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Abstract. Two Ni-Ti-Zr -based amorphous ribbons of compositions Ni56Cu2Zr18Ti16Al3Si5 and
Ni36Cu23Zr18Ti14Al5Si4 were prepared by melt-spun techniques. Such pieces of ribbons were
consolidated under the same conditions on Bridgman anvils using a pressure of 6 GPa at room
temperature% Samples i] the form of discs, 6–7 times thicker tha] the ribbo]s a]d about 10 mm
in diameter, were produced by this high pressure torsion (HTP) process. XRD and TEM showed
that the microstructure of the samples was dependent on the composition. The sample with the
low Cu co]te]t revealed higher glass formi]g ability, thermal stability, te]sile stre]gth, You]g’s
modulus, and hardness but partially crystallized during cold consolidation, while the sample with
the high Cu content preserved the amorphous state. These results suggest that the thermal
stability is not an indicator for retaining the amorphous phase in the HPT process.

1. INTRODUCTION

Bulk metal glasses are relatively novel materials
and show outstanding mechanical properties [1].
In particular, they are characterized by a low
You]g’s modulus a]d high yield stress% Rece]tly
researchers succeeded in synthesizing bulk
samples in the form of ingots with a few
millimetres in thickness by means of special care-
ful casting techniques for selected alloy compo-
sitions characterized by extremely high glass-
forming ability [2]. However rapid solidification
technique on fast rotating metallic wheel enables
the production of ribbons for a wide range of alloy

compositions [3]. The thickness of ribbons is typi-
cally 10-50 micrometer.

Bulk metal glasses can also be prepared by con-
solidation of ribbons using techniques preventing
crystallization. For example the high pressure tor-
sion (HTP) method was successfully applied for
consolidation of powder or milled powder samples
[4]. In the case of amorphous materials the method
was applied to produce massive samples from the
melt-spun ribbons by consolidation at room tem-
perature [5-7]. This application is especially inter-
esting for the amorphous alloys since it is relatively
easy to fabricate them by melt spinning methods.
However, it remains difficult to prepare bulk amor-
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phous samples. The large strains occurring in the
HPT process may induce crystallization in the
amorphous matrix [5-7]. It is considered that the
crystallization is athermal in nature [8]. The crys-
tallization induced by HPT reveals a radial depen-
dence from the rotation axis and on the range of
the accumulated shear strain. It also affects the
path of the further, thermal crystallization of the re-
maining amorphous phase [7]. The present work
investiagtes the microstructure and properties of
the Ni-Ti-Zr based amorphous ribbons consolidated
by HPT at room temperature in comparison with
the properties of the as quenched ribbons.

2. EXPERIMENTAL

Two alloys of the compositions Ni56Cu2Zr18Ti16Al3Si5
(Ni-1), and Ni36Cu23Zr18Ti14Al5Si4 (Ni-2) were made
from pure elements of 3N and 4N purity using the
levitation method under an argon atmosphere. Rib-
bons were produced by melt spinning in He atmo-
sphere using quartz crucibles. The melt was ejected
onto a rotating CuCoBe wheel of 20 cm in diameter
with a velocity of 19 m/s. The cold consolidation of
the ribbons was performed in the following way: the
ribbo]s were cut i]to 10–12 mm pieces a]d six or
four parts of each were consolidated under quasi-
hydrostatic conditions. Bridgman anvils of 8 mm in
diameter, a pressure of 6 GPa and two full turns
were used in the HPT process. The amount of strain
during the HPT process was estimated by the fol-
lowing expression:
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where hiR is the height of the sample after process-
ing at a distance R from the center,  – is the rota-
tion angle of the mobile anvil in radians.

Transmission and scanning electron microscopy
were performed using a JEM 2000EX and JSM 840
microscopes respectively. The cross sections of
HPT samples were analyzed with Axiovert optical
microscope. Phase analysis was performed with a
Philips PW 1830 diffractometer using Cu K  radia-
tion. For thermal analysis DSC Q1000 and SDT
Q600 (TA Instruments) were used. The specimens
for the be]di]g tests were spark–cut from the HPT
samples at a distance of 1 mm from the center of
the discs and subsequently grinded and polished
to fi]al dime]sio]s 1%5 х 0%2 х 6 mm% Three poi]t
bending tests were performed at room temperature
using an Instron testing machine.

3. RESULTS

3.1. Microstructure of the as
quenched ribbons

Two ribbons were similar, 10 and 7 mm wide and
with average thickness 45 m. The TEM microstruc-
tures and selected area electron diffraction (SAED)
patterns of the ribbons are shown in Fig. 1. The
characteristic broad halos were typical for the amor-
phous microstructure. Moreover XRD patterns also
confirmed the amorphous microstructure.

3.2. Microstructure of the
cold-consolidated samples

Disc shaped samples of the diameters similar to
the width of the ribbo]s a]d 6–7 times thicker were
achieved (Fig. 2). Optical microscopy was used to
control the quality of the consolidation along the
cross section perpendicular to the surfaces. It was
found that the quality of the consolidation depends
on the amount of strain produced by the HPT pro-
cess. The samples were completely consolidated
after four full turns (Fig. 2c). Samples with less num-
ber of turns showed an incomplete consolidation
close to the rotation axis. The consolidation further
off the center was very good (Figs. 2a, 2b). This is
obviously due to the fact that the amount of strain is
not only dependent on the rotation angle rather than
on the distance from the center, as expected from
Eq. (1). A minimal average strain, which is neces-
sary for the full consolidation of the material is esti-
mated accordi]g to the Eq% (1  to 4%0±0%1 at 6 GPa%

The microstructure of the consolidated samples
was investigated using XRD and TEM. As shown in
Fig. 3, the sample Ni-1 was crystallized in some

Fig. 1. TEM images (BF) and SAED patterns of as
quenched ribbons: (a) Ni56Cu2Zr18Ti16Al3Si5, (b)
Ni36Cu23Zr18Ti14Al5Si4.
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Fig. 2. Ni36Cu23Zr18Ti14Al5Si4 samples cold-consolidated by HPT at =2p (a), =4p (b), and =8p (c).

Fig. 3. XRD pattern of the consolidated ribbons Ni56Cu2Zr18Ti16Al3Si5 (a), and Ni36Cu23Zr18Ti14Al5Si4 (b), and
TEM microstructure (c) of the cold consolidated ribbon Ni56Cu2Zr18Ti16Al3Si5.
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part. However, the majority of the material was still
amorphous, contrary to the sample Ni-2 which was
fully amorphous. TEM analysis generally supported
these results (Fig. 3c).

3.3. Thermal stability

To investigate the thermal stability, a DSC analysis
was performed by continuous heating using a rate
of 0.50 K/s. The glass transition temperature Tg

(measured at the turning point) and primary crystal-

Fig. 4. The DSC curves comparing thermal stability of the ribbons and cold consolidated samples of the
alloys Ni56Cu2Zr18Ti16Al3Si5 (a) and Ni36Cu23Zr18Ti14Al5Si4 (b).

lization temperature Tx (at the onset) for the ribbon
with high Cu content were about 35K lower in com-
parison with the ribbon containing 2 at.% Cu. More-
over, the melting temperature (Tm) and liquidus tem-
perature (Tl) of this alloy were lower. Both the crys-
tallization enthalpy Hc 69 J/g, and the enthalpy of
fusion ( Hm) (3.2 kJ/mol) were slightly higher for this
ribbon. All the results concerning the thermal analy-
sis are presented in Table 1. The activation energy
for crystallization ( E), determined by the Kissinger
method (using heating rates 0.2, 0.3, 0.5, and 0.7
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K/s) and the difference in Gibbs free energy G,
which at Tg is proportional to the driving force for
crystallization [9] were calculated to compare the
ability for crystallization in the solid state. The G
was calculated with the equation G=4 HmT 2(Tm–
T)/[Tm(T + Tm)2] [10] where T = Tg. As shown in Table
1, the calculated parameters connected to the glass
forming ability are similar for both alloys but the
activation energy and G exhibit a higher crystalli-
zation ability for the alloy with the high Cu content.

The DSC curves comparing glass transitions and
crystallization processes of the ribbons and the cold
consolidated samples are shown at Fig. 4. In case
of the sample Ni56Cu2Zr18Ti16Al3Si5 the temperatures
Tx are similar and the DHc for primary crystalliza-
tion is lowered by 10% in comparison with the rib-
bon. In case of the sample with high Cu content the
DHc is lowered by 18% and the temperature Tx by
2K. In spite of the similarities in the primary crystal-
lization effects, the complete crystallization may be
slightly different as the secondary crystallization
effects differ between cold-consolidated samples
and the ribbons. More complicated changes were
observed with respect to the glass transition. After
HPT Tg increased by 4K for sample Ni-1, while for
the sample Ni-2 with high the Cu content decreased
by 7.5K, increasing undercooled liquid range from
17.6 to 23K in comparison with the ribbons.

3.4. Mechanical tests

The tensile tests and microhardness measurements
showed for the ribbon Ni-1 with 2 at.% Cu a much
higher strength for the hardness (8.95 GPa) and elas-
tic modulus (111.08 GPa) than the ribbon with the
high Cu content revealing a microhardness and an
elastic modulus of 7.76 GPa and 97.67 GPa, re-
spectively.

Nanohardness measurements of the cold con-
solidated samples showed the decrease in the hard-
]ess by 0%8–0%9 a]d i] elastic modulus 0%7–0%8%

Table 1. Comparison of the thermal stability and GFA related parameters for the investigated amorphous
alloys (heating rates for Tg and Tx: 0.5 K/s, and 0.17 K/s for melting).

Tg [K] Tx [K]/ T G E Tm Tl (Tg/Tl)     Tx/
Hc [K] [J mol–1][kJ/mol] [K]/ Hm [K] / (Tg/Tm)     (Tg + Tl)

[J/g] [kJ/mol]

Ni56Cu2Zr18 852.0 864.4/ 12.4 342 506.6 1279.0/ 1294.0 0.66/0.67   0.40
Ti13Al6Si5 64.7 1.6
Ni36Cu23Zr18 813.0 830.6/ 17.6 697 449.8 1241.3/ 1262.9 0.64/0.65   0.40
Ti14Al5Si4 68.7 3.2

Three point bending tests of the consolidated
samples also demonstrated much higher ultimate
strength in the case of Ni-1 than in Ni-2 (about 3
GPa and 1.2 GPa respectively).

3.5. Microscopic study of the fracture
surfaces

SEM observations of lateral surfaces of the samples
subjected to tensile and three point bending tests
showed that plastic deformation occurs mainly by
formation of shear bands (indicated by arrows in
Figs. 5a and 5b). These bands are periodic and are
similar in as quenched ribbons and consolidated
samples. The fracture patterns of the as quenched
ribbons are characteristic of brittle fracture and con-
sist of clearly visible river patterns (indicated by ar-
rows in Fig. 5c).

The fracture surfaces of cold consolidated
samples are more complicated (Fig. 6). A non-uni-
form structure of fracture surfaces may be caused
by the formation of deformation bands during the
HPT process. The fracture surfaces consist of ar-
eas with dimples (marked out by circle), river pat-
terns (marked out by triangle), and cleavage facet
(marked by square). Equiaxed dimples are most
likely to be formed by nucleation, growth and coa-
lescence of microvoids. The walls of dimples repre-
sent rupture ridges, which are likely to characterize
plastic deformation prior to fracture. Such a fracture
surface is typical of high ductility materials. The frac-
ture surfaces containing cleavage facet and steps
of river patterns which are joined together along crack
extension are characteristic of brittle fracture. SEM
observations of fracture surfaces show that the con-
solidated sample with 2 at.% Cu revealed ductile-
brittle fracture while the sample with high Cu con-
tent revealed brittle fracture. Bending tests demon-
strating much higher ultimate strength in Ni-1 than
in Ni-2 samples support these observations.
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Fig. 5. Lateral surfaces (a, b) and fracture pattern
(c) of Ni36Cu23Zr18Ti14Al5Si4 samples after the
tensile tests: (a, c) as quenched ribbons, (b) after
three point bending test of consolidated sample.

Fig. 6. Fracture surfaces after three point bending
tests of cold consolidated samples: (a)
Ni56Cu2Zr18Ti16Al3Si5, (b) Ni36Cu23Zr18Ti14Al5Si4.

4. DISCUSSION

Two amorphous ribbons Ni-1 and Ni-2, which were
different in composition, were subjected to a cold
consolidation process by the HPT using the same
parameters. The ribbon Ni-1 that contained less Cu
and Al and more Zr than the ribbon Ni-2 revealed
higher thermal stability with respect to the crystalli-
zatio], a higher te]sile stre]gth, You]g’s modulus
and microhardness, and was partially crystallized

during the cold consolidation process. The ribbon
Ni-2 preserved the amorphous state. Such results
suggest that the thermal stability is not an indicator
for retaining the amorphous state in the HPT pro-
cess. As the temperature in the HPT process may
have increased due to friction [11], the relation of
the undercooled liquid temperature range to the tem-
perature of consolidation has to be considered criti-
cal. If consolidation takes place in the T range
and time and temperature of the process are not
enough for the isothermal nanocrystallization, the
amorphous phase may be preserved. Additionally
lower hard]ess a]d You]g’s modulus of the ribbo]
should support easier consolidation. These condi-
tions were fulfilled rather by the ribbon Ni-2 than
Ni-1. The DSC experiments showing changes both
in the crystallization process, T range and glass
transition temperature of cold consolidated samples,
but different for each of them, supports such a
mechanism.

The results concerning the crystallization pro-
cess as a result of HPT and differences in the sub-
sequent crystallization of the cold consolidated
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samples are in a good agreement with other papers
[6-8]. The decrease of Tg for the sample which pre-
served the amorphous microstructure suggest that
large shear strains may modify the amorphous struc-
ture microscopically. This was also suggested in
Ref. [6]. The decrease in the hardness and elastic
modulus of the cold consolidated samples may be
explained by the formation of the deformation bands
by the HPT process.

Generation of deformation bands by HPT was
discussed in Ref. [12] in terms of free volume. Ac-
cording [12] the dynamic excess of free volume in
amorphous materials plays an important role in de-
crease of plastic resistance in the shear zone that
in turn leads to the strong localization of shear. In
other words a local drop of viscosity takes place in
the shear region that facilitates further process of
plastic flow.

It is necessary to note that the most recent in-
vestigations of HPT deformed amorphous alloy re-
vealed cycling between amorphous and crystalline
states by applying successively increasing defor-
mation [13]. The maximum amount of crystalline
phase (about 80%) was detected by XRD after 0.5
turn at 4 GPa. The alloy under study was Ti50Ni25Cu25

(Ni-Ti system) which is characterized by relatively
low primary crystallization temperature and thermo
elastic martensite transformations sensitive to shear
strains. In our case we did not reveal such a cycling
probably due to rather high activation energy for crys-
tallization and primary crystallization temperature
of NiZrTiSi compositions.

5. CONCLUSIONS

It was shown that under special conditions Ni- based
amorphous ribbons may be cold consolidated by
HPT preserving amorphous microstructure. However
in most of the cases partial crystallization took
place. The decisive parameters must be the sub-
ject of the further investigations. The HPT may also
modify the amorphous phase properties. The de-
crease of mechanical properties was observed after
HPT, which may be due to the formation of the de-
formation bands.
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