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Abstract: Tis; ¢7Zr17.15Ni14. s0Cug, 33( atom fraction, %) metallic glass has applications in brazing. Using the hammer

and-anvil technique, Tiei. 67Zr17.15N1i14 80 Cug. 33 metallic glass was prepared. The crystallization behavior for this metallic

glass was investigated by differential scanning calorimetry( DSC), X-ray diffractometry( XRD) and transmission electron

microscopy( TEM) . There are three stages in DSC curves of crystallization. The reduced glass temperature T ,, is 0. 42.

The kinetic parameters of crystallization were calculated by a set of equations of the maximum crystallization rate. The
crystalline phase formed in the MSI( Metastable stage I) is Zr,Cu, in the MSII is & Ti and in the MSIII is Ti,Ni. This
kind of alloy has lower glass forming ability, and the Tig. 67Zr17. 15Ni14. 30Cus. 33 metallic glass has lower thermal stability.
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1 INTRODUCTION

Many conventional brazing alloys containing Ti
and Zr are brittle and prohibitively difficult to fabri
cate into thin shapes conducive to brazing. A conven-
tional form of brazing alloys is paste or plastic bonded
tape, in which a powdered form of the alloys is car
ried by an organic binder. The drawback, however,
lies in the residue and porosity. In contract, amor
phous filler metals have many advantages, such as
ductility, thin gauge, homogeneity of microstruc
ture, low melting temperature, narrow temperature
interval of melting and solidification points, short
brazing time, high atom diffusion activity and the
possibility of having self-fluxing. Amorphous filler
metals can result in the production of the same filler
metal composition, but in ductile ribbon form. In ad-
dition, ductile foil can be stamped into performs, al-
lowing the gap between the base metal pieces to be
more completely and efficiently filled during joining.
Applications in which amorphous filler metals are
used are varied' ' ¥

In previous work, FAN et al'” studied the braz
ablhty Of Ti61.67 ZI‘17. 15Ni14. 80 Cu6.3g amorphous lePI‘
metal. According to the results of shear test, the
shear strengths of joints brazed with amorphous filler
foils are bigger than those brazed with crystalline
filler pow ders under the same conditions. The size of
the central region and the distribution of the common
grains formed by mutual crystallization between the
filler metal and the base metal are the main factors for

the shear strengths of brazed joints.

In this work, Tisi.67Zr17. 15N1i14.80Cus, 38 metallic
glass foils were prepared using the hammerand-anvil
technique in an arc furnace, and investigated its glass
forming ability (GFA), the thermal stability and the
crystallization behavior were investigated by DSC,

DTA, XRD and TEM.
2 EXPERIMENTAL

Ti, Zr, Ni and Cu with purity higher than
99.9% ( mass fraction) were used to prepare
Tig1. 672117, 15N114. 30Cus, 38 alloy buttons in an arc fur-
nace. The buttons were broken into small particles,
and its mass is 20 7 40 mg. The particles were then
melted and squeezed into foils 40 to 50 Hm in thick-
ness one by one using the hammerand-anvil tech-
nique'® 7. The cooling rate of this technique is about
1.0 x 10° K/s. A D/MAX-RC type of XRD and a
JEM-2000EX type transmission electron microscope
were used to examine whether the rapidly quenched
foils were amorphous or not and to determine their
A  THER-

MOFLEX differential scanning calorimeter was used

constitutions and  microstructures.
to obtain thermographs at various rates: 2.5, 5, 10
and 20 K/ min. 16 to 24 mg samples were heated in a
Pt pan surrounded by a stream of purified argon gas at
50 ¢m®/min to 55 em®/ min during analysis. Prior to
filling with purified argon gas, the DSC system was
evacuated to 6.7 Pa. Argon gas was purified through
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4A molecular sieve under 90 K. The temperature was
calibrated using the melting endotherms of pure In,
Sn, Pb and AL

The melting temperatures of Tig 6772117 15
Nij4 g0 Cug 33 alloy were measured using a THER-
MOFLEX high temperature differential thermal anal-
ysis (DTA).

Using DSC, XRD and TEM, the behavior of
crystallization for Tisi. 67Zr17.15 Nii4. 30 Cus. 33 metallic
glass was investigated. Tisi.67 Zri7.15 Nii4.30 Cus. 38
metallic glass was annealed for 2 h at 993 K. Before
annealing,  the system was evacuated to
6.7 x 10" * Pa and then filled argon gas to 1. 5 x 10*
Pa shown in the regulator. Using a twin-jet elec

tropolisher with a solution of 95% CH3;COOH+ 5%
HClOy4, the samples were prepared into thin films.

3 RESULTS

The as prepared samples were amorphous. The
X-ray diffraction

Tis1.67Zr17.15N1i14.30Cus. 33 foils only contain an ex-

patterns of

tremely broadened line followed by a smaller broad-
ened line. The electron diffraction patterns of the
foils only contain diffuse halos typical for amorphous
phase. No signs of crystalline phases were found in
the transmission electron micrographs.

The exothermic curve for Tig; 672117 15N1i14. 30Cus. 38
metallic glass at a heating rate of 10 K/ min is shown
in Fig. 1. There are three exothermic stages: MS T ,
MS II and MS Illin the DSC curves of crystallization.
From the DSC curves, parameters, such as the glass
transition temperature( T,), the peak temperature
(T,) and the maximum rate of crystallization ( dx/
dt), for each stage at various heating rates B= 2.5,
5, 10 and 20 K/ min, can be obtained. For the MS |
and MS II, the heights of the crystallization peaks
were too small to be determined at each heating rate.
The enthalpy of crystallization AH for each exother-
mic stage was calculated from the area under the
peaks. The results are listed in Table 1. n is the
Avrami exponent; E is the activation energy of crys-
tallization; k, is the rate constant at T .

Fig. 2 shows a high temperature DTA scan of
Tis1. 6772117 15N 114, 30Cue. 38 metallic glass heated at 10
K/min. The alloy begins to melt at the solidus tem-
perature T = 1 133 K followed by complete melting
at the liquidus temperature T4 = 1 252 K.
The  reduced glass  transition  temperature
T.(Tiw= T,/ Tiq) of this alloy is 0.42.

In order to investigate the structures in each
stage of crystallization, the Tisi.67Zr17.15Ni1. 30Cus. 38

ot
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Fig. 1 DSC scan Of Tiﬁ]. 67ZI‘]7. 15Ni]4. 8()Cu6. 38

metallic glass
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Fig.2 High temperature DT A scan of

Tis1.67Zr17. 15N 114.30Cus. 33 metallic glass

Table 1 Kinetic parameters of crystallization in
Tim. 67ZI‘17. 15Ni14. gocu(,. 38 metallic glass

B/ T,(or (dx/ E/ E
p

Stage (Ke T,/ d&)y/  (kJ 1002% ' " (J%[j*/l)
min"') K 107 % ' mol™ ') 5 e
2.5 503
5 519
MSG
10 530
20 546
2.5 576
MSI 5 &8 131 7.78
10 608
20 623
2.5 656
wsu o % 186 2.59
10 685
20 698
2.5 793 0.2348 309 0.2456 2.6 15.06
803 0.380 8 0.4795 2.2
MS III
815 0.873 4 0.9291 2.5
20 827 1.3723 1.8157 2.0
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metallic glass was heated at a heating rate of 10 K/
min to various temperatures (610, 693, 823 and 993
K) in flowing purified argon gas in DSC. As shown
in Fig. 1, 610, 693 and 823 K are between the top
and the end temperatures of the stages of MST , MS
IT and MS III respectively. At a heating rate of 10
K/min, 993 K is in the completely crystallized re-
gion. The X-ray diffraction patterns ( Cu Kq) are
shown in Fig. 3 for samples heated to 610, 693, 823
and 993 K, respectively. When the values of inter
planar distances d and the relative intensities 1/ 1 are
compared with the standard values listed in the Inor
the

crystalline phases in each sample can also be deter

ganic Index to the Powder Diffraction File!®,

mined, as shown in Table 2.

As shown in Fig. 3, the diffraction peaks become
sharper with increasing temperatures, the main
diffraction peaks which occur at the interplanar dis-
tance between 2. 42 U and 2. 17 U are those of
Zr,Cu, TiNi and o Ti crystalline phases. It is con-
cluded that the crystalline phase formed in the MSI is
Zr;Cu, that in the MSII is o Ti, and that in the
MSIII is TipNi.

The transmission electron micrograph of the
complete crystallization samples are obtained and
shown in Fig. 4. From the transmission electron mr
crograph and the electron diffraction patterns , it is

found that the phase, which contains thin branches,
is TiNi, and the other is Zr,Cu. Being easily etched,
aTi can not be found.

\__/\ o B10K

P / O\ Amorophous

20 40 60 80 100
26/(%)

Fig. 3  XRD of Tiesi.67Zr17. 15N 114.80Cus. 38

metallic glass

4 DISCUSSION

The glass forming compositions in many alloy
systems containing Ti and Zr have been investigated,
such as TrZrNi and TrZrNrCu alloy system by
Molokanov et all® ', TrZr-Cu by Massalsaki et
all "' | Ti- Zr- Ni- Cuby Lin et al' ! and Rabinkin et

Table 2 Interplanar distances relative intensities I/ o of X-ray diffraction
peaks and associated phases in Tl 672117, 15N114. 80Cug, 33 metallic glass
610 K 693 K 823 K 993 K
Peak

d 1/1 d 1/1g d 1/1 d 1/1
1 2.392 100 2.571 55 2.565 64 2.591 76
2 1. 358 42 2.394 80 2.396 85 2.567 68
3 2.261 100 2.253 100 2.398 98
4 1.356 37 2212 5 2.361 70
5 2.165 67 2.259 100
6 1.479 40 2.216 99
7 1.359 38 2.171 73
8 2.04 51
9 1,457 45
10 1,411 45
11 1. 357 46
12 1.295 44
13 1.275 37
14 1. 197 33
15 1. 14 32

70:C Zr,Cu Zr,Cu

Phases Zr,Cu ”T? @Ti aTi

a1 TiNi TiNi
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500 nm

Fig. 4 Micrograph of Tis; ¢7Zr17. 15N 114 30Cus. 38
metallic glass annealed for 2 h at 993 K

all®. Many of these glass-forming compositions have
good glass forming ability (GFA). The reduced glass
transition temperature T, of the glass forming alloys plays
an important role in determining the GFA of alloys. Al
loys having higher T, generally exhibit better GFA!"!
T\s of TizaZr;1Cus7Nig alloy is 0. 57, and the critical
cooling rate for the glass formation is about 250 K/s
or IOW er[ 2] . Trg Of ZI‘41. 2T i13_ gculz. 5Ni103622_ 5 alloy
is 0. 67, and the critical cooling rate for the glass for-
mation is 1 K/s''.

Trg Of Ti61_67ZI‘17. 15 Ni14. g()cu6.3g alloy iS 0 42,
and this suggests that the GFA of this glass forming
alloy is inferior.

GAO et al'™ ' have proposed a set of equations
for the maximum rate of crystallization to obtain the
kinetic parameters of crystallization from the results
of DSC. When the crystallization behavior obeys the
Johnson-M ehF Avrami transformation model, they are
as follows:

x=1-exp[— (kt)"]

d[In(dx/de),]/d(T; ") = - E/ R

ky= BE/(RT3})= koexp[ - E/(RT,)]

(dx/dt),= 0.37nk,
where «x is the volume fraction crystallized; £ is the
rate constant; ¢ is the time of crystallization; n is the

PR

1)
2)
3)
4)

Avrami exponent; (dx/dt), is the maximum rate of
crystallization at peak temperature T',; E is the acti
vation energy of crystallization; R is the gas con-
stant; k is the rate constant at T,; B is the heating
rate; ko is the frequency factor.

If the plot of (dx/dt), against T, ' shows no
linearity, the activation energy of crystallization can-
not be obtained from Eqn. (2). In that case, the
Kissinger equation or its simplified form can also be

used for calculating the activation energy of crystal-

lization! !> 161,

- E/R=d(InB)/d(T; ") (5)

The plot of log (dx/dt), against T, ' for the
MSIII is shown in Fig. 5. Since this shows a straight
line, Eqns. (2)7(4) can be used to calculate the ki-
netic parameters of crystallization from the slope. The
resulting values of the activation energy E, the rate
constant %k, and the Avrami exponent n are listed in

Table 1.

100 ¢
To
T
=
= 10} MSIII
§ [
2
1 1 1 L
1.20 122 1.24 1.26 1.28

T51/1073K-)

Fig. 5 Plot of lg(dx/d¢), against T} ' for MS III
of Ti61, 67Zr17, 15N 114 80Cus. 38 metallic glass

logB against T ' for MS T and MS II is listed
in Fig. 6. From the slopes of the straight lines in Fig.
6 and Eqn. (5), the values of the activation energies
of crystallization E for the MS I and MS II of this
metallic glass can be obtained and they are listed in

Table 1, too.

100 ¢
MS I MS [
=
£
Y:
% k
I
1 I i 1
14 1.5 1.6 1.7 1.8
T,;‘/lO‘f‘K‘l

ig. 6 Plots of IgB against T ' for MST and MS I
of Ti61. 672117 15N 114, gocu6. 38 metallic glass

Comparing with Ti45.5()ZI“23, goNi15_91Cul4, 70 and

U7 18] the values of ac

TisoNijoCugo metallic glasses
tivation energy of crystallization for
Ti1.67Zr17.15N114.30Cus. 33 metallic glass are smaller.

In general, the smaller the activation energy of crys
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tallization, the lower the thermal stability of the
metallic  glass.  The  thermal stability  of
Ti61.67ZI‘17. 15Ni14. gocu6.3g metallic glass iS IOWGI‘.

According to the theory of Christian' ', the
Avrami exponent n and the nucleation rate in crystal-
lization are related: if n is 3, the nucleation rate is
zero; if n is 2, the grain edge nucleation occurs after
saturation. In MS II the values of n change from 2.
0 at B= 20 K/min to 2. 6 at B= 2.5 K/min. This
suggests that the nucleation rate at B= 2.5 and 10
K/ min is about zero, and that at 5 and 20 K/ min the
grain edge nucleation occurs after saturation.

The atomic volume ratio of Zr/ Cu ( 1.95) is the
biggest in TrZ-NrCu system*”'. With the content
of Zr and Cu decreasing, the crystallization behavior
of the metallic glasses in T rZr-NrCu system has been
changed distinctly. There are two exothermic stages
in the DSC curves of Tiss 50Zr23 80Niis 01Cuis. 70
metallic glass. The crystalline phases TiaNi, Zr,Cu
and ocTiwere formed in MS [ at the same time, and
a recrystallization process occurs in MS II''1. There
are three stages, therefore, in the DSC curves of
T ig1. 677117, 15N 114. 30Cug. 33 metallic glass, the crys”
talline phase formed in the MSI is Zr,Cu, that in the
MSII is o¢Ti and that in the MSIII is Ti,Ni.

S CONCLUSIONS

1) Using the hammerandanvil technique,
Tis1.67 Zr17.15 Niia. 80 Cus 38 metallic glass was pre
pared. This metallic glass has applications for braz
ing.

2) There are three exothermic stages of crystal-
lization in the DSC curves for Tig1. ¢7 Zr17.15 Niia. g0
Cug, 33 metallic glass.

3) For Tie1.67Zr17.15N114.30Cus. 33 metallic glass,
the Avrami exponent in MSIII lies between 2. 0 and
2. 6.

4) The reduced glass transition temperature 7T ,,
of Tie1.67Zr17.15Nii4 go Cus 38 metallic glass is 0. 42,
and this alloy has lower glass-forming ability.

5) The phases Zr,Cu, aTi and TiNi were
formed in MS T, MS I and MS Illof crystallization
for Tie1.67Zr17.15Ni1a. 30 Cug 33 metallic glass, respec
tively.

6) Ti61.67 Zl”17. 15 Ni14. 80 Cu6.3g metallic glass has
lower thermal stability.
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