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Fabrication of Ti-based composites based on bulk amorphous alloys
by spark plasma sintering and crystallization of amorphous phase
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Abstract: In order to circumvent low plasticity of bulk amorphous alloys (BAAs), a material forming method by
coupling spark plasma sintering with crystallization of amorphous phase, fabricating composites based on BAAs
(CBBAAs) with excellent mechanical property was reviewed systematically. By appropriate annealing of sintered BAAs
prepared from spark plasma sintering in the supercooled liquid region of a mechanically alloyed amorphous powder,
crystallized ductile 5-Ti phase with controllable grain size, phase morphology and distribution can precipitate from the
amorphous phase, and therefore, CBBAAs with a matrix of amorphous phase or crystallized f-Ti phase were obtained.
The effect of different additions or substitute elements on the particle size, thermal property and microstructure of
TiNbCuNiAl amorphous powder, and the influence of different sintering parameters on the microstructure and
mechanical property of fabricated CBBAAs were investigated. The theoretical bases of fabricating crystallized
phase-containing CBBAAs, and nucleation and growth mechanism of crystalline phase during the crystallization process
were elucidated. The facture mechanism of fabricated CBBAAs under stress was explained based on a proposed
“Developed hard-soft model”. The results provide a promising method for fabricating large-sized crystallized
phase-containing bulk composites with excellent mechanical property by powder metallurgy.
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Fig.1 XRD patterns of four types of Ti-based amorphous
alloy powders obtained after different milling times (Dotted
curves are fitting results of XRD patterns by multi-peak fitting
with Gaussian function in Origin program): (a) Nbl3 alloy
powder after 80 h milling; (b) Nb18 alloy powder after 60 h
milling; (c) Nb13BC alloy powder after 40 h milling; (d) V13
alloy powder after 40 h milling
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Fig.3 SEM images of four types of Ti-based amorphous alloy powders obtained after different milling times: (a) Nb13 alloy
powder after 80 h milling; (b) Nb18 alloy powder after 60 h milling; (¢) Nb13BC alloy powder after 40 h milling; (d) V13 alloy
powder after 40 h milling
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Fig.4 DSC curves of four types of Ti-based amorphous alloy

powders obtained after different milling times (Inset is DSC
curve of sample (a), presenting illustration of determination of
T, and T, by tangent line method): (a) Nb13 alloy powder after
80 h milling; (b) Nbl18 alloy powder after 60 h milling; (c)
Nb13BC alloy powder after 40 h milling; (d) V13 alloy powder
after 45 h milling

F 1 BREEAREIN A IR 4 MEREEAE GG BRI T,
Ty, ATy, T, FlAh,

Table 1 T, Ty, ATy, T, and Ah, of four types of Ti-based
amorphous alloy powders obtained after different milling times

at a heating rate of 20 K/min

Amorphous T,/ T,/ AT/ T,/ Ah/ Ah,/
powder K K K K (Jg") (kImol)

Nb13 715 799 84 809 552 3.0
Nb18 708 788 80 807 69.4 1.2
Nb13BC 668 780 112 801 37.1 2.0

V13 720 770 50 788 28.4 1.4

Nb13BC. V13 HI Nb18 E iy KK AR E WS, o
Ak B A R R HBORE TS AR A R AR TR (1 3) .
DRI, Ahy TR P8 AR SR AR R R 55
AR GERR, ARG RAT, WO RTEERR/ N, BRES R oy
AR T AR, 5 Jr AR AT (A Aok A RIURL RO el K

H T B R AR i Nb/V 81 B/C /N %)
AER A SRR e, AEE TR T BRI
HAR AN TEM WRRSER . B 5 Fios Ay BREEAS [ I
5] J5 3R A5 Nb13BC F1 Nb13 E 4 483 A ) TEM il
REEF, HERIL, NbI3BC RS A IO SE F
FH AR S AR M) TERAFN] H AT 5~50 nm 1)
K (PP 5(a)FI(c))o FEAA M IRE X HL-F AT 5T
PLBA S8 I AR AR R D, R R 64
AR A ASEF AL LI 5(b)). [, BLR AL RS T
SRR A AR — LR B K . 18 S(e) B ik
FER AN KGR S RBTRL(P) ) TEM BizAH, HLEX
HL AT IR SE T R A AR AR A . TIC FI3LAh R
SAAHOLE 5(d)). B iR, B AR HEAA M
(K T34 15353 A 67.1% Tiv 11.7% Nb. 11.4% Cu.
5.2% Ni M1 4.6% AL(BE/K 73 40): ROk P IR~V X80 4y
1k 49.4% Ti. 13.2% Nb. 12.4% Cu. 6.5% Ni. 6.3%
ALFT12.2% Co SR, T AR SR o R AR
I A TR R RERINE] B i #E . 5 B/IC AR
PR R AL, NbI3. VI3 Al Nb18 JEf &4k K
(R AROU 28 Ky 14 ER Al R SE AARER B3 1R 3850 3 A HORGSE /S
T8 nm MK ALK 5(e))s i H TEM HIESE
B B AR SRR o-Ti AH, 0520 BT B IL 2 B4 I
N Ti, A% O, HEHFWADER ALY,

h T IR G B R AR A G o R A SR T H
B-Ti SEPEAHMI AT e, TR T EREE SRS & S AR M
i In situ-XRD 5246, B 6 Fros A IESLTHE 41 FEk
[ 80 h [1) Nb13 JE &S a8 AR [1) In situ-XRD i . 1E 40
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5 BKEE 40 h 5 Nb13BC HEdh fr &bk (1) TEM W13z AH Al
M X R AT R, BLACBURE P ) TEM B37 A . FY
1 AT LA ER EE 80 h J5 Nb13 E g & 43 K ) TEM 5
7L

Fig.5 TEM bright field images of Nb13BC amorphous alloy
powder after 40 h milling (a), selected area diffraction pattern
of region M (b), TEM bright field image of particle P (c),
corresponding selected area diffraction pattern (d) and TEM
dark field image of Nb13 amorphous alloy powder after 80 h
milling (e)

T, REEWREERIT S, ARa G M AR MILa A
H B-Ti(W.IE 6(b)). 1M H., BlEHI(Cu, Ni)-Tip s ftA
15 B-Ti HA BT B A TG H o AR
=2, B A R AR AR A B W O, H 2
(Cu, Ni)-Tip, FAT 5 s iR 3 A AR Rl AT
799 K BT 788 K 4b, Nb13 &4k AT g-Ti
HATHIIS KRR S IX N AEAT, WK T, LL B4k
TR S ) ELAT JEAE AT H B-Ti AL AH Y CBBAAs $2 it T
ATRETE. NOAZFRHIE, R T AR 788 K,

A G S ARG fh ik, X T EEIA AT In situ-XRD
DU B I AR . S A, AETHE FE A R
o-Ti FIRTSTIE SR EERA IR A1k, Tl Hafioki ]
SPAREANI 2. BKEE 80 h [ Nb13 HEfb &5 M R =
i 303 K FHELF] 793 K SREA I )5, LT [H]
FERIA A28 o X — SR T AEAT, N A

AICIC, S TR TR AR SRS BURSEYUIRIRE S S S AR 2311
— e—a-Ti °—(Cu, N,
. o—A-Ti
(f) ;M‘E XTI
(e A
(d)
(©) ,M’A o N
(b)
(a) o/ . o .

20 30 40 50 60 70 80
20/(°)
6 ELETHEAIE FEREE 80 h ) Nbl3 AEME &M KM
situ-XRD 1%
Fig.6 In situ-XRD patterns of Nb13 amorphous alloy powder
after 80 h milling under continuous heating: (a) 303 K; (b) 788
K; (c) 803 K; (d) 833 K; (e) 878 K; (f) 923 K
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Fig.7 Optical (a) and SEM backscattered images of sintered

and sintered Nb13BC bulk amorphous alloys consolidated by
heating to 723 K (b) and 743 K (c) at 30 K/min and holding for
10 min under 500 MPa
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Fig.8 XRD pattern of Nb13BC amorphous alloy powder after
40 h milling (a) and XRD pattern (b) of sintered and
crystallized Nb13BC bulk alloy consolidated by heating to 743
K at 30 K/min and holding for 10 min under 500 MPa (Inset
(c) is DSC curve of sample (b) at heating rate of 20 K/min)
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Fig.9 XRD patterns of sintered and crystallized Ti-based bulk

alloys under different sintering parameters: (a) Nb13 bulk alloy
consolidated by heating to 1 173 K at 170 K/min and holding
for 10 min; (b) Nb18 bulk alloy consolidated by heating to
1 173 K at 160 K/min and holding for 20 min; (¢) Nb13BC
bulk alloy consolidated by heating to 1 223 K at 160 K/min and
holding for 15 min; (d) V13 bulk alloy consolidated by heating
to 1 223 K at 96 K/min and holding for 5 min
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IS} B-Ti(V) LA EE B-Ti(Nb) 5 /N R 5 4

K] 10 Pz A AR S R AR 2 1 023 K 4%
S5 R A NbI3 Bk & 4 1) SEM 5 . A
Nb 131023500 (TN 25 4 Ay 3% 2582 (1) (Cu, Ni)-Tip AHX £ [H]
LI B-Ti AHX, PEMAHIX I RSTA1T- 80~180 nm 2
(LK 10(a)). 5 IEEHI AR E 4 1) Nb13 &
BRI S5 R & FCC (Cu, Ni)-Ti, 492K fbdE A4
il BCC B-Ti BIAE AN RIM, FLABIR AT PRS2 4 84
BCC -Ti FEARALHE FCC (Cu, Ni)-Tip #HX, {HZAbATE

AAFFIEAR RFA . Horfr, 3808 Nb13102s.1160
FITHOM G5 K6 R BRI B (Cu, Ni)-Tip AHIXIAZERZ) 3 um
FIAHI R T 5 45 TE R B-Ti AHIX, TR, SRTERI(Cu,
Ni)-Tip X —/NTF 6 um # p-Ti FEAAEREILE
10(b))o AHX B-Ti 4k, AL B IE B-Ti AHIX
THEZM Ti, F/OH Nby Cu Al AL A% Ni(IL K
10(b)) o HoAt IR AP 0 (Cu, Ni)-Tip, #H X BB A5 LA
ROLE 10(c)FI(d)). [, FEH B-Ti F1(Cu, Ni)-Ti,
FHIX HB AR T g5 4. B 7 THEIER, LR
[ S5 458 485 BTt A0 R BROER 5 46 PR ORI 65 1t A AR K 52
Wi o %1 LA 170 K/min FHEF] 1173 K ARIEAS RIS ] 4E
SEANERAEI) Nb13 HURG 4, AW /IR0 B-Ti
AHIDX AL B (Cu, Ni)-Tip AHX,  [RJEF, 24 PR3 () e 3]
5 min, B-Ti FI(Cu, Ni)-Tip A X I RT SBANB G, 24
PRUL I A ZE K 2] 10 min BF(Nb131173.17010)» B-Ti AHX (1)
PR B RAE, 204 2 pm, BEAE f I 1R k5 4
K2 15 min, B-Ti tHX RSP RBEfbiih . idE—20 1)
TEM M7 T e A AL I HOIR R rhax AN A
DX 0 H A A (B T 3R FE Nb131g23.500),  FRRLJUS)
AT 200~980 nm ], KL, Legh A LI Nb13 &
SR IR CBBAAs. T34k, BEEs AL A 40
it CBBAAs "HHAFAE DS AL o X T AW FT 45 B
4 FhyetRE 4, MU E5 1 #Eh BCC B-Ti

R2 BEE AL EREEBUIR G EI 4 9K TR LU it 15 4551

Table 2 Summary of compression and nanoindentation test results and fitting XRD patterns for sintered and crystallized Ti-based

bulk alloys
Ti-based bulk E/ o,/ &/ Omar/ & o/ ay E,/GPa Hardness/GPa
alloy GPa MPa % MPa % % A BTi M-Ti, BTi M-T
Ti(A)!" 1120 1170 1.2 2031 24.6 80.0  3.228 - - - -
Ti(B)!*4 1070 1195 1.3 2043 30.5 80.0  3.228 - - - -
Nb 131023500 713 2077 3.1 2136 3.8 652  3.256 - - - -
Nb13 10231160 59.1 1368 25 1830 193 66.7 3252 284 132 325 8.8
Nb13 0232330 67.8 1557 2.4 2168 222 67.5 3253 192 144 225 7.3
Nb13 16233500 63.5 1475 25 2212 259 69.2 3252 213 140 27.6 7.9
Nb131623.7000 63.8 1502 2.6 2210 240 59.4 3251 205 138 29.4 8.2
Nb13 1751700 68.8 1521 25 2201 213 63.6 3255 276 144 45.5 7.4
Nb13 173170 652 1446 2.4 2415  31.8 57.9 3254 223 146 32.8 8.1
Nb13 17317010 65.6 1467 2.4 2415 326 60.8 3254 248 122 31.1 6.8
Nb13 417317015 68.6 1523 2.4 218 225 541 3254 250 115 31.9 6.5
Nb18,173-160-20 63.9 1946 2.7 2340 7.2 - 3.258 - - - -
Nb13BCiymsig0.is  55.8 1473 2.8 1880  10.8 - 3.276 - - - -
V13123965 61.5 1554 2.6 2179 10.6 - 3.217 - - - -

E is elastic modulus; o, is yield stress; &, is elastic strain; oy, is ultimate compression stress; & is plastic strain; aqq is lattice
parameter; ¢ is volume fraction of #-Ti, subscripts in alloys denote sintering temperature, heating rate and holding time.
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Fig.10 SEM images of sintered and crystallized Nb13 bulk alloys consolidated by heating to 1 023 K at different heating rates:
(a) 50 K/min; (b) 116 K/min; (¢) 233 K/min; (d) 350 K/min

Fig.11 SEM images of four types of Ti-based bulk alloys shown in Fig.9: (a) Nb13 bulk alloy consolidated by heatingto 1 173 K at
170 K/min and holding for 10 min; (b) Nb18 bulk alloy consolidated by heating to 1 173 K at 160 K/min and holding for 20 min; (c)
Nb13BC bulk alloy consolidated by heating to 1 223 K at 160 K/min and holding for 15 min; (d) V13 bulk alloy consolidated by
heating to 1 223 K at 96 K/min and holding for 5 min
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Fig.12 Load—displacement plots from nanoindentation test
for f-Ti and (Cu, Ni)-Ti, phase regions in sintered and
crystallized Nb13 bulk alloy consolidated by heating to 1 173
K at 170 K/min and holding for 10 min
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Fig.13 Room-temperature compression engineering stress—
strain curves for sintered and crystallized Nbl3 ultrafine-
grained CBBAAs consolidated by heating to 1 173 K at 170
K/min and holding for different times(a) and true stress—true

strain curve for sample Nb13173_170.10(b)
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Fig.14 SEM fractographs of sintered and crystallized Nb13 ultrafine-grained CBBAAs consolidated by heating to 1 023 K at

different heating rates: (a) 50 K/min; (b) 350 K/min; (c) Local melting on fractured surface of sample Nbg,3.350.0; (d) Interaction and

multiplication of shear bands on surface of sample Nbyg3.350.0
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Fig.17  Time — temperature — transformation diagram for
onset crystallization of amorphous alloy powders at different
heating rates (7, and T denote glass transition temperature and
onset crystallization temperature, respectively; v, and v, stand

for heating rate (v;<<v,))
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Fig.18  Variation of densification rate as function of
temperature for amorphous Nb13 alloy powder by heating to
1 173 K at different heating rates: (a) 94 K/min; (b) 170 K/min;

(¢) 283 K/min; (d) 850 K/min
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Fig.19 SEM fractographs for sintered and crystallized Nbl3 ultrafine-grained CBBAAs consolidated by heating to different

sintering temperatures at the same time: Heating to 1 173 K (a) and 1 023 K (b) in 1 min, and heating to 1 173 K (c) and 1 023 K (d)

in 2 min
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Fig.20 High-resolution TEM micrograph of MTi, (M=Cu, Ni) in partially deformed (strain=7.5%) sample Nb13173.170.10, showing

initiated shear band during deformation process(a) and TEM micrograph of partially deformed (strain=25.5%) sample Nb131;73.170-10
presenting formed shear bands and emerged preferentially nano-sized cracks in soft MTi, regions and at interfaces between soft MTi,
and hard S-Ti regions(b)
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