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Abstract: Amorphous alloys and their composites are prone to crystallization transformation when heated, which
significantly affects their mechanical properties. Therefore, it is necessary to study the crystallization kinetic behavior of
amorphous alloys and their composites, clarify the application environment of materials and quantitatively analyse the
microstructure state in the application process of materials, which is of great significance for material engineering
applications. In this paper, the non-isothermal crystallization kinetics of the (ZrT11330Cu118Nijg07B€2s71)eNb; amorphous
alloy and W/(Zr5T11330Cu;;8Nijo0Beas71)eoNb; amorphous composites were studied by differential scanning calorimetry
(DSC). The results show that with increasing heating rate, the 7,.7y.T,y.T and T, of Zr-based amorphous alloys and
composites move to high temperatures, and the supercooled liquid region AT is continuously widened. The crystallization
and glass transition of both have obvious kinetic effects. Kissinger and Ozawa equations were used to calculate the
activation energy of Zr-based amorphous alloys and composites, respectively. The variation in the activation energy values

calculated by the two methods is consistent, but the activation energy value calculated by the Ozawa equation is slightly
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larger. By comparing the activation energy values of Zr-based amorphous alloys and composites, it can be concluded that

the amorphous composites have stronger crystallization resistance and thermal stability. The amorphous alloy and its

composites are carried out by a three-dimensional diffusion growth mode according to the Avrami exponent n(x).
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Avrami index
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Fig.1 XRD patterns of Nbl amorphous alloy and W/Nb1 amorphous composites: (a) Nb1 amorphous alloy, (b) W/Nbl amorphous
composites
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Tab.1 The characteristic temperatures of the Nb1
amorphous alloy

b(K-min")  TJK TJK T/K TJK ToyK ATK

5 647.7 693.6 7085 722.8 726.7 459
10 655.1 7085 7203  730.1 7357 534
20 6639 722.6 7347 7441  749.1 58.7
40 6713 7383 761.8 7622  765.7 67.0

&2 WINbl ERESMBIFHERE
Tab.2 The characteristic temperatures of W/Nb1
amorphous composites

b(K-min") T/K  TJK TW/K TJK  TgK  ATK

5 610.5 661.7 6835 7147 725.1 51.2
10 6204 671.8 6933  721.8 7314 51.4
20 6272 6792 7035 7294  741.1 52.0
40 638.6 6913 716.7 7441 756.1 52.7
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€2 Nbl 4k dh & 4 H W/NDL AE 852G FBHE A AR E T /#9 DSC T2 : (a) Nb1 JE 54 & 4, (b) W/NDI HE &4 52 5 44 8
Fig.2 DSC curves of the Nb1 amorphous alloy and W/Nb1 amorphous composites under different heating rates: (a) Nb1 amorphous
alloy, (b) W/Nb1 amorphous composites

Pl 3 Nbl AEdh & 4 AT W/NDL A 5 24 ORI RRIE IR B 5 Inb 1956 R« (a) Nb1 dE & 4x, (b) W/NDL AR 2 & Mk
Fig.3 The relationship between the characteristic temperature and Inb of the Nb1 amorphous alloy and W/Nb1 amorphous composites:
(a) Nb1 amorphous alloy, (b) W/Nb1 amorphous composites
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Tab.3 A; and B; values of the Nb1 amorphous alloy and
W/Nb1 amorphous composites

aEME BH T, Ty Ty To Ty

AT 6289 6587 676.0 6939  698.7
BT 11.6 21.6 19.7 16.8 16.8
AT 589.5 644.6 6573 6909  699.2
BT 13.1 11.3 15.8 13.8 14.8
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Tab.4 Activation energy obtained by the Kissinger

equation
E/(kJ-mol™)
a8
Eg Exl Epl Exz Epz
Nbl 303.4 187.2 186.9 216.6 223.8

W/Nbl 234.6 308.1 242.6 384.4 296.1

% 5 Ozawa AR K BHEFEBE
Tab.5 Activation energy obtained by the Ozawa equation

E/(kJ-mol™)
wa
Eg Exl Epl Exz Ep2
Nbl 298.9 189.9 177.2 254.5 266.8

WNbI 2331 3012 2435 3644 3003

NG REACR I T M A EAE ], S EGE e
SRR J5 1 ] F) A B A P A | B2 i o o 2L
I B BE 22 T AR E M ), AR 45 T

[l 4 Nbl B4 4 f W/NDL 3B Z A MR Kissinger 56 5 &l (a) Nb1 JE 55 42, (b) W/NDL HE & A 4 K
Fig.4 Kissinger diagram of the Nbl amorphous alloy and W/Nb1 amorphous composites: (a) Nb1 amorphous alloy, (b) W/Nbl
amorphous composites

5 Nbl BG4 f W/NDL 3B E & MR Ozawa & &R 8 . (a) Nb1 3E A 4, (b) W/NDIL HE 5 & 4 41k
Fig.5 Ozawa diagram of Nb1l amorphous alloy and W/Nb1 amorphous composites: (a) Nb1 amorphous alloy, (b) W/Nb1 amorphous
composites
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Fig.6 The first crystallization peak volume fraction diagram of the Nb1 amorphous alloy and W/Nb1 amorphous composites: (a) Nb1l
amorphous alloy, (b) W/Nb1 amorphous composites

7 Nbl Ak &34 A W/NDL AE 54525 BRI S — 22 i AR I (B0 208 < (a) Nb1 AE A5 43, (b) W/NDL AR g S5 48
Fig.7 The second crystallization peak volume fraction of Nb1 amorphous alloy W/Nb1 amorphous composites: (a) Nb1 amorphous
alloy, (b) W/Nb1 amorphous composites
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E 8 Nbl AE &4 4 W/NbL B &2 A 4R 5 — 20 Ak %Y In[-In(1-x)]45 1 000/T 1956 & A . (a) Nbl 3E f#4 4, (b) W/NDI 3
A A2 G R
Fig.8 The relationship between In[-In(1-x)] and 1 000/T of the first crystallization peak of the Nb1 amorphous alloy and W/Nb1
amorphous composites: (a) Nbl amorphous alloy, (b) W/Nb1 amorphous composites

19 Nbl 3Efh & 4 Al W/NDL HE 5 B2 A BRI S Z 90 ALY In[-In(1-x)]45 1000/T #95¢ & &l : (a) Nbl HE &4 42, (b) W/NDb1 3E
w2 G MR
Fig.9 The relationship between In[-In(1-x)] and 1000/T of the second crystallization peak of the Nb1 amorphous alloy and W/Nb1
amorphous composites: (a) Nb1 amorphous alloy, (b) W/Nb1 amorphous composites

51 10 Nbl JEfh 4 4 W/NDL 3 &2 A MRS — B AL IR n(x) 5 « MCHR K (a) Nb1 3E A 4, (b) W/NDL HE 5 & G 41k
Fig.10 The relationship between n(x) and x of the first crystallization peak of the Nb1 amorphous alloy and W/Nb1 amorphous

composites: (a) Nb1 amorphous alloy, (b) W/Nb1 amorphous composites

5 11 Nbl HEfh & 4 F W/NDL AE 52 & 8ORHI8 Z90ALIE 1Y n(x) 5 x MEHRE (a)NbL HEfh G 4, (b) W/NDL JE &2 & 8
Fig.11 The relationship between n(x) and x of the second crystallization peak of the Nb1 amorphous alloy and W/Nb1 amorphous
composites: (a) Nbl amorphous alloy, (b) W/Nb1 amorphous composites
RGP 10,4 6 A5 8 TT LIS Nbl HE S & 4
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Tab.6 Variation in the Avrami exponent n(x) of
amorphous alloys and composites in the first stage

Jin A 5 K/min 10 K/min 20 K/min 40 K/min
Nbl 2.35—195 2545289 2975244 3.86—3.03
HEME 4215477 34353.89 347—4.05 254287
RTEREEMESHHE MK Avrami 355 n(x)8Y
T
=

Tab.7 Variation in the Avrami exponent n(x) of
amorphous alloys and composites in the second stage

i ARG 2 5 K/min 10 K/min 20 K/min 40 K/min
Nbl 2855245 3985339 3475294 4.36—3.53
BaME 2795270 3.16—3.02 3.64—3.50 3.40—3.20

R n)EMEHEZRKXAR

Tab.8 Nucleation and growth mode corresponding to the

n(x) value
23 SO n(x)
TE A 3 AN I 14 >2.5
TEA% B AR ANAE 25
TE A T A4 e A1 1.5~2.5
0 JB A% 1.5
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AR TR0 B0R 0.20~0.73 B, LL— /NI A% 3R R
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17, E AL IR B0 0.73~0.80 I, LA — A% 8
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(R AS AL R — R Y, A BEE AR 05 «
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20 F1 40 K/min B A BT, UL DI AZHE R
AW = e Y HOK B AT,

11, % 7~8 AT LI NbL R & A 4
W/Nb1 HE & 5 A R RER 55 — 90 5 A 76 AS 8] T i
JE R n(e) 1 28 fb B & —FE 1Y, 3 R Bl A Al Ak IR
TR G RTTARWTE N Nb1 RS &7 5K/min
() T B2 T 7E AR AR R 51 % 0.2~0.68 B DL —~
TG R AN W B N 1 = 2 O KR4 T, 76 fh
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