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ABSTRACT Room-temperature brittleness and strain- softening during deformation of bulk metallic
glasses, and limited processability of shape memory alloys have been stumbling blocks for their ad-
vanced functional structural applications. To solve the key scientific problems, a new shape memory bulk
metallic glass based composite, through the approach using transformation-induced plasticity (TRIP) ef-
fect of shape memory alloys to enhance both ductility and work-hardening capability of metallic glasses,
and superplasticity of bulk metallic glass in supercooled liquid region to realize near net forming, was de-
veloped in this work. And the Ti-Ni base bulk metallic glass composites (BMGCs) rods were prepared by
the levitation suspend melting-water cooled Cu mold process. Microstructure, thermal behavior, mechani-
cal properties and high temperature deformation behavior of the alloy were investigated. The results
show that the as-cast alloy microstructure consists of amorphous matrix, undercooled austenite and ther-
mally-induced martensite. Besides, the size of the crystal phase precipitated on the amorphous matrix in-
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creases from the surface to the inside. The alloy exhibits excellent comprehensive mechanical properties

at room temperature. The yield strength, fracture strength and the plastic strain of alloy are up to 1286 MPa,
2256 MPa and 12.2%, respectively. Under compressive loading in the supercooled liquid region, the com-
posite exhibits approximate Newtonian behavior at lower strain rate in higher deformation temperature,

and the optimum deformation temperature is T>480 C and the intersection part with supercooled liquid
region (SLR). When the temperature is 560 ‘C and the strain rate is 5x10* s, the stress sensitivity index
m and the energy dissipation rate y are 0.81 and 0.895, respectively. Furthermore, the volume of activa-

tion is quantified to characterize the rheological behavior.

KEY WORDS bulk metallic glass composite, shape-memory crystalline phase, mechanical behavior,
high temperature deformation, rheological property
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BIEFRBETLT R R 5 5 R
Tt e R A S ARG ASE B L S YT B A b A DA
K RBAFsE N Re, BAVE Nk a5 - D Re A kY
TETEME" ™, {52, BMG [ % i 14 A0 8 28 2k il
27 HAEX— M R R, JEFR, AM1EST BMG
(140 B 3R e A TR RS T RN T 9 AR e T 2
FRIEBI 5925, v an: WA, it Poisson LT BMG,
W A HMER S RSS2 5 BMGY, 5] N E
TAHBGPICOGE, K LTRSS BMG RIS B
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3 mm 9 (TiosNios)eClz BMGCs [& K&l il . %
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Fig.1 XRD spectra of as-cast (TiosNios)soCuz Sample
and fractured sample after loading
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Fig.2 TEM (a) and HRTEM (b) images of the as-
cast (TiosNios)sClUz Sample (Insets show the
SAED patterns)

s VAR ) RS 32 1 K, 3L 240 4408 B2-Ti(Ni, Cu)+
B19-Ti(Ni, Cu)+3E & (K 3c). & 4= 7E Cu Bk [H it
T, Bl A A AR F 4 5, K AE B2-Ti(Ni, Cu)—B19'-
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TRRE I 2 i TR R 7 - B AR it 2 T 4 O .
FH R 2801, A2 P Jee R 5 U 2R e 55 R 2 e 8 A
43934 1286 MPa. 2256 MPa f112.2%. /& 1 w] %1,
JE R 770 28k W7 2R 5 TR ) B R AT S i bl 4 25 0
5, 5 TR AR EL, B AR5 40 B IR ) (R A
AR, DL AR T H B IR I, g R R R R
BRI, TRIP 208k 2 2, G 4 7 B SR 30 HE s o e 470
T B 5 Z I A Ak AT A
2.2 (TiosNios)sCU BMGCs iR I T HFFR

K15 2N (TiosNios)eoCUz 1A Y DSC HI 22  H &I 7]
1, (TiosNios)ssClU BMGCs [ T,=468 C, T,=570 C,
T.=960 °C, it A WA X AT, (AT.=T,—T,)=102 C, }
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Fig.3 OM images of (TiosNios)eCuUzo Sample at mar-
gin (a), transition (b) and center (c)
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Fig.4 Engineering stress-strain curve of (TiosNios)sCuzo
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Fig.5 DSC curve of the as-cast (TiosNios)soCUz Sam-
ple at 20 ‘C/min (T4—glass transition tempera-
ture, T.—crystallization temperature, Tn—
melting point, T—Iiquids temperature)
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Fig.6 Compressive true stress-true strain curves of (TiosNios)eoCUz Sample tested under various strain rates

(&) at different test temperatures
(@) £=5x10"s"

_dlnoy,
e )

H WA B g Ak P 3 1 3 AR S % (/B L E
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2 2N (TiosNios)sClzo £ 42 AN 7] 48 JE 4% 1 T MR 41 20 (3)
TFEAEIFIm. 7560 C, B ARHE %R A 5x10* s 1Y,
m=0.81, # it T 1, % I BMGCs JE & HL # J&§ T i
Newtonian Jit 2% , FL i Y8 M T sl il B ol B AR 5 R A4k,
BN 7 S AL AR T R, B LA R AL T B
BN, JUFANAFAE AR B AL RS, 5 5 AR T 33 i i
TR, AR T 3P 3 e AR AR T 3G K. AR
560 C, A5 R I 1) 131072 s BRI, m PR
#0.30, iX % B BMGCs 4% £ 1T A % 4% 9 Newto-
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Table 1 Peak stresses of (TiosNios)sCUz Sample under
different deformation conditions

(MPa)
Strain rate / s™ 480 C 520 C 560 C
5x10™ 807.1 694.0 490.0
1x10°73 974.2 782.0 579.5
5x10°° 1105.8 894.0 700.0
1x10°2 1177.6 941.0 760.0
7.2
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6.9} -
: '///SZAODC
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=
< 66f
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Fig.7 Flow stress(oiew)-strain rate logarithmic curves
of (TiosNios)seCUx Sample at various tempera-
tures
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Table 2 Strain rate sensitivity exponent (m) of
(TiosNios)ssCUz sample under different de-
formation conditions

Strainrate / s 480 C 520 C 560 C
5x10™ 0.65 0.70 0.81
1x10° 0.58 0.63 0.69
5x10° 0.34 0.41 0.51
1x10% 0.21 0.25 0.30

Newtonian it 4817 4 s 1H 7E iy B AR 2R B A Ryl uE
W) EH 35) 5 A8 T 38 W i A2 R AR S A8 T, R AR
Newtonian i 2% .
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R A0 T AR R o FH 3R 2 AT 4, SRR 7 N AR
F R 5x107 s, I F N 560 C A 2 4F K, m=
0.81, BE R AEMRLHR #2210 1 (y=0.895), IRAFFIE & KA
FEHEYEME N T,

Kawamura 5B 7T E 512, 3RS A8 B g AR
AR A [BAELE LU T

n=73; 4)

Kl 8 AN A b B2 - AR T R O Rl 2k . b
P R 2R, 7 A Tl 23R — s N, 8 P U T v 17 B o
PR % 560 C, HAEAR MR AR 3 %2 (5%10*~1x10°°
2 [81), b FE AN IV A% o 2 9 38 in & A2 B R AR AL,
DAL B % 4R T 3 Newtonian Vi 2% . I8 B — € I,
W A AL T (1) 3 0 8 B2 B, 2R BH F AT Newrto-
nian ¥ A8 47 N #E AR A AE Newtonian #4847 4, H 5 m
AR —E. R, IR 9560 C, W AR % A 5x
10 s AR TR 26, MORE R A B A 1 8 8 4 n T
Aeo XTSI Em S, For 5B 1) & iR A
T>0.5T, BB 5 5 #0928 30 (1) 5 f 38 0 o 8o i Be
TRV EYEAR TEA U AR GG T 2% 1, [R5 45
2 WS SR . Mt T BMGCs, H7E SLR#
I H4 Newtonian B¢ it Newtonian 25 1t i 2847 9.
" AT i, (TiosNios)soClao N BMGCs, . 05T, A
480 °C, 1M Ty T %3 51 468 #1570 °C, [K] 1 H e HEAE
FEURE A T>480 °C H 5 SLR AT EE 47

R T R R MR m R R AR AT A, 5l
A H HARF S BRI Z ISR . Spaepen®™ A
N TE FL I T e S0 AR e TR AR P AR 2 A A 2D
75 (B N AR T 2R DA R A BT R g (5 AU

480 °C

IN
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O L L L L L L
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Fig.8 Strain rate dependence of the viscosity of
(TiesNios)sCuz Sample at various test tempera-
tures
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£=8, sinh(a-""wv"“" ) (5)

2J3kT

3, kA Boltzmann & 25, T ATRREE » Ve WS
AR, &, JBEIREE AR ) AR TR . % 45 58 MK
5 FE 1) Ve 0] U (B) PL A B S A & 1 SEBGAE A3 21 o
(TiosNios)ssClUz Br 4 7E & =5%107 574, AF T IR 73 i N
480.520 #1560 ‘C K}, H: Vi 4351 4 0.3923.0.3810.
0.3794 nm®.  HH AT R, BRME Z B AR THZR T, H Vi
FEARANBEAR TS AL AR A, T TE TisoZroNb.CusBess
BMGCs I T [FFEIEL R ™ (TiosNios)seClUn F
4 Ti R T2 4% 9 0.146 nm, Ni i 5 712 K
0.124 nm, Cu 1 J5i 7424 0.128 nm, A4 BRI A4 FH
AR B AR, fa v 5 R R 1T
BIEFAAFI N 0.01 nm?, KL AE SLR B VA i 72
KRAEFEAON L T-o LG S Vi =0.97 nm?®, FAH
Xo S FR T 48 JR AR B A 0.003 nm?, L8R 98 1 AR T ik
FE 75 B0 BT 50 320 /N, [R] Ik BMGCs I i
H AR N TR A 4

3 &R

(1) (TiosNios)soClz BMGCs 55 23 4 23 45 44 Ry
mn 2R+ TRIEAZ AR, R AR e 12 A 2 T v
B EG A& B2-Ti(Ni, Cu) #H A1 #4850 5 (K 44 B19"- Ti(Ni,
Cu)fH, HARFEL SN TE 7 % b 45 1, 3R TH 7
JE df AR b T A IR, (O3B 2 BT H
FHA L VA B AR AH , L S AR A 1 R IZ s n . 78
FEIEEAE LI TS A TRIP RN, R H LR
25G 715 e fe, o IR B2 D 1286 MPa, i 3458
J& A 2256 MPa H. Y8 14 % A48 h 12.2%

(2) (TiosNios)soCloo BMGCS7E i A5 T 17 HAK
AR Z R, I T Newtonian i ASEHIE . 76 =ik
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