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Mechanical Behavior of Nano-Laminated

Metal Matrix Composites
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(State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: Nano-laminated metal matrix composites (NLMMCs) are composed of metal and reinforcement ( such as ceram-
ic, amorphous and nanocarbon materials) alternately stacked in layers, which is a typical representative of “architectured”
metal matrix composites. Due to the presence of the nano-scale of component phases, laminated configuration and abundant
heterogeneous interfaces, NLMMCs are widely reported to have excellent mechanical and functional properties. Taking met-
al-ceramic, metal-amorphous and metal-nanocarbon NLMMCs as the objects, this article reviews the recent development on
the common fabrication processing and the corresponding features of the composites. Particular emphasis is given to the effect
of internal and external dimensions, nanolaminate orientation and interface feature on the strengthening, toughening and de-
formation mechanisms. To meet the requirements of engineering application, the study on the mechanical behavior under
special service conditions is to be carried out and a micro-/nano-scale material characterization and testing system suitable
for working in multiple physical fields should be developed.

Key words: metal matrix composites ; nano-laminated structure ; micro-/nano-mechanical tests; strengthening and tough-
ening mechanism; deformation mechanism
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A8 SR A T MMNCs 35 B2 A48 g 18 3 PRl 35 5] St A
R RE, RIFAERR -9 (9)) PR E R, IR |
WATHSE— LR RE A ZE&HWEL(BIAR
U FE R FNBG SR AR ST, A B B AR S A 1y R
FZS 1] 3435 ) 2 fif e MMNGs S BIAL7 I | 42 T+ H g
PEREM A ROGRAR T L GOk ER B AR AR AEY)
MRIZ R SR, Sl AR R, &
SRR TSR JUATT 2 SN, LA K45 il AE AN B Ak
Bl BEOSHE MR v (8 B p xR Y Za &, B
FENIR T BHARS I # RN ER-mE " | &)8-
FEAT L A RGBT AR AR R A R S A MR
(nano-laminated metal matrix composites, NLMMCs) ,,

Xt FAEGE R — 5] MMCs, F 58 % 38 % % FH 22 0
BB A R AR A i A IR T vk R AR
MBI 1A YERE, JFE5 & W O RYIE SOk DN 52 5 4
R IREAALE Y SR, ML TE 459 MMCs, NLM-
MCs & A ST o L S EE RS, AR A ASTE R
Wit B R FE T W BB VR, bk 20 07 25 i
T3 AR M v O M T A B 1R X NLMMCs 38 3 £k AL 61 19 5%
M, 34h, #45r NLMMCs LU IE A7 7, 20 1
ST X LA PR RETF SR A9, U AR R Kk R R 1Y
B 3 2 0 O 3 (g ok R BRORE TR 4 5 L
P2 R RS 0 ) 45 ARSI 2 A5 (site-specif-
ic) A% G L T 2 50 8% (transmission electron microscope,
TEM) 287, 9T NLMMCs (9 /124 fE | R R H
PR TR B AR T vk, JUHE G T Ak
RSB GWIEMR 12T AR TR A
H L, F1 45 B F 2 B (scanning electron microscope,
SEM) 1 TEM H (4 Js 5 3 48 g 27 D5 ik mT DA S5 i 3 7
OBV IE 3 A8 b i 7 24 Ve RE RS A0 B s i A2 A, S
T b )R LT -2 AL -PEREOC &R, NLMMCs PEREIE AL
Bt 7oA S, NI, ARSCHE R ZEIR T AR R
NLMMCs 9 il £ .20, 3 R & T 6 J % JOr ik 3R5%
NLMMCs Fygs @) AL A2 T2 ML B 52 BTt g, fie )i i 22
NLMMCs P 4 J S5 R HE i i e R A%

2 MREEEREESHMRNGIETE
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BEFEIR S H AT BB -M & . BRI ah % NLMMCs
B R & i, s RN A 1a BER: AE
MY, TSR (A) KB, Bk
PEA I 23 A1 22 (A SR B A0 DX 0 ) 2 PR L e
SRAUANIE , 2 Jm LAAR o A B 8 oy HARHEBE, T
O3 T AT DS A R TS R R, K e A G

AT UIBUE SR AR I, RO, el &g 2, il
SR/ RFI =RV SN VTR AV SRR T R NN e
SRS 2 MO AR, AT LR BT J2 2 AR R LY
Em-MEME AR MR SR AW, W b Al e
HY Cu-TEff CuZe ™ AT AL-SICPY 9k B R A MR
PR DSE A VIORIR AR . LHTTh o M RE B 45 .
A A O, (RS AR AR A ol e R 1 A2 Al
il 4 I RN, 8 T i AR AR
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Fig. 1  Schematic diagram of the fabrication of one layer film using mag-

Cu-JE iy CuZr

netron sputtering ()t , TEM image of Cu-amorphous CuZr

nanolaminates (the inset is selective area electron diffraction im-

age of Cu) (b) (30] and AL-SiC nanolaminates (e) (31
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Kim %512 SR FHN K 94 o J2 R 0 B s i 2 BB
BT I 5 T B 9K J2= G 14 A0 38065 4 50 o
TEREEE SR, fl s 2 s, Bk, R
FIAEZA ARV (CVD) T A e A b A R H g o )
JEAT SN, O I N AR R (2R 3 DN 0 TR W IR
(PMMA ) BE¥ LA KHR T 20 A5 ) K A1 88065 e 7 3 o s
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Fig. 2 Fabrication process of graphene reinforced Cu- and Ni- matrix nanolaminated composites based on the layer-by-layer approac

TEIC RS b, Yang %7 SR H# ] (roll-to-roll, R2R)
CVD I ZME R Cu-f1 845 K AW, JF45 6 ST
(hot isostatic pressing, HIP) $A (& 3) il 45 T 1 845 )2 5L
A AT 3 A0 (A SR 1G5 Cu JE S G AP RL, XA Tk
ML RS T2 NLMMCs 7 8806 KT AR o o %
s BESPATHC R A3 A, IR E, R AR R A K SR
RGBT A7 A0 R 45 i BE RN 28

Roll-to-roll

CVD processing

.! Q
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I3 R R BULE TARTURR LSS & FASE R RE ] % 41 820 -Cu 24
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Fig. 3 Schematic diagram of the fabrication process of graphene-Cu

Hol i htlc

nano-laminated bulk composites via Roll-to-Roll CVD combined

with hot isostatic pressing ( HIP) (3]
2.3 RRMREEE
ST BRI SE B BRZ 0 i) S5, 1EFE IR
AT & T AR AR 16 4 (flake powder metallurgy, FPM)

h[32]

T2, H14 T ZEEBR 99 K E ( multi-walled carbon nano-
tubes, MWCNTSs) -Al fit ) 25 #4241 K & 2 52 65 b RF R AK
RAF TS MR EIbE > R R R AR & T 2
P4 ffR . &5, 0 BRI ARG 90 K R 19 R AL B
K, IFAHER T PEAT R LM (PVA) W ELBE, TR 7E
SYHGR AR Bl T X MWCNTs R 2R 47 68 75 43 SO 13 5)
[ MWCNTs 7308, SRJ, K AR ALK 5 MWCNTSs 73
BORISIRA, 175 MWCNTSs BI51 0 HE 3 AL i ; i
JRE VS e | R AR R A EOE L R, BRAS MWC-
NTs-Al 99K & 22 5 FRHRIA,

FEUCIERE I, fE# RS i — 25 ik T FPM T2,
il T BAT Gk 2 A5 R A B -ALT O B
Cu ) PAUBE B 4 K 4 (single-walled carbon nanotubes,
SWWRymﬁAHﬂ“oﬁﬂ%Iaﬁ&¢,%*%
MEREA 2 R BRI, Rl 5 09 52 5 ARE AT DAPR 47
GURBRABHES I S B rE . S50, Mo dE PSR, &
B T RHEER 5 2B ARAA
2.4 HuMZE

GO IR DR BT R o HCE 65 i B4 v 9 A 2%
Tk, FEAAREYBIR RS A AL TR . filan,
Meng 5514 3428 1 249 5 43 18000 A7 B A VA W LA — 2 11 R )
R FIRRVE R Mg 96 R RIS Z Ao, RIEHEE
PITREWE, SRR ARG T2 A T AR
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Fig. 4 Fabrication process for MWCNTs-Al nanolaminated composites

by the flake powder metallurgy (FPM) method"*

i-Mg B2 A MR, 1% 1 4 il w5 g B[] w4
il SR B AR EL

HLAL2ATORL T 20, 7 A 55 BRI R 22 8] it i ) FL 3
(HEO . Wkobs ko s dim ) /E R, 38 2 i i b 4
JEE T (Ca®™ . Ni*45) MR JFEAE R, #4548 BT BUAE [
W (BEA YRR &R ) %, FRRBEGERS
ZOTIRBAER R, B0k &8 e LM i ss &,
S5 A oRITASS, A, KA PEAY CNTs BA7 Bk,
154 JE ERARMEZ B CNTs Z [ 48R, I S AETURUZ
PRI B . 53 Ah, Kang S50 K 1 BRI Uk (selec-
tive dip-coating) I UL RIS S, H4& T MWCNTs-
CuZZEAME, B, RS FRETEPER (SDS)
X MWCNTs AT HE ek, FR457HF 71 H i MWCNTs
W R A MWCNTSs ¥ ¥ 15 LL 3 mm/min
BB ; fe)a, PRI cu )2, T
HLA R 1Y) Cu™ 557 f e faf 1) B 146 MW CNTs J2 22 [
F RS VER, Cu J2HLTTEUE MWCNTs JZ2 %0, I3
7t 1 MWCNTs 219 [RIB; 20 G BRI U AR O ARG 72
I INE 245K Cu-MWCNTs &5 FK
2.5 EREBI*E

FRE %L (accumulative roll-bonding, ARB) #5243
Wb B . ROFAHAER 2 Yol Bl e — R E T &
FOMEH AR S, RERESH | {LHRESEE S
MR T Z . ARB JG M RSO ZE /4 fl, 1241k REfS 51
KABEEHET, BN, Yao 557 LA FIA1 58 0 50, 7R3
R ARB T 263 30 Uk (RERAA PR R B 32D 50% )
filss Co-ABIGZIZE MR, WK S s, 2R %R

W1, ARB fESCIIR I A1 SR AL M AUA 5 2 094 8800, H
TE Cu JEMR AR RLAFIMEL, MRS 1oy B BE B2 IR 556

Treating the top surface.
Adding graphite powder
in the 1% cycle

1

Folding in half

— e

;\ =)
T

Sandwiching in a

stainless steel envelope

Roll-bonding

K5 BRUBHLIEH & B K R Z AR AR B R
Fig. 5 Schematic diagram of the fabrication process for graphene-Cu
nanolaminated composites via accumulative roll-bonding( ARB)

process [47]
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3.1 HREBEEEEESESHHAELIE
3.1.1 R@mss A A H s NLMMCs 5&1LAUE 69 % v
YOk Z AR 4 Jm KL A MRS I
JoT S, 3 LT E AR A AL TR AR R R OB
DA Bl ) A RIS A5 A7k S I A B o5, i
WELW MBI AT, X T & R - R K & R M
b, LSRG A S AR S | s Ak S AR S g B
T, A 6 TR, o B b R R 2 Rhob kLA
A AH [ B AR AR 22 25 0 TS/ INIY S S R BE G R H 3 2
JURIERSL) o TR0 SRS K e S 350 5 i B A 3t
MR T, PBHAR T Ards il SR EAHARE, e
TRRFEREE 6 AR B, AR E Z B AE R
() SRS ST, DT S 350 5 T 5L A A X I A e B i
T U A R AR AR Ak AU 38 R s A R A
O BT A B T LA R R B A8 R 1, RS
Coherent interface

Semi-coherent interface Incoherent interface

gl i L) I 8 " LS: S M R TR AR e
Yy ¥V VYVYVYVWYEW

------

Identical crystalline structure Identical crystalline structure
similar lattice lattice with larger mi
(small lattice mismatch)

Different crystalline structures

6 4 E-a Rk BB 3 B 44 H R EE
Fig. 6  Schematic illustration of the three kinds of interface structures in

metal-metal nanolaminates!*’’
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PLAT R AL > TRAs ST A L 4 T A% ) B
AT S BEA R i Ak i AR e ST 2 48 AH < P 2 1 5t
AT FR AN [] (8 AR S A 2E 1, FE AT AR R 1) A 2R T
FEXFPFE b, AHARZ I R Z B E Lk, H
HABARMDTIY s B, S A0y S e, w5
W, BHAG TG EAARIE, MMl AT R3S T 5
SREESN R G- 4 R AN K & 2 b R B I 45 # X A A AL
A S T L ZE R o S 20 33

S JE-F i (F IR AR &) B NLMMCs 1 5 45
MR & - m AR A, HA s b pL b 52
AL, XF T Jm AR (L8 & R B RS . AR B A C Bl
Si WG R BEHE ) AL NLMMCs, 42 J8 -3 S 1 ( crystal-
line-amorphous interfaces, CAls) FHJ& T 07 4 )8 45 B PR P
1% J@ )2 AL F 55 P38 I X (shear transition zones, STZs)
s BT Y)W (shear bands, SBs) W ¥ EAZ R IE N E A
B, CALs AR SIE RO DI A%, S 30 ki S i
FEREAR; AL, CALs AL In 2 i 72 b (5 S5 A% R 4
SHEBRARALE L W T B -4k A NLMMCs, H 5
SERML TR BUIm, S AR R R P
R A T A DAHEAR B 9 K ik 1 1 ST AR 3 | AR R
(B RNy RE o SR R BT S A DL P N S TEU R 1]
BELASHO 4832 35 RS ) S 3 AL A s 1 S et 7 45
SR JIE ORIV T 18 S TR A BEAT RUA% 36k 28007 I 00 o B 8 A=
BEREEARTE SR, SR F K A 3R 1A 2 S ALK
MM, KBRS 4 8 R 2 [A]J] i 58 1Y v AR T Bl
BUBRES &, (9K R B R e 7000 K%, BF
TG AT Ao S S Y e 4 AR AN B
SR AT AR T AN AR 2 R N 25 A IR, T
ICEAT 2 G i B T T, DA P B B R B,
— AR ARl
3.1.2  AEHAER T3 NLMMCs 32 HUH) 69 % v

Bl TN ) Iy EE R R R S, KRS 2 &R
KIIZERR 12547 AR IR AT TE . BR T & 4100 b4
BHAIESR BE LASL & 21 0 00 N 70 R AE RS A S 35 52
MK B 2 4 B S A AR R KT 4R -
LB E)Z MR, NLMMCs Y5 B Fif 51 4 8 )2 IS B
FASE T AU LR 3 A dL ik ik . M4 )82
JEJE b AHRTECR CIEROK BIROK R ) IF, NLMMCs 1958
o 548 2R E b B AE Hall-Perch 3¢ &P, A
ooch™ BT, O GJE )2 rh o A K o A O AE S Ak
MR, SIEMERI, MR Z R h N Bl 5
FROF GEE A KT 200 nm) IF, B4} B2 A7) 9K 58 4 i,
{HI i 25 Hall-Petch 5, IEIS NLMMCs B3 B2 72 (L AL
BFF A LR Z B (confined layer slip, CLS) fE st e8|

XA PR A S R T i/ el A5 B 4 S 2 PN ME LT A A
T AR S 2 RAE 42 S J2 N R RS T Xk i
PASIESETT S AR o B, SR T, X TR Jm-em kS
EREL, M REE R P R 1~2 nm B, ALEEIEIT
SRNE, FECANEREA A SRR T, SRR
RS ZE L BT, AR R B TR B GRRIEL 2 A TR, X
TR #2258 (interface barrier strength, IBS)Tﬁﬂ[m o

R, X T AR E S 9K Bk 9 i) NLMMCs,  BR 4
JEBEARRAE RST ASE - 999 KAl A Ak i) A ) RO 2 36
S AN DKl 14 7 R A R0 20 K e BEL RS0 5 0 Bl il 2
FORHSRE . BN, Zhao % Xt Al FEAAJZ/E K 200 nm
£ 884 (reduced graphene oxide, RGO) # [7] R sF 435l A
(186+7) nm 1 (603+58) nm ] RGO-Al 49k Z 2 & A 41
BT 1L T B ORI 22 NN - 180 430008 A 1 R T 44 52
%, K RGO ROTE/MY RGO-AL & A fhE LA T & i
SRIE XS SR 2 KB, RGO R B/ AE
H PR EGR AL TR NT RGO RSHR KR AR 1
RGO RUTEUNYE A FOEH A 8806 5 0045 H0 BAE 51
1895 Ie) [ P A A R 31 ) 2B A B BRI S KT RGO R
BRI EREL,
3.1.3  #hERF A NLMMCs 3% AU 693 v

H—J7, bR T NAE RS ROV ASE, SR T )%
JiEETE NLMMCs J17747 1 T il 48 0 i g il e e RO
WL W S S 247 7 BN, Zhang T £
TSI (AEREZE S S RZRE L ») HIF, HBZEE L
M5 nm ZEAEE] 150 nm (Y Cu-CuZr &R -AEFHZIZME, RH]
RAEE TR (focus ion beam, FIB) I T. T EH4% D M 350 nm
AFALF] 1425 nm BBIOH:, I X T R T BN R 45 S0 56
WIRAERRY], 4 h 5 D AR, ok Y 58 i
54 FU/NBEEE (smaller is stronger) ” BRI, 24 h 7E 10~
150 nm W [E B, (LRI 2 32 B A7 ShoRi i, ORE R 5
FEAUHCHE T INTERIE ROBE, W 5AME BEARTE R, HIRE
HZBERRREMG CLS AL, 4 h<10 nm I, H/IMEM,
PR A 55 (57 5 P A 38 ORI ATG R o D 3 TR 57 4547
HHYFENAE] 15 N S AR G R, SRR SR 2
IWTEFNSME RO S [R] 2

AN, Wang %7 KA FJEHI L (n=0.1~3.0) 1Y
Cu-CuZr & JE-AF & 2 )2 % B U1 #E A [F B A2 (D =300 ~
1500 nm ) (R TCRE T R S 2k i 4 0 3, 25 SR [&T 7 Jfas
AL, (R4 E MR BT, (O 5 B il 2 9 1 Y
B, MEHE L —E H/ANT 0.5(n=0.1F10.3)
MF, ORE S B B AR I 1 RN R AR, 52 B N i
Fyfase; SRS LT 0.5 B, M R B A ELARE 1Y 3
KidgER, 2R AR MBS, XFEEHRTE
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B AR /NS (0. 1) B, R S AR RN T 55 B0 A
TR B RIE SR SF, BUIAT (shear bands, SBs) ¥ LIE
B, P, SRR 4 )8 2 R R A . B
W AR, &R R AL IR B b, T HL
TIORE PP 8 A R SRR, R, (740 2T B A
BN R #EAT, PR, R RO RN, s R
o ZIAE KA (p=3.0), JEMZ (<100 nm) &8 L
B BB N RGBTk SE R P A T DU AN O 5
Y3t 9% X ( shear transformation zones, STZs) Jf- 3 # K
SBs, Rfi AR/, HAS SBs JE LT | S 3L B 45 5
RAETER/ N

2000

—
N
a
o

1500+

1250

Flow stress (MPa)

1000 — . . A
300 600 900 1500
Pillar diameter (nm)
7 AEEE L p T Cu-CuZr f8EE 29% 728 B J3 53 EAR 1956
/% @[75]
Fig. 7 The flow stress at 2% strain offset of Cu-CuZr micro-pillars ob-
tained from the true stress vs strain curves as a function of pillar

diameter with different modulation ratio 77L75J

1890 K Bk-4 J& B NLMMCs 77, Zhao 27 1 Hu
LUy BIRFSE T 90° (B )E 7 1) e L TN AR 5 ) A1 0°
(BEIT AT FIE 7 M) RGO-Al K & 2 E A
HISMERCSTRLN . RS REW], BHARK/IXT 90° RGO-AL
02 A PO 1) 5 B VAT IR B 2, TRIXEF 0° RGO-AL &R

AridkE, MR B AR AR R R (~ 200 nm) K— N E0E
R, fORE B LR B AT B R A RS, Ok R
ALY S 25 BERE NS i W WA A5 MR 12 R R
3.1.4 & EIR& s NLMMCs 3&ILHLH & % vh

B 2R 5 0 2 0] 22 18] R 6T F BE 23 5% M NLM-
MCs H (4 I 3R A, ST 52 e LB BE L 1 W, Mayer
SEIE 00, 4501 90° Y AL-SiC 44K B )2 B A fEE T B
BRARSES, R 0CfAE g aRAH SiC 2 A TR 5 1],
SRR 45e it T OB D) AR S, R E i
fiK; 90°fikEH Sic 2 H BRAY 2SR T LA B i v

AHN, Fu 25N RGO-AL ZWE AR R4 %) 00 Fil
90° k&2 RGO-Al B &Mk, FEXTHIFRE T sl hn
TSI (18] 8a) o 255, 0° RGO-AL U 1 Ji IR 58 i
W EE T 90" RGO-AL fafekE,  FLA#S &5 40 B A9 4 5R sl ke
E 8b Fron, ZItBHAHIRAL, 90° RGO-AL ik B 11
P15 EZOR BT RGO/AL AL 6 55 1) FAS AR, 1 0°
RGO-Al Z A& 58 koK H F RGO 13 1 7k ik Ak LA
K RGO/ AL FEia st v 48 i BELASVE
3.2 AEEEEESAHMEMELILE

NLMMCs HFAURRBE | Z 240 8 DL R K o 5 ot
T IAAAE, PO A ARG R —345) MMCs 3 mAL 5+
AIWT 2L R . R, B4R Bl A AN T 2R BRI &
Ji&, NLMMCs i BIALALEI7S 2] T R A R e, 754
J& - % ) NLMMCs G030, 518 19 47 78 o i 1 B 28 )2 oh
PR R RBUR A mE , BUR T R R, JF H R
BRI T RE AR RS S S B 4 2 9
PEICARIE , TN & A MR B . Yang 50 SR
ok B 24 1 ( micro-pillar splitting, 18] 9a) A1k 17 8 42
Bl ik (B 9b) BFFE T B J2 5 R & 2 B ) 4 AL-SiC 42K
TREGHER AR, R KM, ALSIC 49K
B2 AR R AT AT T & 20 W e e T AR

El o B Yield strength (MPa) EI
450
400+ /*
350 /
300 w

250
200{ W -+
150

90°Al  0°Al 90°RGO-Al (PRGO-Al

&8 0°f1 90° 4Kk E )2 RGO-Al B4 flhi ik FE AR B M SEM B R, b iy i b BB AT AR (a) 5 00 90° 4k B 2

RGO-Al R4l Al 1 i IR 30 BE S Ho P (b) 1)

Fig. 8 Schematic illustration and SEM images of as-fabricated microtensile composite specimens with 90° and 0° RGO laminate orienta-

tions (a) ; summaries of the 0. 2% offset yield strength of 90° and 0° RGO-Al composite and pure Al samples (b) (7]
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e BT B2 B 2, A AT T RIRN, R
PIRNTE SR/ WS AL, JFH T AR
TR, Wi PERGE)2 5 A4 AN mi B, 7E)2 )58 100 nm
Wk B RO, YT E T RR N, RO R Ak
BT e, Wb =R BN g, e )RR
o4 25 nm BFA B, XA TR IR0 S BT R
P

[b]
Perpendicular Perpendicular )
/Jp—
]
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Uk

JER

Ko BREEBY 4% (o) MGk AR ik (b) WFE AL-SIC K&
JR AR 2 IR 2
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Fig. 9
ness testing of Al-SiC nanolaminates via micro-splitting (a) and

notched cantilevers bending methods (b) (81]
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(a) engineering stress-strain curves for nanolaminated RGO-Al

composite and Al matrix samples, (b) SEM image of crack tip in RGO-Al composites, (c¢) SEM image of fracture morphology

for RGO-Al composites, (d) magnified SEM image of localized crack for RGO-Al composites during loading

4 MREEEEEEAWHHNTRIG

KEBFILFEN, NLMMCs 9581 28 7% 7] L3 3 4%
e A SR SRR A A A U B A Al B L RS 4 i Bl ke 5

PR, REFE AR (S-SR SRR
il SE-GURRAD U R R E (SR EE) 3%
0% NLMMCs A8 IE T M

T4 B -Fe s £ NLMMCs, 7EEE®R KB T



555 3

MRS, HRERER

HE SRR 379

(KFILTGK) , 245 FLAURBE 3URE it fin Bl e 45 28 17
B, mTE&RAERRERMR, &RZ2E%E58HE
W, HAER AR A, PR AN 1, RIF %2 h
ESERANAR I Ky = el 0N A Vi B B2 S e R A= cd
JER BRI N, S — 20 AR, BR AN b 22 3
K, PIgZIFURWT A, [t 4 )8 )2 4k S0k 47 3R A I8 1
Pepr " FE, Z20WEBRZER WA, HEM R
ASBE A AZ I 3 ny A Ao R BRI SR T 2R, S 4,
B 2N, 4 B e T LA AT S MR AR L
N, Li 4550 i XS 2 R ARk 50, 5 R 2.7 nm B
AL-TiN 99K Z 2 EITJE TEM T JEAZ 98K R IR 286, #F5%
HASEAT R, S5R A, MZEE/NE] S 2.7 nm B,
ZJZ W ALZATIN ZEHE T 058 A3 . R
T &REFLENNEZ SR/ WG RAm ARE 4
BEPEE, MR T, he)E R g B
AHZET R IAER AN 7, FHAR S 1 o i AR 5 =22 (B 7 AH
AR RAMINGE 11 3T W2 RPN e A,
F TN EHRIN EE T ALZE, HibE 28R Z i i
KM ST &8 ALZ P2 RIZIEH N deE , bR
JE IR PENT LU S R 4 B 2 BB R, TR 4 A K
W1, Bk, 44 R ERER/NEILGORE, BTSN
NI, MEAER IR, WEZES4REE kAR
AT N,

SF4E-AE S NLMMCGs, dEMZ (50 2 4R 8t
B5) A AR T E /NN AR A STZs FlAsE R R AR
THY SBs AT AR, £REE kL
ARSI, HAE CAls AT A, HAEMZH Y STZs
PeBs , BRI R AN, STZs MR, Sk
SZEH R4 SBs, & JE-AE A NLMMCs 1928 E Jr o 2 2
FLFE I S IBVEAR I R U Sy Ak, IF B E AR — s
SRR Al KRR Cui IR T Cu BEE—FE
(18 nm) . CuZr JZJEEA 4L (4~100 nm) ¥ Cu-CuZr £ 2
JERASIEHLE, S5 E B, 76 CuZr ZEE/NF 20 nm
B, Z2R¥5ETE, TEUWMIER; X CuZr REE
KT 20 nm B, ZZBHBTEEE SR, A
ESBYRFIE ., P RA K, XA HAEMZRES R
RS TEAL T RS vl @ ok B 12 AT, Y CuZe EE
/NF 20 nm B (&l 12a), BHATEAE Cu B {1114
St R A TR R YT AT, AR T TR R
TERR, D457 Cu TP RIFHERFE Cu/CuZr LT, MK
RS CuZr RS2 TR H Cu JEM CuZr EMIEAHETE
HEBRIR 77, AR ST 22 (B2 45 A0 5L O DL AN e
RSy, AWTEIE AT T CuZr 20 P10 b 7= A 5T 8 7,
JE Sb 2, PR A B R O, I A AR A 2 R

W STZs, I ML AR IR, AN, e T BB
(A gL A 2, AT STZs 16 CuZe J2 9T
T, SIET MR M Cu J2 L ] Cuze 2. UL,
SRR T AT R 4R B CuZr S
BERT 20 nm i (1 12b) - CuZe Jo3F1 LI T3 VA 26 5
T RS AR T N, e A B STZs
7R O R 1 /N . S S P
CuZ SR A (0 6 STZ BRI R I | e
S A T TR R i Cu RIS T
ST AE Cuze J52 0P 05 R DT U1 S G, Cu S5 o ir 88 75
VUL RS 6T B, TR T P47 T Cu
VLU T Cuze J2 P BT A 47, ik 20 b0 T
21T Cu/CuZr FL1

A A A4 A (]
AARRRL 22
PR

A A A4 A A Uy a
(AN S Y “
E> CuZr

A4 A AL ) |
Fr v orrov T

K12 RlE CuZr JRIET Cu-CuZr )2 B A IAR R 215 15
Fig. 12 Schematics of plastic deformation modes in Cu-CuZr multilay-

ers with different CuZr layer thickness!*!

F—J71, Guo %V SR AR e 4 19 ki g T AR
i JE2E—E (100 nm) , i &8 2R E A4k (10, 50 Al
100 nm) i) Cu-CuZr WZETEAT N, S5 AM, MEEIRZ
JEEERIN, 2 2R AR E T 2 ¥ ) S AR TR e A8 Oy
FE BRI . B 13 R T 48 2RI X 4 8-
Ak i Z Z AR TE ALK I sE iR B . Y Cu Z RN

Shear band penetrating  Plastic codeformation Plastic deformation

numerous layers of n¢ Cu
NMWNE T
MSB ¢ MEXY V(PSB
PrXY

2RI Y

g‘- Local alloying P y
NAR K/
4 SR
/7 AR

13 Cu-CuZr Z 2B 2R R HLHIBE Cu J2 5 B AR b i /s 2 B

(MSB: AU, PSB: WA o143
Fig. 13 Schematic diagram of the deformation mechanisms in the Cu-
CuZr nanolaminates as a function of Cu layer thickness ( MSB:

mature shear band; PSB; preliminary shear band) (301



380 Hh AR

541 %

10 nm (FE 545 R MS10) BF, 9K 5 Cu J2 PERAG AL A5 W
BARREARAZIE AR AE . PR, XSEiAY Cu JEMELIBH 1E
U8 A AR A CuZe J2 10 55 )45 25 AHAE R . 1E R e 3R b/ dh ik
S LR 4R S B0 BT 1A AR AR R O Y
P M A ST CuZe/Cu FETIRT, 250 Cu JRFi
A CuZr 7%, FEAERA, SR REZ REEE R,
P, MS10 B 5 AR TE 2027 3R 5 b 35 YAty S H A a)
B IR A B9 I, Y Cu J2 9 5 BE 5% 0 3 100 nm
(MS100) iF, HTF54EE CuZr EAALL, HAILR AR H
BAK, RIS TAL R Cu J22RH L5 hy B AR
JEHLE, Gn. rEEEEE b IS T R R ZE R SR
THEfk, B ES Cu BB, MEEENHET, Cu )2
AR IS 7 DR AR B A R e 42 3l R AR AR B T
M Cu J2 g BEAR” JEERE (4050 nm, MS50) I, 2 FieElkf
BHYSRALME RS 1E—&, Cu Fl CuZr J2 & A M8 P
%, SEOLEREMNR S BT T EENE AW,
CuZr 3F &2 BB I P8 358 1 89 D0y AT PR 5 R 4P A
AE¥AYE . Cu )2 AT DU o N R IR JRy Sk i) S A8 0 i —
AHHEE 2 ey 5 R R SRR AT, T Cu 2R
SZ RS AR ML, AE MSS0 KR 5 S B0 T8 1 4 Y

JI2FWA R
T4 B -AK AR NLMMCs, HZASE rFHE 4
J&JZ R SBYEAR Y K 40 KAl 2 0 L 295, B i L S
P AH AR DRI 2 A MRS . 48 -9k A
T B BEL AR (5 5 2 3k LT, AT 52 00 B2 45 Ak 1) 1 2 i
Jo7 70500 B Kim 25 SR B AL AT TEM A7
TR FR AR 10 7 I 9E T A B M -Cu A 8806 -Ni B A 41k
B 1245 R (L 14) 2 B0 ek 55 0457 5 1 BELAS- A
TE Cu JZHTEAZ BT H5 e LR P b, S B00ioh 9 1
AT E R AR TRER (B 14b) , [RIBE S T & S8 EHY
SRIE FEHCIERN B Zhao 2577 1d X8R 2R EE 4 200 nm
MK ZE RGO-AL 5 A fHE T AN [] 1o A% 3408 T ) B
BRI, 45 G 0 AR R AU TS E m (B RO AR
[a] [b]

100 nm
—

14 S A ERIG SR Cu-f7 S MH AR IERT () FZZIE
J& (b) 9 TEM fi} %
Fig. 14 TEM images of a Cu-graphene nanopillar with a single layer of

100

graphene before (a) and after (b) compression testing!*)

VAR, LhRORSBA E a0 SO A AT b G A o i, i —
JAFSE T RGO/AL LT LY AL/AL iy 5547 4 i BHL A5 58 A
B, MR A A SRR IE LT RGO/AL B &
PRI SR L SBAR AR B R EE . 5 oh, KRBT 5
AR TR RAT AR TE AL . AR AR T (<5x107 57,
ARZEB EFHMENEERIE,; MmN EET (=5x
107 s7"), 45BN 2 A TR AT 2 3 T3 B AR

5 & i&

YK B R 4 B B A5 HEEH(NLMMGs ) PR A 57 1 25
BHEE, O AR MBI, TR R RS
FEAE, NLMMCs 9 3 2447 SR R 2 ] B b 385 178 Vi 5 v
T2 B T N FE 5 AME R AE RS | 7 J2 B Ih) L) e SR T A
PR Z N . RN 124058 07 16 45 A RS i i
WY, BRIETR AIEIT NLMMCs 5% #)46 F AR TE
B, o~ T NLMMCs ) 5 1 T TR A, )T
X HAE R IR S T 10 1 247 S RN T e et b AT R 46
RARIEREAF RN Y . H i, ©ABE4% NLM-
MCs ZEAGER N2 %7 | G i > A R e
P SRR B AT R R T RIS, A
b, AR SR A AR U N A AR T & 3 T
2T TAER AN R AR R R 58, DA
SRR TR, HEShARLRL R R R

B#ECHE  References

[1] LINZ G, YANG Q, TAN C H, et al. Journal of Materials Science
[J], 2008, 43(23/24) ; T344-7348.

[2] REZAEIM R, SHABESTARI S G, RAZAVI S H. Journal of Materials
Engineering and Performance[J], 2019, 28(5) : 3031-3040.

[3] CHOI HJ, SHIN J H, BAE D H. Composites Science and Technology
[J], 2011, 71(15) ; 1699-1705.

[4] KHOSHGHADAM M, RAHMANIGARD R, OROVCIK L, et al. Ma-
terials Science and Engineering: A[J], 2020, 772; 138820.

[5] SARAVANAN M, PILLAL R M, RAVI K R, et al. Composites Sci-
ence and Technology[ J], 2007, 67(6) : 1275-1279.

[6] TIONG S C. Advanced Engineering Materials[J], 2007, 9(8) : 639-
652.

[7] MORTENSEN A, LLORCA J. Annual Review of Materials Research
[J7, 2010, 40. 243-270.

[8] ZHAO Z Y, BAIP K, DU W B, et al. Carbon[J], 2020, 170; 302-

326.
[9] =uk, Zkom, W55, 4 PEMBIER[T], 2016, 35(9): 641-
650.
GUO Q, LI Z Q, ZHAO L, et al. Materials China[ J], 2016, 35(9) .
641-650.

[10] Bkhk, JEEsE. hEMEERLT], 2016, 35(9): 686-693.
GENG L, FAN G H. Materials China[J], 2016, 35(9): 686-693.



%5 MRS, RS ZEEEE MBI 1%1T R 381
[11] EEom, 258, 255N, & &EMII], 2019, 55(6) : 683-691. (6); 331-334.
WANGHY, LIC, LIZG, et al. Acta Metall Sin[J], 2019, 55(6) : [36] ZHAO L, GUO Q, LI Z, et al. Materials Research Letters[J], 2018,
683-691. 6(1); 41-48.
[12] ZHANG X, ZHAO N Q, HE C N. Progress in Materials Science[J], [37] ZHAO L, GUO Q, LI Z, et al. International Journal of Plasticity[J],
2020, 113; 100672. 2018, 105; 128-140.
[13] ESPINOSA H D, RIM J E, BARTHELAT F, et al. Progress in Mate- [38] LUAL, ZHAO L, LIU Y, et al. Metallurgical and Materials Transac-
rials Science[ J], 2009, 54(8) : 1059-1100. tions A[J], 2020, 51(4) : 1463-1468.
[14] SHU R, JIANG X S, SUN H L, et al. Composites Part A; Applied [39] LIUY, ZENG Y, GUO Q, et al. Acta Materialia[ J ], 2020, 196. 17—
Science and Manufacturing[ J], 2020, 131; 105816. 29.
[15] LI N, LIU X Y. Journal of Materials Science[J], 2018, 53(8): [40] LI Z, ZHAO L, GUO Q, et al. Scripta Materialia[ J], 2017, 131;
5562-5583. 67-71.
[16] KNORR I, CORDERO N M, LILLEODDEN E T, et al. Acta Materia- [41] LI Z, WANG H, GUO Q, et al. Nano Letters[J], 2018, 18(10);
lia[ J], 2013, 61(13) ; 4984-4995. 6255-6264.
[17] LIZ, GUO Q, LIZ Q, et al. Nano Letters[J], 2015, 15(12) ; 8077- [42] LIZ, FUXD, GUO Q, et al. International Journal of Plasticity[J],
8083. 2018, 111; 253-265.
[18] MIRACLE D B, PANDEY A B, MAJUMDAR B S. Acta Materialia [43] SHIY, ZHAO L, L1 Z, et al. Materials Science and Engineering: A
[J], 2001, 49(3) ; 405-417. [J], 2019, 764 138273.
[19] LIT, JIANG F, OLEVSKY E A, et al. Materials Science and Engi- [44] MENG L L, HU X S, WANG X J, et al. Materials Science and Engi-
neering: A[J], 2007, 443(1/2) ; 1-15. neering A[J], 2018, 733 414-418.
[20] HASSAN H A, TEWANDOWSKI J J. Scripta Materialia[ J], 2009, 61 [45] PAVITHRA C L P, SARADA B V, RAJULAPATI K V, et al. Scien-
(11) ; 1072-1074. tific Reports[J], 2014, 4(1); 1-7.
[21] LAUNEY M E, MUNCH E, ALSEM D H, et al. Journal of the Royal [46] KANGTJ, YOON J W, KIM D I, et al. Advanced Materials[J],
Society Interface[ J], 2010, 7(46) : 741-753. 2007, 19(3) : 427-432.
[22] OLIVER W C, PHARR G M. Journal of Materials Research[J], [47] YAOG C, MEL Q S, LI J Y, et al. Materials & Design[J], 2016,
1992, 7(6) : 1564—1583. 110; 124-129.
[23] GREER J R, DE HOSSON J T M. Progress in Materials Science[J], [48] WANG J, ZHOU Q, SHAO S, et al. Materials Research Letters[]J],
2011, 56(6) ; 634-724. 2017, 5(1); 1-19.
[24] k%3], FRE, 052, 55, &JEFM[1], 2018, 55(1): 109-125. [49] SAENZ-TREVIZO A, HODGE A M. Nanotechnology [ J], 2020, 31
ZHANG X X, ZHENG Z, GAO Y, et al. Acta Metall Sin[J], 2018, (29) : 292002.
55(1) : 109-125. [50] NASIM M, LI Y, WEN M, et al. Journal of Materials Science &
[25] KIENER D, GROSINGER W, DEHM G, et al. Acta Materialia[ J], Technology[ J], 2020, 50; 215-244.
2008, 56(3) : 580-592. [51] HOAGLAND R G, HIRTH J P, MISRA A. Philosophical Magazine
[26] DI MMAIO D, ROBERTS S G. Journal of Materials Research[J], [J], 2006, 86(23) : 3537-3558.
2005, 20(2) ; 299-302. [52] WANG J, HOAGLAND R G, HIRTH J P, e al. Acta Materialia[ J],
[27] BUREK M J, GREER J R. Nano Letters[J], 2010, 10(1) ; 69-76. 2008, 56(13) ; 3109-3119.
[28] KIENER D, HOSEMANN P, MALOV S A, e al. Nature Materials [53] WANG J, MISRA A. Current Opinion in Solid State and Materials Sci-
[J], 2011, 10(8) ; 608-613. ence[J], 2011, 15(1) ; 20-28.
[29] NASIM M, LI Y, WEN C. Materialia[J], 2019, 6; 100347. [54] ZHOU Q, XIE J Y, WANG F, et al. Acta Mechanica Sinica[]],
[30] GUO W, JAGLE E, YAO J, et al. Acta Materialia[ J], 2014, 80: 2015, 31(3) ; 319-337.
94-106. [55] WANG Y M, HAMZA A V, BARBEE JR T W. Applied Physics Let-
[31] YANG L W, MAYER C, CHAWLA N, et al. Philosophical Magazine ters[J], 2007, 91(6) : 061924,
[J], 2016, 96(32-34) : 3336-3355. [56] ZHAO L, GUO Q, LI Z, et al. International Journal of Plasticity[J],
[32] KIM Y, LEE J, YEOM M S, et al. Nature Communications[J], 2019, 116; 265-279.
2013, 4(1); 1-7. [57] JIANG Y Y, TAN Z Q, FAN G L, e al. Carbon[J], 2020, 158;
[33] YANGKM, MAY C, ZHANG Z Y, et al. Acta Materialia[ J], 2020, 449-455.
197 342-354. [58] BONDERER L J, STUDART A R, GAUCKLER L J. Science[J],
[34] JIANG L, LI Z, FAN G, et al. Carbon[J], 2012, 50(5): 1993 2008, 319(5866) : 1069-1073.
1998. [59] GUO Q, KONDOH K, HAN S M. MRS Bull[J], 2019, 44(1): 40~
[35] JIANG L, LI Z, FAN G L, et al. Scripta Materialia[ J], 2012, 66 45,



382 rf Ak i XA
[60] KIMK T, CHA ST, GEMMING T, et al. Small[J], 2008, 4(11); 2016, 114; 25-32.
1936-1940. [79] FUX D, LI Z, GUO Q, et al. Metallurgical and Materials Transac-
[61] LEE B, KOO MY, et al. Carbon[J], 2014, 78; 212-219. tions A[J], 2018, 49(11) ; 5229-5234.
[62] ZHANG D, ZHAN Z. Journal of Alloys and Compounds[J], 2016, [80] LI N, WANG H, MISRA A, et al. Scientific Reports[J], 2014,
658: 663—671. 4; 6633.
[63] ZHOU W, BANG S, KURITA H, et al. Carbon[J], 2016, 96; 919— [81] YANG L W, MAYER C R, CHAWLA N, et al. Extreme Mechanics
928. Letters[ J], 2020, 40; 100945.
[64] LOTFIAN S, MAYER C, CHAWLA N, et al. Thin Solid Films[J], [82] WANG Y Q, FRITZ R, KIENER D, et al. Acta Materialia[ J], 2019,
2014, 571; 260-267. 180; 73-83.
[65] WANG M, WANG D, KUPS T, et al. Materials Science and Engi- [83] ZHANG J Y, LIU G, SUN J. Acta Materialia[ J], 2014, 66; 22-31.
neering: A[J], 2015, 644 275-283. [84] 2k, PiEAgile Sii RO E AR & S TERERFR [ D]. L.
[66] ZHU J, GU C, XU K W, et al. Materials Science and Engineering; A RS, 2017.
[J], 2018, 738; 219-228. LI Z. Investigation on Fabrication and Mechanical Properties of Gra-
[67] FANZ, LIUY, XUE S, et al. Applied Physics Letters[ J], 2017, 110 phene/ Al Composites with a Biomimetic Microstructure [ D]. Shang-
(16) ; 161905. hai: Shanghai Jiao Tong University, 2017.
[68] ZHAO L, GUO Q, SHI Y, et al. Metallurgical and Materials Transac- [85] XURGM. AaM-Al YKERE SMRHIRREIENFT[ D], i,
tions A[J], 2019, 50(3): 1113-1118. RS, 2018.
[69] CUI'Y, HUANG P, WANG F, et al. Thin Solid Films[J], 2015, LIU Z Y. Study on the Fracture Toughening Mechanisms in Graphene-
584 270-276. Al Nano-Laminated Composites[ D]. Shanghai: Shanghai Jiao Tong U-
[70] PENG W. Mechanics of Materials[J], 2020, 141 103270. niversity, 2018.
[71] MISRA A, HIRTH J P, HOAGLAND R G. Acta Materialia[ J], 2005, [86] GUO Q, HAN Y, ZHANG D. Nano Materials Science[J], 2020, 2
53(18) ; 4817-4824. (1): 66-71.
[72] Bk&EE, XA, PhZE. &JE #HR([J], 2014, 50(2) : 169-182. [87] ZHANG JY, LIUY, CHEN J, et al. Materials Science and Engineer-
ZHANG J Y, LIU G, SUN J. Acta Metallurgica Sinica[ J], 2014, 50 ing: A[J], 2012, 552 392-398.
(2): 169-182. [88] CUI Y, ABAD O T, WANG F, et al. Scientific Reports[J], 2016, 6:
(73] skaxik, XUWI, PN PIEBPRIETELT], 2016, 35(5): 374~ 23306.
380. [89] HWANG B, KIM W, KIM J, e al. Nano Letters[J], 2017, 17(8):
ZHANG J Y, LIU G, SUN J. Materials China[J], 2016, 35(5): 4740-4745.
374-380. [90] FAN Z, FAN C, L1J, et al. Journal of Materials Research[J], 2019,
[74] DANG C, OLUGBADE T, FAN S, et al. Vacuum[J], 2018, 156: 34(13): 1-11.
310-316. [91] LOTFIAN S, RODRIGUEZ M, YAZZIE K E, et al. Acta Materialia
[75] WANG Y Q, LIANG X Q, WU K, et al. Materials Science and Engi- [J], 2013, 61(12) ; 4439-4451.
neering: A[J], 2018, 732; 29-34. [92] YANG LW, MAYER C, LI N, et al. Acta Materialia[ J], 2018, 142;
[76] HU Y H, GUO Q, ZHAO L, et al. Scripta Materialia[ J ], 2018, 146; 37-48.
236-240. [93] LIUX Y, WANG F C, WU H A, et al. Applied Physics Letters[J],
[77] ZHANGJ Y, LIU G, LEI S Y, et al. Acta Materialia[ J], 2012, 60 2014, 104(23) ; 231901.
(20) ; 7183-7196. [94] LONG X J, LI B, WANG L, et al. Carbon[J], 2016, 103; 457-463.
[78] MAYER C R, YANG L W, SINGH S S, et al. Acta Materialia[ J], (%% k@9)



