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Thermal stability and mechanical properties of a
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Abstract

The thermal and mechanical properties of a Zr–Al–Cu–Ti–Ni bulk metallic glass were investigated. The glass transition and the crystallization
were studied by calorimetry and X-ray diffraction. It was found that the crystallization occurred in two steps. The precipitating phases, and the
activation energies were determined. It was established that the crystallization was controlled by the diffusion of the alloying Cu and Ni atoms.
The creep behavior was investigated by indentation tests. The viscosity and the activation energy of the deformation process determined from
indentation were in reasonable agreement with those obtained by compression tests.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Before 1990 the production of metallic glasses required
high cooling rates (>105 K/s) to prevent crystallization of
the alloy[1,2]. As a result, amorphous alloys were solidified
in the form of very thin ribbons or wires. This shape of
metallic glasses makes the mechanical testing difficult and
restricts the engineering applicability of the material. New
processing techniques and new multicomponent materials
enabled the decrease of the critical cooling rate well below
10 K/s [2,3]. The low cooling rate results in production of
amorphous alloys in bulk form.

Bulk metallic glasses have unique mechanical properties
including high strength and low Young’s modulus, moreover
good forming ability in the vicinity of the glass transition
temperature[4–6]. In this temperature regime the stability
of the amorphous structure and the creep behavior are im-
portant factors in engineering applications.

In this paper the thermal and creep properties of a
Zr-based bulk metallic glass are studied. The glass transi-
tion and the crystallization are investigated by differential
scanning calorimetry (DSC) and X-ray diffraction. The
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creep behavior in the vicinity of the glass transition temper-
ature is studied by indentation creep tests. The indentation
technique is an effective tool for studying creep properties
of bulk metallic glasses because there is no need for spe-
cial sample preparation and a small amount of sample is
enough for testing[7]. Results obtained from indentation
are compared with those determined by compression tests.

2. Experimental details

Bulk metallic glass samples with the composition of
Zr–10 at.% Al–27 at.% Cu–2.5 at.% Ti–8 at.% Ni were pre-
pared by the copper mold technique[8]. The diameter and
the length of the cylindrical specimens were 5 and 50 mm.

The thermal behavior of the alloy was studied by con-
ventional differential scanning calorimetry (DSC) and by
temperature modulated DSC (TMDSC) measurements. The
heating rate in the DSC measurements varied between 4 and
32 K/min. In the TMDSC measurements the heating rate
was 1 K/min which was modulated by a sine temperature
oscillation with 1 K amplitude and at 0.01 Hz frequency.

The crystalline phases were identified by X-ray diffrac-
tion. The X-ray diffractograms were measured by a Philips
Xpert powder diffractometer (Bragg–Brentano geometry)
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with Cu K� radiation (λ = 0.15418 nm). The grain size of
the crystalline phases was determined from the full width at
half maximum (FWHM) using the Scherrer equation[9].

The creep behavior was studied by indentation test us-
ing a Setaram TMA-92 thermomechanical analyzer between
the temperatures of 715 and 725 K. The indentation mea-
surements were carried out by using a cylindrical punch of
1.2 mm in diameter under constant load which can be var-
ied between 0.5 and 1.5 N. The pressure calculated from the
load was between 0.4 and 1.4 MPa. At lower temperatures
(675–687 K) where higher pressure is required for a con-
siderable creep deformation, an indentation creep device[7]
was used with a cylindrical indenter of 1.5 mm in diame-
ter. In this case the applied load was varied between 100
and 180 N which corresponds to a pressure between 56 and
102 MPa.

3. Results and discussion

Fig. 1 shows a DSC curve recorded at 8 K/min heating
rate. The glass transition temperatures at 8 K/min heating
rate were found to beTg1 = 677 ± 2 K andTg2 = 693 ±
3 K. Tg1 was determined as the temperature where the DSC
curve deviates from the baseline at the beginning of the
endothermic effect.Tg2 is the temperature at the inflection
point of the DSC curve during the glass transition.

The change of the specific-heat (�cp) in glass state was
calculated as a function of temperature by derivating the heat
flow–temperature curve obtained from the TMDSC mea-
surements. The glass transition temperatures were obtained
to beTg1 = 670± 3 K andTg2 = 697± 3 K. The tempera-
tureTg1 was determined as the value where the curve of the
�cp deviates from the straight line fitted to the initial part
of the curve, andTg2 was obtained as the temperature at the
inflection point of the�cp curve (Fig. 2). The slight dif-

Fig. 1. DSC curve measured at 8 K/min heating rate. The inset shows the
DSC curve in the vicinity of the glass transition in higher magnification.
The glass transition temperatures,Tg1 and Tg2 were determined as the
temperature where the DSC curve deviates from the baseline and from
the inflection point of the curve, respectively.

ference between the glass transition temperatures obtained
from DSC and TMDSC measurements can be understood
from the different heating rates applied in the two methods.

In the DSC curve ofFig. 1 the two exothermic peaks at
754 (Tx1) and 852 K (Tx2) correspond to two crystalliza-
tion steps. The heats released during the first and the sec-
ond crystallization steps were 55.4 and 12.5 J/g, respectively.
The temperature of the onset of crystallization,Txo (deter-
mined as the intercept of the rising edge and the calorimet-
ric baseline) was 752± 2 K. The glass forming ability is
characterized by the difference betweenTxo andTg1 deter-
mined from the DSC curve:�Txg = 75 K. If the crystal-
lization is supposed to be controlled by thermally activated
processes, the activation energy can be determined from the
shifting of theTx peak temperatures with varying heating
rate (β) of the linear heating DSC scans on the basis of the
Kissinger-equation[10]:
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where Rg is the gas constant,Z is the frequency factor
andQx is the activation energy. The activation energies for
the first and second crystallization peaks obtained from the
Kissinger-plots areQx1 = 243± 24 kJ/mol andQx2 = 274
± 13 kJ/mol, respectively.

Fig. 3 shows the X-ray diffractograms obtained in the
as-cast state and after heating at 8 K/min heating rate up to
800 K (beyond the fist crystallization peak) and 905 K (be-
yond the second crystallization peak). The as-received spec-
imen is fully amorphous. After the first crystallization step
mainly the metastable fcc Zr2Ni phase (Ti2Ni type) precipi-
tated with the lattice parameter of 1.205 nm which is smaller
than 1.227 nm reported in[11]. This phase is stabilized by
the oxygen atoms accommodated in the unit cell in addi-
tion to the 96 metal atoms. The Zr2Ni phase reported in
[11] contains 4.1 at.% oxygen. The lower lattice parameter

Fig. 2. Change of the specific-heat (�cp) as a function of temperature
obtained from TMDSC measurement at 1 K/min heating rate.Tg1 was
determined as the temperature where the curve deviates from the straight
line fitted to the initial part of the curve andTg2 is the temperature at
the inflection point of the curve.
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Fig. 3. X-ray diffraction patterns of the as-cast specimen and of samples
heated in the DSC up to 800 and 905 K, respectively.

of Zr2Ni phase determined in the present work can be re-
lated to a lower oxygen content. The average grain size of
the Zr2Ni phase was 41± 4 nm. A quasicrystalline phase
and residual amorphous material were also detected in the
diffractogram. The quasicrystalline phase was identified on
the basis of diffractograms presented in[12,13]. After the
second crystallization step, mainly tetragonal Zr2Cu (Pow-
der Diffraction File, PDF number: 18-0466) was formed with
18 ± 2 nm average grain size, however, traces of the cubic
Al1.7Ni0.3Zr phase (Cu2Mg type, PDF number: 20-0036)
were also detected. In Zr2Cu phase the substitution of Cu
by Ni or Al could occur, therefore Zr2Cu(Ni,Al) would be
the appropriate notation for this phase[14,15].

The activation energies of the first and second crystal-
lization steps determined in this paper (243 and 274 kJ/mol,
respectively) and the activation energy of Ni diffusion in
a bulk amorphous Zr–8.25 at.% Ti–7.5 at.% Cu–10 at.%
Ni–27.5 at.% Be alloy presented in[16] (266 kJ/mol) are
close to each other. Since Cu and Ni are neighboring el-
ements in the periodic table and they have similar atomic
radius, it seems to be logical to assume that the diffusion
activation energy of Cu in Zr-based amorphous alloys is
close to that of Ni diffusion. The relatively good agreement
between the crystallization activation energies and the acti-
vation energy for Ni or Cu diffusion is probably due to the
fact that the crystallization of the Zr2Ni or Zr2Cu(Ni,Al)
main phases requires long-range diffusion of Ni and Cu
atoms. It has to be noted, however, that beside the diffusion
energy there are further factors influencing the activation
energy of crystallization (e.g. surface energy).

The temperature dependence of the mechanical behavior
of the as-cast specimen was investigated by increasing the
temperature at 8 K/min heating rate under constant pressure
(102 MPa) in the indentation creep machine (Fig. 4). For
comparison the DSC curve obtained on the as-cast sample
at 8 K/min heating rate is also shown in the figure. The
indentation rate of the amorphous alloy increases rapidly
with the temperature betweenTg1 and Tx1 as a result of

Fig. 4. Indentation depth–temperature curve obtained at constant pressure
of 102 MPa and heating rate of 8 K/min (solid line) and the corresponding
DSC curve (dotted line). The temperatures of the isothermal indentation
creep tests are indicated by open circles on the indentation curve.

decreasing viscosity. The indentation stops when more than
90% of the crystallization is completed (see the DSC curve
in Fig. 4). Isothermal indentation creep tests were carried
out at the six temperatures indicated by open circles on
the indentation curve ofFig. 4 (at 675, 680, 687, 715, 720
and 725 K). These temperatures were selected to be well
below the onset crystallization temperature (752 K) to avoid
the effect of crystalline phases on creep behavior. From the
steady state stage of the creep curves the viscosity (η) was
determined using the following equation:

η = σ

3ε̇
, (2)

whereσ is the stress anḋε is the strain rate. It is generally
assumed that the equivalent stress and strain rate in inden-
tation creep tests can be expressed by the applied pressure
(p) and the indentation rate (ḣ), respectively[7]:

σ = p

3
(3)

and

ε̇ = ḣ

d
, (4)

whered is the diameter of the cylindrical indenter.
The viscosity did not change when the stress was changed

at constant temperature, which means that the alloy be-
haved as a Newtonian liquid near the glass transition tem-
perature. The viscosity decreased from 2× 1012 Pa s to 2
× 109 Pa s when the temperature was raised from 675 to
725 K. The activation energy characterizing the deforma-
tion process was determined from the ln(η) − 1/T plot as
563 ± 16 kJ/mol (Fig. 5.). The creep properties of a bulk
metallic glass of the same composition were investigated
recently by compression tests[17]. The temperature range
was narrower (between 683 and 703 K) than in the present
indentation experiments. At low strain rate values the mate-
rial was found to deform by Newtonian flow while above a
critical strain rate a non-Newtonian behavior was observed.
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Fig. 5. ln(η) − 1/T plot. The viscosity values obtained by indentation
creep tests and by TMA are represented by solid circles and open squares,
respectively.

The critical strain rate increases with increasing the temper-
ature. Between 683 and 703 K the critical strain rate is about
10−3 to 10−4 s−1. Leonhard et al.[18] have also found for
Zr–30 at.% Cu–10 at.% Al–5 at.% Ni bulk amorphous alloy
that between 683 and 702 K and below the strain rate of
10−4 s−1 the material behaved as a Newtonian liquid. Since
in the present indentation creep tests the strain rate was in
the order of 10−5 s−1 Newtonian creep behavior was ex-
pected. Although the stress applied in the compression tests
(300 MPa) is by about an order of magnitude higher than
that used in the indentation tests (34 MPa), the activation
energy obtained from indentation (563 kJ/mol) is in reason-
able agreement with the value (539 kJ/mol) determined by
compression tests.

4. Conclusions

The thermal and mechanical properties of a Zr–Al–Cu–
Ti–Ni bulk metallic glass were investigated. The crystalliza-
tion was found to occur in two steps. In the first crystalliza-
tion step mainly metastable Zr2Ni, while during the second
step Zr2Cu(Ni,Al) phase was formed. Indentation tests were
applied to investigate the creep properties at lower stress and

strain rate as well as in a wider temperature range than it has
been done by compression tests in another study[17]. The
indentation creep tests showed that near the glass transition
temperature (around 700 K) and at low strain rates (around
10−5 s−1) the material behaves as a Newtonian liquid. The
activation energy of deformation (563 kJ/mol) determined in
indentation is in reasonable agreement with that obtained by
compression tests at higher stress and strain rate values.
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