different stages: a unused wheel, b after the first
grinding cycle, and ¢ after the second grinding cycle

Fig. 9 SEM images showing the surface topography of the diamond
wheel: a the unused wheel and b after the second grinding cycle

mentioned microset. Figure 12 schematically shows the cal-
culation principle of the wear volume, which can be expressed
as follows:

Vi =V1i+Vy—V; (1)

where V; is the volume of AB rotating around the central axis,

V, is the volume of arc BC rotating around the central axis,

and V3 is the volume of f{x) rotating around the central axis.
Here, the V; can be expressed as follows:

b
Vi :/ 2mx X wdx (2)

a

Fig. 10 Optical measurement of grinding wheel profile using a microset
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Fig. 11 The profile of the wheel edge: a unused wheel and b worn wheel

where w is the thickness of the abrasive layer. The V, can be
expressed as follows:

Y4 Edge retreat after grinding
B A
Ty
C l
: I
| N
! Abrasive i
i layer |
| I
| |
| o
0] c b a }

Fig. 12 Volume calculation of wheel wear amount
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Fig. 13 Measurement of the surface form errror using a FARO laser
tracker

b
V, = / 2mx X s (x)dx (3)

a

where s(x) is the wear area and can be expressed as follows:

s(x) = \/R*=(x=b) + (Ww—R) (4)

where R is the radius of initial wheel edge. The profile of the
worn edge can be measured and fitted as f{x), then the V3 can
be expressed as follows:

Vi = /C2wx X f(x)dx (5)

a

3.3 Measurement of surface form error

There exists two ordinary methods for measuring surface form
error, namely the coordinate measurement machine (CMM)
and the infrared interferometer. Both methods are off-machine
metrologies, having the risk in moving and relocating the
large-scale workpiece. On the other hand, in order to rapidly
measure the form error, a profilometer probe installed on the
machine’s spindle is always used. However, the obtained re-
sult includes the intrinsic motion error of the machine tool.

Measuring beam

Laser tracker

Fig. 14 Measurement principle of the laser track



Int J] Adv Manuf Technol (2017) 89:463-473

469

Fig. 15 Form error distribution
of the ground surface: a a set of
measured points and b the map of
form error distribution

In this study, a FARO laser tracker as shown in Fig. 13 was
used to measure the surface form error [20]. The laser tracker
is capable of measuring a mirror surface to sub-micron accu-
racy. The surface measurement uncertainty is 0.6 um. We
have demonstrated this sort of accuracy in other measurement
work. The basic principle of laser tracker measurement is
shown in Fig. 14. The laser tracker combines a distance-
measuring interferometer (DMI) with two angle encoders.
Therefore, the laser tracker can measure a distance » and two
angles «, 3 by tracking a laser beam to a spherically mounted
retroreflector (SMR) held in contact with the ground surface to
be measured. The coordinate of measured point could be ob-
tained by the following equations:

X =rsinfcosa
Y = rsinfsina (6)
Z =rcosf

By the subtraction of the measured coordinates on ground
surface from the theoretical ones import from a 3D geometry
model, form error of the ground surfaces could be obtained.

Figure 15a, b shows a set of measured data points and the
calculated form error distribution, respectively. In this mea-
surement, a total of 345 data points were obtained in the mea-
surement time of 25 min. The measurement time should not be
too long so as to avoid the influence of environmental tem-
perature changes on the measurement results. For the conve-
nience of visualization of error distribution, the measurement
data was processed using the Zygo software. It can be seen

a Distribution of the measured points

1000
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>
(mm)

-500

-1000

~1000 -500 ] 500 1000
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that the surface form error is very large, reaching 168 pm in
PVand 96 um in RMS. The form error distribution looks like
a spherical aberration, in which the error gradually becomes
larger and larger from the center to the edge of workpiece.
That is due to the accumulation effect of wheel edge retreat
when the wheel feeding from the center to the edge.
Therefore, grinding wheel wear is the dominant factor of sur-
face form error. Tool wear-induced surface form error should
be emphatically compensated in grinding of the 2-m SiC
workpiece.

3.4 In-process compensation of surface form error

Lots of research efforts have been reported toward at develop-
ing compensation technologies for wheel wear involved in
grinding processes. As a common strategy, the ground surface
was measured, and then, the measured result was used as a
reference to modify the NC tool path for subsequent compen-
sation grinding cycle [18, 21-24]. The common drawback is
that the wheel wear in the compensation grinding which would
introduce new form error has not been considered. In order to

Original tool path
Wheel wear Ar . — I \\ j Modified tool path

/ =
Diamondwheel | 4 f£——
\ _ /- — — | Additional
= = — downward feed
= X
Workpiece Target surface

Fig. 16 Schematic of the in-process compensation method
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Fig. 17 Form error distribution
of the ground surface after
compensation grinding

achieve a satisfactory result, compensation grinding has to be
repeated three to five grinding cycles. As a result, total grinding
time turned to be very long because the grinding time of one
grinding cycle for a 2-m scale workpiece is up to 15 h.

In order to shorten the time of compensation grinding, an
in-process compensation strategy was developed in consider-
ation of the wheel wear condition during compensation grind-
ing process. As illustrated in Fig. 16, the wheel wear Ar was
predicted in advance according to the wear volume of grind-
ing wheel. Based on the predicted wheel wear Ar, the form
error at certain point could be calculated. Subsequently, tool
path of the wheel was modified by adding a downward feed to
compensate the predicted wheel wear. There are two impor-
tant issues that significantly affect the compensation accuracy
and efficiency in this process. One is the way that the wheel
wear amount is precisely predicted. The other is the method to
modify the NC tool path in the grinding process.

By virtue of the in-process compensation method, surface
form error of the 2-m SiC workpiece after one compensation
grinding cycle was minimized to 18 pm in PV and 2 um in
RMS. This result is comparable to the grinding accuracy ob-
tained by using the ultra-precision BoX® grinding machine in
reference 14. Therefore, this work proved that even using a
common-available machining center, similar surface form ac-
curacy could be reached by means of the proposed grinding
strategies. As shown in Fig. 17, the form error distribution
looks like a set of concentric rings. The spherical error of the
preliminary grinding surface in the previous section was dra-
matically reduced. In fact, the ring-like form error could be
further reduced if compensation grinding was performed more
times. However, because the ground surface will be further
processed by subsequent lapping processes, the residual form
error on ground surface was no longer compensated by the
grinding process.

It is easy to understand that the larger the size of workpiece,
the worse the surface form accuracy obtained. However, there
is little quantitative description about the relationship between
workpiece dimension and surface form accuracy. In this study,
we presented a novel indicator, the accuracy-to-dimension
ratio (ADR), to evaluate the grinding capability of SiC work-
pieces with different sizes. Table 2 shows the calculated ADR
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value of the small, the medium, and the large workpiece, re-
spectively. It is surprising that although the sizes of the work-
pieces are different, the ADR values are all very close to 107>
Therefore, it is reasonable to say that we have achieved a high-
precision SiC mirror blank by grinding even if its aperture
diameter is up to 2 m.

3.5 Subsurface damages

Depth of subsurface damage layer is an important factor to
determine convergence rate of surface form error in subse-
quent lapping process. In this study, subsurface damages of
ground SiC samples were investigated by magnetorheological
finishing (MRF) spot technique [25], which is less destructive
and more efficient in measurement of subsurface damages
compared with ball dimpling [26] and tapering methods
[27]. Typical subsurface damages involved in the MRF spot
are observed using the SEM. Figure 18a shows a ground sur-
face where a large amount of microcraters in the order of
1~5 yum are clearly observed. Both the size and the number
of the microcraters decrease gradually with the increase of
depth as shown in Fig. 18b—d. In this study, it is not possible
to obtain a crater-free surface by MRF polishing probably
because of the inherent defects such as micropores in RB-
SiC samples. It is also known from Fig. 18 that the
microcraters are mainly distributed on the SiC grain surface.
On the basis of the above findings, the depth of the subsurface
damage layer is estimated as smaller than 5 pwm. Therefore,
production cycle time in the subsequent lapping and polishing
processes of SiC will be dramatically reduced. As a contrast,
no cracks were found on the subsurface damage layer, which

Table2  The accuracy-to-dimension ratio (ADR) for SiC workpieces in
different sizes

Accuracy (PV) Aperture ADR
L. Yin [12] 0.13 pm ® 13.5 mm 0.0000096
X. Tonnellier [14] 5 um 400 mm across corners 0.0000125
This study 18.27 um ® 2000 mm 0.0000091
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Fig. 18 Typical subsurface a
damages at different depth: a

ground surface, b 1 um, ¢ 2 um, d

4 um

$-4800 5.0kV 7.6mm x2.00k

is dramatically different from the subsurface damages in
grinding of the ULE and Zerodur glass.

In order to investigate the material removal behavior in
grinding of RB-SiC, the ground surface was also analyzed
using energy dispersive X-ray (EDX). Figure 19a shows the

Fig. 19 SEM micrograph of a
ground surface (a) and EDX maps
for O (b), C (¢), and Si (d)

NGO
S-4800 6.0kV 13.0mm x1.00k

ground surface where both the smooth regions and the rough
regions can be identified. Figure 19b—d provides the corre-
sponding EDX map for O, C, and Si elements, respectively.
It can be obviously distinguished that the smooth region cor-
responds to the enriched Si element and the absence of C
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element. On the basis of the above results, it is believed that
the residual Si bond material was removed by ductile grinding
manner which introduces a relatively smooth region, while the
SiC grain was removed by brittle manner which generates
microcraters on the SiC grain surface.

4 Conclusions

A systematic research on the high-performance grinding of
SiC workpiece has been presented to fabricate large-scale
aspherical mirrors needed in high-resolution space-based tele-
scopes. The following conclusions have been drawn:

(1) Wheel edge retreat is the dominant factor of surface form
error in grinding of a 2-m SiC mirror blank. The form
error of the ground surface is directly relied on the wheel
wear amount other than the positioning accuracy of ma-
chining center.

(2) Measurement of surface form error by a laser tracker has
been developed. Results showed that the laser tracker is
an effective method to measure the large-scale ground
surface.

(3) In-process compensation of surface form error was de-
veloped based on the wheel wear prediction and the
modification of tool path.

(4) Dueto the ultrasonic vibration, the self-dressing of grind-
ing wheels occurs during the whole grinding cycle,
which brings out an uninterrupted grinding of SiC mirror
blank in a long time.

(5) Using the proposed grinding strategies, a 20-micron-
order surface accuracy in PV, near the positioning accu-
racy of the used machining center, could be achieved.

(6) The accuracy-to-dimension ratio (ADR) was proposed to
evaluate the grinding capability for SiC workpieces. It is
shown that although the sizes of the workpieces are dif-
ferent, the ADR values obtained are all very close to
10,

(7) Typical subsurface damage is the microcraters on SiC
grain surface. Total depth of damage layer is estimated
to be about 5 um, far less than subsurface damage layer
of the ULE and Zerodur.
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