%43 % % 8 HI/2023 &£ 4 B/

YR lesr e RS

BRI R

HtE, BEN

RAR RGN AR SALAS F R E G LR =, MAHES RS, K 300072

WME AR T BT BT O HOR B U SRS RDRE R SR TR 25 A IROC O A BETE T
PO AN T I B 78 A A2 HOR BT ST BE R, IR 38 T Y B 75 B9 )AL . 3 o SR BB TR I 15 AR TE 11 ol T 2
FEY AT S 45 4 3 TR 5 [ B0 1) 288 50 2 ST A v 8 R BDIR: X0 38 36 0 A1 2 A TS TR 12 R ) i i R S5 APk i A7 17 R
KR OBt bR AERRmES; A TEEST; AR T SRR A

FESES 043 XHkiRERS A

I G

PR 3 it R R EA RO —,
(RO = NTTINE | 5= TR S e s NN €k O IR e o i
BEAE, Tz B T E AR IR R G O R AR U
PABCRS AP 42 078 35 BT B B R A S AR
(AR 22 BT i LA R LASB 2 BIL o e T RO 3 5 %
7 Ot AR A5 D AR 0 Ak 22 T 2 o 3 ) 4l 35
BB

BRI T AL SF L G p i i T 22 2R A
S o ) T R P B K TR O B U T LA
DL SR, th T BRI 535 B A7 0 15 22 09 ) L, — e
o7 P oK 1T 3 B 2 R A AR AR 22 X RO A R RR e
KGAFITF 7 i R Fg ™. M2 T,
A5 BR 1T B B0 R 22 R IE AR B B, W DG R S
A AT B TR H 3 T A e T, SR RS 2
HI 40 D' 25 A B8 T 200 T ME LS BRAE B AL A 7 e R
AR I BT 1A B AT, B 8 A K i o 45 A0 X S Bt
mE,

I K % B B (PGM) & — ik T 4% 1B
JE B A v ST 0 T A, BB B T A A v R R g
FAT A 2RI AR, DT 52 B A2 2% i ThT i
BERIHE o B BT B AR Y B A B AR BR 1 2
B 14 ) T B AR R AR R L S N TR O T A B
AZ o H BT B 28 A il 3 38 AR BR 1 2 B A T
PR IFZ A 2 A il A AT S A5 R B B
L B R R U R B AR R
WA 75 Qe A ROR @ A HIZ AR AR B 577 78 AR
Z Rk S TR )RR R A e o AT AR, B SEBCEE AT ORL |

DOI: 10.3788/A0S221906

REEL TN T R R T A Ak 358 B 2 11 5 o R e 15 A
G, AR B Tl AT T iz W B g A R
TAE

% 35 375 5E E R UIE O vk B R aT AB W #1916 4F
Eader "2t T 3¢ 3 15 55 AR P £ R ik . 20 1
70 40 AR ZE A, DA Eastman Kodak F 48 36 195622 4k
Loy AT T BB R AR IFRIEMHXE
FIEE SN 20 42 80 AEAR T Ay, LA ZEHE (Hoya) /N it
(Ohara) ,f H (Sumita) | JE B (Nikon) £ (Canon) |
BB I 8 (Olympus ) Ry AR B 4 Ml I 46 48 28 s HIAIK
F45 25624 B 1S B4 RL RIS T2 [A] B 45 2 (Toshiba) 2%
I JF & T8 — & il 1k 19 GMP 2 %1 3% 35 5L HL A
ULG RANBBRTZ I THL " s DLy s AR Bk i
BB B R R T3 A T Rk e & B
=

1E S W 5% 5 T, 35 Bk 2 RN 37 R 2 YR
417N 2004 AF FF 4 X Bl 38 4 R B 2 R T R AR
IEAE BB BB BPE ) AT o BUE AL S A T
K0S R A S 2 A R O A R A T T TR R SR
TAE . 25 [ 58 S W 2% K 2% Joseph i A2 7 AE B B
BRI A B B G R R A R B i B AL B
FTHEPEANY, L K B R 65 28 43 B 45 5 T BUAS AR 2 iF 9
AR N BLE T2 s T 0 B AR IL K2 Zhou
SR B B R M A R B R R O R AL R LA
K B THDE FGUES MRS 55 7 T T T IR ABESE L 7
B A 4 (NIP) B fUEs #4107 TH L HUAS 1 %€ iF
Bl R HROR 9% AR 7R BRI 98 BF Dambon % 1
T P 15 22 T0AMZ B BI 0BT i 28 B L 5 A% o
T R L v 8 R A O T T R T M SRR SY TAE. PR

Wi B 2022-10-31; EEHH: 2023-02-01; RABH: 2023-02-26; MEEZBE: 2023-03-06

BE2WHE: ERARPFIESE(52035009)
BIEEE: [zlang@tju.edu.cn

0822011-1


https://dx.doi.org/10.3788/AOS221906
mailto:E-mail:fzfang@tju.edu.cn
mailto:E-mail:fzfang@tju.edu.cn

$o AR K 2% Sarhadi 55 7 3 55 -8 HL 5T R 5 AR Bbn
T BUE AU SE T T T R OF 9T AT o I Aok, N K
AL TF R Tz MBI S AR R A R K
B 5 R R B B TSR R AN T B
I b AR A (R T AT FE I $5 TR AR R
I HL . IR R Yo S TR R U R T2
A T 5k A% L g BN A AR O B (RS R R TR 5 5R
T2 1 P Al BB TR B A R R TR T 2. db st
TR A% Zhou S HE B4 MR EL TN T RS A R
BB BEAL, A A B HL B | 21 A1 B AR 3 325 B 2 THT o
BTN A 7 TR T OB BB A . IR Li
SRR T BUR SR B A  F R AR IR R R
BT AR B U 2 E AT O AN 3 EE 3 S O S AT 5 <
TR HE R 30 45 Ok Btk A6 485 (W C) A5 5 fim T B 2 21 1z ]
TFRE T — R ANWEFE AR, B2 0 7 SO6 5 B 45 1o T4
HAH T2 W TS iSOG B T8, R
TR TR AR [l R T 5 T T R TR
(B AL AR SR B A LB R AR BT Y AR
LI TR IS S0 VI NE S 52 BN S
FHAETT IR T AHOCHEFE TAE

S S[R3 F 3 B A IO HOR 1 17 R A T
D E A R B A B SR SR B 4
A BROCOT E A s T2 A0 A S s i 5 2% 25 A% L

Heating

source

Glass preform

Lower mold

Heating

Pressing

* Load

& 43% % 8 HI/2023 £ 4 B/NEHR
HOR B FEHE R, 45 1 M A AE 09 In) 5 K, O i
— 00 B B AR R WO B R AE O R AT G A
a2 T (B [ 4 A5 Ol 2 o A v B AT B
Ja XAk & RS TR,

2 BEEEMRL LA B AL

2.1 MBEEEREFRE

I SRS %A 2 B O i o A R T
XA 1 B 58 i — i ey, (R A AR IR 9T 2 4
BEHFAIE AR, B H G M 0] R A B AR B .
1T A5 BT 2t B AR AT 23 4 A B B < i A
FE AN BB . B B B, — RN 3 R A 14 AR
BT 3 O 21 A0 S s IO A L Ml A A A
FCPREE i R B 90 I AR DR ol 3 S L] A
FEArTHIR B EE B S P A IR B O, DL AR AN
J7 05 5 B B B K — s A A e T R L A
A7 /N I 2 3 AR A B 38 A L IS B 04 JL AT RR AR
i R, [ Ao a2 ) 4 ol B R SR B S EI B B L T
—E WO R BT R, AR EE SN LR T e A B A AR
SR i S KB B, — BRI TG
S T 2R ISR B B B H & = R B AT i
L, 28 IS0 B 38 B A B R U

¢ Hold-up load T Open

Cooling Lens

source
..

Cooling Release

F1 BB RS B AR TR T L]

Fig. 1 Schematic diagram of precision glass molding
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Table 1 Comparison of mold material properties

. Thermal Thermal . .
) Elastic modulus / . - Maximum molding
Material Hardness /HV expansion / conductivity / .
GPa s e temperature /°C
(10 °°C) (Wem '-C"

Silicon (Si) 168 1150 2.6 148 ~700
Silicon carbide (SiC) 350 2100 3.7 48 ~850
Tungsten carbide (WC) 570 2600 4.9 63 ~730
Glassy carbon (GC) 32.4 230 2.1 5.8 ~1360
NiP alloy (NiP) 150. 1 769.2 12 8 ~790
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. Positioning stage

Z)rkpiecc
< -

P11 ey R 2 Tk T ) e
Fig. 11 Axial-feed fly cutting™"

PO 5 B )0 = — B 3 T AR AR A AR 1 DD
D5k N 12Ca) iR, 38 3 o' 4 RECDD I DX R e A4
e JR B A5 Ak, W S B AE P dsk U0 I N T, 320 vk LA 4R
1o 22 T B A s/ T H B B AE L. Micro-LAM /4 ]
BT WOGAE Zn PG B 4210 58, IR & T Optimus £
HIOCHE BN TR 58, 9 JF B T ik Ak 8 A B Y1 ) T
2 Ey  SEBR YD) 10 mm D AR AR L IR A RLRE S,
2. 74 nm B FE S FE T B 7 I, — 4 ) HAT L
YIHI F 428 40 mm @ MBS HL 26 171 5 ¢, B0 T
KR 200 s, 0 TRCR ] B & a5 24 5 e £ m

iR B 5 TR, 38 3 0 L AS [ & R EE g W C YIS 26 1f T
B &SRR SE/NT 0. 4 pm BT 3@ A58 5 VI3RS
F " KEEK R N 1 S = T A R
O BT E R S8, IT R WC 306 1E £ I #446 B 75 1)
SEEG, GnE 12(b) s, YIEI 4228 1. 62 mm /9 19 1 5
H 3R MBE BE S AT 3. 26 nm gy 1@, I 78 I I
P B R TR AL I T AR 5 0 TR AR N T A
T T KR I AE TR 0% S K A I BT X IO 7 R
P B ZE ) (In-LAT) I #4884 | 0 FORG T 45 ) 5t
P& TR Y ROEOG AR B 42 I (HE-LAT) I i,
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BOF IR E S In-LAT 32 A0 [5] A9 I S 8 306 i
AL In-LAT J7 ik i — 2, [ B 2 i fDRE B S, 2
= 20,97 nm, AR N T FEAK 4090, iX R BI HE-LAT X}
WC i T3 HAT ORI BT, SOG4 B b1 E
v A5 B I Tl A, R R R A T T AR

@

Softened
material

PEAT TR B2 v, 0 EORG 8 LA K T b IR A B A 3t
fiR DR o R, AN 25 22 WL 2 DT HI AR 6 F 8 1 R A7 T
I T2 A B, DRI 3% 1 AR 9 4R 2 X Tl A
i ok B R R A

/ Focus lens

Laser beam

B2 BOGRRBIOIE (o) SO /e 6 il B 42 1 5 (b) BRAL S B T2 1f
Fig. 12 Laser assisted cutting!””. (a) In-process-heat laser assisted turning (In-LLAT); (b) finished surface of WC mold

7R 7 AR 152 4 st B ) A 4 i a4 4 W T 5L DL
B 3T R 5 030 4R 2, DA S BB AR v ) 5
A e K 0 52 4 Ay B HOn T B AN B 13 BOR L %
BAR GRS B M ) L A&l 14 TR, Suzuki
a3 P %R ol 38, 65 kHz XU 4R I b 4 pm B4 8 75
06 50 41 2 38 45 0 T 7 AR BE BRI BE LV IR A B B
G E U HIEE B 50 m LA P Y 3 i MRS B R G T
100 nm, fin T A< W %2 1) B & 19 77 H B8 it . Zhang
SIS TR SR RUBE R ) RG 245 AH 9 W C A4 RHIE 75 A
I520 £77 110 o T 3k SR R o FE B 9T, A B AN R R ST
IR 285 F0 09 A7 A2 A5 R T B Lk VDI Bt A ek i 1 D 24 1
Az IR SRR I T T S Ak 0 B A BRI B B A A
P 3RAS T 0B A R . R K SR AN T i S
B = % W C A4 R 7 iR 2h U0 I e R R 5, ol A
R 64. 7697 kHz (1 8 75 1% £ YT HIl W C B & SLAF7E J]
ELO D1 AL T B S T I ) HE AR i 5
4R B AR R WC T D2
S8R B FEALG, T T R B 7 A i s 0 L IR 25 B el
A A 6T D) AL AT R, S G % S 7 R R
Sl T H BT A W C X A 7T LR 0 S i 5L B sk
L UIHIE S R 20 m LB AT S2 B WC (Y G6) fin T 3%
T HLURE B2 ST 6 nm L g8 B AR RS B
T 2% T T S 9 0 ) B AR R S T S ) B T A

i 58 4= o3 B, VI HI R A A B BR ) e AR AR K CF (2
4 m/min BLR ) 102G e YD HI e R A S s B O A
A B AR R, o 0f B S8 PO W AR AR T Bk
B ANES N 75 NG i O 5 o 90 N A E B 4
P

-4 Nominal cutting direction

Diamond tool

Instantaneous A,
uncut chip thickness

Nominal depth of cut
N

Workpiece Locus of cutting edge

P13 R 3

Fig. 13 Ultrasonic elliptical vibration cutting process’"”

3.2.3 #APAm TR AK

FERIIN T B AR — e H T il 2 2 i B 5 5 H 1
TR Tk 8k 200 B8 HOBIE R T A
Hr Pk z0h— R AR A B TR (FIB) RN BT
Z10i (RIE) | HJERE & 45 8 1R (ICP) ZI i 55 5 3, 1l
m) ARk 32 EE R B R i (GC) 2% . 2005 4F |, Takahashi
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PR 14 R R B R Sh b0 T R R

Fig. 14 Molds machined by ultrasonic elliptical vibration cutting'

SEUEH 30 kV I Ga B F AR ZE GC RN T 10 pm X
10 pm X 7 pm A B3l 78 F 485 44, 2] oh 3 T LR B R A T
20 nm, S PR R Pyrex 3% 55 Fl A 95 3¢ 585 I8 AR &2 210 45

B 4f. & 1577, Prater 259 36 T ) W 85 2 ol )y
AE GC R ) 15 A7 B 4548 R AE RSE o 2 pm, 76 38
K555 CF A L-BALA2 B 35 50 ¥k, A8 E R UL ) g
o ME—2H, Hans 457X e TR ZIIE AR VEKSE AR TH)
FAEASTGT 2 ol i 6P 220 o 3ok 23R S T T A 4 5 ), HL o
BRFVER A b F GC AR B A TE AR A 20 ik 3l e | 220 oK
g, I S2 B Z) b AR R 79° VIR A 506~738 nm
BIAT B 450 o A He 55 3 T RIE 3% 76 Si K B
N Bh 2 ol T A TR B ), Tamura 2587 BTl POl
HE M RIE %78 SiC A H I Z1 ikt 250 nm (1) 4 I8 5
B T SR 45 0, o 45455 1 ) B 33 R F 530 nm K
B 2 T BT RALN 0.2% o Zhou 2500 B S 4 NI A
EHI 5 ICP 2 AR ZS &, 1 a7 6H-SIC B H AR Ik
B SUS S ZI e , P 2o B i 4 WA U )2 T 1 A i
BEMEANIE SR, B e A ICP %1 id 6H-SiC 344 52 21 )i )2
B, T )5 KR HE R B PV Al ik 0. 22~0. 51 pm.,
B Z ik — AR W AR IR B v AT, T R R IR
T35 Z0 bk, Albero 8 43 I 7 R M R A R TR IR 2%
PR 7 STEE R b & T BRI 0SB RE S L % kAT
FH T4 & BB FL AR R 0. 02~0. 4 A FE N ek 31 L
ZRANENME . BT W52 T2
A 30 F AR R I TR 6 2, e R 20 08 i )2 A
IR 5 A TR P, P A R B A R N AR RIS A
Yasui 25 7E Incoloy909 & 4 JE i L85 2 pm JE 1
Ni-W 78 4l IF 92 PR R D263 B 38, {H 285 26 A
JE 5 BY 5SS 2 M v JE — AR 22 MR A A TR
Kasztelanic %5 3% F Ni BT T 5 8 & 2% 69 A1 4t
TOnE M A R B R TE . BRAh, RO IS
T J] B 2 T 5 A S — A L ) A el A o 3 T
e, Hom Tad BT AN 52 B 3GZ 0, 1 i 1 S0 OoK B
N RUBE SR 25 4, AEUIN T B AR 42 5 o Hasegawa %8 fifi
FH A AL ATSIA20 B [T AR A 55 89 1 B A S 155 HL IR, 38
o AP BOGE TN T8N 20 pm = EE R 4 pm 1Y 5
KR 145 K S R IS B 5 3R T 2R K f DA 5671 K #

111]

114°, B K VE g W 35 38 2 s Wang 25" — 25 fff JH A 1
BER A RO E N TR I SIS EHl & T
BEATIR 8 cm A P a4 #y R .

SRR T Y 2 R AL s AT Ak T R R B B
T TR FURS BE S A R 4 R ) s A X L b A 7 T
SR, WC 25 FLAT v ik B s S P (1% 8 R A R A 4 A
TH AR Rtk — R E .
3.2.4 IERHEK

o 2% T 1) 6 2 T X B L A A 2 6 v )
SR, BRG] i U ) A R A S L 3 T T L B S
T 2t Pt 2B, LA R 5 A 20 B 6o R L B
Wi HE 2 e B . AR AR EL T AT R AF FURE A 25 B ¥ &) i
BE AR MO A NS IO R RETR
A4 RS IR S B A . N D AR AEBR T WC B
FLE SR /B 30, AT B a0 AR A SRR A B
Mg it 25 TS IR T T A S Tk A A AR BRI A O Sk |
L4 W A7 R S RO 1142 0 11,2 mm 59 A BR 1
WC L H 5 F XZB =5 sh Pl oL HL#I >t 60 min J5 #5
E OB RS I R, 8. 7866 nm F& X & 3. 6932 nm, [
JE PV H 303. 1 nm F& % 149. 5 nm, #F — B # H T/hER
Sl AR WS A A I AR . Lee S5 0K W BRTE
' Sk e Ry AR Y S, DT KT A 4 ik e A
il 45 9 6 5F I8 5 AR 4 3 K T e 8 S A R AT B IR
TG B E 2% B O e R 3 RS B R, A
5 nm B 2 2 nm, B H [ PV (E W 45 2¢ 4 £5 7
0.16 pm. Wang %" 3F T 1B B & v R o T 2
FH T FF /0N 780 1 1 A5 L %) 0 9 A8 % | 3 3 XF 8 mm
F1AZ 9 W C 3R BR 1m0 455 B30 6 120 min, 22 HDEE BE R,
N4 7 nm ML 2.6 nm BBEIEE 2 1 nm, [6 B %)
Uy S ) 2 T ) HP AR 2 ARG . PR ORE S A
Al B8 ) 5 T AR G AR G A AR LA A B I S T
TR e B IR AT ARG R AR J O R T O Ak
FOITF AR /N O AR AR BR RS % 2 A i ALK, in
T4k 6.6 mm B AEBR T WC £ H | H 2 PV A
221 nm, F B R RN 0.7 nm. Suzuki 25T R
BB FLAR 1 SR R BR A L I O TR PR T 4
MRS RS, LRI T E R 2 mm K E A
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P15 GCRLE R MEFR R 9 3 38 F i SEM . (a) (D) BLEL 3 5 (o) (d) B 38 K 1
Fig. 15 SEM diagrams of GC mold and molded glass surface™"". (a)(b) Mold surface; (c)(d) glass surface

382 pm 1Y WC [MTa AL 2 A B L BRIREZ R 0.5 pm
b I ASL 20 R 0.1 pm, R HTHLRE E R, F % % 8 nm.
HE—25 M, Guo 55 ) FH R UM 46 4 BT & T 4R Bl
SR E iR BB R RN AR 3K 3h A5, 52 BR il
HH N 2 mm 1 WC G B R BR A 15 E PV
0. 18 pm FEAK 2 0. 09 pm, 2 1 LR B R.FE % 3. 3 nm.
Zhang 55" T BT YIS R0 O6 IR T T A RLE
TR JZ B0 Sk | TR Bl R b 2 g s AR A 0 A O AR
B, R AR 3% fl B ' 19 77 Al O NiP ek mi &2 2, &1
MRS S, 0. 54 nm, [ PV} 600 nm. Kaku %'
LT R U S VR B T K R A O Sk RS EL 43
SR Ay AR, )P R 3 78 Ak 1 R U AR TR O
AT K 5 Ak 2R B 7E 9O Sk T, T2 PR #EOG 3 min B AT
W CBLH 2 mRURE B R, 249 100 nm %8 40 nm.,
AR A A G T vk 35 RE S IR L8R BR ) BUi &
B, [7) B o2 IR 35 TARELRE J32 0 /N e A 5% 25, B AR JRIE T
Uy 2 TET I TETR RS BB o 3B Ty R 1) DX R 1Y S it
SME R AS , JHE rh /N S AR Tl AR 7 R B

CIRC PN E| 52 4Tk SN OE e S N ADNE 44
(L FLAZ 14 B 8L I 1R oA L g Xof A L 366 T o o R O
)35, RIS BB 75 IR sl il B A5 O O v 4 B R A
003/ S 1/ = =S T I s 8 N SR
YHE I T =, DAOR IR I TG B 451 0 O RS % 4
Y62 Bl B R PRI TS Rk T ) T R
FE Z4 R AR BB EH AR R R .
3.3 REXREERE

Sk T BH 1k B 3 AL B M S T R A IO PR A
HEwmW RSPt R, e LR s
PRAPIE . 2 — PSR B 2 R BN (B P A AR
PG BB 38 A LA B . W LR AR o = A
R0 DRI RG], MK LW A (DLC) % ;2) &8 &
G, P-Ir Ir-Re % 5 3) M % R 41, &1 CrWN | TiAIN
G o 32 2% JURP SR Y B2 MR EAT T XS L. AR Ok
(R IF 5 32 20 46 vh e 5 2R B0 B S i RS 2 AL
PRAETT ]

2 MR PR L

Table 2 Comparison of typical film materials

. . . Molding Oxidation o
Material Substrate Deposition technique ; Cost . Life time
temperature /°C resistance
DLC (Ta-C) wC Filtered cathodic vacuum arc deposition ~450 Low Low Short
Pt-Ir wC Magnetron sputtering ~700 High High Long
CrWN Si,WC Ton beam assisted deposition ~600 High Moderate Moderate
DLCREME A CI T HUGNIA 4 (sp' 2t BRBE(Ta-C) SR B AT Mk N e 2 B I &, BAT i i

) AL SR 450 (sp” 2R 1088 O E OB LR AE A S
J5t, Horb sp® 2 A BB L R T 7004 B I T AR I

JE 5 WC S 25 A 1o BEE R BUNEI S A
R BE 5 T 450 CLL &5 kA4 40, B 5 i g5
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A%, 5 4 A G R, o T G IR TR T 0 e LA 3
H P I S T B Ta-C B2 sp’ Ze A B R 5 1L
i F 40% , Bernhardt 25 3% T Bl g A4 i 42 T S 8 7
(MSIP) 7 WC ff BB 5 8% sp’ 24 A B g i 5 e oy
60 % 19 300 nm Y Ta-C )2, $& 55 T B2 08 5 . Bk
Nanofilm 23 &) 7+ & 133 3 B 9K (FCV A) BE B R 45, 1T
FE IR AT 80 (CF 4B, 2 sp i fb i ) B0 it o EL i
ik 85 % , B BF 15 35 40 GPa, 5 2 36 W BUB L1, 3 B 452
ZBA R 0. 17 Lee % FCV A Jy 1k i B 1 5 i Jie
TFOFSE L & B S 100 nm 4 J5E A 470 Dl 2 1k A e i, 52
BRASE R 2500 11 3% 5 375 4% A DL K22 s B0 S e it . Oy 42
i Ta-C B $ S 2 1, Jang 25178 Ta-C 5 v 2R F #E
IS T B A ST R LB B Si-Ta-C f7E 600 “C
IR AR e M 0 — AP B i T T Ak

4 JE R H A R IR R R AL M e

A RO S KB L Ay, (H AR W B B, Zhu AR
) FH 42 0 S5 R AE & Co 19 WC EAF F il 45 Re 31 L Ir
ML N Ir-Re & A W, A A — il 0 MR, Ir-Re &
GWIZERAEE(24.5GPa) , EKHEZ 5 R iR
(631 “C)D-ZK3 B B 1 422 fi £f7 92 96 vbr | HE 2 fih A1 e K
168, 17, Ul B M fe 4, i — P4 Ir 5 Re 19 ¢
ok Ak 2 1 2E v se L BH 9 B2 Al B R P I
AU Klocke 2554 e T 5t 42 )8 IE P-Tr AL R B &
TS A B AR AR BE T DA 5 B 0 v R A Ak Ay, P P
Ir B 4E 700 ‘CLA T A B A AL IS, b A fb v i 47
WE 16 Jr o, [ BT 3% 38 X P-Tr 51 286 B 4 o
N, BY B PR A B S SN 7 A A R R ] 6 B
N T 843 35 38 0o i) — JE 2 4 B R A 7 M A AE 25 5

CTNOIL CIN

L-BAL42

B 270

TiAIN Ptlr

P16 B 5 A5 LB fu A 1R

Fig. 16 Appearance of contact angle of glass and mold™”

Xf T Pt-Tr it )2 1B AL HLBE , Klocke %57 3L T 52 86 45
SRR IR Z R AR & 17 i, A a2 N Ji] 52
P, BRI SE AR I AR X — i R A
TZS5RIKMEA D, B EZR AR . Peng
SN A NG AT Cr o v ] J2 A Po-Tr B8R AL LB 47
PE— 2B WF T, 3T R TR AT B Z B (APT) fE i

Ni, O, W,0, Co,0

ST R RUEE (STEM) B AESE MO B9 80 /A
it — 2 E S T Klocke $ H  iB LAY, Cr 5k Ni ¥ Pt
Tr & L9 BL R 32 T, P-Tr (0 9 K AR 5 4 F R 43E 17 3%
Z e H Y o Friedrichs 2 3 — 4 % A [A]
I R 3 A E AT I3, & BJEEEE R 600 nm () P-Tr i A1 JE
BE R 20 nm 1 Cr R B2 45 A 2 10 75 A dne

A

B270° Glass

) oz

Calotte polishing edge e

-l-e‘*@“fb‘uy iyt

Ptoslro

Reconstructed image I Y

FI17  PrlrfBz R (LR
Fig. 17 Pt-Ir film degradation model™

P 25 65 22 7 Tl S 1% g P AR X6 A /0 B R LT
PER S A R0 25 5 TE LA A ) (i 45 28 10 0 o A8 25
Lin 2" E 2006 4E X} CrW N 5 J2 4 Ak 3 i & 9 3%
17 H B Cr, O, 45 1 i B AR I BT 480 A M 389 58 5 Chen 261
At 52 K B Cryy W, N, F Cro, W N ZH 43 18 14 2 S 31
FCCAH , A Wi myfb 157k, B7E 270~600 C4 1

AR SE A 1000 YR FE P4 3L s Huang 4638 i 5%
BT VA G R 4 U S B O 0 ) A CrWIN R | & PR
H W S 09380, WO, AH (4R R 43 508 fin A 5 2 4 ks
JEAER . gt — 2, Guo %R L 25 3R kY BRI
FEAE IS 53 5045 (9 W R Cor 3o 480 361 925 4, 8 91 2 s 4k
SRAL YRR s Feng 708 Cr-WN IR 2 5 PrIrik 2 &
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G AR T YRR R ERLDRSE R 13. 8 nm B#
F4.75nm, RERFHAHELRERELLWCH
R AR, LI TIN, Ti(C,N) I Ti(C,0) N 454
2 TEREE R o ALOEZ  JF PR T D-ZK3 B 1
KB 2 35 35 IRG206 5 [ J2 1) e T B2 i oy I3 AR
PURH BRI, B 58 2 B, A L T 5 4 8 Ta X B &R B
TS I R B AR B DLC Y = iR A s2 A A, - ALO, JEE
0 TG e 3 3 ) 2 2 0 B G I O B B

NS AR R E B A SRR R B 5 R R AR
FE T80 EA G, MO 9% 45 5 I R B4 o 1 5 1 %)
KRR, — M 1 B2 R AR AL BRI A TR R AR 5T, [
0 75 & S A 88 22 254 1) O i B R o
4 BER

B H A I RR AR EOME D 2 S 06 B R SR B, LR
BE T 2SS GRE R BUESE) Hagi o TR
SRS R, T BB I N i R I K AR AR PN R
BRI 13 AT SRS ME LA R AE . BT PRI H AR iy 5
Ao R (AR SO LA T Ak 0 0 SO Rz T g AR T A
ARt EAT AT, AR R T2 A P Ak 4 43t o AR A
4.1 ETFERTEIENEELRESF

Wi & i A B oT 4 B B0 i kR AR R 1
Deform . Ansys . Abaqus . Marc & 4% {4 ¥E 17 B B8 AR 4
{ELASE UL A BF 5 3 T 34 22, L v ol B 2 19 92 Abaquss I

fixed displacement time dependent displacement

Time dependent

temperature Uniform temperature

640°C

//
y
Lower mold —‘

//

‘ Lower mold

Heating and
soaking stage

WL

Lower mold

|
Pressing stage i Annealing stage

543 % £ 8 H1/2023 £ 4 B/ K FHR
Marc, Moghaddas 7¢ fff 5% it & BE 55 As,, S, A K 3
[ A O N AU =0 N o T 1 R s N
T3P ML Z T, Abaqus 76 158 | B R AE
TR B X TR/ SR AR AT BRI, 0 B
B3 o MR AR P S B T Marc B9 e R AR B 7E TR
<5~ T O G I S TN TR N TRV
Narayanaswamy 5 3% 55 45 ¥4 0 5h 2 50, 3 {8 15 78 DL 1
WF 5% H Marc (9 FAR R B 300 % 3P ARER A X
FlRE ) B LB, X AR TC I BE Iy s #.
# 3 Abaqus Il Marc 5 % L
Table 3 Comparison of Marc and Abaqus'"
Abaqus Marc

Property

Capability to reach overall dimension
Capability to reach desired curvature
Capability to predict residual stress
Capability to introduce material properties
Calculation time

Visualization capability

L4l 4l X L Ll &
XX X L L Ll L

Being user-friendly

TR TR AR I T R K [ 5 X B B =
2 5 7 ] 1 B A Bl X BRSSP 18 B ik — 2
Xf A TR o A T R EE 0 T 9 00 T L S
.

—Sc: contact heat transfer
——Sh: sink film convection
with the environment

time dependent displacement

Sc
Lower mold

Releasing &
cooling stage

A A A A AA A A A A

fixed displacement fixed displacement

A A A A A'A A A A

fixed displacement

fixed displacement

18 ASIRISLFE B B i i SR 2% A

Fig. 18 Boundary conditions of different molding stages""™

4.1.1 BEH S

ik 32 7 BF 5 5% T s o 5 ) 7 3k A A 3 A B
B, THlid i 1 9 B 07 S0 A ORI 2
P 45 5C I, i o A 9 S 3 3 R AR Al e AR |
B O A IR . Yan 5 T Deform 8443 HT T
B 38 (B A 9 0 B G AR AR T 0 B R AR L R R

BT B L Al b ALY A S T A R ) 5 S 0 A R —
o nE 19 FroR, Xie S5 URFAE TR L fEE I
FEL i 3 Sk 422 fioh S T AR L A 5 ) o o (BT T WC
TR #4505 5L A0 T IR A 3R, AR A & AR T
o Zhou U I I AR AY IR B B 0T SR W AY L & R
5 BB A o 3 30T % ok 1) BR 2% S 6 B B P R IR R 28 )
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B E IR
PR B, a1 20 BIF s, U9 2 Al 1E] B 2] 0. 1 mm T TR TV H)TH R B B T R A R, e IR A
Ja , BEES IR 22 N 10 CRERI 4 °C, [H it & PRI B 4% R B RS T A R AR K, BB R & X AR LR
STt PR A R B R L LAY o B 5 R A U R T KR f B 45 5 5 Shack-Hartmann {4 8% 25 0 15

7 0 BB B P9 O Y 3k R A T

5 de 24 1) Y Eﬁi% 45 M LA TR i 22, R RE 8 B 3 S R

RFE2PERE , AR AR B i . SudE T BROTHE

Temp (°C)

580.000
579.967
579.933
579.900
579.867
579.833
579.800
579.767
579.733
579.700
579.667
579.633
579.600

FI19  Jn# 180 s i WC AR LA A 5 A BT IRLEE 43 A 5 (a) WCAREHL ; (b) it #A A 5 A A L
Fig. 19 Temperature distributions of WC mold and heat-resistant stainless steel mold after heating for 180 s"*. (a) WC mold; (b) heat-

() e’ 1%0es003
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P20 4w 42 fioh ] it 0 ik JEE

Fig. 20 Influence of near contact gap on temperature distribution
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annealing
Temperature

SR ARSI BEE L (a) TR L R ik s (D) B2 b T R4 0. 1 mm; (o) 3%l [ B4 0. 2 mm

91" (a) No near contact; (b) contact gap of 0. 1 mm; (c) contact gap of
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4.1.2 BAHHH Yo Jain S5 g e Marc 8PF X BK-7 3% 5 8
I 13 50 M B TR RS AR KN A T AT Ak 9 S B A R S R A KL B
VA BB I 5% R R AR TN 7, St TR I e SRR AR I T SR Rk A O LA AN R 21 TR
BAATEEHNE 55 T2 Mt g5ty itk Bg E %

@ iress MPa] ®)

Stress [MPa]

2

15
1.0
0.5

v = 0.005 mm/sec v =0.01 mm/sec v =0.05 mm/sec

P21 00 AS [ A P 3k B A a8 8 Bk A v 72 (a) 0..005 mm/s; (b) 0.01 mm/s; (¢) 0.05 mm/s
Fig. 21 Predicted residual stress distributions inside molded lens for different molding velocities”™. (a) 0. 005 mm/s; (b) 0. 01 mm/s;
(c)0.05mm/s

Sarhadi %5 T Abaqus 84 %) 1 1 J5 3% 38 SRR S AR L ST AT R B B O RO B
FRAR DL ) BEAT S0 A, e BV B A PR O W B B AR R 22, W O LA AN K] 22 R

['s 822 (cY)
(Avg: 75%)

Pl 22 R IR AR A DR g
Fig. 22 Residual tangential stress inside glass wafer
Liu % 0 B B AR A BT VIR Jy ox A ok FIWT B R OSCHE L R PRI R, TS B R T iy B4 R Y Al 52
Fr e 1] 23 Je R T B I Y N S B oA WSS M (R0 O OR 2 T8 R 5 A L Y S T EE B R G B AT
K B RIS ) Gl EEER R B A OO R TR AR T SR

[43]

@ P 31006001 ® £ 31000001
1.013¢4002 2.504¢+001
9.2284001 2.025¢4001
8. 3274001 1.546+001
7. 4274001 1.067e4001
6.5274001 5. 8834000
S. 6264001 1. 0944000
4. 72864001 -3, 6354000
3.825¢4001 -8, 4844000
2.925¢4001 -1. 3274001
2. 0244001 ~1. 806e+001

Z
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Fig. 23 Predicted residual stress distributions”. (a) Equivalent stress on lens surface; (b) shear stress g,. in cross section
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Fig. 24 Results of ring compression test for different interfacial

conditions'™”
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Fig. 25

simulations with experimental data for L-BAL35 glass™™”
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]

AR B B 5 BT Y EE A R B /N o AN A
JEE 52 3 R AE R 7 BB T H 58 PR B 48 AR B, K {2 BY
Y1 13875 . Mosaddegh %7 3 T R B & 1 & H
MRS, bR T TIAIN-CrN-S4 % )2 £ il 5 N-
BK7 3 55 (1) 1= kB 52 R 50

- Coefficient of friction = 0.2
- el o Sore=14

Coefficient of friction = 0.6

Coefficient of friction = 0.8

Coefficient of friction = 1.0

Test specimen

P26 B Rk P4 7 S

Fig. 26 Simulation results of glass cylinder compression
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+  Experimental Deviation
Material Set 3
12} ——— Material Set 3 (Modified) ]

Deviation in microns

Radial distance in mm
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Fig. 27 Influence of glass stress relaxation parameters on

surface profile"™”
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--------------- ' 81.4%
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Fig. 28 Accuracy of predicted position of glass wafer lens"*
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Fig. 29 Predicted refractive index distribution in molded lens""”
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A — Glass sample
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gl 8
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g g +* Brick insulation
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Support plate
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Computer g é |
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|
|
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|
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Encoder| |
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Fig. 30 Schematic diagram of basic structure of molding machine™”

B, DUR RS M A= R o AR A AR AR Z R SN T b a0 2 0 Uy AR R AL, 0K s 4 3
) 126 [ 99 K £ R (Nanotech) 24 /) AR 9 B ] 41T T B b B K SR, TR BB AR LA AR 4 FR
F4 BRSPS L

Table 4 Comparison of commercial glass molding machine

Manufacturer Model Machine Feature
—_——
. *Single-workstation;
[ eInfrared heating, nitrogen gas controlled cooling;
Toshiba i i rar ing, nitrogen g T ing

U Jiss] GMP-311V eMaximum mold size: 65-110 mm;

apan -

P d eUltimate vacuum molding: 0. 6 Pa or less than 0. 6 Pa;
I *Large diameter lens and multi-layout molding

*Single-workstation;

eInfrared heating, nitrogen gas controlled cooling;
Nanotech Nanotech

(USA ) 170GPM *Chamber size: ¢170 mm;

*Ultimate vacuum molding: 0. 6 Pa;

Controller & Software for industrial reliability
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Manufacturer Model Feature
*Multi-workstations :
Toshiba 2 heating stations, 2 press stations, 2 gradual cooling
(Japan)'™ GMP-54-7S stations, 1 steep cooling station;
eInfrared heating, temperature preservative plate cooling;
*Mass production for small/medium diameter lens
. . sMulti-workstations: 8;
KingDing . . ]
(China)"™ MD8-65 *Mold size: diameter of 20-65 mm, height of 15-45 mm;
*Maximum working temperature: 700 ‘C
eMulti-workstations: 11;
*Maximum mold size: 65 mm;
AIX-TECH ATM-ASP- *Maximum working temperature: 750 ‘C;
(China)t"*" 118 eMaximum pressure :

7060. 783 N;
eThermal parallelism : <30"

5.3 BERSIBHEELE

1% S5 (1 B S TR 3% &5 22 F 1 50 IR BR 1 35 39 05
B, AT T RS F RS R SE B b A7 AR I 22 [n) i, ok
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AR, FEOEH O FERE TR . AR MBLE
T ARAME TE IR — [A) B, BRI, o T R A R ) R
T AR R 75 IR Bl Al B AR B R 1V B i 2

I8 R T R Bl OGS T 3 B R A fih S T A VR AL
PR A WY, (H S iR S0 TR AR BR8N i
ST B AR v B I A Y BE ) P AR
FEAE LA 0B R J T 2 W0 28 U AL . 2013 48, Hung
SRR TR R R Sh Bl B A TR AL 1 AR R R B
AR E LR ML TUES , A AR B A R Ol (35+
0.5) kHz, R4 3 pm, IR 1 #OR37 B7 1k & 52
M 6 75 A, S B A 3 3 S Vi B 3R I 0 R R L S
KA FHETE . 2016 4, Xie 5 A B T SL 5 R R
S 4l B AR FE AL, T &) 31 BT A AR AR RS 8

__— Pressing cylinder

- Electric heater

__— Upper mold

Air cooler
—— Lower mold

—— Ultrasonic vibrator

3L R AR S B R TR L

Fig. 31 Ultrasonic vibration assisted glass molding machine"*’

PRBN 2%, D1 PR 349 %l 20 kHz, B A5 4 7. 5 pm, SR
FHAR A R0 3 38 455 H Vg il B 78 R R T W . 2020 4
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Molding head

Ultrasonic oscillator

Segment 2 :
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Segment 1 :

Transducer
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Fig. 32 Ultrasonic vibration assisted glass molding machine with pre-adjusted horn™*
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Molded TIR lens

Side view
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Top view  Bottom view
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Form deviation (xm)
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Process parameters
Glass temperature: 7, = 800°C Molding force: = 10.5%P,,,

Mold temperature: 7,, = 505°C Mold velocity: v =20 mm/s

33 BLEL NI ER

Fig. 33 Molded total internal reflection lens

[173]

0822011-19



& 43% % 8 HI/2023 £ 4 B/NEHR

W A AR A B AT P R 25 PV S 10 pm, BE R
TR B A, Ll AR JE 7 5 5 Ry T i 2 3 4 ) R
XL E AT T, R S bR LR B R 3% 3 BD6
(AsySey,) , FRAFHBEBE S, i 7 nm (196 £, o T
G AT ) B, 455 e 00 B R & 34 Fir R 2019
AF, Yan S5 3R T8 ) ] RS B 09 R0 R 0k 1) B
WL o 2 il R Y B R il SEBR i T W C AR
FLAT S R AR, B JE BE R THE PV R 404 nm,
BB F R X8 A RLRE B S, 3. 95 nm

Pl 34 A G AR RS 1L ol gl B BT
Fig. 34 Molded chalcogenide freeform lenses”
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Fig. 35 Molded glass diffractive structure”". (a) Contraction between mold and glass; (b) glass surface quality; (c) profile deviation

B T A R A5 s i 3 A7 A7 A 1 22 (R, H R
ARSI AL, EAF A LAT (R - 1) A H b A )
FE T HISCHE K W C SRR RE R 47 R4 R0XE LU T 134

S5, 07 NIP | SiA5 AR BE 80 22 T 77 i 80 5 2) B
K BE 1) L, Y6 45 T 4 R BELAG: T BB TR AR I | 5 B4
P S FE AR AL 5 3) B AE I] AL, B 2 Ay n Jal 1 A8 . 5 B 3

0822011-20



FETH 0 BT, i B ASE PRI M (] R 5 3 T B S DA £
UE o T b A [n] 0, )5 75 TR AT 9% 15 Jo o 7 39 358 ol 45
PR R FE A
6.3 BmEIEHREET

R Tk R i B B AR I A AR T A RE TR
RE A B AR, 2012 4F 748 [ K 3R OK 3% A4 7 £ R B 5 B
Hiinten %5 5 [ 9458 6 (9 7 7% , an 1] 36 s, B
UCAE 338 B TS o B B 91, 1t B o B 2 R
BN FI62m R G, W SR% 7 ¥ T KOs 2 & A2 7 s

%43 % F 8HI/2023 £ 4 A/ FEFIR

o A BT i B AR R o R T R A BR T 4 b, I i
PO B I 1 T A2 2958 100 mm A9 WC fi AR AL
A 45 150 A~ 355 555 B s, {5 S BB TR e & 3004 200 46
SRR B A AL E R 258 3T 200 pm , A BE AR, b &
B3 2 ph B L 5 B B 1 AU K 2R BUOAS DC T DA B A 25 1
BRETZ S8, MEE AR %%, )5, Sarhadi
EHE— 2B IF R T (B B R R AR L T A X R
A T ARSI TR AT .

Packed optical systems

Pl 36 it 150 0 3 38 o B A P
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Precision Molding for Glass Optical Components
Liu Guangyu, Fang Fengzhou
State Key Laboratory of Precision Measuring Technology & Instruments, Laboratory of Micro/ Nano
Manufacturing Technology (MNMT), Tiangin University, Tiangin 300072, China
Abstract
Significance As one of the important optical components in optical systems, lenses are widely used in products for

imaging, illumination, and optical communications. In general, lenses can be divided into spherical, aspheric, freeform,
and microstructure surfaces according to different surface shapes. Among them, the spherical lens is the simplest optical
component in terms of design and manufacturing, but the aberration problem exists when a single lens is used, and the
bulky lens assembly has to be used for compensation. In contrast, aspheric and freeform lenses have more flexible surface
shapes, and the specific optical performance of lenses can be improved by such methods as aberration correction, beam
shaping, and field of view expansion, which are beneficial for realizing high precision and integration of optical systems.

Optical glass and plastic are the main raw materials for lens manufacturing. Plastic is more economic and lighter, but
glass has better mechanical properties, higher thermal stability, and higher refractive index, which meets the demanding
requirements of optical performance and stability for most products. High-precision glass spherical lenses have achieved
mass production by grinding and polishing, but aspheric, freeform, and microstructure lenses can only be processed one by
one with the traditional subtractive manufacturing methods for their complex and irregular shapes. In some cases, even
several non-traditional polishing methods such as magnetorheological finishing (MRF) and ion beam polishing (IBP) have to
be used to produce high-precision surfaces, which is time-consuming and costly. Therefore, an effective and low-cost
processing method is required for the mass production of such lenses.

Molding is a classical processing method to produce parts by replicating the mold shape. However, conventional fused
silica glass was not friendly to the mold life for its high transition temperature (about 1300 °C ), which limited the
development of glass molding. Until the 1980s, glass with a low transition temperature emerged, and it could be molded
at 300-700 ‘C, which promoted the rapid development of glass molding. Nowadays, precision glass molding (PGM) has
become a main technology to realize the mass production of glass optical components and the manufacturing of numerous
aspheric lenses and partial freeform and microstructure lenses, which only takes a few minutes for one lens. PGM has
significant advantages over traditional manufacturing technologies, such as low costs, low pollution, high efficiency, and

net shapes, which presents superior development potential.
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PGM 1s a complex process affected by factors such as glass material properties, mold manufacturing, process

parameters, and molding machines. As higher requirements for shape complexity and quality of lenses are posed, many
problems have been exposed and aroused the interest of researchers. There are many advances in glass, molds, machines,
and numerical simulations. Therefore, it is important to summarize the current progress and prospect the development
trend and challenges of PGM.

Progress This study introduces the principle of PGM for glass optical components and elaborately summarizes the recent
progress in glass material development, mold manufacturing, molding process optimization combined with finite element
simulation, and molding machines.

Firstly, various glass materials and glass constitutive models including the Maxwell model, Kelvin model, Burgers
model, and generalized Maxwell model are introduced (Figs. 5 and 6), and the modeling methods of creep and stress
relaxation are analyzed.

Secondly, the properties of various mold materials are compared, among which tungsten carbide has the best overall
performance (Table 1). Ultra-precision grinding, cutting, etching, and polishing are the main methods to produce high-
precision molds. The newly developed off-spindle-axis spiral grinding method is employed to fabricate the aspheric micro-
lens array (Fig. 9), and an effective laser-assisted turning method is proposed to achieve the rapid mold machining (Fig.
12). Subsequently, the typical film materials for molds are compared (Table 2), and the high-hardness Ta-C film is
deposited on the mold by the filtered cathodic vacuum arc method, which shows low friction and wear. The degradation
mechanism of the noble metal Pt-Ir film and its optimized structure are presented (Fig. 17).

Thirdly, numerical simulation is applied to analyze temperature, stress, friction, and surface shape accuracy in
molding. Various molding machines including the single-workstation machine, multi-workstation machine, and ultrasonic
vibration-assisted glass molding machine are introduced, and it is found that the multi-workstation machine is more suitable
for mass production. The profile accuracy of microgroove molding by the ultrasonic vibration-assisted machine is also
improved (Fig. 31).

Finally, the pioneering studies on molding lenses with flexible and complex surfaces such as freeform and

microstructure lenses, as well as lens wafer arrays are summarized.

Conclusions and Prospects In summary, PGM has been widely employed to produce lenses with aspheric and various
flexible surfaces. Technologies in the field of glass material, mold manufacturing, numerical simulation, and molding
machines have developed comprehensively and made great progress. However, as the demand of freeform components as
well as microstructure and wafer array lenses is increasing, it still faces many challenges in molding complex surfaces in
mass production. In the future, these difficulties will be gradually solved, and PGM will become more advanced with high-
performance glass and mold materials, effective mold manufacturing technologies, integrated numerical simulation, and

external energy field-assisted molding technologies.

Key words optical design; optical glass; aspheric lens; freeform lens; ultra-precision machining; precision glass molding;

microstructure manufacturing
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