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Le- {+@a_¢éX¥)C_* ,t*T =-k1z2Gj?U (Engel & Eckstein 2002, Fu & Chan
2013). 1ulb X, t1T E4£0G, +2i43 (MEMS) A D'Z + $8f(1NZ3
akGj?uU5aS" X h*ti, “J«L$b. 1$BG, &€ T Bub O/jGM6,t!18N, ~
18, h* T EO61bJ2$mXVY4E )LEFLEE-,0UG&1. 4fta_ Oy*i$m
X%0-6,Ey UI7C & @ p4E z,X IFN U ,432G 2z XLEFY% E €48 X, XE>/R. 4t & _

+ bJ*6 { )[P-Aa "1 (M&, 4fLEF%EX Umo0zZO/jUK!ICX, tl+"©

(Fu and Chan 2013). '5a, 7%20 é4~90 H ->eal19, 4 T 1uéCKZi+,XS" G
"Wy, U4»4Aa_@EM6 O p GKKANI, G | h (Vollertsen et al. 2006). Oj , @/j 0*ii o
),a X 1 h

J Uy BUGE AGj0otE6zZA><M6 0 0ATEZAG #E6A+M6>0 2z
"$¥/IM6 P,X + Uho. Le-(MU 1 (,) ,X£4&, I"'>SM6/A :+r, Gjo 0*i ( )y AtN
+9, ><M6 60 () ATEGO () A+ M6=°0 () 2$¥/IM6 P, X + $¥/l 0 ( ) O*U + &
°oO M6, 'LEFZE,X(MU 14a7C 412G zE, || s)U4&aEO*i, GO z,X&_ 8 _
a6N,Ey*ib&a z. _V, ‘MU 1a7CAa$mXxXJ2f 1,II"3E, $m DeXo0:0
BUT¥*0 +-8&, AINX?e, 412G zRX&_)U3U¥,ih -. 188, '5x<%+ M6y
?22(SOE, Ee+ 5EU0 _4y E3U¥*6 8.
Al E>edash*i,X 4% z,Xa&_T 22U EC T (Zhao et al. 1997), U A412G
_ D (nanoimprint lithography) (Chou & Krauss 1997; Chou et al. 1995, 1996) A , y?° D
(microcontact printing) A ,E@/IJIE6 (microtransfer molding) 1. L _,X432G _ D s)U Vv
*1@) /, ~@,X412G8S _9 Si1i><M6,X6. U(=PMMA , + bPMMA (i t&A J
)*WE@ -#yz (4, 'PET+.@ OGE@ - TEQ D,X20# '> (*1(b), 18, G4y1p
ETE> y?° -~ 6°+¢ UPMMA><M6 D 14312G 06 ( *1(a)) . & 1064, i2i43Li#y, I8E
PMMA 6 4.@ 0, S kP-#yRBEIE>y?°-64 ,X412G 06 ux#tyR7 6akt+O. EC
T X1 s)U y*i20# '$ mX "TES2L o, SIUE°EAbOIKSmM zXhoO*iR
# |12 _7(, *O4EEH/Alu# 6 _ _ (lu X 2), JuASO02iR,X{ /B

J ., Uy # "1uEH4“+ &4 XE6zA o'# '§z. 'LEAIDE°a4b1E, Y
, 18 @
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3R1Y ceug-[. (@ = -+°3R1Y -0 7!"m/7.f;* (Chou & Krauss 1997, Chou et al. 1995,

Guo 2004): T, AE+°-C #U O ™*T 7 1="LZ £53R1Y *t+°-" M £ - *\51 4'« ( ® PMMA)

="LZ, K» :Ky#U : « A-"6E £ :51 4'+6].¢ (6] M) , (58 T5t1 4'="LZ84 A 9 b+°3R1Y *t, ,

., A*TISOu.¢ [;= g ¢Ke -+ Y+° -*_ . 5f 4': (b) 5T 4'« O6) MFO+°#U O,$Y S. 5t 4'«T ¢

() D" #U O 4, 7="(Ufe S, T(¢) D" #U O 6&A%a&#U O 4, wK ="(UfSl e S, 58 T 4,
6="(U fS0G S=x f (Chantiwas et al. 2011)

7% 1b6. U(=,X412G _D >enila, ZAE> ZOUGEXD 63 rP-20J, VA|
ZA32G 8 Kb O ,XKS435!" A6. U(=;X7p,XnzA ‘t,Xhol [,4t& ,XE (Hey-
derman et al. 2000, Hirai et al. 2001). 2009 H, Schroers 7z J U 05U (Kumar et al. 2009, Schroers
2010, Schroers et al. 2011) y*iM2 J UG¥ (G¥ 2)«*W) i t&A J)*WE@ -#y z 1 b 36NE@ - P-
TE# ' X(MQ, )[ h*iL U'0 éJ+412G 6 S UM2 J UG¥E™> 412G 6JI, r), ZP-KS XI"M2 J U
G¥412G AL é,X U.188, ZA3ORAO I J'G¥2,X'h&#yz1R1J'G¥2E> 412G _D
(Buzzi et al. 2008, Gao et al. 2014, Saotome et al. 1998), ™ UzZMU 10J2f IGE4{X,
48 X, &+ b.@ 6 K EIE>2f$3 <T k, B7E U,X ,48 XKS XI"EW &. G b J'G¥ 24%
2G_DEsRXU$|0:83%><4a, Lc- I,X£4a, LOX&__oC”rQO (Hsu et al. 2005, Pei
et al. 2007). O8 Ax , J'G¥2,X4a_06NLc-(MU 1 (LEFLE,X ) 1&J2f 1) XE£
aba :+L!" (Csikor et al. 2007, Kumar et al. 2009, Saotome et al. 1998, Uchic et al. 2004,
Vollertsen et al. 2004), “!8, UE® " b'h&s X#y z B h*i4312G _D T ,Ey (i J'G¥ 2><M69« k
adbJJ2f 1,X412G O 6, 0 s)UP,XAL. OE¥, O05UAONI4™ X2 6-€0J>< &, U"#y5E
RiIJ'G¥2r‘4t2G _D, .Br Icra, a_6N oC”A (Liu 2019, Xu et al. 2020), ' 53, '
oP-4 #yz 4 “ 044, E, 412G 8J1J'G¥2U - kCN&C e, At«"OS k"4 AP-
e A{ UCYP-KS43!" (422000) *Z,EXA&7C4z5 nm ,XG¥ 2412G4“L ¢ & A6N (Liu
2017). 5x<% PEA J'G¥ 2412G48 X,X U$db +'J'G¥2,X;&e % 0 -6, §b# '
X412G DT , AIAJ'G¥ 2 UE®" b J'h&#y z R,X412G _DT CY % 04%2G _D
(superplastic nanoimprinting, €CY % (412G 6J1 , superplastic nanomolding) (Liu 2017).

E¥" H9, h*i412G_DT U @/j412G48 X2k ZEW 0,XE™), AE™> 412G _D,X $
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m'2iae , ¢OfX6. U=AM2JIUGY 4fG¥2AT$S ' AP-'% UG¥AYc,il.E-O"
a P-)LXA{ UT UO—E Z,412G48 X $ m Uu6N$d AP- €& A><M61/+$"' : A
412G+ $:7 4% + 21431 NZ3 X S" h*i. 18, [UNi,4t&a_ T XO ,-€0JE”

), 6.&04a$miu,4t4a E>R X-6 )02 1 hE>4PEA. Oa, UJNIG¥2 414
_18NM6 X T &i2JGK o0:KANIE™> )i.

2  6e>(Y,°44é20F A

6.U(=$m,X, 452G _Da _, UV ZJUP-b)*WE@ —-#y zE ),120# ‘(M 0, &
# |L oLc-#y z,Xb 5a +L!I". 08 , 'M2J O $mt&A7C J)*WE@ -#yz'bPE, G
4 | 44, JTE02iD () 04 U Vogel-Fulcher-Tammann (VFT) @ & (Debenedetti & Stillinger 2001)

J 4 4xi#yz; |, " qC*b#yz,X D, 4g -5x#yz. + bTE 02i D a2i43,X iB? EKE
§U,1G, 5aiB? EKEATE02IDO , 3 *ib +2/43us$/US$ zbX|o:> , ~

181 E , M2J$m3El + iB? EKE i#y z G2i G Williams +Landel +Ferry (WLF) </R (Willi-
ams et al. 1955) E> £EA

J 2 M2JO$mXihEKE, B Us></ -5x . 814, = 4y i# = 1744, #, = 516 K
(Scheer & Schulz 2001).
6. U(=X,4ta_,6.0(=X# -> UEYE; UXLEFYE,X *Bii. Heyderman

1 (2000) AScheer * Schulz (2001) G>*i K Y ,2G z0O X6 K, U)*WE@ -#yzibi6. U
(=_Da_E> Z72i43,X rP-€0J, ETE> U d PMMA ;X7p (nz4z 200 nm) ,la (7(P-z
(175 nm) &aa‘z (6A10 20 m) X _7( X? BE>IB, -3 O/j3 A -6064
( *2(a), GPMMA (&A 0*U R ¢ (7(E*4iE 9J"™ & (+V,E,X*8-6 (Heyderman
et al. 2000). Scheer  Schulz (2001)ETE>iaanz,X6. U(=X7p (500 nm 4 m) E> DE
¥),PEA3 A" -606a%Yu_DX7pE!N, E- ~ 7(&X7p# |18 _7(Y;X7p¢
5aD7E (7(9 - {*L E¥,X6. U(=;X7p ¥*6 F¥% « _ /A.Cross1 (2003) il#y DrP 3
?7-3 720 X3 A" -6064 DbEA-80J><a6.U(=X-60648aX7pnzzdK,X(7(
150, G. Lc &, Rowland ° King (2004) i PDMS X)**W 8E@ —-#y zL E¥ (44 1 10 fC 4 4,
+20 fC) E>2i43X _DrP, V *2(0b) /, 2AEIE> - DEKEA#yz 6 S (7(,X"
z, 7-3 76.U(=0 _DE>/R &aL!%,X-6. aE, 2A3Y¥),, IbP- 4 m,X(7( '
“z 50 100 mE, 11),8 A"-664 5a'(7('z 30 mE, i 3)A"-664
(*2(c). , U,2G zR6.U(=X&A _DE>/IB , TEQU# |A F%ho(S O > U/0 écK

D 0*i, J# |(M GEO*U bP-#y-A EKE&QA % (0 _D. 188, TEG2ID O >5GE&A % 0 $ m# |
06N,X O pGi?U - D, AEIE>? )[E> 1k (Rowland & King 2004)



116 i RU! I"N ,4%1&_o: 157

*

5t 4'« TUL1Y fO& -<-D6/7 Y+° Z M ;. (@) PMMA , (b) PDMS ="LZEFDG6& - ae 9 b+°
U1Y3y °+° SEM * (Heyderman et al. 2000, Rowland & King 2004), (c) & - eD06/7 Y, 51 4'e —
qM« €6€+°P.0a - ZM; (Rowland & King 2004)

J P _DEX_,ly ? M6/ARU!" T _ DEKE.

L8 ZETE> rP -2¢0J6. U(= ,412G & _E>/IB X# - , ZAE-h*aD 0,6 % 63Z
6. U(=;X7p,X ,412G 4 _E>/R (Hirai et al. 2001, 2004; Juang et al. 2002). _ V, Hirail (2001,
2004)ETE> YL$ 0,663Z@/i _DS5E (6 K (7(X#A 1", 6. U(=X7p,XAYnz & _
_0) R6.U(=X7p U)s*WE@ -#yzb,X# -> (*3(@) a(c) , ETE>Egl_DE>/R &a
L 1%0,X6. U(= pM6EB § J A rP'E™> I"'EW, nGE£A~ Z6. U(=E" 9 6 K (7(,X pM6#&EA&)[ 6.
UE=X!_-nz, 48p><a_D LOX_0 8K (7(,X? )] :+gC*b O ,XKS ‘I" A6.
UEXAYnz O ,X40N!": ib#A1"\0é\ax0 , LOX_D_oFNira, E-
arP?-3 U; 6.U=XAYNnzEATCOK(7(P-2zXgatYE, LOX_D_o031
r 0 (Heyderman et al. 2000, Rowland et al. 2008). Jeong1l (2002) (i1 63 5x<% Z!'450 0 K
(7(*zi6.U(=# |> ,XE|, 48p><4a, 00 (7('zA_DE6z6é><M60604a :+
(GTEQOO :(+0b><M660) X5ER!TT),? A"-604& I8EX? t_0oPE|R,X

ba# |6a (s # >0#) , u(7( i 2# 64 (*3(d). Zz>5GE£412G _DE>
IR 1745 0,X E j, Rowland1 (2005)Aulk Z4&aa(M U 1R _DE>/R,X!I"451u D #A =
6ae 1, & 6y 412G _DER X(MUEGz, 1 ><M660, JArPES I, ¥),1743

1u DL8 Z A*ii bNX# 6. U(=,X# | , 16.U(=,X =664 3CK- GK 0*i. + bl 450 :+
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(@ a (c) 5K|oM 5t 4« T U< -DO/7Y'm*s,€6EDG/7 Y+° VLZDEY . gA C 2/, €6€

+o# &1 2WF: (@) 0.5, (b) 1.0 , (C) 1.5. * Y Ho =".f51 4':°6E | ++° £ O, Hp=".f M £ €6€
+o# 0. 0 f-e"+°-C, %=".f51 4'«+° e S MFQ (Hirai et al. 2001); (d) é €6€‘ KpDy5t
4e'mOf;* -CUO00O7+°5t4'mO2T* 08"O*K-3 6dm, T& OE

&(U S"m(UA« (Cross 2006, Schulz et al. 2006)

qC* b><M6#z%$S 06N, & IC”ra, JO*iC" :+ (4 (1) ), Z AETE>Ax {><M6#z$S 06N, O ¥ Z
450 T (capillary force lithography) *ii b U K YP- UE[)[,X6. U(= 8 S (Bruinink
et al. 2006, Suh et al. 2001, Suh & Lee 2002). LO?U U1, X , 1'48),B5X,1i3 O ,XAM4 U
G9Z&i, _V, PaKSX!I"XO «c¢¥*0 11U (Stoykovich et al. 2003); EO&?1E64_D O
Ee '?2!,X G$¥ & (Chao & Guo 2004, Chou & Xia 2008), *i7TC Sk O ,X " )(M U#\ (Ding et al.
2007, Jones et al. 2006).

5x<%6. U(=,XTE 0> , Takagil (2008) U yG>*tid4“ 0 S Tz fM°d _-80J Z412G
_DE>/IRB 6. U(= (cyclo-olefin-polymer, COP) - 6,X EKE qC* 0 ( *4(a)). 6. U(=> U 8G£Lc
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(@) OE 51 4'+S0ie S=xf+°30386SM:- () ,«uSOwWUM M- () (b) 5T 4'« ZK»"

K B+°cehM 3yE. <--Cfl125 MPa, -"K 2W f10s,30s ,60s;(c) a() & -ce
COP :+°="LZSEM *0. & - -C f1.25 MPa, -"K 2W f10 s (c), 30 s (d), 60 s (e) |,
120 s (f) (Takagi et al. 2008)

EKE,X G2i A></

G*U-EE>UBGE (14 (6) E> "GE4t ey
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UD 63, iB? EKE i#y z,X G2IETE> & (4) 9<k, ¢5a6. U(=,X > U 8GE a#y z,X G2i
A></

*4(b) 6.U(=0_DE,X-6LCEKE-8&XD 06348p. _DER 6.U(=,X = 6Lc
- +EQ EKE,X EKS5ar 0, E-arP'48 p O7E ( *4(c) a (e)) (Takagi et al. 2008), a E, 48 p><a
U £EA6. U(=Lc EKE,X -6 E, G>*iS Tz fM°d _EtU)U.

3 M” = >H 44é20 F A

M2JUG¥0 °0/iM2J O $m, a/AG¥ 2)«*W (metallic glass, MG) (Schroers & Paton
2006), + bJYF¥%s$ “cféX, "18G¥ 2)*W,II"JOG¥ 2K YP- zAP- 0 UL$"
k7$<T54.%4 31 1O, X 0: 06N. Tb PEA i&e, G¥ 2)e*W>e S"*i b+ $A' 0 (V/i| )

X & C (Schroers 2005) A +k <$A) qtZ'6t <$1 1h*i (Telford 2004). G¥ 2)e*W ©

O p(AM,X & A&A % 0”& (M O (superplastic formation, SPF) . + bG¥ 2 08 K YEWP-
X'h&e, "18t&AG¥ 2 Jh& 1PE>#Jla_ 9(48V6N 310K $mba#yanlzs 2U

", @AL18N h*(l bG¥ 2)e*W E « LO?U ¢E6 < HFS 148 J,XT &i ( *5(@ ,XCA X1)
(Schroers & Paton 2006). G¥ 2)e*W X&A % 0 a4 _ U t&AGY¥ 2)s*W7C JCY «#t,I#y z KE
(SCLR: G#yz (b 4,5aabJleé#yz 4,,X KE) E> &_ ULEFY% E,XE>/R ( *5(a)

/i, XCA X 2) (Kawamura et al. 1995; Kumar & Schroers 2008; Kumar et al. 2010; Martinez et al.
2008; Packard et al. 2009; Schroers et al. 2011, 2007c, 2004, 2002). ,i!" 643,X $ m V6. i8A *+
GL - "G[GC (PET, O/i&A % 0 460) AACY % 0 a4 _UGY¥ (SPF, L _,X V2004J+ UGY) " 4aJu
Jv, G¥ 2)*W (V *5(b) ,XZr-BMG "Pt-BMG) i J 44 1R K Y ibaJUlv,XP- z, 53

JCY «#t,1 KY a&A % 0460 A t5b,Xx4a 06N ( *5() . O )UCc,xa_ 308 B

$mX# |0a@eU (L_XVI'X zA# 'XTEG2ID), ?2U" UrL & EKE zbA!

N+9$!# A><M6 6 0 "Gj 0ol "26,X E j (Schroers et al. 2011).

G¥ 2)*W&A % 004 _ O % AENS$f 1978 H, Patterson  Jones (1978) A’Au Z O/j1T ),X t
1>™M5B, G>*(i _0 10 oo _0, U>™5B &Fe,NigP14Bs G¥ 2)*W O & 5B iP@ é&] , + 0 &
#y5E, "1t X0, 1 _o 10,X0G|R, T t_ <E<Hak "n_,XA(S48X.

Lc &, O0GE£ :5UE > Z,1 G-20J, Kumar1l (2009) ETE>&A % 0 & _ U ZG¥ 2)*W ,USEB
( *6(a)) ; Schroers1 (2007b) U Z, A1l ( *6(b)) ; Nishiyama ° Inoue (1999) S*Ui&A ,#
A© «"©, -20J Z Pd4qCusoNig G¥ 2)«*WTE z At&AEG)[Aétho,X G2I, JG>*U&A % 0 & T t
11Z Y4{USEB; Sojiema 1l (2005)# G£ ZJU IG¥ 2)«*W (i JE> «#t,1 X h=)[# 621 D M,
*1IA“EJa_6No. 188, Schroers 1 (2007a) G>* {i Pts75CU147Nis 3P2s5  AUsgAdssPds 3CU6 oSie 3
1 G¥ 2)«*WNk2f sm, UEW "X o REIE>&A % & _ Kk7E 320 r é><M6 "O,XLEF%E, Jo
;06N a+'$m,i' (*6(c) , Lc a e*U&A %,X *"© 1 ZrsTi;;CuygNijgBess G¥ 2)e*WE >
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*
(@) Fy S(¢) +°"K #U OID™ f;* C °1 ,2 2W4 &2Fy S(¢)"sJ$.& }S<-P.u
a4;.C °1+°<-8;>In EK4 E«y3y¢, +<-"K-;C °24 &+°<-D6/79
L, EK& , <<-"K/A J« (Schroers 2005, Schroers & Paton 2006); (b) Fy S(¢)™: 9J4I1
B+}S<-4Fy 06& }S=6.+°f0O: <-S6)! D (Schroers et al. 2011)
Z&A % 04 _, % 0-6CYE>500% ( *6(d)) , J¥),1b(/NS# 'X %634§parP U
\ Q (Schroers et al. 2007c). L8!8 &, 5x<% P-#y A6N D7E,XG¥ 2)s*W X!0é> , ZA3 0¥

T"#y RTbCY A |AADG¥2)*W % (0 -~6,X4a <&, Al+"©>/A CY AEY }a _ (ultra-
sonic beating formation, UBF) (Li et al. 2020, Ma et al. 2015).

08 9AE, G¥ 2)«*W XCY «#t,1 Cr‘, UA8x E Y, XTE£ 02iDC*", J&A % (a4 6N oC”
Q. D:pP, At*ila A©® ©0& ,XO0h- 9>5GEG¥ 2)*W,X& 6No. U1dh-)[R,
G¥ 2)e*W U JCY «#t,1 A*U(INS# ' £EA, V ZrasTizoBess75CUg s G¥ 2)e*W i#y z 370
h-)[ 10° s™ E><), (/NS# '> (Li et al. 2013), I8 E, J X «/B

é

J 1,3, P, I1sy » $5Uy hodGEAM-" _0A 5+Y OUEATEQG2ID -6)[6GE. &
_AO© © Q& Ua_E>B ,X3Au-6GE

ib)EHe A© , i4-n& #yz  _05ER, Ba& (12), ¢kG¥2)e*W (i ¥*6 J é
IAE’ XO0h-= (0Ona)  (Schroers 2008, Schroers et al. 2007c)

8 0 Teyst ></ G¥ 2)s*W UE> #1,] ¥*648 J E,X EKE (Schroers 2008, Schroers et al. 2007c),
PaN+9ZF% UJeIiTEN2ID,XE j. & (13) 78

$m,X U230, WAX!"
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(@) Pts75Cu147Nis3P2s5 Fy S(¢)” UT«D$ (Kumar et al. 2009); (b) 3é 4 Z'a U elS (Schroers et al.
2007h); (c) 6 * f % AUsoAgssPdy3ClssoSitss FY S(C) 1 WE =x+°& } SMI$ < -, < #U O |
.C2W f150 100 MPa, -4 "K 200 s, 7 *f % Pts;5CU47Nis3Pass FY S(¢)1u W T

270 ,28 MPa - C 7E =x+°& } S MJ$ <., -4 "K 100 s (Schroers et al. 2007a); (d) T -

C 10° Pa #U O460 T7EFDG6 e}" b 3+° ZryTinnCuioNirgBes FyY $(¢))/ 3y °, }'S

Z B+D 6500% (Schroers et al. 2007c)

CrO, ></ U,Jaa_5ER, AlG¥ 2)«*W,X - 6GEC (0, G&a_06NCrQ. b & #YEG)[R,X
a_B>IR (G D), AO8 n G¥2)*W,X & _ 06N

& (14) h*ii bG¥ 2)e*W;X )x C,X & #YEO) % rP’, Ak (Ding et al. 2014)

a , H 20Uy )xCYé _oAAAY7pnA)xCP-" X. AtdAle* AMn5

ERG¥2)*W, X4 6NoarP A# ., X % ) 110Y G2i, ¢5aA*ibOia_6N oG¥2
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A*T& e} <-EO,0fE5£5,D < -6) C+°Fy S(¢) 38 2 (Ding et al. 2014). (a) 9 8y450
+°Fy S(¢) £598+°<2, ~ T,$8+"7& e}:A\98S:;+°)/ ; (b) % (a) Y f
E=x<22%, & : %! (@) *Y& e}:, S+°)/ I T+°y43, 84 A, D<-S6)+°Fy S
(¢) < 2 fMgesCuUyx Yo, (c) A*T &/7 (15) FO B 98 <2+°Fy S(¢) +°& }S<-6)C, -
98y4500E |+°+22! WFO A y*KD ;+° B, r& }S<:6)C, TB+D6, V eF030+°

Yo*W & U,X ¢ EOL/EY ( *7) (Ding et al. 2014).
6. U(=EM2J3$m, G¥ 2)*W X# |) AA7Cs$ z, "8 h*UGY¥ 2)*W,X&A % 0 &
(M0, siPAt UMU 171484,X412G48X, Jeé ICra, G¥ 2)«*WC EC, G& _6No
C” Q (Huang et al. 2007). ' 5a, ,E 2009 H, Schroers AONI4™ (Kumar et al. 2009; Schroers 2010;
Schroers et al. 2011, 2007a, 2007b) !'0Oj h*i412G DT U ZKS X!"ACYE»>1053,E XA &
7 C 13 nm, X Pts7;5CU147Nis P25 G¥ 2)e*W412G AL & ( *8(a)) . Lc &, Liul r), ZM2C G¥ 21
G¥ 2)«*W (VJIUT K 1G¥ 2)e*W) 412G A, X U ( *8(b)) (Liu & Schroers 2015).
UGY¥ 2)e*W XCY «#t,1 E> ,4fa , AETE> REALEAIDIJ? # |> E > NX#

J , U DUy G¥2)*WXSzA#EO 0K X(MU 1. ibL _,XG¥2)e*W 4% & r
P, kg/m}, U 1 m/s, D 10 m, ! 1.0710° PaAs, i 2E 2.01710™, "18G¥ 2)s*W (i,
4t &4 E>IR A?8 #. '8 K ("0 UAG6E, Schroers (2005, 2010) ETE> - ( X?-3 &A
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A*T3R1Y - e [ b 3+° (a) Pts;5Cu147Nis3P2s FY S(¢) 3RB1Y Ka C (Schroers 2010, Schroers et al.
2007b) , (b) ZrsTi;aCuigNijgBess, MgesCuasY1oFY S(¢) 3R1Y Ka C (Liu & Schroers 2015)

% 04a_ axXG¥2)e*W,AXKSz4,EX 4“0G2i (*9), AY),B5 aHagen iPoiseuille 1u# &
_NX# 48 p O7E

a4 P ‘tXa__o, T &A EKE.
'5a, '6K 1£a4 5 miRE, ,AXKSz4aEXOY #/+4“0 G2l (Kumar et al.

2011, 2009). E- ~ Lec-(MU 1£4& ><M660 ha6N>N+9 (a4 (1)), !8E, LO?U U A
(17) é9><M6 60 h. BGE4t Ud, ¢9«k5x<%><M6 0 o E j, X Hagen iPoiseuille @ &

J G¥ 2)e*W,X><M66N, G¥ 2)e*W 8 8 K KE,X y?°?!. Shao1 (2013) h*uL U!Q éJ+
412G 6 S [ Pts75CU147Ni53P2o5 G¥ 2)*WE > &A a4 , ¥), IC &, JJa5ER, 432G A XKS
XI"Cra ( *10(a)) ,2 A"AL),B5 & b432G | (F' IG¥ 2)e*W# |) ,XL$ D7E# |L

o (eTEG2ID) :+ra ( *10(b)) .

4 - %oH 7,° 44620 F A

1p Gb6.U(=eM2IUGY¥,X 414 _FN h*i Z JUE> #t,I#y z KE><), 20# ', X
> , @JTEG2IDLc-#yz P~ UDRL! (4 (3)), ¢5a£az$m# 986K (7(,XL o,
-kcba . I1bJO$m, $mECEEI LO?Ut&A \P- X#yz, _V, aJUJvLO?U t&A
800 b Aho!71¥*6 +RL! (*50), J 5x<% JOS$mM ahoX | h
( G Hall-Petch h) (Greer & De Hosson, 2011) 2 J1b IJiEe |,X - 6 6 & (Han & Yi 2021,
Hou et al. 2009), Z AKS EKE : 9Ax UE°"bJ' X'h&#yz1R1J'G¥ 2E > 432G & _
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(a) A*T € o'q M«& -<-b3+°, °f10 a 50 £m+° Pt57_5CU14|7Ni5.3P22‘5 Fy é(g)_UlY ;
(b) e3 (@ *™wWAU +°J« O, °+°Y2' (Schroers 2005, 2010)

*

(@) & -3R1Y < - Pts;5CU147Ni53P25 FY S(¢) b A+°3R1Y J« O :, °+° Y2, ¢ Y3I%AfE
O, e §, Sy772%afes; (18) @I0AA\; (b) EO, ;e §:)2@a&M°"w h+° {.¢#% °3R1Y/!K K| b 7
S0 S2' e+° j9f E1 (Shao et al. 2013)

a), r,X (Csikor et al. 2007, Greer & De Hosson 2011, Uchic et al. 2004). Buzzi1l (2008) O AA©*ii
. 8S _DG¥ 'JE UZKSX!"AE’'5,X,48 X, ~_D#yzEW" (G¥ 4. ,X E J | h#y z4z

300 ) , U,X,48X,XO0 &MU IET ~J2f 1 O pGE4{. 18¢é, 3 Y AAOEIE>%"

t1412G _ D UG¥ 2 ,412G48 X,X yF' ( *11) (Cui et al. 2009, Gao et al. 2014), Al «"©y

0% 164X UP-h=-) (10° a 107 s) 9 4J'G¥2 (412G zR,X-66NoL$ , r

) ZKS X!I" AE’5 ,XG¥ 2432G48 X, X U ( *11(e)) . OEY¥, Liu (2017, 2019) ,X-€0J ¥), i b1

DJOG¥2%$m, 'a #yzoP- 054,LE¥E, AWEIE>432G6JIT «“ UTYec,X
eKS X!,/ D AP-E’4z 2000 ,XG¥ 2432G4“L & ( *12) (Liu 2017), 5a412G4“ X,E X A47C5 nm
(Liu 2019).

h*0 4% &4 18N 0 J'G¥2412G48 X, Bib y*i$m,X% 0 -6 ( 8GM&L 2005).
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$iub'-ceb3Fy S3R1Y3y ° (Gao et al. 2014) . (a) (b) Ag 3R1Y3y °; (c) (d) Al 3R1Y3y °;
() TAg="LZZ<+°3V ZIE), ¢J«° D&5; (f) IC3RLYIE )3y °

18$m,X%0-66N0CrQ, Che¢ KG¥ 2412G48 X. 5x<% rP° \L'# kd_A© «
O&* X3 AU% 0-6GE, n VRJI'G¥2,Xa 6No

g4, > Uy Y ho Y hn~, ><?-1 - h -, a4 _A©® E' ><?-!_-h-
3/AXY h-.+béa EJ/B 0-6ET AtN+9 (AE¥ Ax $mX'/A 6, O

b D), 18ib3sM-O0,X&a E>/B, /AUNMid6Z%$m O&E ><?-1 -h- LO?U#\58é

X6NGESz, ' 4-nX5ER, /AUNMC*a, $mXa 6NoCrQ. -A2kA X 4ya

rPPPAte“# k& _a-A2k AP-z,X,11-8G£ 0H H, 5aEIE>A,) & _E>/R ,XM- O o-

/1 £4* (U At LEQE>/R) , *cAulk9<k&a E>/R 586 7,Xé&o0s

, 0 8EQ9K (*13).!8E, & (19) AE¥ ></

J'G¥2,xa_06NC”rQ, 0,]a5ERE™> 412G 8JICr e ¢ kP-KS X!",X412G4§ X, ~
18412G48 X, XKS X!I"On/Rzpb3i6Z2J'G¥2,X4a 6No. LOUUTX , J'G¥2X%(
-6 (I'M2JI$mEta . OM6, J'G¥2X%0-6 UAWNI6 ZEa| (Schall



116 i RU! I"N ,4%1&_o: 167

*

¢ -Fy $S+°3R1Y MJ$ < -. (@) A*TB+ } S3R1Y MJ$ - [b 3+°Fy3R1Y KaC (! -f f5 A£m,
b *+°l . f £30 nm); (b) , °f30200 nm+°I+Fy S3R1Y KaC (! -f f5 Am, p*+°! -

f £200 nm); (c) J"3R1Y Ka C, J«°! P D&302000 (! -ff2 /Em, p*+°! -f 25 nm);
(d) (e) J ,113R1Y KaC (! -f2W f200 nm 100 nm)

et al. 2006, Yamakov et al. 2001, Zhu et al. 2008) A J+ $¥ | ZE+/I (Langdon 1970, Voronov et al.
2006, Wei et al. 2008) A >*6 = 6 (Wu et al. 2008, Zhu & Gao 2012, Zhu et al. 2013) A = 7=¢ ="
TE 0# | (Coble 1963, Herring 1950, Kim & Lu 2006, Mukherjee et al. 1969, Raj & Langdon 1989)
1, 18J'G¥2,X-6 :+qC*ba #yzAa_hozJ' X, 48X (VJ2f ).
°oO M6, 'h*ii,a 8N UGY¥2412G48§ XE, + bd K,X(MU IET E° &b $ m,X 48
X 1 (Liu 2017), "18, ™NO5x<% éF% ") 1ia_8Nu9XE;j.

085a?0, P-ho "#y5ER, J'G¥2,X ,4t4 $dblJi BD.X-6 ,5a0"
ho P-#yBRi =7 DX-6 . 1=7=6-~ DXa_P-#y KE (ET 4 1044,), J
'G¥ 2,X% (0= 6 h =) (Frost 1982)

J 3 24z 1,X'GE4t D. $, 1, £, B "Kg Uy J =72IDA1 hoA>Ub

GEAEIATGE "feMBD D. _V,500 R4fG¥ ,X7%=72iDdz 107 m%s, >0 &
GE4z 27 GPa (Liu 2017), £14-fGE  2.88 ¢ (1 ¢ = 0.1 nm) (Ashby 1972), ' 1, = 200 MPa
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¢-FyS<-6) CEO,@é@I. (a) Y=x«-4UEO,°:; (b) o -+°0OL... -1 0DO 3&.f;*, *
Y: 3é fIDOD6/7, 313é f aDODO6/7

E,+ a (1) A* 1kTh-)[4z 3.0110° s™. 1 04E4f2GdJId_ _ (*14), n VB><
?2—h =)
iy , 9L XrP EKE z T =100 s 2 s Ak

, G4£E>100 s, X & tEQA4, 412G A XKSz1rKS35%. PEA Au><a0°a__o6N &
J'G¥ 2E79412G (F' XA Y*“f, 6Nr),412G A X*6KS, E- ?2.G2Z *12 TDG¥2
EWP-#yzR (08 1i05A4,LEY¥) Atr),4512GJIE6,X s (Liu 2017), 8J 'EKSCY % (4%
2G 8JI,X EKE 4, U,XJE412G4“,XKS X!" AP-E’4 72000, E-E°P- bG¥ 2)s*W412G & _ 6N9<k
XKS XI", J $diibJ'G¥2 DeKY\Q,X&A 0:0 ni, '184 EKE &4«L$ , 5aG¥ 2
Y*W &A% 04 E>/IR « Jé EKE,XL$ , \L' UTK YEWP-KS X!", X O4E412G4§ X (i
"N 2018).

5x<% 412G 6JIE>/R , O K (F' 1E° &b J'G¥ 2,XJ2f 1, 18 J'G¥ 2E 9412G
(FFXAY“fALETE> Au)JJ'U(F'9-LE¥,XWNNf6 hok (Xu et al. 2020)

J D .qC*b6 !Ji,X20 _7"ZR!". & (23) NX# XGb (F 1,XUz _ aHall-
Petch h20 , Z 49 -@if,X6 “f, 6 K(F IC*a + a&__oCrQ, E-
arP48p U (*15(a)) (Liu 2019). Lc- & _#yz,X P-~, PEA + & __oL!"ZE¥OpD
GE£4{, &1 I,XqgC* 0 :+L!'" ( *15(b)) , E- 2U$d b 1Ji 6 ,X&A%"#

h*id (21) " & (22) bJ'G¥ 2,X ,412G & _ E"u Y5x<%412G (F'ONKEL$ i$m-6
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¢ oFy S+°B+ } S3R1Y <-M -

X E j. OE¥ ¢ rP PEIE># GEG¥ 2412G A XKS X!", v# Z4 E>/B G¥2$m,X - 6>
L_Xib+ 'Au, ¥),0,0aXa_ 5E (G#yz4z0.674,AA0 ~)AtLEQCA XFN,I a)
B, 412G (F',X IC” &, Au4t2G A XKS X!I"Cr (0 ( *16 4v8F D B&e+) , E-><a IC"4&, Au
X a_06NC”Q (Liu et al. 2019), A!),B5 AG¥ 2)+*W,X412G & _?~ _ " <,lj (Shao et al. 2013)
( *16 T¥8F D B&s) .

Z)U?- PEA rP"),B5, Oj EIE>U$|0:8310+ 'Au,X412G 8JIES/RE™> -0J, &
_ OV *17(a) /, U700 K & #yzRtEQ1 ns,X6348§pV *17(b) /, |18 E_9412G
A$XKS z4z 35 nm (I hO T¥8F&e @4") , ' a A I/IEQIK R + O 0.5 ns, 43Au !/TEQIK
+0O! aAu s$"- 412G AEH4*« 4 XU x, ALRTUtEQEEH&s$DUx (&0N I# z)
412G A $,X F¥% @0AE¥ 4“0 U x (e0A,XM24“0$d b 6(SE ), 5a i !/l + OE>/R
412G AS$ X#'zfzY LI", E-?2U + hoRID7E, A$ Xs$DUx i E¥
4“0 (1T h O 4v8F&e &4") . 5x<% P-#yRJ' XON!&AFS!, 5a6JIE>/B _ oAA b4t
2GA$ ,XON # z f z1 D7E(=BUEgEn, S k412G A O4A*6KS. Th PEA , «¢9<k&n
_O0RKY4“00ON # z U x,X412G A $,X*0KS /R (Liu et al. 2019)

J $, "$,Uy '=72ID ' G¥2a06K+M6=72ID, / +M6 nz, K "1eMb
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3RB1Y MISAUDO/7T Y *x < - - C:€Esf$+° Y2' (Liu 2019). (@) < -#U O f0.394,, (b) <
#U O f0.71 4,

*

¢-,LS¢-Fy ST3RLY MI$DG/7+° f$t A (Liu et al. 2019), <-6) CEFD6 ,/ D u L. *YSy
72Ei&f 3172 AD& Z%& 2 W fFy S(¢)” (Shao et al. 2013) | f *Au (Liu et al. 2019) +°3R1Y
<-EO,3y E, i3172E36 ,: 72E36 2W f5/;}="LZL C ( =1 N/m, = 120f) (Williams
et al. 2008) , 95/;}="LZ L C “*T+ ° Hagen iPoiseuille )2@a&M°"w. f *Au+°3R1Y MJ$ " fT
622 30800 MPa 7< -100 s. % °Fy S(¢)7, )2@a (i3172E38) ,EO3YE (SYy72Ei4&f)
+° { #Y,°3R1Y f O 7S0 O+° j9f E f (Shao et al. 2013)
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3R1IY MI$S f *Au+°2|OC’'M , ME|Afet-g. (@ M-* DafO>0* DAfME
+° >0* (b) y/'IDO©1 ns " (Sy72%4& >38) , y/'DO8E -0.5 ns : (3172%4& >3&) Au E | ce
,16,13R1Y D 3é+° 2/

D. a(24) ><a=7EgEn DB,X412G A X*6KS U B7E432G A XKS X!"Lc- J,E X,X £ a5art,
E-A1\Q,X?-GZrP'?—3 ( *16 4v8F D B&e) (Liu et al. 2019).

LOPUUT,X , & (24) NX#,X ICra, 8JICMe¢,X),B5 ™ (i1432G zRY . O M6,
Le- I,Xra, A$XI"><M6/A :+L!", 18+ M6 =7,XB8) ,il"' =7A1N+9; °O
M6, 'A$ Tadbl mE, '=7D7EX*6KSEG)[U & bl pm/s ( *18) .

+ bG¥2$miUP-#y RKYAI"3X=72ID, AINX# @/iG¥2u=7 D X#yz KE
FN6NETE>412G 6Jir),><M6412G &. L _,XrP48pV *19 /, @/i4fG¥2A1$S'AYc
JAFNBNEIE>P-#y412G 8J1 ¢ E6 r),><M6412G é.

5 E5A<Q

7% 1b6. U=$mMXEC T ¥at9, & T OYE 9 412G z, 8J E¥HOr
)» ZM2 JUG¥ AJ'G¥ 2 A1$S ' Y ¢,1,X412G 6JI, Sk"a AP- ) U@/ $ m><
M6412G48 X & A6N, E-UU 0 —E 432G $ m,X S" h*i. '5a, 1u4i2G & _T 2k Z bEA
OU., Jée,ihX$m-6)U32kZApXE"), ,4t& NZ3j ,UEW0Q,XA&1, ¢
Rée OoK'XT &i1aGK, X o:KANI:

(1) 432G _D é432G 8JIT FN :(+qC*b6S, + b« 6S$ma7 8T XL$ , |
Oo# 0$m, <Q 6N 6E™> 412G 8JI, UX4t2G$maods, ulUAL X &l 18, M2
Y™MPUQOY¥ 76T, JCOUAZPIOY7 6E>/R,X0:6 _, E-4a ™M6N 6  JKR y?°

JUAZ, AaE3A*— 4412G 6 K,XGj &4 S*ii ¢5aL! " & .

(2 LAl S*u,X4t2Go6Keé ib T U, & TbL Ul0&JxdS, 6S,X U

T tnZPEA432G 6 SEI GM648 X, "I8ETE> 4ta4_ Ué& X _ Y4E4312G48§ XE-,
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%! 3B1Y < -D6/7Y 98 Zfb (7 +°3R1Y +°*KJI«EK(3 (Liu et al. 2019). *Y e g (+°
Zfb[e $Au T500 7+ 71@I0AA\ (% ; (24) In(@), see *XLZ++2 W %

A*Y3172 2W77 38) . "f%!, &°S0 S"m O+ ° Pts;5CU147Nis3P2os FY S(¢) 3R1LY |+°*K

J<EK( ® * YSy723& « I.f (; (18), <--C f500 MPa, 3R1Y +°J«°! f5)

o

uail.

(3) Lc- (MU 1,XL!'", I"'><M6/A :+r @, AINX?e+ b+ M6=°0,X,0, 1bdS,X

Ata T 0 UOKS XI"412G48 X E 1,0 )[KANI. 18, XéeO¥ X 4ta_ T

GK . OE¥, 05UAONI4™ ¥), 412G 6JIE>/R “t, "Ne |AlY oP-a_ )
(Zhang et al. 2021), Ge 1 (2021) h*UCY A |tEQ, 3r), Z x#y RFY4 UG¥ 2,X412G 6J1. ' 53,
ib | —E a4 _,X,?2-(=)UBE>/BZo0: )U, AIE-4& \#U ..

(4) Lc- & _ T E 9 ,4f2G 1z, ><M62k2- z+ b a$uCt 4y?~ , 181,41 &4 _E>
IR UEd & F¥y?°(S O,XA O, P7E U,X412G48 X<Q'-A/IRY ¢, KS/RET 1,5 LK,
18V)es)U T bxAs 44 18N U ,4148 X,X O 0, E-LO?U4S7E#A 9,X-20J.

(5) I+'J'E> 432G & _, + bISEGK IET abJ2f 1, "18LO?U5%x<% $ m
@dadiia_E>IR 412G J*6KS,X E j; 18 &, UEWP-#y z B+ b J+ @P-,X = 7# (QE-LO-é
0JJ+ a4 _BEsIR $m-6XE].

(6) 48U UG¥ET 2,4ta T, Yiu,412G zR1412G48 X,X 14U aEE™
>Ax{EE-4a™ A1 :+ X$m,Xo:06N (/&E4jH" <bN2 2014), E-6Nr), T s6N412G $
mX O'éA’Aua U.

7 AN AN S7%' /¥ :1G¥ "C }NM,A (12172260 " 11632009) t z!:" O/¥ T C }NM,A
(2019010701011390).
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A*TB+ } S3R1Y MJ$ b 3 0.03R1Y Ka C (Liu et al. 2020, 2019). (@) , ° f5 a 13 nm+°Fy3R1Y
(LZ i+ &); (b) Jy (LZi/+ &); (c) 134 (+i/+ &); (d) Ii (=i/+ &); (e) NigTis (Z2'a@U 0 4

Fy); (f) Ag7sGess; (9) Cuzs7ZNnsoSness (Z'a@U 0 4Fy); (h) PdCuNi; (i) PACuNiPtRhir (P && 4Fy);

() a (x) 0.0 E6)|A3R1Y3¢e (! -ff1 /AEm), 1W: Ge,Sh,Tes (GST, ,$ | A), FeSe (B (

*), AuAl (5 »,$), SnTe (y }4 4D ¢), SbyTes (V }4 4D ¢), CusInz, In,Bi, BiSb (y }4 4D *),

CuAl,, AuAl, (*7Z | A), In;sSnys (*a |&6 A), AuSn, Auln, (Bx (), InBi , InSb (v ( °).

2 69 Y% )d

i"N. 2018. E, Edo:. 1'0::y, 39 223-247
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/E4iH, <PN2 2014. , 432G48 XG¥2$m,X0:06NZ%2-6 . 0:E ), 44: 201409
8GM&, ‘1, (/9]9b. 2005. CY % (0= 6 J+ h-@0J4DEA. 0:E "), 35: 525-540
Ashby M F. 1972. A first report on deformation-mechanism maps. !CTAA-ETALLURGICA, 20: 887-897.
Bruinink C M, P pter M, Maury P A, de Boer M, Kuipers L, Huskens J, Reinhoudt D N. 2006. Capillary force lithography:
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Nanofabrication through forming: Techniques and mechanics
WU Bozhao! LU Cai' LIU ze!?*
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Abstract Exploiting the plastic deformability of materials to manufacture components is widely ap-

plied in automobile, aerospace, consumer electronics, medical equipment, and other fields. With the de-
velopment trend of device miniaturization, nanofabrication techniques plays a central role in the manu-
facturing industry. In recent years, extensive research and remarkable progress have been made in devel-
oping micro-/nanoforming techniques, and in-depth understanding of the underlying deformation behavi-

or. This paper will review the latest research progress of micro-/nanoforming techniques, focusing on the
deformation mechanism and size effect in the micro-/nanoforming of different material classes such as
polymers, amorphous alloys/bulk metallic glass, and crystalline metals. Finally, the technical challenges
and key mechanical problems of micro-/nanoforming of crystalline metals are prospected.

Keywords microforming/nanoforming, polymer, amorphous alloys/bulk metallic glass, crystalline
metals, nanoimprinting/nanomolding, superplasticity
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