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Abstract

For large processing allowance of large diameter RB-SiC mirror blanks and low efficiency of grinding, an abrasive water jet
milling is used to quickly remove the processing allowance. In this article, a single kerf profile processed by abrasive water
jet milling was effectively fitted to the Gaussian curve. By superimposing Gaussian curves linearly, the surface waviness of
superimposed curve was gradually reduced as step-over distance decreased. The surface waviness induced by abrasive water
jet milling can be effectively reduced when step-over distance is controlled to less than 1.8c. BP neural network models
between step-over distance, traverse speed, and milling depth were established. The prediction error of milling depth can be
controlled at about 5% of the total depth, with a maximum error less than 7%. The aspherical RB-SiC surface was generated
by abrasive water jet milling with a processing path composed of 20 spiral segments. Different milling depths were obtained
by setting different levels of traverse speed and step-over distance for each spiral segment. The processed aspherical surface
was highly fitted to the design aspherical surface with a maximum error about 10% of the total depth. The error curves float
at the zero line, and the error curves were controlled at 20% of the total depth. By this method, the processing allowance of
large diameter RB-SiC mirror blanks can be effectively reduced.

Keywords Abrasive water jet - RB-SiC - Aspheric processing - Depth of cut - BP neural network model

1 Introduction angular resolution a of optical system is related to wave-

length A and aperture D as a=1.22A/D. In order to increase

With the development of space technology, the requirements
for space optical system resolution continue to increase [1,
2]. According to the diffraction theory of optical system, the
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angular resolution, it is required to increase the aperture in
the same spectrum observed [3-5]. With the increase of
the aperture, the weight and transmission cost of mirrors
increase dramatically, so the lightweight of large aperture
mirrors is reduced. However, the lightweight reduces the
mirror stiffness and increases the surface error introduced
by gravity. In order to ensure the surface accuracy and light-
weight at the same time, high requirements are placed on
the materials of large aperture mirror blanks. RB-SiC has
become a preferred material for large aperture and light-
weight mirror blanks due to its outstanding mechanical
properties, which include low density, high elastic modulus,
high specific stiffness, low thermal expansion coefficient,
and high thermal conductivity [6].

When large-aperture RB-SiC mirror blank is prepared,
it is difficult to accurately control the surface shape of the
blank due to the thermal expansion and contraction, which
will result in the total surface error at hundreds of microns
to several millimeters. The surface error of mirror blank
is removed directly by grinding in traditional way. The
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processing allowance can be characterized as aspheric distri-
bution. However, SiC is a typical difficult-to-machine mate-
rial due to its high hardness and high brittleness. Even if
grinding with diamond grinding wheel, its material removal
rate is about 1/35th that of fused silica and less than 1/50th
that of glass—ceramics [7]. Meanwhile, the diamond grinding
wheel is prone to wear. These lead to extremely low process-
ing efficiency in grinding SiC.

With the increase in aperture and demand of mirrors, a
new method is required to improve processing efficiency. An
abrasive water jet machining is a typical noncontact process-
ing technique that is widely and increasingly used in diffi-
cult-to-machine materials such as engineering ceramics [8],
composite materials [9-11], and high strength steels [12].
With good processing ability and no tool wear, it is a good
option to process RB-SiC with abrasive water jet to quickly
reduce processing allowance of mirror blank.

The shape of kerf left by a single pass of abrasive water
jet was studied by many scholars. Sultan et al. [13] investi-
gated the effect of different erosion times caused by the jet
shape on the kerf profile of Ti6Al4V. The results indicated
that the erosion time caused by the jet shape had little effect
and the jet energy distribution made the greatest impact on
the shape of kerf. Carrascal et al. [14] presented that the kerf
profile could be effectively fitted to the Gaussian curve and
inferred as a Gaussian distribution of jet energy.

For brittle materials, the removal mechanism of abrasive
water jet is complex, including the influence of impact, shear
and micro-cutting of abrasive particles, the influence of heat
generated by impact, and the influence of multiple erosion
[15, 16]. Therefore, it is difficult to establish an accurate
theoretical model to predict milling depth. Pahuja et al. [17]
developed a semiempirical model to predict milling depth of
Ti6Al4V-CFRP stacks. This model was proved to be more
effective than multiple regression model. Mohankumar et al.
[18] built a semiempirical model by using Buckingham’s &
theorem to predict milling depth of metal matrix compos-
ites. The average error of the model was about 15% with
maximum error of 48% of the total depth. Ozcan et al. [19]
proposed a model based on energy and momentum conser-
vation, in which milling depth was related to the machinabil-
ity number of materials. The average error of the model was
about 15% with maximum error of 30% of the total depth
by processing multiple materials including AL6061, SS301,
Ti6Al4V, and SiC. Wang et al. [20] established a universal
finite element model of erosive wear to simulate the effect
of the impact angle, velocity, and particle penetration on
the targets. The accuracy was relatively low by comparing
simulation results with the experimental results. Anwar et al.
[21, 22] established the abrasive water jet milled footprint
model and overlapping abrasive water jet milled footprint
model for Ti6Al4V by using finite element method. The
average error of the models was about 10% with a maximum
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error of 15% of the total depth. Bui et al. [23] used a linear
superposition of Gaussian curves to predict milling depth.
Preliminary experiments indicated that the actual milling
depth was larger than the milling depth predicted by lin-
ear superposition of Gaussian curves. An erosion factor Ke
was introduced to consider the effect of secondary impact.
Then, the average error could be controlled at 5% of the
total depth, with a maximum error less than 13% of the total
depth. However, in order to predict milling depth, a single
kerf profile was required to be measured in advance, which
reduced the practicability of this method.

From the literature, it is difficult to establish a theoretical
model to predict milling depth, and the prediction accuracy
by using multiple regression model, semiempirical model,
or finite element model is not satisfactory for processing
RB-SiC mirror blanks. In order to effectively reduce the pro-
cessing allowance of large aperture RB-SiC mirror blank, a
new method is required to improve prediction accuracy of
milling depth.

In this research, the abrasive water jet milling is used
to quickly reduce processing allowance of RB-SiC before
grinding. The surface waviness induced by abrasive water
jet milling is effectively reduced by controlling step-over
distance. BP neural network models are used to improve
prediction accuracy of milling depth. Aspherical RB-SiC
surface is generated with a spiral path composed of 20 spiral
segments on the basis of milling depth prediction by the BP
neural network models. By using abrasive water jet milling,
processing allowance of large diameter RB-SiC mirror blank
can be effectively reduced.

2 Method of aspheric processing

2.1 Control of surface waviness

A processing path with overlapping step-over distance tends
to create large surface waviness (Fig. 1) on processed sur-

face. The surface waviness deteriorates the surface quality
and increases the grinding depth of subsequent grinding, so

Fig. 1 Surface waviness induced by abrasive water jet milling
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it needs to be reduced during the process of abrasive water
jet milling. A kerf profile (Fig. 2a) left by a single pass of
abrasive water jet was modeled using a Gaussian curve. The
result shows that the profile correlates well with the Gauss-
ian curve in the middle and bottom of the kerf and a small
discrepancy exists at the edge of the kerf. The adjusted R? is
0.99514, which indicates that the kerf profile can be effec-
tively fitted to the Gaussian curve. When Gaussian fitting is
performed on a single kerf profile, ¢ of the Gaussian curve
can be obtained to represent step-over distance.

When a processing path with overlapping step-over dis-
tance is adopted, there are impact angle variation and sec-
ondary impact of abrasive, which lead to the slight varia-
tion of removal function. To simplify the model by ignoring
the variations of removal function, Gaussian curves were
used to replace removal function, and linear superposition
(Fig. 2b) of Gaussian curves at a constant step-over distance
was performed. The curves indicate that the surface wavi-
ness of superimposed curve is reduced by reducing step-over
distance. When SO = 1.50, the surface waviness of super-
imposed curve is almost removed. The reduction of surface
waviness is greater when the surface waviness is large, and
when SO is less than 1.8c, the reduction of surface waviness
becomes gradually less significant. Combining the linear
superposition of Gaussian curves with machining accuracy
of abrasive water jet milling, surface waviness induced by
abrasive water jet milling can be effectively reduced when
the step-over distance is controlled to less than 1.8c.

2.2 Selection of aspheric processing parameters

The processing allowance of mirror is nonuniform in dif-
ferent radial positions, and the processing allowance can be
characterized as aspheric distribution. In order to remove
the aspheric allowance, the milling depth needs to be vari-
able in different positions during aspheric processing. The
milling depth can be changed by changing the processing

parameters, such as pressure, abrasive flow rate, standoff
distance, traverse speed, and step-over distance. Different
milling depths can be easily obtained by changing the pres-
sure, but it is hard to be changed during processing. It is not
a feasible way to change the milling depth by changing the
pressure during processing. Because the effect of abrasive
flow rate and standoff distance on milling depth is slight, it is
not a suitable method to control the milling depth by control
abrasive flow rate or standoff distance.

Traverse speed and step-over distance both have signifi-
cant effect on milling depth. Combined that traverse speed
and step-over distance are easy to change during processing
by setting processing path in advance, it is feasible to obtain
different milling depths by controlling traverse speed or step-
over distance. In order to extend control range and improve
the accuracy of milling depth, traverse speed and step-over
distance are both chosen to control milling depth. From the
above conclusion on the control of surface waviness, the
step-over distance needs to be controlled less than 1.8c dur-
ing aspheric processing.

2.3 Principle of aspheric processing

The milling depth is extremely determined by the dwell time
of jet. When the processing path is discontinuous or crossed,
the dwell time of jet is changed, which greatly affects the
milling depth; therefore, the processing path must be a con-
tinuous and uncrossed curve. The combined processing area
is a ring for mirror blank, and the spiral path can be used
for aspheric processing. In order to obtain different mill-
ing depths, a processing path composed of several spiral
segments is used for aspheric processing. Different levels
of step-over distance and traverse speed are used for each
spiral segment to obtain different milling depths. As shown
in Fig. 3, when the processing path is formed by adequate
spiral segments, the milling depth between adjacent spiral
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Fig.2 a Gaussian fitting and b linear superposition of Gaussian curves
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segment becomes so small that the processed surface can be
fitted to the design aspherical surface within error tolerance.

When traverse speed and step-over distance are changed, the
shape of the Gaussian curve and step-over distance of the linear
superposition are changed accordingly. The transition (Fig. 4) of
superimposed curve is smooth when different Gaussian curves
and step-over distances are used for linear superposition. There-
fore, the transition area on the processed surface can be trans-
formed smoothly when step-over distance and traverse speed are
changed, without bumps in the transition area.

2.4 Milling depth control based on BP neural
network models

As an error back propagation neural network, the BP neural
network is composed of an input, a hidden, and an output
layer. Any neuron in the front layer is connected to every
neuron in the next layer, and none of the neurons in the same
layer are connected. BP neural network models have good
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ability to fit nonlinear functions, so they can handle com-
plex nonlinear problems and are suitable for the solutions
of multi-parameter optimization [24].

The relationship of traverse speed and step-over distance to
milling depth is unclear. BP neural network models can be used
to establish the connection between traverse speed, step-over dis-
tance, and milling depth. Because there are only two input layer
neurons, the BP neural network models with one hidden layer
are used. The BP neural network model with output of step-over
distance (Fig. 5a) can be obtained by setting milling depth and
traverse speed as the input layer and step-over distance as the
output layer. With the BP neural network model, the step-over
distance required for predictive milling depth can be obtained.
The BP neural network model with output of traverse speed
(Fig. 5b) can be obtained by setting milling depth and step-over
distance as the input layer and traverse speed as the output layer.
With the BP neural network model, the traverse speed required
for predictive milling depth can be obtained.

2.5 Protocol of aspheric processing

The flowchart for aspheric processing is shown in Fig. 6.
Suitable traverse speed is assigned based on the milling
depth, and the step-over distance can be obtained based on
the BP neural network model with output of step-over dis-
tance. In aspheric processing, the number of spiral loops
is an integer; therefore, the step-over distance needs to be
adjusted according to the number of spiral loops and width
of each ring. After adjusting the step-over distance, the trav-
erse speed is adjusted according to the BP neural network
model with output of traverse speed. The adjusted step-over
distance and traverse speed are the final processing param-
eters in aspheric processing.

As shown in the dashed line in Fig. 6, after obtaining the
width of each ring, the spiral loop number can be assigned
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Fig. 5 BP neural network models with output of a step-over distance and b traverse speed
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directly. However, traverse speed of adjacent spiral segments
obtained by this method might be quite different, which
results in a significant acceleration or deceleration at the joint
of adjacent spiral segments.

3 Application of the method

3.1 The experimental setup and materials

Experiments were performed on an the AWJ Machine
OMAX ProtoMAX (Fig. 7a) with a constant pressure

Table 1 Mechanical properties of RB-SiC

Material Elastic modulus £ Fracture Vickers hardness
(GPa) toughness Kjc Hv (GPa)
(MPa-m'?)
RB-SiC  362.39 3.04+0.56 20.02+2.20

of 200 MPa, an orifice diameter of 0.2 mm, a focusing
tube (Fig. 7b) length of 57 mm, and a nozzle diameter of
0.76 mm. The measurement of pocket was performed using
a 3D laser scanning microscope VK-X200K (Fig. 7c). The
measurement of the processed aspherical surface was car-
ried out using a noncontact blue light scanner OKIO-5 M

Table 2 Processing parameters of abrasive water jet milling

Processing parameters Level

18, 21, 24, 27, 30, 33, 36, 39, 42

0.20, 0.25, 0.30, 0.35, 0.40,
0.45, 0.50, 0.55, 0.60

Traverse speed (mm/s)
Step-over distance (mm)

Pressure (MPa) 200
Standoff distance (mm) 12
Abrasive flow rate (g/min) 160
Size of abrasive (#) 150
Orifice diameter (mm) 0.2
Nozzle diameter (mm) 0.76
Impact angle (°) 90
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Table 3 o of Gaussian fitting at different levels of traverse speed

Traverse 18 21 24 27 30 33 36 39 42
speed
(mm/s)

G (um) 359.11+£0.72 349.68+0.85 330.74+0.52 334.86+0.65 333.71+0.67 324.12+1.04 324.35+0.66 319.37+0.63 318.33+£1.03

(Fig. 7d). The material used in this study is RB-SiC 3.2 Experimental data for BP neural network

(Fig. 7¢). The mechanical properties are shown in Table 1. models

Abrasive garnet (Fig. 7f) of mesh size #150 was used in the

present work to obtain acceptable surface roughness. The  In order to develop BP neural network models, the correla-
distribution (Fig. 7g) of abrasive size follows the Gaussian  tion between traverse speed, step-over distance, and milling

distribution. depth needs to be obtained. The processing parameters are
SO
0.6mm -, 0.2mm
42mm/s o
SO=0.60mm TS=42mm/s 4
240.0 pm
2200

SO=0.50mm TS=42mm/s

l'l Illl.ll R

TS

SO=0.30mm TS=42mnv/s

SO=0.20mm TS=42mm/s -

Fig.8 Processed pockets of RB-SiC by abrasive water jet milling

@ Springer



3140

The International Journal of Advanced Manufacturing Technology (2023) 126:3133-3148

Table 4 Experimental data for

BP neural network models Run TS SO Depth  Run TS SO Depth  Run TS SO Depth
(mm/s)  (mm)  (um) (mm/s)  (mm)  (um) (mm/s) (mm)  (um)
1 42 0.6 132 28 33 0.6 194 55 24 0.6 248
2 42 0.55 145 29 33 055 209 56 24 055 280
3 42 0.5 171 30 33 0.5 242 57 24 0.5 306
4 42 045 207 31 33 045 261 58 24 045 337
5 42 0.4 262 32 33 0.4 292 59 24 0.4 420
6 42 035 305 33 33 035 339 60 24 035 546
7 42 0.3 329 34 33 0.3 410 61 24 0.3 615
8 42 025 392 35 33 025 521 62 24 025 712
9 42 0.2 502 36 33 0.2 582 63 24 0.2 890
10 39 0.6 140 37 30 0.6 185 64 21 0.6 342
11 39 0.55 155 38 30 055 223 65 21 0.55 417
12 39 0.5 175 39 30 0.5 252 66 21 0.5 460
13 39 045 227 40 30 045 281 67 21 045 522
14 39 0.4 270 41 30 0.4 319 68 21 0.4 553
15 39 035 290 42 30 0.35 416 69 21 0.35 625
16 39 0.3 353 43 30 0.3 480 70 21 0.3 683
17 39 025 428 44 30 025 619 71 21 025 799
18 39 0.2 502 45 30 0.2 694 72 21 0.2 968
19 36 0.6 162 46 27 0.6 213 73 18 0.6 377
20 36 0.55 180 47 27 055 240 74 18 0.55 401
21 36 0.5 199 48 27 0.5 288 75 18 0.5 460
22 36 045 235 49 27 045 309 76 18 045 574
23 36 0.4 283 50 27 0.4 391 77 18 0.4 611
24 36 035 307 51 27 035 456 78 18 035 716
25 36 0.3 381 52 27 0.3 543 79 18 0.3 828
26 36 025 478 53 27 025 6% 80 18 0.25 904
27 36 0.2 540 54 27 0.2 851 81 18 0.2 1091

Best Validation Performance is 0.00020918 at epoch 36
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Fig.9 Training curves for the BP neural network model with output
of step-over distance
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specified in Table 2. The kerf processed by a single pass was
performed at nine different levels of traverse speed, and the
Gaussian fitting of its profile was proposed to obtain c. As
shown in Table 3, the variation in traverse speed has a small
influence on o. This is a result of the small influence of
traverse speed on milling width. Through the above analysis
of controlling surface waviness, the maximum step-over dis-
tance was controlled to less than 1.8c that is about 0.6 mm.

Traverse speed and step-over distance were set at nine
different levels to accomplish a total 81 samples of experi-
ments. Each sample was processed following a raster scan
path to create a pocket of 24 mm of length and 6 mm of
width. The bottom of each pocket was flat to ensure accurate
measurement on milling depth. The processed pockets of 81
samples were shown in Fig. 8. It can be found that the above
method of surface waviness control is effective because there
is no obvious surface waviness on the bottom of the pocket.

Three areas of each pocket were measured, respectively,
the middle area, the front, and back areas at a distance of
3 mm from the middle, to obtain milling depth. A total of
21 profiles at each interval of 10 um were measured for
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Fig. 10 Regression analysis of the BP neural network model with output of step-over distance

each area to form an average profile. The milling depth was
obtained by averaging the milling depths of each pocket. The
milling depths are recorded in Table 4. With the decrease of
traverse speed, the milling depth increases, and the increase
rate gradually grows. Therefore, variation of traverse speed
at high traverse speed results in a slight change in milling
depth, and variation of traverse speed at low traverse speed
leads to a sharp change in milling depth. With the decrease

of step-over distance, the milling depth increases, and the
increase rate gradually grows. Therefore, variation of step-
over distance at high step-over distance results in a slight
change in milling depth, and variation of step-over distance
at low step-over distance leads to a sharp change in milling
depth. These are related to the dwell time of the jet on the
material.
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Table 5 Validation experiments

Run Predictive milling ~ Traverse speed Predictive step-over ~ Measured milling  Error
?rfot(ljl:]Bfi)tﬁe(;lr?l Iie(t)‘;/gg over depth (mm/s) distance depth
e P OTSIEDOY (um) (mm) (um)
1 350 40 0.299 363 3.71%
2 420 28 0.361 435 3.57%
3 550 19 0.450 521 5.27%
4 180 38 0.527 188 4.44%
5 650 24 0.276 615 5.38%
6 410 31 0.336 401 2.20%
7 320 23 0.535 328 2.50%
8 270 35 0413 256 5.19%

Due to linear variation of traverse speed and step-over
distance, the proportion of samples of small milling depth
is greater than those of large milling depth, and the predic-
tion accuracy should be higher when the milling depth is
small. Most of the milling depths are in the range of 150
to 800 um, and the prediction accuracy within this range is
relatively reliable. For milling depths outside of this range,
prediction accuracy is not reliable due to insufficient experi-
mental samples.

3.3 Validation of the BP neural network model
with output of step-over distance

The BP neural network model with output of step-over distance
was established based on the above experimental data by setting
milling depth and traverse speed as the input layer and step-
over distance as the output layer. The 81 samples were randomly
divided into three sections for training, validation, and testing.
A total of 57 samples were used for training and presented to

Best Validation Performance is 0.99953 at epoch 34
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Fig. 11 Training curves for the BP neural network model with output
of traverse speed
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the network, which is adjusted according to its error. In addition,
12 samples were used for validation and used to measure net-
work generalization, and 12 samples were used for testing and
provided an independent measure of network performance. The
mean square error (Fig. 9) of the validation curve is minimized
on 36 iterations. The regression analysis for training, validation,
test, and overall is presented in Fig. 10. The BP neural network
model is quite reliable because the correlation coefficient R is
quite close to 1.

In order to validate the prediction accuracy of the
model, 8 groups of validation experiments were per-
formed. The milling depth and traverse speed used in
the validation experiments were randomly assigned
within the prediction range of the BP neural network
model. As shown in Table 5, the error between predic-
tive milling depth and measured milling depth can be
controlled to less than 6% of the total milling depth.
With the BP neural network model, the step-over dis-
tance required for predictive milling depth can be
obtained accurately.

3.4 Validation of the BP neural network model
with output of traverse speed

The BP neural network model with output of traverse speed
was established based on the above experimental data by
setting milling depth and step-over distance as the input
layer and traverse speed as the output layer. In the same
way, the 81 samples were randomly divided into three sec-
tions for training, validation, and testing. The mean square
error (Fig. 11) of validation curve is minimized on 34 itera-
tions. The regression analysis for training, validation, test,
and overall is presented in Fig. 12. The BP neural network
model is quite reliable because the correlation coefficient R
is quite close to 1.

In order to validate the prediction accuracy of the model,
8 groups of validation experiments were performed. The
milling depth and step-over distance used in the validation
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Fig. 12 Regression analysis of the BP neural network model with output of traverse speed

experiments were randomly assigned within the prediction
range of the BP neural network model. As shown in Table 6,
the error between predictive milling depth and measured
milling depth can be controlled to less than 7% of the total
milling depth. With the BP neural network model, the trav-
erse speed required for predictive milling depth can be
obtained accurately.

3.5 Aspheric processing

Aspheric processing of RB-SiC was performed. The pro-
cessing area was a ring with an inner diameter of 40 mm
and outside diameter of 160 mm. The generatrix of aspheri-
cal surface was parabola, and its equation (Eq. 1) was char-
acterized by a depth D and a radial distance R.
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Table 6 Validation experiments of the BP neural network model with
output of traverse speed

Run Predictive Step-over Predictive Measured Error

milling distance  traverse milling

depth (mm) speed depth

(pm) (mm/s) (um)
1 280 0.44 32.40 281 0.36%
2 480 0.38 24.46 449 6.46%
3 400 0.24 41.46 425 6.25%
4 750 0.30 18.84 747 0.40%
5 370 0.27 40.98 372 0.54%
6 220 0.46 37.66 233 5.91%
7 750 0.21 26.25 785 4.67%
8 180 0.56 36.62 184 2.22%
D= (0.1 X R* - 840) x 10~ (1

The unit of D and R was millimeter. The minimum milling
depth was 200 um at the outer circle, and the maximum milling
depth was 800 um at the inner circle. The processing path (Fig. 13)
was composed of 20 spiral segments to obtain twenty milling
depths each differing by 30 um. The step-over distance and traverse
speed (Table 7) were obtained on the basis of BP neural network
models. The result of aspheric processing is presented in Fig. 14.

4 Results and discussion
4.1 Surface roughness analysis of pockets

The surface roughness Ra and Rz at the bottom of the
pockets is measured to analyze the effect of traverse speed

amplified

O O

O
O

Fig. 13 Processing path of abrasive water jet milling

© O
OO0
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O

and step-over distance on surface quality. Due to the large
surface roughness, no filtering is done to avoid damaging
the initial face shape. The surface roughness of five areas
of 600 um x 600 um at the bottom of the pocket was meas-
ured and averaged.

The effect of step-over distance on surface roughness
is presented in Fig. 15. The results show that as step-
over distance decreases, the surface roughness slightly
decreases when the step-over distance is in the range
from 0.45 to 0.6 mm and obviously increases when the
step-over distance is less than 0.45 mm. The step-over
distance of 0.6 mm at traverse speed of 30 mm/s corre-
sponds to the step-over distance of 1.8c on linear super-
position (Fig. 2b) of the Gaussian curves which slight
surface waviness presents. The slight surface waviness
leads to slight increase on surface roughness. Therefore,
the surface roughness is slightly decreased by decreas-
ing the step-over distance in the range between 0.45
and 0.6 mm. As the step-over distance decreases, the
secondary impact of abrasives increases. This leads to
the increase on surface roughness when the step-over
distance is less than 0.45 mm.

The effect of traverse speed on surface roughness is pre-
sented in Fig. 16. The results show that as the traverse speed
decreases, the surface roughness changed a little when trav-
erse speed is larger than 30 mm/s and obviously increases
when traverse speed is less than 30 mm/s. When the traverse
speed is larger than 30 mm/s, the milling depth of the single
kerf is relatively small, and its variation has less impact on
the secondary impact of abrasive, so the surface roughness
is changed a little. When traverse speed is less than 30 mm/s,
the milling depth of the single kerf increases rapidly as the
traverse speed decreases, resulting in the rapid increase of

—

composed
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Table 7 Details of aspheric processing

Run Milling depth  Radius of ring

Width of ring  Traverse speed  Step-over Number of Rounding off Adjusted step- Adjusted

(um) (mm) (mm) (mm/s) distance  Loops over distance  traverse
(mm) (mm) speed
(mm/s)
1 200 78.10-80.00 1.898 40.000 0.474 4.001 4 0.474 40.248
2 230 76.16-78.10 1.945 39.000 0.434 4.478 4 0.486 34.278
3 260 74.16-76.16 1.996 38.000 0.397 5.032 5 0.399 39.549
4 290 72.11-74.16 2.051 36.000 0.376 5.458 5 0.410 33.475
5 320 70.00-72.11 2.111 35.000 0.355 5.948 6 0.352 36.536
6 350 67.82-70.00 2.177 34.000 0.338 6.444 6 0.363 31.910
7 380 65.57-67.82 2.249 33.000 0.326 6.899 7 0.321 33.793
8 410 63.25-65.57 2.329 32.000 0.322 7.241 7 0.333 30.523
9 440 60.83-63.25 2.418 31.000 0.322 7.511 8 0.302 31.783
10 470 58.31-60.83 2.518 30.000 0.322 7.811 8 0.315 28.991
11 500 55.68-58.31 2.632 29.000 0.320 8.237 8 0.329 26.491
12 530 52.92-55.68 2.763 28.000 0.313 8.835 9 0.307 27.250
13 560 50.00-52.92 2915 27.000 0.303 9.621 10 0.292 27.734
14 590 46.90-50.00 3.096 26.000 0.292 10.591 11 0.281 27.896
15 620 43.59-46.90 3.315 25.000 0.283 11.731 12 0.276 27.361
16 650 40.00-43.59 3.589 24.000 0.276 13.013 13 0.276 26.290
17 680 36.06-40.00 3.944 23.000 0.275 14.349 14 0.282 24.689
18 710 31.62-36.06 4.433 22.000 0.282 15.736 16 0.277 24.032
19 740 26.46-31.62 5.165 21.000 0.294 17.599 18 0.287 22.195
20 770 20.00-26.46 6.458 20.000 0.304 21.263 21 0.308 19.529

Fig. 14 Aspherical RB-SiC surface processed by abrasive water jet

milling

the secondary impact of abrasive. This leads to the increase
of surface roughness when the traverse speed is less than
30 mm/s.

4.2 Measurement and evaluation of aspheric
surface

Four profiles (Fig. 17) on processed RB-SiC were
extracted at per 45° and compared with the generatrix of
the aspherical surface. The extracted profiles are highly

9.5 75
9.0 -+70
8.5+ 65
8.0 -+ 60
g 7.5 1 55 g
g 7.0 4 50 g
6.5 +45
6.0 4 40
5.54 --F-35
5.0 30

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
SO (mm)

Fig. 15 Effect of step-over distance on surface roughness with a trav-
erse speed of 30 mm/s
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9.5 75 total depth. The maximum error is about 10% of the total
:: ﬁz -70 depth. The error curves float at the zero line. This indi-
- 65 cates that the overall deviation of milling depth predicted
g L 60 by BP neural network models is small. The error is small
,,,,,,,,,,,,,,,,,,,, \1 o ] S| PR I g when the milling depth is small, and the error increases
[ i ’-f\ D \E 50 gradually when the milling depth gradually increases.
x _ ! S a Error at large milling depth is more prone to increase
\_ - | 40 the maximum error and increase the subsequent grind-
—y— .

| | 1 L3s ing depth.
50 % 8 l 30 The maximum error is about 10% of the total depth, larger
18 21 24 27 30 33 36 39 42 than the predictive error of the BP neural network models.
TS (mm/s) The reasons are as follows: The average depth was used to

Fig. 16 Effect of traverse speed on surface roughness with a step-over
distance of 0.4 mm

fitted to the generatrix of aspherical surface. Most of pro-
cessing allowance can be removed by this method; thus,
the grinding allowance for subsequent grinding can be
effectively reduced.

The error curves (Fig. 18) which are the difference
between extracted profiles and the generatrix of aspheri-
cal surface are controlled at about 160 pm, 20% of the

400

represent the error in BP neural network models, and the
actual surface profile was adopted to represent the error of
aspheric processing. This leads to the larger error in aspheric
processing than BP neural network models.

Considering the error of aspheric processing and the
removal of cracks produced by abrasive water jet, the
subsequent design grinding depth should be greater than
150 um. The proportion of processing allowance removed
by abrasive water jet is related to the total depth of the
processing allowance. As the total processing allowance
increases, the proportion of the processing allowance
removed by the abrasive water jet increases. The material

Fig. 17 Comparison of surface
profiles with the generatrix 1
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Fig. 18 The error curves of 160
aspheric processing 1
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removal rate is calculated as 4.91 mm?/s, approximately
10 times higher than grinding efficiency [25, 26]. Due to
the limitation of low constant pressure and small nozzle
diameter in this experiment, the material removal rate is
largely limited. The material removal rate still has a high
room for improvement.

By using BP neural networks to control milling depths and
setting different milling depths in spiral processing path, the
aspheric surface can be accurately processed by abrasive water
jet. This method can be applied to the processing of mirrors for
rapid material removal to reduce total processing cycle. This
method could also be applied in fields where milling depth pro-
cessed by abrasive water jet needs to be accurately controlled.

5 Conclusion

In this study, a method to quickly reduce the processing
allowance in large diameter RB-SiC mirror blanks using
abrasive water jet milling was presented. The single kerf pro-
file processed by abrasive water jet milling was effectively
fitted to the Gaussian curve. Linear superposition of multiple
Gaussian curves with overlapping step-over distance was
performed. The surface waviness of the linear superimposed
curve was reduced by reducing step-over distance. By estab-
lishing BP neural network models, the milling depth can
be accurately predicted. Aspheric processing of RB-SiC by
abrasive water jet milling was performed. The processed
surface was highly fitted to the design aspheric surface. By
using abrasive water jet milling, the processing allowance
of large diameter RB-SiC mirror blank can be effectively
reduced. The following conclusions can be drawn from the
study:

(1) The single kerf profile processed by abrasive water
jet milling was effectively fitted to the Gaussian curve,
and o of the Gaussian curve was obtained to represent
step-over distance. Linear superposition of multiple
Gaussian curves with overlapping step-over distance
was performed. The surface waviness of linear superim-
posed curve was reduced by reducing step-over distance
and almost removed when SO =1.5c. When the linear
superposition of Gaussian curves is combined with the
machining accuracy of abrasive water jet milling, the sur-
face waviness on the processed surface can be effectively
reduced when the step-over distance is controlled to less
than 1.8c.

(2) Due to high influence of step-over distance and trav-
erse speed on milling depth and ease of control, step-over
distance and traverse speed were chosen to control milling
depth. The BP neural network models with step-over dis-
tance and traverse speed as parameters were established
to predict milling depth. The BP neural network models

are reliable, and the prediction error can be controlled to
about 5% of the total depth, with a maximum error less
than 7% of the total depth.

(3) Aspheric processing of RB-SiC with a processing path
composed of 20 spiral segments was performed by abrasive
water jet milling. The processing area was a ring with 40 mm
inner diameter and 160 mm outside diameter. Different mill-
ing depths were obtained by controlling step-over distance and
traverse speed. The processed aspherical surface was highly
fitted to the design aspherical surface with a maximum error of
about 10% of the total depth. The error curves float at the zero
line, and the error curves were controlled at 20% of the total
depth. The material removal rate is calculated approximately
10 times higher than grinding efficiency. The material removal
rate still has a high room for improvement. By this method, the
processing allowance of large diameter RB-SiC mirror blanks
can be effectively reduced. This method could also be applied
in fields where milling depth processed by abrasive water jet
needs to be accurately controlled.
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