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Tab.1 Positioning accuracy and repeated positioning

accuracy of the CNC grinding machine

Axis Xum Yum Zpm A(") CK")

Positioning accuracy s5 =5 =5 =9 =7

Repeated positioning accuracy ~ +2 +2 +2 +5 +5

Grinding
wheel

& 2 BEHIR AR
Fig2 Illustration of grinding machine
2 =1 3 T B ) AT RO B D Y R Y
P PR, AR A0 2 ) i A 0 e e e o B 5 LA e e
LT T ) YRR R ATRIE L E R, A
R VAT B T R B 0 o X e A B T
SR HANIE 3 Frs i B HIE

Grinding wheel

Aspherical workpiece

P 3 AR Rk B R R

Fig.3 Illustration of aspherical vertical grinding

22 AMFMIRE

AR BRAE A AT RE C R oS XL Y
LB ST AE T T B . 24 A4 AL I
AT, 50235 ) 5l A 3R AT T 0 S 0 5 Tl A R 2
HEME R TEEAS BE . PRk, ARFE R BRI 5 72 (A2 (1),
XA Tl F A 15 22 X TR RG BE 1% 5 e KA 2R AT 40 A
Horp, it A N,

6= arctan(zfar_%) ()

ﬁq:‘: Zfar~ Znearﬁ%u%‘:{i—\‘%%jk}*ﬁﬁ\ j&ﬁﬁ% z ﬁé*/—f\‘;

AOROFAIRZE AL . ARERIE AL ARG X Bliielt An e
x

[y](ﬂ

x 1 0 0
[ y ]:[ 0 cos(@+Af) sin(6+A0)
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Fig.4 Effect of -axis zero-position error on surface form accuracy (P¥)
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Tab.2 Grinding parameters with spiral scanning-path

. Grinding Workpiece Feed Grinding
Grinding
depth/ rotary speed/ rate/ wheel rotary
path ] R Y
pm r-min mm-min speed/r-min
Spiral 10 22 1.8 3000
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Fig.5 Experimental results of the surface form accuracy (PV). (a) A0 =
0°; (b) A8 =0.001°
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Fig.6 Effect of Y-axis alignment error on surface form accuracy (PV)

TS BV Y %0y o) SRR ARk, (R RAR L /N T
10 pm, 152 22 UK 55

B 5, DL 2 P I S 5O0T R E SE 5,
Yot G 255 70 pm, B I TEDE RS EE DL B S(b), BE
Il T TERS FE AN 7 7R, PV AR T 9 pum, 5351
BARE E 7.90 um AT .

~
7/

PV 0.036 mm
RMS 0.008 mm

B 7 %R dy=70 um BTETEASE PV

Fig.7 Y bias d,=70 um experimental results of the surface form accuracy

(PV)
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Fig.8 Experimental results of the surface form accuracy (PV). (a) r=

59.690 mm; (b) 7=59.640 mm
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Fig.9 Experimental results of the surface form accuracy (PV). (a) Three-
axis spiral scanning-path; (b) Four-axis spiral scanning-path;

(c) Three-axis raster scanning-path
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Tab.3 Grinding parameters with raster scanning-path

Grinding Grinding depth/ Feed speed/ [ccd ~ Grinding
_, distance/ wheel rotary
path pm

mm-min )
mm speed/r-min

Raster 10 700 0.1 3000

2.6 ZIEEIME

FEREE N TR T, RESTI AR 3R
25, K Z Sl T8RS B M T R T B v /N 3 FB 4 1R
22, RIS B8 ) J 9 T RS B2 AT RS it i, R S AR
I T % A i 22 PR AT Z it 4 15 8 4% LA S R AR
. W 10 s, A 4 )R 2k D20 ibitiEat Z
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3 um, FEAREE T = AR ARG ARSI i T BR

PV 0.002 mm
RMS 0.001 mm

10 WIEHIEE PV 90 2R . (a) FEREHMERT; (b) HEEEAMER

Fig.10 Experimental results of the surface form accuracy (PV). (a) With-

PV 0.003 mm
RMS 0.000 mm

out accuracy compensation; (b) With accuracy compensation
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Fig.11 Flow chart two kinds of damage depth prediction models

established
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TRIEEHHIT, AT7E 5 SE0H0ER 1Y AT AR I B[R] i
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32 ERIBGREZMERENE

BT W7 R g o, 3R 2 A5 40 TR L R 3 THIDHL B 2
Rz 53 SRR AT AR A5 [7] 7 v (57 2 U TR B A0 7 R
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HGETH I SZ AR TR E 5 2 LR JBE =22 (A1 5E 2%, LA
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BRI 4 Ps

12 SRR )2 R AR OG5

Fig.12 Relationship between subsurface damage layer and surface

roughness
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PN R S 6 45 B A A b R ) R S &
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Tab.4 Grinding technological parameter

G Griding Grinding  Spindle speed/  Feed speed/
rou

P wheel depth/um r'min’ mm-min "'

1 Mental 1 12000 2
bond/D30

Mental

2 1 12000 2
bond/D20
Resinoid

3 1 12000 2
bond/D30

4 Resinoid 1 12000 2
bond/D20
Resinoid

5 1 12000 2
bond/D15
Resinoid

6 1 12000 2
bond/D10

7 Mental 2 12000 2
bond/D30

8 Mental 3 12000 2
bond/D30
Resinoid

9 1 8000 2
bond/D20

jo ~ [Resinoid 1 10000 2
bond/D20

jj  [Resinoid 1 14000 2
bond/D20
Resinoid

12 1 16000 2
bond/D20

j3  [Resinoid 1 18000 2
bond/D20

14 Resinoid 1 12000 3
bond/D20
Resinoid

15 1 12000 4
bond/D20
Resinoid

16 1 12000 5
bond/D20

17 Resinoid 1 12000 6
bond/D20

1y Resinoid 1 12000 7
bond/D20

D10 b4 =Fh T HEEHIF R 5 RAFTE., &
J& JE D20 048 5 HIl 58 e PR 2% 1h] M 1R A 22 B0 85 1) 4
PN B G, 2 THDRLRE B Ra M 90 nm. Rz 9 1.73 um,
72 TH 545 TR BE Ry 20.17 pme A4 1 3 D20 B e B il
52 JiT 9 THI VB HI) 0 % 5 Ay i AT L B R R A T
FETRHLBE B Ra 2 31 nm. Rz 2 0.50 pm, V. 2% 1 #5147
TR 4.40 pum, 3 LY 4x J8 FE R0 56 0 B ) 45 R KR o
B g 2k D10 0 % B 1 J5 35 1 — SOk ar, B ) 80
AV, FRHBERE Ral 15 nm, Rz Jy 0.25 um, W i
BAGVR N 2.46 pum, F 15 W2 1 5 & A B — 4
Tt
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Subsurface damage

N

[ 13 (a)~(c) 4xJ@%E D20, WS D20 KA HEHEE D10 AV RIS (d)~(f) 42JE 3 D20, WHIESE D20 MAMAGIHE D10 T8 8 I 3 i 1 25 B I 26 if

it

Fig.13 (a)-(c) Grinding marks after grinding with the D20 metal base, D20 resin base and D10 resin base grinding wheels; (d)-(f) Surface morphology

and subsurface damage after grinding with the D20 metal base, D20 resin base and D10 resin base grinding wheels
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(1. Xi’an Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi’an 710119, China;

2. College of Artificial Intelligence, National University of Defense Technology, Changsha 410003, China)

Abstract:

Objective Large Aperture Off-axis Aspherical Optical Elements (LAOAOE) have been increasingly demanded,

such as space/ground-based large aperture telescopes, aerial optoelectronics or ground tracking & sighting

instruments. Moreover, the requirements for the larger aperture and shorter processing cycle make it be the core

problem to manufacture the large aperture off-axis aspheric optical elements with the highly efficient and high-

precision manufacturing. For instance, the processing cycle for the LAOAOE with the diameter of 1 meter is

required to be 2-3 months. As the highly efficient removal process for the LAOAOE, surface form accuracy and

damage depth of precision grinding having directly determined the processing difficulty and processing cycle of
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the subsequent polishing processing. Therefore, the high precision grinding process of shape-performance control
for LAOAOE are investigated in this paper. In other words, it is required to improve the surface form accuracy
and reduce the depth of grinding damage, simultaneously. The numerical collaborative approximation of both

items is needed to be achieved in the end.

Methods In terms of the surface form control, it was identified the main factors for the machine tool structure,
which affect the surface form accuracy of low-frequency surfaces. To achieve collaborative control and accuracy
optimization of process parameters, the investigations were conducted to explore the influence laws between the
surface shape accuracy and the 4-axis zero error, Y-axis alignment error, shape and size error of grinding wheel,
grinding wheel path, Z-axis surface compensation and so on. For the performance control, the influence laws
between the grinding damage depth and grinding parameters were obtained, and the mapping relationship between
the grinding damage depth and grinding surface roughness were established. The suppression strategy of the

subsurface damage strategies for LAOAOE was proposed in the end.

Results and Discussions  Firstly, the form accuracy (PV) of the grinding surface was significantly affected by
multiple factors. The A-axis zero error variation of 0.001° had led to the change of 5.47 um (the theoretical
value)/6.9 um (the experimental value) in surface form accuracy (PV). The Y-axis alignment error variation of
0.07 mm had caused the change of 7.9 um (the theoretical value)/9 pm (the experimental value) in surface form
accuracy (PV). Surface form accuracy had also been significantly affected by the profile error of grinding wheel,
grinding method and approach as well as the Z-axis error compensation. For the reasons as above, the
improvement of grinding surface form accuracy is subject to the collaborative control and optimization of the
above factors. Moreover analysis based on indentation fracture mechanics revealed that there was a corresponding
relationship between the grinding subsurface damage depth and surface roughness. When the damage depth was
less than 5 um in the experiment, the surface roughness Ra was below 30 nm and Rz lower than 0.25 pm, all of
which could be used as the basis to control the grinding damage. Finally, after the shape and property-controlled
grinding of off-axis aspheric lens with an aperture of 640 nm, the surface form accuracy could reach 3.1 pum with
the surface roughness Ra less than 24 nm, Rz lower than 0.2 pm. According to the relationship between the
surface roughness and the depth of the subsurface damage, the estimated depth of damaged layer was lower than

5 pm. It was verified that the subsequent polishing duration had been significantly shortened.

Conclusions For the LAOAOE, the grinding surface form accuracy can be efficiently improved by the
deterministic analysis, control and compensation on the various factors affecting surface form accuracy. By
mastering the mapping law between the grinding subsurface damage depth and surface roughness, the
measurement on surface roughness can realize the indirect control of subsurface damage depth. Also, the
combinatorial optimization of grinding process can achieve the efficient improvement and collaborative control of
form property precision, which will lead to the significant reduction of polishing period for the optical elements
with large aperture. It will be of great reference value for the efficient high-precision processing of optical
elements with large aperture.
Key words: precision grinding;  contour-performance accuracy;  form accuracy;  subsurface damage;
off-axis aspherical surface
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