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ABSTRACT Bulk metallic glass (BMG) and its composite (BMGC) are new members in the area
of materials science and engineering. In this paper, we simply reviewed the development history, es-
pecially introduced our recent progress referred to Ti—, Ni—, Zr— and Mg-based BMGs and BMGCs.
The study of the microstructures of BMGs prepared by controlling the solidification conditions indi-
cates that the microstructure of BMG is flexible. Several factors including the casting temperature,
the mold temperature and the mold material etc. influencing on the glass formation, microstructures
and properties were studied. The relationship among processes, structures and properties of BMGs is
furthermore illustrated. Some BMGs and BMGCs were prepared by mediating the solidification condi-
tions and designing the novel composite structures, of which the size of Ti-based BMG reaches 50 mm,
and crystal/BMG bi—continuous phase composites exhibit good properties. Investigations reveal that
the application of these BMG and BMGCs will be expected in the near future.
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Table 1 Bulk metallic glasses with the size over 20 mm
System Alloy composition Critical Size Method Year Ref.
(atomic fraction), % mm
Pd base Pd40CusoNiigP2o 72 Water quenching 1997 [27]
Pd35Pt15CusoP2o 30 Water quenching 2005 [28]
Zr base Zr41.2Ti13.8Cu12.5NijgBeos 5 >25 Copper mold casting 1993 [29]
Zr55Al10NisCuso 30 Copper mould suction casting 1996 [30]
ZreoCuasFes Alig/ 20 Copper mold casting 2009 [31]
Zre2.5Cugz.5Fes Alig
Zre1TiaNboAl7 5NijgCui7.5/ 20 Tilt casting 2009 [32]
ZreoTiaNbaAl7 5sNijgCuisg.s
Zrs50.5Cus0.5NigAl11 Ags 20 Copper mold casting 2008 [33]
RE base Y36ScogAlag Coog 25 Water quenching 2003 [34]
(Lao.5Ceo.5)65A110(Co0.6 Cup.4)25 25 Tilt—pour casting 2007 [35]
Lags Al14(Cus 6 Ag1 /6)11 (Nip 2Coy /)10 30 Water quenching 2007 [36]
Mg base Mgs4Cuos.5Ags.5Gd11 25 Copper mold casting 2005 [37]
Pt base Pt42.5Cus7Nig 5P21 20 Water quenching 2004 [38]
Ni base NisoPd3oP20 21 Water quenching 2009 [39]
ZrCu base ZrsgCuzeAlgAgs 25 Copper mould injection casting 2007 [40]
20—25 water quenching 2008 [41]
Zr46Cusg Ags A 20 Copper mould injection casting 2008 [42]
Zr48Cusg AlgAggPdo 30 Copper mold casting 2007 [43]
TiZr base (Tize.17Zr33.2Nis.8Be24.9)91 Cug >50 Water quenching 2010 [44]
Tiz2.8Zr30.2Fes.3CugBeaa.7 >50 Water quenching 2010 [45]
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SRIEAEEBE, XM BER BN THE A PR AR & SR &
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Al e B LY. SR PRI 48 SR AR 4

EA KRRy cE 120 JORR A REX RS & SR BF
TR EHAT TIFR. ASCKESR S a 2 ih & — 45
- YEREZ AR R, W a SRR BEE Pt A, Zrik
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KELAT g A R, BRSNS G0 TR E AR, SHE
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RN, JeRAER &SN EE M GYRIER R
—REEATCZ RIEARNMILZES ST NRT%A
BE, FTRLACK AR S AR 88 AL G 4 X T i
AR, SR ALY RIRIE A IS E
KA. IEREAIRIESG S AR, SESE. £
LB TRSE, FEMATARHA Zr-AL-NiCu, Mg-
Y—Cu, Nd-Fe-Al #1 Pd-Ni-Cu-P &. X &E£475Z
EEEEIE R ZME&EEA S, W Zr-Ni-Al-Cu &7
VIR ZroCu, Zri1gCury il Zro Al Z4b &4, Pd-Ni-Cu—
P G&mLUER NisP, CusP il NioP {&4%. H AT
LA, JeRAES & S B — 2 @R b G s
HETR. PR GBI HIE ARG SR o TX
Lo (AL G B A% B A KA B 1 25 A A, SRk
B JERR ], ARSI AT B E R ESE R
BN, REIEBE M-SR LY.

AR SR G R MA G I R M 45 2, SWHSEMAE R A
it B, XM T — B R EE BRI VR AS
ZERIARE. X LassAlosNisg e & &mygsitysrr 100
A3, Ni JiTEE La JHTRBECAES X Y S a8
[, La JEFRKEY B8ORS MIE &% R KK T, E&
BUAETT Vo WA X AT AL B, G540 R Ak 2 AR T
FFILTFBCR A28k, AT LT B B AR K, Siassst
EEfRE. X Zr-Al-Ni-Cu B & &M G £ 3L,
Zr-Zr JEFXHRIESFHEFER, H Zr-Ni JFH1xtHE
B (0.2670 nm) B2/ N FRET-EEAZA (0.2840 nm),
XEH Zr-Ni {72 MR ELE G LRI R, Zr
SRR AL JETBCALEE IR S AR R & AR T AR
Z, Uil Al JE A KRB BORHR 25 flB A% B AR KRR
FIREH, X Zr7oGaioNiso ESEE ML 7 &3
Ga 5 ZrgoAlisNigs dEdb @ Al 7EAIAE.
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FARGVE—ile, X LR EEHARLE B K K. @ik
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BeEAR A B HIE EE ST
MBI B, WA STV BB A58, et
VWX, WEIELEE FEIOBOAR 2 BE SRS b, 2 BE S s fEL
R TY B EHE, HIEA-FEREE SRR, e
BB EEH) Ty/ T (T NEFASRE, T N
FEALRLRE) BT, YRR 38 B PR AT TTT 1Y Ky TR S8R,
PORAIEREE IR, E—IET, SRR
e A . R AL ) ORISR & SO AR
R EY RS SR TR, HIEEHRE SRR
B EREEHE, KRG ehETRA AR ZA
TCHLRL, A AR B A & ) SRl at 1y, Il TRy HER 4G A
BN, BRI S, SRR G &R
SERg IR AR % MR, MR A MO B L
RRFFEGEmE 12 MR SRR T 585
TEZSHIEZERIR T, BSERMRSERR J* ]
Forhy 199
J* = ZB"Nexp(—AG*/(kT)) (1)
A, Z & Zeldovich T, 37 BBANE Tl A st A% %
WHIBR, N R AR AR IR, AGT BB
G ST RRIER D, T BRAEERE, k 2 Boltzman
WEL GEEA R BRSE R R YRR
WFE], (7] ik 2 R B R P R AR ST, B
AG* BN ERRE T f(0)(0 WEZTRS &
[ 0 ¥ A1)
f(0) = 0.25(2 — 3cos 0 + cos6) (2)
MBESIE R FRIERX
J" = Z[" Nexp(=f(O)AG™/(KT)) - exp(=7/t) (3)

Kb, T A, ¢ DR WAL, 5
I TRUAL, ZRTHARC, TER A,

Xull) T 57 Bk, W 87 SRR
SRS *
_S iXa @
2, S* AR SR RETTR, D I T
REL X SWUR R TR THIR /RSN, 0

MBS, SRTRUK, RIRH RN,
FIT ARG G SHTER. % 2 B4 THEEIE - HSImTAI
SR TR B AT 0 B ORI
KHIEE

MR KICRY A, b 2 KRB I B T4 1
ERY, MAKHHERUTMAHHIEL % 3 4
MTH&R (Ni, Co), kS (Si, P), LN
(FeSi, CoSi), HEdhHE (AlsFes) HEMAME (YFeOs,
YV3ALOr) HISIBIRR SLHEAE K RBIKR. Shlaf
B, ERIRE A, SAETHEREORD. B LS
TR T A S AHIOT L1 BB — R
AHIHE AR IR, —RHITE S BRI
SYERELE.

RATHSEAE Co-HEB & RAHPRIET X — %k
AT 109, Co HEB Z5ifsH, GafifEms 4
AR, 4510

B*

E1 : Liquid (Co79Hf2B19) —
Co + CosB + Coy1Hf5Bg (5)
E2 : Liquid (CoggHfsBasg) —
Co2B + CosHIB5 + Coo1 Hf5Bg (6)
E3 : Liquid (Co79Hf5B16) —
Co + CozHIBs + Coo1Hf5Bg (7)
E4 : Liquid (Cozg.5Hf10.5B10) —

Co + CozHfBs + Cogs3Hfig (8)

&2 USRS G ST AL, SR RO i 5 v A8

Table 2 Phase constitutions, lattice parameters and critical cooling rates of typical amorphous alloys

Type Alloy system Equilibrium phase Critical cooling rate, K/s
Metal-Semimetal Fe-B Fe3B (I4; 0.87 nm, 0.43 nm) 106
Ni-P NizP (I4; 0.89 nm, 0.44 nm) 10°
Metal-Metal Ni-Zr ZroNi (Fd3m; 1.2 nm) 10°
Ni-Nb NiNb (R3m; 2.7 nm, 0.49 nm) 10°
Metal glass Zr—Al-Ni—Cu Zr10Cuy (C2; 1.26 nm, 0.9 nm, 0.9 nm) 102
Mg—Cu-Y Mgz Cu (Fddd; 1.8 nm, 0.9 nm, 0.5 nm) 102
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He, MLT EL, E3 fl B4, B2 B4 RE ALK, 9
%0, B2 B BRI RAE . Semsd B s T R
B E SRR & SR BA i A RIE R, R
TR T A PR A S A 27 T LA B R L
ERERAEH A4S NiZr-B 42 RMmHFE 199 4
B3 T AR 45 .

FORRENR, XS CALPHAD AEHH
HANK WP R EREAEAS SR, DIEBASIELE
miag S MO 1 k@t CALPHAD 33k786 Nie
Nb-Zr ZIEA MR B ERIATREERE Nb &84
ez D9 meargme T Ni-Nb-Zr =584 RE 34
S, 42 BIH

E1l : Liquid (NiggZr4eNbig) — Zr(bcc)+

NiZr + NiZr,  (T(E1) = 1210 K) (9)
E2 : Liquid (NisgZrosNbyg) — NiNb+
NisNb + NijgZr;  (T(E2)=1100K)  (10)
E3 : Liquid (NigsZr7.5Nby.5) — Ni(fce)+
NisNbZr + NigZr ~ (T(E3) = 1440 K) (11

Her, E2 g d 4 AR, 2508, NiNb (a =
0.5114 nm, b = 0.4224 nm, ¢ = 0.4538 nm), NigNb
(a=0.49 nm, ¢=2.664 nm) Fl NijgZr7(a=0.9211 nm,

b=0.9156 nm, ¢=1.238 nm). FEYHHE RS
BEEY.  Ni-Nb o RAy R AR IE B2 N

Nig1.sNbyg 5. I, M Nier.sNbass &4l E2 F
maet, WE la FEEFLIIR, BEGES SRS
JEREES. FE, FTRARRE], NijoZry A BRI FEHER
S, RNt mE E2 By b, Sk IR
EE&IRIX I,

& 2 hEiHEs Ni-Nb—Zr =584 R HuRIE
SEAmRIEE 12 WAL, Ni-Nb-Zr Z 2R HA

T3 SRR IR & K R B

Table 3 Linear growing coefficients and unit cell volumes of

some materials

Parameter Cell volume, 1073 nm?® Coefficient, m/(s-K)
Ni 44.36 1.830101]
Co 22.03 1.880101]
Si 78.4 0.17(102]
P 86.97 0.171103]
FeSi 90.4 0.01401104
CoSi 86.94 0.02(104]
AlsFey 206.82 5% 1073 [105]
YFeO3 223 1x10—3[106]
Y3Al5012 1731 3.5x10~5[107]

RFERARRIE R X IR, HA2 K 2 mm B S G S RTE
& 60%<Ni<64%, 28%<Nb<38% #1 0<Zr<9% (J&
Tk, Heh, UMYX, G4 Ul & R ER
3 mm MERIEGRSEE. £ 3 mm FRIEGRIER
K, Zr S ERTEEBD, W2, Zr &R
Xt Ni-Nb-Zr & dEfiE M e g 3. LR E
f# Ni-Nb-Zr Z e RMAERIERTEE 5 HRENEE

0 0.1 02 03 '(3.4 05 06 07 0.8
x (lig., Nb, atomic fraction), %

1700

1600

1500

1400

T.K

1300

1200

1100

i i l i 1 |
0 005 010 015 0.20 0.25 0.30 035 040
x {lig, Nb, atomic fraction), %

1000 !

Bl 1 Ni-Nb-Zr =505 B ZE 1 M BOH AL B2k bE WA
' Nb SR (EL, E2, E3 fl e ¥fE3t5 M
‘,_5‘)[109]

Fig.1 Liquidus projection (a) and the dependence of uni-
variant line with Nb content of the liquidus projec-

tion (b) in the Ni-Nb—Zr system (E1, E2, E3 and e

denote the eutectic reaction point, respectlvely) (109]

(1: NbNi_MU liquid FO NizNb, 2: NbNi_ MU liquid

FO NijgZr7, 3: NbNi_MU liquid FO NiZr, 4: bcc A2
liquid FO NbNi_ MU, 5: bcc_A2 liquid FO NiZr, 6:
bee_A2 liquid FO NiZre, 7: NiZr liquid FO NiZra,
8: NijpZry liquid FO NiZr, 9: NijgZr7 liquid FO
Ni11Zrg, 10: Nij1Zrg liquid FO NiZr, 11: NijgZry
liquid FO NigNb, 12: NijgZr7 liquid FO NiggZrg,

13: NigjZrg liquid FO NigNb, 14: NigjZrg liquid FO

Ni7Zrg, 15: NigNb liquid FO Ni7Zrg, 16: NigNb lig-
uid FO NisZr, 17: fcc Al liquid FO NigNb, 18: fcc Al
liquid FO NisZr, 19: NisZr liquid FO NiyZra)
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B RAT ST HR, RAESBIRMAE i &It
A E2 ARG, X AR SRR AR YRR Zr JTREY
S IR W5 4 AR JR ol 9 A DA AT Hh AR S TR Yy e AR
M ¥R X STRRUOEANRE (EXAFS) BFgg 119 %
W, % Zr A Ni-Nb &, i 8 Fsaii &k

Ni, Nb, Zr

50 25725

—T
g

75
Ni,.Nb,, 25

75 25
Atomic fraction of Nb, %

B 2 Ni-Nb-Zr =R IR SR B ] BAH D A S AR
MR A S CRMEZEERA 2 mm /Y
A TR R, MR ERA 3 mm #IER&&TF
&Eiﬁ)[lu]

Fig.2 Schematics of the glass formation and variation of
Ty and Tx in the Ni-Nb—Zr system (the solid grey
ellipse corresponds to the region where BMGs with
at least 2 mm in diameter can be formed, and the
solid black ellipse to 3 mm diameter BMGs)!112]

4k, Ni JEFRReAREs s, Zr f1 Nb B4 5245, B
FIERE Ni-Zr BXTTAE Nb-Zr 8xf. XFEIR %
Wi 4 A R R oL R P AT e, AT RS & @ R BB B
RES7.

Bl 3a—e SHINEARN 2.5 mm RFEBESHEE
Nig1.5Nbsg 521, (2=1, 3, 5, 7, 9, JE %) %58
FHEESHHEEE (TEM) 8% D10, W5 T 354 i s
MHEIEMEBBES Z HFER. WUEH, Y6580 Zr &
KT 3% B, Nigy.5Nbs75Zr1 44 NiNb f NisNb
FHLLRL, RoFR#Z5%4 400 nm. Nigy sNbss 5Zrs @&t
NiNb FI NisNb M4, HERSHCY 20 nm. 4454
Zr Fih 5% B, W 3¢ iR, a4 E TEM T
53, HFATHIE W Y B AR SRR, RHEG &N
ERALEN. WEE Zr SEMESEE, S8R ma
BRA T A 4 Zr ik 7% b, nE 3d prs, JE
L FER B AR AT A, RSFZ92h 50 nm, S5 At
77 Niyo(Nb, Zr)7. X4 Zr &8N~ 9% B, 0 3e iR,
Niyo(Nb, Zr)r MHELEHTH, B2 TSR, RSFRAHR
500 nm; T RWAIE B —FFH, B A iR X
Y Zr HEMHESREHRE TS AERIE G
AW, A Zr SEANN, 8T HiAE NiNb Al
NigNb f& I8N, b5 & IERIE AR 155
A, w5 B FEE Nio(Nb, Zr)r T HBER T &8/

B3 HFN 2.5 mm %% Nie1.sNbas.s_o2r. SN TEM Bz 110

Fig.3 Bright-field TEM images of the as—cast 2.5 mm rods of Nig1.5Nbsg.5—qZr; with =1 (a), =3 (b), =5
(¢) z=7 (d) and z=9 (e), indicating the dependence of the microstructures on the Zr content (A in Fig.3e

denotes the amorphous pahse)[110]
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B RRES). X5 ZRTHI T4 23, E R0
AR A B B o R R G e, DTS 98 6 2 i AR BB A
A&7

B T 3G ik ASAH R 454 52 Ze A S RURGEAb, A
PATCE BTSSR EH 2 FEE, WEMH A
Wi AT 3. Zrso sCusasNisAly A&A93ES
EREAR RS A 8 mm, FEE K B RA B L (3
KSR, EEZFITHMANE Cu & Zr dSH.

Bl 4 4 Zrso.sCuzg sNigAlyy &8 BG5S FIHT
AR TEM R, TR, BREaf EEmmREM (B
da) PR (B 4b) 4. &AM Al 2 bee 4544,
s EHCN 0.339 nm, B4R Zrsz.2Cusa gNigaAlige;
Ykt A2 O fee 454, s EECH 1.21 nm, B5H
Zry78Cuz2 7Nig 5Al16.9. K T MIHIXEE Cu dSHEY
Brif, TR T Cu WREICEK Ag fENRIMICE, BF
5% 3] R, WEE Ag WURIN, HTHARE & Ag, HAFH
AHRBOERRBEIC (K 5). (HZ, Ag M BiR e
M AR, AT AR SR XA A R . EE R
ZHEE R AI AL . BT B 1% LA SR R AT AR
il Ag BIER IR 1 Hr ARG R AR ] iy A TE A7
Brge O %W, Ag A4k CuZr &4, BEES ST
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Fig.8 Bright-field TEM images and selected—area electron diffraction (SAED) patterns (insets) of as—cast rods of the
Zrea.9Al7. 9Nijo.7Cuie.5 alloy with 3 mm in diameter prepared under Tcasting=1250 K (a), Teasting=1350 K
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Fig.11 XRD patterns (a) and DSC curves (b) of as—cast Cua7.5Zra7.5Al5 rods with 2 mm in diameter prepared by

different methods (HT, SC and LT correspond to high—casting—temperature injection casting, in situ suction
114]

casting and low—casting-temperature injection casting, respectively)[
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Fig.12 TEM dark-field images (a—c) and HRTEM images (d—f) of as—cast Cua7.5Zra7.5Al5 alloy rods prepared
by HT (a, d), LT (b, e) and SC (c, f)[114]
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Fig.13 Quasi-static compressive nominal stress—strain curves
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Zr47Cusr 5Agr s Alg alloy under casting temperatures of 1550 K (c), 1650 K (d) and 1750 K (¢)[15%
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Fig.16 Compressive stress—strain curves for as—cast Zrgo-

Cuis.4Nij2.6Alg rods with different diameters!52!
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Fig.17 SEM-BSE images showing distributions of Ta-rich particles in the as—cast (Zre2Al1oNii12.6Cuis.4)100—z Taz

rods with 5 mm in diameter, z=6 (a), =8 (b), 2=10 (c) and z=12 (d)[14?]
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Fig.20 SEM-BSE images of as—cast rods of the ZrsgTasCuis.4Nij2.6Alip alloy (a—c) and the ZrssTag-
Cuis.4Nit2.6Al1o alloy (d—f) with 2 mm diameter prepared at casting temperatures 1373 K (a, d), 1473 K
(b, €) and 1573 K (c, f) (white phase are Ta particles)[110]
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Fig.21 TEM images of the interface of Ta/matrix prepared at casting temperatures 1373 K (a), 1473 K (b) and
1573 K (c) in the as—cast ZrsqTagCuis.4Nij2.6Al1g alloy[110]
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glass matrix composites (a) and XRD patterns of the as—cast and fractured specimens (b)[155]
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Fig.24 Measured contact angles as a function of time
for molten Zra1.25Ti13.75Ni10.0Cu12.5Be22.5 al-

loy/W substrate wetting system at different

temperatures (176]
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Fig.25 Cross-sectional BSE micrographs of samples after wetting for 30 min at temperatures 1173 K (a), 1183 K
(b), 1193 K (c), 1203 K (d), 1213 K (e) and 1223 K (f)[176]
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Fig.26 SEM-BSE micrographs for interface between molten Zrai.25Ti13.75Ni10.0Cui2.5Be22.5 alloy/W substrate
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Fig.27 Temperature dependence of hardness of Zra1.25Ti13.75Ni10.0Cu12.5Be2z.5 alloy/W substrate wetted at 1073 K
for 30 min (a) and SEM image of indentation print on the interface (b)[176]
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Fig.28 Compressive stress—strain curves for single phase
Mg-based BMG and Nb-containing composites
(Vz=4% and 8%, respectively)177]
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Fig.29 SEM micrographs of the outer surface of the square compressive specimen of Mg-based BMGC
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reinforced with SiC particles

(a) intersection of shear bands

(b, ¢, d) interaction between shear bands and SiC particles



1412 & @

30 Nb BURHHRAIBERE AR RS & & A PPRES AR MR RY SEM & [177]

Fig.30 SEM micrographs of the outer surface of the square compressive specimen of Mg-based

BMGC reinforced with Nb particles[”ﬂ

(a) shear bands sliding through Nb particles

(b, c) shear bands inducing multiple slide bands in the Nb particles

(d) multiple shear bands

BRI, RIERETE. X 2 FORRE ME R
LT 0 A A s A A T o R L UL 1
FUME SRR,  Johnson F5gal 164 @y TyEH B,
e ) M IUR I B I S A B B X 48 — AR AR
ESRMTR. Fu 2 07 BrocsRm, ikiermsmde
4SBT T4 AR A R AT, EXANE
B> 4N RAEE MRS i 110
F W, RER-HERE AR B TE G RE. o, B
LA R TR RS O S 3 % B BE 11t AR
SO, MPRTTE, ORLR /N i 3 5 B A B ek
RF. MFXWHE AR, AL S AR
SHRBFRAM B S MR R, N ERRMHFSE. TX
KA ORI AT S, B f BRI St B h R

3.2.3 #FeRIgIRAES 5 oM Johnson ¢/
2 (180181) s i B i el 4% T AP AR B3R IR S B b
Bl BBURGEH. W AFixt 52 4 bPEH A B B8
HCEROR. MILTTE, W FRmikfsor v s, |
WANTR T W ARZErd IR 5 A A A A T B LB S
R 18271900 pg 31 S 80% W (RBUM) /T iy
SRR R ER AR e 100 | 32 N
80%W /&R fh S kPR A T TEM 441 HRTEM
15 D901 5 S bPRLATE K8 HRTEM SR TEW, 4

= 5 %46 &
3000
2500 |- B
& 2000
=
%’ 1500 f-
“ 1000
500 Ay
0 1 1 1 1 1
0 5 10 15 20 25

Strain, %

31 80%W (AR H) /45 H R & 52 & pEHIY 2 IR R 48 1 2
i peRE R (190)

Fig.31 Compressive stress—strain curve of 80%W fibre/Zr—
based metallic glass composite, inset showing the op-

tical image of cross—section190]

o R, WARIALE ., Sl MSEostls. A e e
B BR A BRI, BRI B W R A
REABETRAENE RIS AR, e
PRI T O RESRA 8, TN E RO, IR
29 2.0 pm. FiEgbay e TR AR N AR SRR A AT AT
I W BIRTBER, BRI EIMETE. RIFASH
PR E AL T2 SRRt R ERE.  Zhang
4 1900 35 KA B APRIIEAT T RGCHIBFTE, 7R 73Xk
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32 80%W /EsHEdR A Ak (190)
Fig.32 TEM (a) and HRTEM (b) images of interface of 80%W fibre/Zr-based metallic glass composite!'90]

526 PORME AN TR i BE A [ 0 A% 3 6T (1 A8 JE AR
HLFE.
3.3 SEE/ESENELZBEESHH

CRETPTR, AEah IR S (o] A T LA o e
A G AR FIZE L S B ] 2 T R 15 U AR . SR
T, %t H e &SRR S, JFikESFR S A AR
SHEEERIFI S — B IR — M. (HE, Xt
TAERE SR ERRNH, X 2 AMHRRBEIEANEE,
X AU R B E i S APEMERE R AL, T HB AR
FIEdE S FRMERE TR B . B, AT —HoR
MERR B N R dl S APRMIF S A S B3 D R 5K

MUESEARE GAPELZE N B4 90 SERBHrg ANTIA
B —FiE A Ahb DOV XA S A AR S )
ETWE/ &8 EEHE (interpenetrating phases com-
posite, IPC), HIEAAMIE =423 (8] P BLEE M 45, 58
AARAE =22 8] AT O B I 45, BRI A R LA 72

YA LR AR E, N T T2 aEHE T4
RSN R AR SRR, T AL =
(BJAH ELE , ATHE 48 P 5 s T ok 7
% [ AT B 0 BRI A%, TR T T LA BE #8285 S AR
HRBREN B RES) . X —BERLE & S RTARI AT
BUR, e bRt TR, BRI Z AR
£ 585 AR M AR AR BT 2 0 R /AR Al S BUEE L
M EHRE. AL SICH02 | 4 )g WIIT6.195-195)
F4 g Til'96-197) 4k UG SEATE S APRIEAT T RGEH
BFRETAE. BRI, XRESPPRA R T Bk ),
IR H X I SRR R R A R T R BT VI R R
M3 ARG 2 AR R A B AR RE . & 4 L
BT eE Ti/Mg AR PUESME S AR 5 HESEHRTR
S ERR R U7 AN, TR S
H R B e it AR B RO 2O DA R A i SRR A 3 1
FHAR B AT G AP A IS 27 e PR .

R4 @R Ti/Mg BEAERIGESME AP THE SRR AR 2 R o 197)
Table 4 Mechanical properties of the Mg-based bulk metallic glass/titanium bi—continuous phase

composite and Mg-based bulk metallic glass composites

[197]

Material oy, MPa  o¢, MPa e, %
Mg-based Mge3Cuie.gsAgi1.2Erg+30% porous Ti 970 1180 11
BMG composites MggzCuis.8Agi1.2Erg+40% porous Ti 930 1460 23
Mgz Cuis.8Ag11.2Erg+50% porous Ti 820 1490 32
MgezCuis.s Agi1.2Ero+60% porous Ti 795 1615 35
Mgz Cuis.8Ag11.2Erg+70% porous Ti 740 1860 44
Ex-situ reinforced Mggs CugoAgs Gd1o+8% Nb particlel177] 800 909 12
BMG composties MgsgCuas.5Ag11Gda.5+20% Fe particle[198] 800 960 9.2
MgsgCuas.5Ag11Gda.5+25% porous Mo particle[199] 950 1100 10
MggsCuas Gd10+30% Ti particle[200] 700 897 37
Mggs Cuas Gd1o+40% Ti particle[200] 650 897 11
In situ reinforced (MggsCur.5Nir.5Zns Ags Y10)srFer3[201 950 990 1
BMG composites Mgg1 Cug.3Y4.5Zn5+48% Mg flakel202] 650 1163 18.5
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331 &% W/Zr }idmtgia g oit E
33 B S0%W (< 43+%1) /Zr TiNiCuBe k& ERESE
FIEAFHEET SEM & 199, e ameE W B2,
W ZrTiNiCuBe JEfh &4 ATLVEH, M55
i, ZrTiNiCuBe FEi S @&t AE W BRSNS K
ANFLBR AR FEE & PR BA BRI i A ARAT ST B
WA KB RV AR, WA WSS R mATHAE,
AL & R B 34 2E &R E TEM #3514
AT L HRTEM £ 176 W B%f1 ZrTiNiCuBe JE
Al ) AT AR ZE 3 AR AE R, 72 KT S 3 S L.
MAE ) HRTEM ARRTAE H, 8H PR, Ak
FIRTSTBES IR TaX — . A EFER T Y8R,
BAIE T A AR A 45 6 iR

Bl 35 W T ZrTiNiCuBe dEdhG4. W . W
FHM4EE W/ZrTiNiCuBe k& SXCGESAME S #
BIEEER 2 Eae 170 W B p o AR A
FEERARAE, 4250k 0.56 Fl 1.38 GPa, MR ASHIR K,
EHT 41%. Y4 W B35 ZrTiNiCuBe 5S4 E
BRI RSGESARE SRR, BRERYERE T 3 5, Bk
TRALA . XERW, EEMEGE T AT,
o EYET ZrTiNiCuBe JEfGa&M W BREH M
& ZrTiNiCuBe JE g & & 00 E R BEXTE A AR i B
TUECK, T W AR EN R SRR E TR, (H
BB X SRR AR E ZrTiNiCuBe JE& & @A
W BZE H R FT B . TR & A
XCESEAR S A 4 Fe i Jee JRi BE AN W 243 B 4 3k 0.83 Al
1.53 GPa, mK FLBAEMEIE. 28 W/ZrTiNi-
CuBe FEfBERICESM I G MEAR ZrTiNiCuBe
sa R W BB &, TR e =40 5
M, HONRERA, ME R, FEn RAEE RS,
%J8 W/ZrTiNiCuBe A& @PUESANE G R HE
REKIEEE IR, X/ R T RESAHE AR S,

B 33 80%W/ZrTiNiCuBe IFf&&3SGELEME &R
T [195]
Fig.33 SEM image of 80%W/ZrTiNiCuBe BMG bi-

continuous phase composite[l%]

34 80%W/ZrTiNiCuBe JEf A &XCGELEME A1 TEM
WIS AR T Ak A A 5T 3 S AT 4k A9 HRTEM & (176)

Fig.34 Bright-field image and selected—area electron diffrac-
tion pattern (a) and HRTEM image near the in-
terface (b) of W/ZrTiNiCuBe BMG bi—continuous

phase compositel!76]

ZrTiNiCuBe BMG/porous W composite

ZrTiNiCuBe BMG /

w
/ Porous W

Stress, GPa

Strain

35 ZrTiNiCuBe dEf&4. W #. W BHEMEJE W/ ZrTi-
NiCuBe & SIUESEME SR EBEHTSERH
TR - A HiZ (176

Fig.35 Compressive stress—strain curves for ZrTiNiCuBe
BMG, W rod, porous W and W/ZrTiNiCuBe BMG

bi—continuous phase composite[176]
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&J8 W/ZrTiNiCuBe k& & SELAME S
AT B4 S = AN BE [115:176],

$—WrBt, ZrTiNiCuBe e & &M MELK S W
B SR A T R UG D, BT AR R A S,
ERPEE IR R B U B W A W B R R AR A
274 560 MPa, 2 W iy IRIEE 2N 1100 GPa, T
ZrTiNiCuBe FEfEGE& 0 IKEELE 1900 MPa, #23ir
W BB 4 . R, —5SE S AR R 24 %
0.2%, MM A BA RSN MERRA R 2%. a4
B2 St e, dER SRR SR B R A AT, TR W
B BRE T AT

BN BTN B, T W B
15, B T ZrTiNiCuBe JE 5 &40 SPIRZS, BTIHHY
P RREIR A7 A W OB SR R 2 8, B A A
R BB HEAT, Wy IH KB, sy R RS
Jsg . FREH, W Bt g4 T KRR HTE, B
WROENZ, WY BUBREE ZrTiNiCuBe 3F
s W OBBEA AT 2 6. 4k, ZrTiNiCuBe JEf &4
W B 6] BRI R 454, BE T I 1 A U8,
KRR T 5 IR R S BAIE T RGE SR &
PHBHE AT T LA B HIHEA T

PN BONBIRI B, T AR AR I, iR
H BT YT e S BT T kY 45° BT IRC AR 30
5, TR R B BRI AL, XLt
WA B AR, TR W BRAEHE LT, BE
S RPRHEN B AR T B B0EAT T I3 1 i 0
244, KA.

A S BA MR SRR . PR, &8
W/ ZrTiNiCuBe g & @ RGESHIE A FHEHD BG40
frERE, M 36 Frn 179, 1 618868 K RREEE T
BRI SE R, & AR A SR, R
S (B 37), A RBT UMb Bl S, SRRy
LA, FES ZrTiNiCuBe k& SERE TH
A TR AT 3. XA L A R Y R B N X 2
R W AR BIT R T3 0.

3.3.2 A&/ Ti/Mg kikdmik g4a g oM &
RAES AN EE RS, BER, HAZHN
FHRTEE. (HR, MR H 8 B b o S A e e
2 AT B R R R R e [ i
¥, AR Z 2R, W 4 s, @08 Ti/Mg %3k
S RGE SRS AR I A AR R OR 1991, 1| 38
RARARI SR Ti/Mg HR S SCESAIE G4k
MR SEM 1% 1961, 21 Ti gyl 100—200 pm,
FLBREE R 30%—T0%. P e K Isoh BE 4R i, IR X
B Ti @08, MNEESN S - RA R mpE 390190
R

£J8 Ti/Mg FAEFACESANE S APERB IR R

BPHBE - JeRIER S SR HE SRR R 1415
1000 F 208 K BMG/porous W composite
/ 6/18 K Cylindrical rod Dia.=3 mm

800 [

638 K 658 K 698 K

/

600 - 718 K

400 -

i

36 &8 W/ZrTiNiCuBe 3fd & SXGELA L & FHEHERN
AR 1107 s~ B[R BRI BE T AR ELRY g
- piAgtyg 070
Fig.36 Tensile true stress-strain curves of W/ZrTiNiCuBe

BMG bi-continuous phase composite tested at var-

True stress, MPa

868 K|

True strain

ious testing temperatures with a strain rate of 1x
10—4 ¢—1[176]

298 K
618 K

638 K

678 K

698 K
718 K

758 K
868 K. qolmm

37 EAFBERMG, €8 W/ZrTiNiCuBe JEf & & E
YA B RPRIR 2RI (176
Fig.37 Appearances of W/ZrTiNiCuBe BMG bi-continu-

ous phase composite deformed at different temper-

atures[176]

B e thRE. ARG Ti SR SHRE
AR R — e B IR AR, JE RS SRR AR
I H# B I, HEE 2 AL Ti BB, &4
THH) JeE A58 BE 7R T RIS, TEARISTARAS T B i . Ah,
M THEEAIE A I T1 SJE i TREAL AT/ okt
#F, PRSI B AW . 241 Ti B ECY
30% WIS SAPRLEA BOE R JE AR 21N 970 MPa, £
fL Ti RBRAGECN T0% B EHR A B i BT R8 B
FIWrZNV AR, 43918 1860 MPa H1 44%.
SRS AR by FEAHE A3 SR AR B 5 S #.
WEE Ti SR, =GP BRI AL ] 2
G erER 2 Ti 2F]. XERBERIEGE &
MORHAZSIEALRIARL. B 40 HER T IX 853 & bk} FE 4
kiR st 1961 21 Ti BN 30% RIS EH
R4 S B A WT RS BRI A/ N, X B SR
WP AR T B A R IR AR N BT VIR
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38 ARRATLBUELTL Ti Fl4HIGESAH SRR AR SEM R £ Ti BRILARS (196
Fig.38 SEM images of the Mg-based BMG/titanium interpenetrating phase composites containing 70% (a), 60%
(b), 50% (c), 40% (d), 30% (e) titanium and the porous titanium skeleton (f) in the composite[196]

2000
© |-
& 1500
=
8 .
8 30%
B 4000 | -
2 ©
= o
] = 60%
2 g 50%
5 8 porous Tiwith porosity of 340:/
2 @ 500
5 500 e ; o
a a1 10%
10% ol —
—_ Ture strain
0 1 ! | h .

Engineering strain

39 %I Ti EBAECH 30%—70% HYXGELSEAHBERAE
SRR RSN J1 — RiAp gk [19)

Fig.39 Compressive stress—strain curves of the Mg—based
BMG/titanium interpenetrating phase composites
containing 30%—70% titanium ((1—z) Mge3Cuie.8-
Agi1.2Erg+z porous Ti (pore size 100—200 pm),
z=30%, 40%, 50%, 60%, 70%; sample size: Dia.4

mmx8 mm; strain rate: 5x10~% s_l)[l%]

FONTER, )8 Ti/Mg Bk s XCESAE G4
BEABEFER S A B TR 3 S — A IR Y 5]
HURT SR A T o7 %6 1 Ala AaREd & iy 30% iy
BOEZEAE G EE. MgeszCuiesAgiioErg KR FI
AZ91 BE4EAEEN 0.032 mol/L(pH=1.5) HCI %W
S A ik 1. HHE 2 Fa S U
A, BEA RO BT, Eabrra e 2 . &
41b RS EAER SN 30% HXCESEFE AR

1cm

40 £ Ti HBAECH 30%—T70% RIRGESEMBERAR G
AFPRUERWT RIS 190]
Fig.40 Macroscopic observation of the fractured Mg—based

BMG /titanium interpenetrating phase composite

specimens!!96]

MgezCuie.sAgi.oEre KAESA AZI1 854 14h I
e T 196, Szod A PR A B SE0RE R SN AN
&l 42a firs. GBI R R, MgesCuie.s-
Agq1.2Erg BMG fil AZ91 #4444 0.032 mol/L HCI
BEWHPRSRTE, H 14 h FHRERSHN 2.22 F
0.38 mg/mm?. TiAEFTER 30% MXGESHE G
RSB RERKE B RE, FHRERENINZL, |
A 0.07 mg/mm?, 4351k MggzCuis.sAgi1.2Erg BMG
Ml AZI1 BEEERERNY 3.1% M 18%; HIE HEk
BAPPE A SRR S A, Rk O T AR IS T A
JEdh. MXTEMATER 4 mmx4 mm A/NEFERKEE,
Mge3Cuie.sAgiioErg HfkdEdh 2t 14 h Bifl)5, K
SHRFEC R, ME S EIIE S R4 B X
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B 41 ZETIEMSESER 30% WIGELHE K, Mges Cuie.sAgii.oErg Hfkdefifl AZo1 5&4E pH ER 1.5 1Y
HCI W3 AR AL B 42 (AL RRE R 0.33 mV/s) K& 14 h gk ®E (196)
Fig.41 Potentiodynamic polarization curves of Mg—based metallic glass/titanium IPC, MggzCui6.8Ag11.2Erg BMG
and AZ91 magnesium alloy measured at a potential sweep of 0.33 mV /s in HCI aqueous solution with pH
value of 1.5 open to air at 300 K (a) and their corrosion kinetic curves (b)[196]

Mg-based BMG+70%i

Mg63®u16.8A911.2Er9

B 42 S RN 30% RISCELAHE GAE, MgesCuie.sAgii.oErg JidEFEFI AZ91 B &IAREAE pH A 1.5 Ay

HCl % 14 h Jignigk s (196]

Fig.42 Macroscopic appearances (a) of the Mg-based metallic glass/titanium IPC, Mgg3Cuis.8Agi1.2Erg BMG
and AZ91 magnesium alloy specimens after soaking in the 0.032 mol/L HCI aqueous solution for 1 to 14 h
and magnified images (b, ¢) of IPC rod corroded for 14 h[196]

®UPKZAL Ti 5§ MgCuAgEr EREREG)R, £
REBE R RENTRAR S G SR PURMIERE. & 42b A1 c W,
HEMEREHEIEAERSPUEMTE, T Ti SR AR
. FEREIEELT, W2 AL T BfLIF 28 g i
PR SE, BLE T SRR S WO 2 A, AT R
BT R B S Y HEA T

SRR ST i Ti SRS & OSGESAR IR 2
AR RR A BT B T — R TUR . XFHUHE
MhaEH SiHERZE LA Ti MFURARR, LB, BAF
T AJE 2R, SURMhEE B X PN )R
1] 5 Ve T8 b B e o 5 4 T ZE VR T R P B R AN
T S
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