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The structure and mechanical properties of bulk Zr50Ti16.5Cu15Ni18.5 metallic glasses were
studied by X-ray diffraction, scanning and transmission electron microscopy and by
measurements of mechanical properties. The transition from heterogeneous to
homogeneous deformation was found to occur at 575 K. The crystallization was found to
begin in the testing part of the sample earlier than in the part placed in a holder during the
mechanical testing. The crystallization leads to the formation of the quasicrystalline phase
with a0 = 2.54 Å, hexagonal phase ZrTi(Ni,Cu) and hexagonal phase (Zr6CoAl2 type). The
difference of the structure in different parts of the sample has been observed and analyzed.
The deformation does not effect on the crystallization processes occurring during the
tensile testing at this temperature and the crystallization proceeds owing to the self-heating
of the samples during the phase transition. The correlation between mechanical properties,
structure and fracture surfaces is discussed. C© 2001 Kluwer Academic Publishers

1. Introduction
An appearance and production of bulk metallic glasses
has caused a new interest to amorphous materials. The
bulk metallic glasses were produced in a number of
systems [1–3]. Bulk metallic glasses show high me-
chanical properties [4]. They have high tensile frac-
ture strength comparable to that for the melt-spun
amorphous ribbons. The partially crystallized amor-
phous Zr57Cu20Al10Ni8Ti5 alloy, for example with
40 vol. % of crystalline phase, shows excellent strength
with a yield strength of 1700 MPa and a fracture
stress of 1780 MPa. However, the ductility of bulk
nanocrystalline-amorphous alloys decreases whereas
the strength increases with increasing volume fraction
of nanocrystalline phase [5].

The Zr-based bulk amorphous alloys belong to
the interesting group of bulk metallic glasses be-
cause they have very promising mechanical prop-
erties. The mechanical properties and structure
of the bulk Zr55Ni5Cu30Al10 and nanocrystalline
Zr53Cu20Ni10Ti5Al12 alloys were studied recently
[6]. The aim of this paper is to study the
structure/mechanical property correlation in bulk
Zr50Ti16.5Cu15Ni18.5 metallic glass.

2. Experimental methods
The bulk amorphous Zr50Ti16.5Cu15Ni18.5 alloy was
initially prepared by a melt quenching. Pure metals

(>99.8%) have been used for the master alloy. The
samples were prepared as a ribbon with a section of
0.3 × 3 mm. The bone-like specimens were prepared
for tensile tests. Special device was developed in or-
der to prepare a high precision specimens for this test-
ing. The quality of the specimen surface was controlled
by light microscopy. In order to avoid the influence of
the surface defects on the results of mechanical mea-
surements, specimen surfaces were ground off and pol-
ished. Fine abrasive paper was used for the finishing
of the specimen lateral faces. The effective length of
the specimen operational part was about 12 mm for
tensile measurements. Special holders were prepared
for tensile testing of the bulk metallic glass. These
holders have provided a possibility of placing a PPR-
thermocouple in the actual vicinity of the specimen with
a good mechanical contact to the substrate; they also
have demonstrated a stable behaviour at different test-
ing temperature.

The tensile test were carried out at the temperatures
from 293 to 823 K in vacuum. The loading rate was
0.0156 min−1 in the temperature range 293–723 K and
it was 0.75 min−1 for the temperature range 773–823 K.
The heating rate was about 6 K/min. Some additional
experiments were carried out at T = 685 and 773 K.
In these case the loading rates were 0.05 min−1 and
0.2 min−1, respectively. The temperature gradient was
not observed in the tensile furnace.
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The structure of the samples was studied by X-ray
diffraction, scanning and transmission electron mi-
croscopy. The X-ray diffraction experiments were per-
formed using the SIEMENS D-500 diffractometer
using Cu Kα-radiation. The samples deformed at low
temperatures (293–648 K) were broken down in two
parts. One part was situated in a holder during the me-
chanical testing, the other one was free (the test por-
tion). The samples deformed at higher temperatures
(648–823 K) were divided into three or more parts. The
first part was in a holder during the testing as above,
the other parts were test portions, it was the parts near
and far from the holder. The width of the sample was
different in the holder (grip portion) and in the test por-
tion; moreover, the width of the samples was different
near and far from holder (specially for high tempera-
tures). This situation was taken into account when the
X-ray spectra were analyzed. The samples were stud-
ied by differential scanning calorimetry using a DSC
111 SETARAM microcalorimeter as well. The heating
rate was 20 K/min.

The electron microscopy investigations were carried
out on a JEOL-100 CX and JSM-25S microscopes.

Figure 1 X-ray diffraction patterns of the samples after mechanical test-
ing at 293 K (1), 573 K (2) and 611 K (3).

Figure 2 The temperature dependence of UTS, flow and failure stress
and plasticity.

Electron microscopy foils were prepared by mechanical
polishing with following ion milling. Special holder for
the samples after mechanical testing was constructed.
The structure of the parts in the holders was studied
as a controls. The samples were divided into some
pieces if the width increased during the mechanical
testing.

3. Results
According the DSC measurements the glass transition
temprature Tg is about 600 K. The samples deformed
at 293–611 K were amorphous after mechanical test-
ing. The diffraction spectra for the samples deformed

(a)

(b)

(c)

Figure 3 The fracture surfaces of the sample deformed at 293 K (a),
685 K (b) and 723 K (c).
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Figure 4 X-ray diffraction patterns of the samples deformed at 685 K
(1 - part in a holder, 2 - testing part).

at room temperature, 573 and 611 K contain only the
diffuse halos typical for amorphous structure (Fig. 1).

At the tensile experiments the following properties
were measured: flow stress σs = σ0.02, failure stress
σf, ultimate tensile stress UTS and plasticity δ. Fig. 2
shows the temperature dependencies of these proper-
ties of the alloy. The flow stress and the failure stress
monotonously decrease with the temperature increase
in the whole studied temperature range. The rate of the
flow stress decreasing is higher than the rate of the fail-
ure stress decreasing.

A brittle-ductile transition is expected at a tempera-
ture below 325 K. The images of fracture surfaces are
displayed in Fig. 3 for 293, 685 and 723 K. The frac-
ture surface is shown to change. The river structure was
more pronounced when the sample was fractured at the
temperatures above 388 K. This structure points to a
plastic deformation during the tensile.

Figure 5 X-ray diffraction pattern of the sample tested at 773 K (1 - testing portion far from the holder, 2 - testing portion near the holder, 3 - part in
a holder). The quasicrystalline phase reflections are marked by rhombs, the ZrTi(Ni,Cu) phase reflections are starred and the reflections of Zr6CoAl2
type phase are marked by crosses.

The plastic deformation increases sharply above the
temperature ∼575 K (close to Tg point). The transition
from heterogeneous to homogeneous deformation oc-
curs at this temperature. Then the plastic deformation
reaches the intermediate maximum of 140% at 685 K.
The plasticity decreases (to 80%) at 725 K and it reaches
about 335% at 775 K. When the testing temperature was
increased from 573 to 685 K, the view of fracture sur-
face changes. The decreasing of typical size of the river
structure was observed. Therefore the plastic deforma-
tion degree increases with the testing temperature. The
fraction of the river structure decreases significantly
after the deformation at 723 K (Fig. 3c)

As it was mentioned above, the samples deformed
at 293–611 C were amorphous after deformation. The
samples deformed at 648 K and higher have crystalline
structure (partially or fully crystalline samples, respec-
tively). The loading rate was 0.0156 min−1, it means
that the samples was held about 90 min at this temper-
ature during the testing. The crystallization was found
to begin in the testing part of the sample earlier than in
the part placed in a holder (grip portion). This differ-
ence is most pronounced in the samples tested at 685 K
(Fig. 4). The grip portion contains predominantly the
amorphous phase and the testing portion consists both
of amorphous and crystalline phases. So, the crystal-
lization proceeds in effective part to a greater extent
than in the holder.

In the test portion of the sample the crystallization
proceeds to a greater extent near the fracture region than
near the holder. It is more pronounced for the samples
deformed at higher temperatures. Fig. 5 shows the X-
ray diffraction pattern of the sample tested at 773 K.
The reflection separation increases from curve 3 (part
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in a holder) to curve 1 (testing portion far from the
holder).

The X-ray diffraction patterns can be described by
following crystalline phases. A quasicrystalline phase
with ao = 2.54 Å and a hexagonal phase ZrTi(Ni,Cu)
are the main phases. The first phase was observed
in Zr-base alloys after crystallization of bulk metallic
glasses with different chemical composition [7, 5]. This
phase was identified according to the indexing scheme
of Cahn [8]. Second phase with hexagonal structure
(MgZn2 type, space group P63/mmc with lattice pa-
rameters a = 5.24 Å, c = 8.54 Å) was observed as well
[9], the lattice parameters change slightly according to
chemical composition. The precipitations of Zr6CoAl2

(a)

(b)

Figure 6 Microstructure of testing part of the sample deformed at 685 K (a - bright field TEM image, b - dark field TEM image, c - electron diffraction
pattern).

type hexagonal phase was observed as well. This phase
has a lattice of P62m (189) space group with lattice
parameters a = 7.93 Å, c = 3.31 Å.

Fig. 6 shows the microstructure of the testing part
of the sample deformed at 685 K. The dark field TEM
image (Fig. 6b) contains a lot of fine crystalline precipi-
tations. The sample part in the holder has an amorphous
structure with a few crystalline particles spreaded in the
amorphous matrix. The microstructure of the sample
deformed at 723 K is displaced in Fig. 7. (The loading
rate was 0.2 min−1 in this case). The alloy has nanocrys-
talline structure after this treatment. The size of the
nanocrystals is 20–30 nm; they are randomly located in
the amorphous matrix.
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(a)

(b)

Figure 7 Microstructure of testing part of the sample deformed at 723 K (a - bright field TEM image, b - dark field TEM image, c - electron diffraction
pattern).

After mechanical testing at 773 and 823 K the struc-
ture of the alloy is nanocrystalline. The grain size of
the crystalline phase does not exceed 50 nm.

4. Discussion
According the experimental data obtained, the tem-
perature range could be divided in three parts. The
first temperature range (293–685 K) corresponds the
monotonously increasing of the plasticity. The X-ray
diffraction and transmission electron microscopy study
have shown that the alloy is fully amorphous or it has a
very few crystalline precipitations (685 K). So, one may
conclude that the mechanical properties are determined

by the amorphous matrix in this temperature range. The
rise of the plasticity is due to the temperature depen-
dence of the plasticity of the amorphous phase. When
the testing temperature is higher than 600 K (Tg), the
alloy is in the supercooled liquid state. The deformation
occurs by Newton flow in this state, therefore the rise
of plasticity appears reasonable.

The structure investigations show that the fraction of
the crystalline phase is greater than the fraction of amor-
phous phase in the second temperature range (685–
723 K). In this situation the mechanical properties of the
alloy should be determined rather crystalline phase than
the amorphous one. Since the plasticity of crystalline
phase is low than the plasticity of the amorphous phase
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Figure 8 X-ray diffraction pattern of the samples after additional testing at 685 K (1 - part placed in a holder, 2 - test portion, 3 - witness), the shape
of the sample is shown in the insert.

in the supercooled liquid state, it could explain the de-
creasing of the plasticity in this temperature range.

In the last temperature range (723–823 K) the alloy
has nanocrystalline structure. So, the rise of plasticity
(to 400%) may be connected with the dependence of
the nanocrystalline phase deformation on the tempera-
ture. In this temperature range the testing temperature
is sufficiently high for the increase of plasticity of the
nanocrystalline alloy (as superplasticity).

The crystallization was found to begin in the test
portion of the sample earlier then in the grip portion
(part placed in a holder) when the sample was testing at
685 K. Temperature gradient in the furnace was not ob-
served, that is why the difference in the crystallization
extent may be attributed with some reasons.

Firstly, the phase transition takes place at 685 K (the
amorphous phase crystallizes). As a result, crystalliza-
tion heat releases and the temperature of the sample
increases (a self-heating of the sample occurs). Since,
the releasing heat is removing through the holders and
the deforming part of the sample has sufficiently less
cross-section than the part in the holders, heat removing
from the test portion is hindered. Hence, the tempera-
ture of the deformed part of the sample can exceed the
temperature of the grip portions.

Secondly, the test portion has deformed significantly.
Therefore the difference of the structure in different
parts of the sample may be connected with a high de-
formation of the test portion of the sample.

Some additional experiments were carried out in or-
der to understand which of two factors mentioned above
makes the main effect on the crystallization process.
New samples were prepared for the mechanical test-

ing; they have a shape of twin-bone (Fig. 8, insert).
The wide part in the center of the samples was used as
a witness (it does not deformed practically during the
tensile deformation). The loading rate was 0.05 min−1.
The samples were in a furnace about 60 min. Fig. 8
shows also the X-ray diffraction pattern of the sample
after the testing at 685 K. The sample part placed in
a holder at the testing remains an amorphous structure
(curve 1), the test portion (curve 2) and the witness
are partially crystallized. The crystallization in the wit-
ness proceeds to a greater extent than in the test portion
although the witness does not deform. So, one may con-
clude that the deformation does not effect on the crys-
tallization processes occurring during the tensile testing
at this temperature and the crystallization proceeds ow-
ing to the self-heating of the samples during the phase
transition.

Since the releasing heat is removed from the witness
through the test portion, the heat removing from this
part of the sample is still further hampered. Therefore
one should expect that the temperature of the witness
will be higher and the crystallization processes will be
more complete in this region, as it was observed.

When the Fig. 4 is compared with Fig. 8, it is appar-
ent that the test portion of the sample deformed at the
loading rate 0.0156 min−1 (Fig. 4 curve 2) has more
crystalline phase than testing part of the sample with
the loading rate of 0.05 min−1. It should be noted that
the sample was in a furnace during 90 min in the former
case and during 60 min in the second case. Therefore,
the phase transformation has proceeded to a greater
extent at the lower loading rate because of a longer
“annealing”.
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5. Conclusions
1. Mechanical properties of Zr50Ti16.5Cu15Ni18.5 bulk
metallic glass were studied during tensile tests at ele-
vated temperatures. The plastic deformation was found
to increase above the temperature ∼575 K, it reaches
the intermediate maximum of 140% at 685 K. Then the
plasticity decreases (to 80%) at 725 K and it increases
again to 335% at 775 K. The transition from heteroge-
neous to homogeneous deformation was observed at a
temperature about 575 K.

2. The structure of bulk metallic glass has been stud-
ied after mechanical tests. The samples deformed at
293–611 C were amorphous after deformation. The
samples deformed at 648 K and higher have partially
crystalline or crystalline structure.

3. The crystallization leads to the formation of the
quasicrystalline phase with ao = 2.54 Å, hexagonal
phase ZrTi(Ni,Cu) (MgZn2 type, space group P63/mmc
with lattice parameters a = 5.24 Å, c = 8.54 Å) and
hexagonal phase (Zr6CoAl2 type), P62m (189) space
group with a = 7.93 Å, c = 3.31 Å.

4. The alloy has nanocrystalline structure after the
tensile testing at 723 K. The size of the nanocrystals is
20–30 nm; they are randomly located in the amorphous
matrix.

5. The crystallization begins in the testing part of the
sample earlier than in the part placed in a holder. This
difference is most pronounced in the samples tested at
685 K.

6. The self-heating of the samples was observed dur-
ing the crystallization at the tensile testing.
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