W52 % 2 W] noF ¥ ® Vol. 52, No. 2
2020 % 3 H Chinese Journal of Theoretical and Applied Mechanics Mar., 2020

EFEERAFITAER

SEREEEASSMBNTRITAR
j&*ﬁﬁ?&%ﬁﬁﬂ%ﬁijgiﬁn

Kk B EEB? R OB
(PRSI A 2 5 TRE2ERE, N )2 5 iy 2240 )1 48 B A 52 %, # 610031)
T R BE J1 5T HT, dk st 100190)

ST o S UA bR B SCOR B 000 R P BL AP USR5, SRR Yok 4. A SO B
6 P ST U I £ 5 A AL ISR B E 14, 1 B BT A PP RMI A AT 0 . LA
Fo2 FIF SR EA TR A IS, B 5, R JLFAERAEY U R BB R AT 5 L L
TAH SRS G -F RO AT R 3000, SISO RS BEI B 7 8T, T8 A e 41
FRHAETRAT 0 5 LR T A0, 3545 T B ST A bR BRE 2T « 9 BLI BB ma T 25,
URIR R ST AR A KOS RIS BT REHEAT VR, T2 T 050 M AE USRS 1
HRE, B EAA T (BRI I T, IFAEME L, S AORILIE ) R
KA TR S T AHGHOR, U 6 BB E AL 2 bR A TR AT AT T SO, SR, %1%
SURITTFFIARAET TR 825, It R I 30 7 2.

KGR GBI AR, AT, WENLE, KB, AH%R

FESEE: 0344.1 CEKHFINAES: A doi: 10.6052/0459-1879-20-038

REVIEW ON THE DEFORMATION BEHAVIOR AND CONSTITUTIVE EQUATIONS OF
METALLIC GLASS MATRIX COMPOSITES Y

Zhang Juah Kang Guozhent? Rao Wef

*(Applied Mechanics and Structure Safety Key Laboratory of Sichuan Proviickeol of Mechanics and Engineering,
Southwest Jiaotong UniversityChengdu610031, China)
T(Institute of Mechanics Chinese Academy of ScienceBeijing 100190, China)

Abstract Metallic glass and metallic glass matrix composites have good application prospects because of their excellent
mechanical properties, and now more and more researches have been conducting on them. The deformation behauvit
toughening mechanism and constitutive relationship of metallic glass matrix composites are summarized and reviewec
in this paper, based on the existing research results in literature by other groups and the latest work done by the author
Firstly, the research progress in the deformation behavior, failure mechanism and constitutive relation of metallic glass
in recent decades is briefly reviewed. Then, the state-of-the-arts in the deformation behavior and failure mechanisn
of metallic glass matrix composites are introduced from the aspects of experiments and numerical simulation, and the
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plastic deformation, tougheningechanism and their correspondent influencing factors of metallic glass matrix compos-
ites are summarized. Furthermore, the existing studies on the constitutive equations of metallic glass matrix composite
are reviewed, with emphasis on the application of homogenization method in this field. In addition, a two-stepped ho-
mogenization method proposed by the authors is introduced in more details as a representative approach, and then tl
constitutive model established on the two-stepped homogenization method and with a help of a failure criterion obtained
by introducing a concentration of nano-voids as an internal variable is addressed. The deformation and failure behavio
of metallic glass matrix composites are predicted reasonably by the proposed constitutive model. Finally, the researcl
progress of this field is briefly summarized, and some future topics are suggested.
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Fig. 3 Scanning electron micrograph of the fracture surface of

PdyoNizoP20 sample failed in uniaxial compressié!

Bl 4 AlgoFesGds JEAHIX I TEMEUS, fF—4c BT Y]
LK 4 20
Fig.4 TEM image of the compressive region obéfe;Gds, showing a

number of nano-crystallites at a shear Hafd

5 Zr415Ti13.8CU1oNi12 5Bep 5 HE 45 W7 4 I 1) e ik 45 4 501

RIS, AR R SR AR Y BT
Ji - TR A ELAR FHIRSL, P LA, H 0 <6 e B i
PEARTE iR — R -2 5 A S B A R &
WA PEARR R R, XA FRIAT PRGN 4. A
XoF 455 R B g () BB A A DG RS Cadt R AT T L VPR

&R BN IR T HEY IR T, BHA
TEAEATES A TS G S B AR R B, 1X 53K
22 IR PR A THD0) 465 B R I I 21 1 | BT AR 1
P, Afe BN H T <0 8 B B AR TR AT Ry 1) B
WA, R B R S S I SR EUR A %N
ARAGE S, (HR TR G &R BT, Kk
A EAN R I TT R 2 — MBS e IR BN T e A
GBI U ) Ja i S A R, R, i
TN IX PO B A S A LI AR TEAT Ry 22 H) 1)
WEAR, w57 4 J 3 3 PR R AR T B [P A% 0 1)
FOE] AT AT Qi L7 T PR T 2E A4 -

(1) “H AR

19774F, Spaepel? i ik A F Hifi ik 3 BRI A4
BB 2 30 [ AR B, AT T A E e
PEVE S E AR, Spaepel@ilh, fEM 78K
BN, AT LR Bk R 1 77 N B0 ik
U=, — R AV B EU T Bk R i 25 i 2 0 E
(PR YER Sl BEm LR SEAE, 57T BLE i AARRUA
AR B (1) 4 JE B BBV A AR G &R, oy, O
PEBTYI AR 3 [k X~

v = Af exp(—’\/v—lj) 2vsinh(%) exp(—g) 1)

A, AT — WU IR I 7 A e v AE Bk R R L
H X B BB EEAR), HRIMERRFRE
BRER AR (TR ) W BERIFA22). Af VBT
BEER ST 7 AR R B, W RS R B Af =
1; x 2H IR IN— LR, v 2 A
(AL A S R ERARAR), v BN BRI
P A AR, v 2R IREE, AGM EBUERE,
kg +& Boltzmanni %, T RIS, ¢ 28N ), Q &
Ji AR

TE I 7% N T BR AN 1 | (1) 184 5 R 5 4 th 7 3

Fig.5 Honeycomb structures of the compressive fracture surface of a [{J3i ‘K X /M AH H. 35 4+ [ 72, Spaepel?it S

Zr41 2Ti13 8CUoNi12 5Bezp 5 sSamplel®?)

1.2 ERWHBHAHXATAR
REEES )R B AL AT A AT & BRI A
WU B4 GRS R A TE N UEA i B A AR G

T NEAR B AR iE s R

. . Xv* AG™
v = v vexp _U_f exp —E .

2k T 7Q 1
(e [oolaer) ) @




322 71 2 ¥ Ej 2020 4 5 52 &
A, np AWK H AR ot BT IR TR D EL 2000 =
S % Eshelby@%g. compression / Al

B AR 5 gt DR A2 12 1 N H
R . 5 A A BB HEZL R, Johnsorf&B3%
J& T —MRERBNFM T A A AR B b
. Anand %5834 Al Yang 2535 HE — 25 8 1% B i A
RUAE) k8 AR A S 1 KR TEAT A GaosEEe)
1 Thamburaja&EB70m i 1% 45 89 (1) 40 g, 5 4 )8 3%
M BLAZ TEAT R I -0 R & O AT T A
Huang®5%8l. JiangZ5: BRI Thamburaj#osk— %%
BB AT 0 R, 04 B B ES P RSB R B 1F SR Ak
BYPIE T SRS A R T H AR . AR, X R )
& BB K ABAT H R e s T & B Rk .

h T RS AN 45 B F IR AR TEAT A AR AT
HHHAT A E AR IR, B, RaoSF AL T O 7R
()4 JB B B R BB, 25 FE KL AR A, 75 B i
PRI T 5 NG KL R FEAT N oy — A B R R
FEAHR N AR &, $eth T — A =4 P fh 4 B
KRR, FFEEG B, X4 JE B AR
TERURZAT A IR EAT T G B AR F IR . R,
Rao S PULE R A h 5 N T Ny =l B ()5
LI SAC A 3R A7k <6 B BB 1) R 384T SR 6 . AR AR 1)
ROAE . Z R AR R~

wer = wy + Sign @) € |(M(Ush (3

A, o = o (nT) RnEBBIEEFHKE TR
AR IR BT (R SRR AL L s wsh = wsn (P, T) K7
5 <5 e B B I ) R AR R B i S K AL A S
¢ = p/t PN = HHEE, AR S AR Y. R
2RISR A AR AL R TEAZ A2 BT D) A
SRS DX A VAN ) R AR B LI SR T 8 I Hob
5 Jry S DRI R oK AL BE ) T v, AR LA
— FURRE G FE, 20KSLIRNRE A R SR T i
20, BET T EIAARG R P K A R RaoSE g
(R ASHE R 3R R 5 PR R IR Dk 4 Je8 B3 2 WAL T
FVRAGAT Ay, A0 F5 FRRLAR T 1 220000 e 1 A B30
a5 T RIH > B IRPEARTE . A, HON Bk <5
BB AT S For MY L 4 2 A DT SR A ) 00 e, By
SIS WA BT s i Ah, AR I R [R] 4 1 T
I AR <5 o 35 B A B A D s 4 B A T ) 2 AR
2 AN IR0 4 I SRR AR 1 B g = A% il £
Wi AT A ) IO &5 R 0 il P 6 AT 7 o,

1500 | tension

1000 |

stress/MPa

500 | ® exp

prediction

U 1
4 6

[

0
strain/%

6 ARAURISCIR P FRAF N -1 28 2k 1 L)

Fig. 6 Comparison between the simulated stress-strain curves and

experimental one$§1!

SDV3

(Avg: 75%)
+1.500e+0
+1.000e+0
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01

+1.366e+00
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01 ™4
+6.6672-01 [y
+5.8332-01
+5.000e-01
+4.1672-01

+3.333e-01
+2.500e-01 s
+1.667e-01 41

+0.000=+00)
-2.165e-01

+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+0
-8.660e-01

Vel 7 A s 45 T 090 1 T4

Fig. 7 Predictiorof tension and compression fracture argté

(2) “BY Y AR R A
19794F, Argon*27E B HH ARFURL Y 1) S fih [ 3¢
TIPS AR R A LG, B D)
AR < B B R VAR T 1) B I A Ty U SR T
BRI [ EHE, TR AN S I ERAE. fEdh-T)
MEERT, Mkl — R A SO AR R, 25
R IB B Y)Y, B LL—Fh RN i B 4l
U1 5 X T B R R SRR i3 1e. - Argort2l gt
— BNy, XY A BRI AR B B, T
ST B A A B U e AR 1) VA JB T 24 O
PRIt “BYDHEAR AL T2 M) Esheloy> 2% i i
A5 J B e A )ﬁ*ﬁ*i%ﬁ#ﬁﬁ’]ﬁf’ifhj}%
LT Eshelbyff 25500 24 #1813, Argon*d 5 T 1X
Fhe B PN IR0 B RE, ﬁuTﬁFﬁ%
7-5v 1(1+ v0)|2

AFg =
7 130(1-vo)  9(1- o)

w(T) 32
4)

27’0 (T)



* 2 M

5K IRSE: BB BUER L A MBI AT ) MAK K R SRR 323

X, vo EWIRALE, 1o RTCIBYYIN ), p(T) RUSE
WG B DIBE R, Qo 2 BY VI AR IX IR AE AR AR,
| AR AR M B N AR 1R EARL, yo A& 4P AR BY D)
A2 TR RLIBPE B ) N AR AR R TA R
) AF\ . ™V,
Y = aovyo exp(—m) smh(m)
T, Va = y0Qo 72 BY VAR IR IIE A, o 2
5 R A IB AR TE A BHARR 73 BOH OGP 1, oAt
R i S RTTAR A, Sz b, B0 Az a) L
It oo BT 5 RFRET ORI, Spaepel i It

()

g « exp(—X—v*) (6)
Ut
XFE, RSP A BIRA RN, 3R AT A5 i
R — B ) B R A IR 45 8 s AR A2 TE
iTA.

“BY D) AR BB LS, AR AT
T R A IG S RBERLRE ST, H 2, H #2007
F Schall F 14814 3d ot — Tl JI A4 3¢ 165 (1) BY D) S 56
AT T IX B AR S S H AT, By D)
BB VA3 202 A AT, T4k, N T R Bk
& B I PINEFE e, JiangZ ol it — R 51 LI R
GUT AFEINESAT N YA S BB IR T 5 KT
s A BY DY AR R (R A R T R
Y. oy A A 20 e B ) e A Y (1) — TP AR 4 P b
78, PRSI A ok e 8 MR AR 22 B 45 s 3 1
KA LI IS, 9] a2 sk . Bk
JEXT TR S 70 - i 2 4 5

(3) HoAt A5

AR, BT R TR e DL AN, i A
Wt EE T REM LR 4 A, T — 2
BEAA7-52] {541, Flak A1 LangeP L T-%F JE &b & 4
FBYEAT A 73 1 3h 1 i dl), $R Ty Ui AR
DR, DCHTEAR A AR S X, X LXK
SR e B AR B N R A AR RS Bt A
) — X PEBY D) AR, SR HE 25 A B, ln]
DLTS 29 M N AR R (1 Rk 5. “BY PG A XA R mf
DT A & BY ) i A B 1) — ol T~ 35 37 10 AL RN i A
ARER, (HE, X PB4k B T VA R B ) AR
PN AL, B, Zhu SRR EEEERI IR A
AT BEAEAESABL T b A P B R R AR BT (flow
unit), #EULERH TR ROTRIA. R A R
TR B TC ) DX SO OR AN [F) TS R R (ST AR) (1)

FEWAHBA, DAL A < TR A0y 5L ) BEARA R
A AR FRIC AL, BET R P43 1 J7 ik Ak
B B < 0 N ) A AR R AL. A2 SRSB4 AT L
FEREVE 2 AR S AR DB ), W AR L SR RE
A2 S IIERAE, JF HALDIEY] TiAS e n it i
AR A B PEREZ MR, D AR AR RHRPE R AT
NGB SLAL, 2 PR BAT R T SR
B BRI, H AT AR BT B B AR 5O NI A
BB AR LI Fe 2 — 2D A% e .

A R BB A KA I e LR
Ao FUHT EAT (R 2 R e 5 e M PR A < Jem 39384
ARFE R RE PR (R SR LR s (HE, B H AT
1k, AT B AR BE S 56 SC MR DA 4 3
AL RE PR IS (1 T AT S g LB

2 ERWBEESMRMTRERMITH

2.1 KR

20 12 QO AR LAk, [ P Ah 2 2 X6 45 Bl oA R
il % 75 A 2 1 He s 4 I B O 52 5 MR ) 2
PEREHEAT T — RV SZIRTISY, B T2 W90
SIS R, AR N ARSI AN I,
TR INONEBAS [FI R M i T HOIR 4 B 1 4
HAR I RE B4 : Johnsonit 5T /)~ 2 3d ik 41 i v
& T WC, SiC, W B8] Ta FUki i kB4 8 3 3 ik
STAMEL, JLHGEE PN AR 2 59%4%5); Chen%5 P81
I AR AR S I Ze R A R B R A MR, o
T ME N AR AT IE 6.2%.  H R IRIE K Bk 4 a8 3t 1
FE AP B S LT B B A B ) e K Y AR TT
ik 15% LA 657, Gl 8 FioRs 1 Hs 4 i (1 de ks
AR A I 5004581, Wil 9 fiiow. 74k, O 1S Kt

1800

1600 [
1400

2

=)

S
T

1000 f
800

true stress/MPa

600 F
400

room temperature
200 strain rate = 5x10™%s

0 2 4 6 8§ 10 12 14 16
true strain/%
8 TiaeZraoV12CusBer7 (K1l [ $ 1 LR ) - R 4% i 25 157)
Fig. 8 Tensile true stress—strain curves afsZi20V12CusBe;7 at room

temperaturé”’]



324 71 2 e Ej 2020 4F % 52 4
1200 | |
™~
E .
S g0l I min
= 3
$ ™ 10 min
= 40min
400 F
0 L
0 2 4 6 8 10 12

K9 CusoZrso FI% I s 455 £ -1 A% i £k 158
Fig.9 True stress—true strain curve forggZirsg loaded

in uniaxial compressioft8l

FUAH(9700L, oy Bl B L BT S e FA) PR A A s
A0 J1 oA MEREANATIAD s[RI, e 0 s 4 2k g
X LA N B AR ARG, i, Ui O B4
N Ta JURE ¥ Zr 5 <52 BB B2 5 FORE L VWU X
(1 B0 s 246 3 2 L AT WD A58 R P R AT N 28
HAKHNE

G158k, CA RSB e SR e W . A —Fh
ERRE, DR G B SR A AR 2SR R
70 WY B2 5 AR B AR R0 o 2 1 g
S FR M. Bl : Dong SO AN A WA AR AR 5>
B Pk S B AL R AR S P RE SRR T
R, AE—E N, EEPRHK 48 1A fE
T3 BE S AAAR 70 B B4 ma 46K, Wik 1 PR
Chen &5 P800 547 AN 6] RS ) B-Zr K A R DA <
JE BRI A R RLEAT T R R SRR ST, &5
REW], EEMERLEYEAE —E R LB B-
Zr RS AR R IO, sl 10 B,

® 1 TF TadEMERFBEE SV
[E48 715 14 REC3

Table 1 Compressive mechanical properties formetallic glass

matrix composites with dierent Ta content€3!

Ta Sample Yield Ultimate Fracture
contentat% No. stress/MPa stress/MPa strain/%
6 17-1 1800 2090 7.5
17-2 1700 2170 13.5
8 18-1 1600 2200 17.5
18-2 1650 2120 17.5
19-1 1400 2100 18.5
10 19-2 1450 2200 21.5
19-3 1450 2200 225

strain/%

10 FAFERS 1 B-Zr RORL ) 4 BT FE T A AR L
¥ - A% 1 2 58]

Fig. 10 Tensile engineering stress-strain curves for the metallic glass

matrix composites with dierent sizes-Zr particle$>®!
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