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a b s t r a c t

Alloys of composition Zr40Cu40Ni10Ti10 and Zr48,5Cu32.5Ni9Ti10 (in at.%) were ball milled for 40 h
starting from elemental powders or melt spun from cast ingots. In both cases amorphous structure was
obtained, however in the case of ribbons, larger crystals of Cu10Zr7 or Ni7Zr2 phases of size of a few hun-
dred nm were observed. In the case of milled alloys much finer intermetallic phases such as Zr2Cu or
Cu10Zr7 were identified within the amorphous matrix using X-ray diffraction or HRTEM. In both alloys
DSC studies have shown higher crystallization temperature for the powder, than for the ribbon. It was
explained by a different structure of preexisting intermetallic nuclei crystallizing in milled powders. The
echanical alloying
elt spinning
ot pressing
RTEM

milled amorphous powder was also used as a matrix for composites containing 20% or 50% of nanocrys-
talline silver powder, prepared from silver powder by ball milling. The composites hot pressed at the same
temperature as the amorphous samples show in some places very narrow transition phase enriched in
silver containing also other elements of the amorphous phase. Composites containing more silver show
lower hardness and strength, but exhibit a few percent of plastic deformation in the compression test.
Scanning electron studies of deformed composite samples show crack initiation within the amorphous

ents
phase, not at the compon

. Introduction

In the quaternary ZrTiCuNi system, the TiCu-rich glass form-
ng region is determined by one or two of the 3 eutectics [1],
imilarly like for the ZrCu rich region. Multicomponent CuTi base
r CuZr base alloys can be easy obtained amorphous by a con-
entional copper mould casting [2–4] or melt spinning method
5–7]. The alloys from the quaternary CuTiZrNi system show a very
ood glass forming ability manifested by high values of Trg = Tg/Tl
bove 0.6 [2,3,5–10]. Cast bulk quaternary CuTiZrNi amorphous
lloys show also a very good mechanical properties with a com-
ressive fracture strength above 2 GPa [4–6,11,12], with a positive
ffect of fine crystalline particles [11]. Among amorphous quater-
ary and multicomponent alloys some are based on Cu–Ti system
2,3,6–8,11,12] and the other on Cu–Zr system [4,7] either with Ni,
i or Al additions. Atomized CuTiZrNiSnSi powders were obtained
morphous [12], however sintered already at 470 ◦C, completely

rystallized. On the other hand spark plasma sintered amorphous
uZrNiTi and Ni base atomized powders have shown a very good
echanical properties [13]. The CuZrTiY alloy powder, mechani-

ally alloyed was obtained amorphous with a very high value of
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�T = Tx − Tg of 82 ◦C [14] and the presence of nanoparticles were
not affecting this value. Similar observation was reported in ball
milled Cu47Ti33Zr11Ni8Si1 alloy [10] where crystallization onset
of milled powder was 470 ◦C and that of the hot pressed bulk have
shown even higher values.

Therefore in the present paper two compositions of Zr–Cu–Ni–Ti
alloy based on Cu–Zr system (less explored than that based on
the Cu–Ti system) were chosen to produce amorphous structure
either by melt spinning or by ball milling, followed by hot pressing
with addition of Ag nanocrystalline powder to produce amorphous-
crystalline composite. The crystallization effects were compared in
ball milled and melt spun amorphous alloys as the literature results
concerning crystallizing phases in quaternary CuZrTiNi alloy sys-
tem are not consistent [1–12]. The silver addition was chosen to
improve ductility and electrical conductivity of composites as in
[8,10] which might be useful as electrical contacts materials and to
improve glass forming ability [15] in a transition interface regions,
where silver is expected to diffuse into amorphous phase.

2. Experimental procedure
Two quaternary alloys were chosen for the present study Zr40Cu40Ti10Ni10
(1) and Zr48,5Cu32Ti10Ni9 (numbers indicate at.%). The composition of alloy 2 was
chosen as that of multicomponent eutectic existing in the as cast alloy 1. Ball milling
process of alloys was performed in a planetary mill “Pulverisette 5” at 200 rpm in
argon atmosphere using bearing steel balls. High purity elemental powders (≥99.7%)
were handled in a glove box under a purified argon atmosphere. The 15 min of
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ig. 1. X-ray diffraction curves from the alloy1 melt spun ribbon (top), alloy 2 40 h
illed powder (middle) and alloy 1 40 h milled powder (bottom).

illing was followed by 45 min of pause for cooling down to avoid overheating
f powders. The elemental powders were initially blended to the required compo-
itions and then subjected to ball milling. The identical alloy’s compositions were
elt spun using equipment built by VACTEC Poland at the copper wheel linear rate of

3 m/s and the ejecting helium gas pressure of 015 MPa. Composites were obtained
y hot pressing in vacuum of ball milled powder mixtures of amorphous and 20%
r 50% of silver powder, previously 40 h ball milled to obtain nanocrystalline struc-
ure. Compacting was performed under vacuum of 10−2 bar at a pressure of 600 MPa
nd temperatures several degrees below the crystallization temperature. Thermal
ffects were studied using Du-Pont Q910 thermal analyser. Mechanical properties
ere studies using 0,5 MN Instron testing machine using samples of height 6 mm,
mm × 4 mm thick. Structure was studied using HRTEM (Tecnai G2F20 S-Twin),
hilips XL 30 SEM and X-ray diffractometer PHILIPS PW 1840. Thin foils from com-
osite interfaces for TEM were obtained using FEI FIB instrument, while from powder
sing Leica EM UC6 ultramicrotome.

. Results and discussion

.1. Ball milling or melt spinning amorphization

Fig. 1 shows X-ray diffraction curves for the 40 h milled powder

nd the melt spun ribbon from the alloy 1 and the milled powder
rom the alloy 2. One can see that the ribbon shows a broad hallow
haracteristic for the amorphous phase, while diffraction curves
rom powders show in spite of the broad hallow, small peaks from

Fig. 2. DSC curves obtained during heating 30 K/min of the alloy
Fig. 3. HAADF micrograph of the melt spun ribbon of the alloy 1and above the
table with the chemical composition measured using EDS detector at points 1and 2
marked in the micrograph.

the crystalline phase. Due to a small intensity of peaks and probable
existence of texture it is difficult to identify crystalline phases, how-
ever one can see that position of higher intensity peaks of Cu10Zr7
and Ni7Zr2 phases marked on the diffraction curves match fairly
well the existing diffraction peaks. These phases were indicated as
components of eutectic reactions in the ZrCuNiTi system [1] and
Cu10Zr7 was observed in ternary CuZrTi alloys [16]. Fig. 2 shows
DSC curves of alloy 2 ball milled or melt spun. A different sequence
of crystallization peaks is observed for ribbons and milled powders.
One can see that in both cases crystallization occurs in a few stages
as manifested by 3 exothermal peaks in the ribbon and 2 in the pow-
der. The maxima for the ribbon are at 464 ◦C, 563 ◦C and 613 ◦C,
while for the powder the first strong peak is observed at 519 ◦C.
Similarly for the alloy 1 the first crystallization peak for the pow-
der occurs at 549 ◦C, while that for the ribbon at 485 ◦C, confirming

observation in Fig. 2 for the alloy 1. Fig. 3 shows a High Angle Annu-
lar Dark Field HAADF micrograph of the melt spun ribbon from the
alloy 1 and the table as an insert with results of the chemical com-
position of the amorphous matrix and the bright phase marked as

2 powder milled 40 h (bottom) and melt spun ribbon (top).
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ig. 4. TEM micrograph of 40 h ball milled alloy 1 and corresponding electron
iffraction pattern.

oints 1and 2 in the micrograph. One can see that crystalline parti-
les visible as bright of size from several up to 100 nm are enriched
n copper and contain less other elements than the matrix. From the
esults of the chemical analysis of particles one can expect precip-
tates from the binary Cu–Zr system and indeed such phases were
dentified using X-ray diffraction and high resolution transmission
lectron microscopy. The TEM studies of the structure of the ribbon
rom the alloy 2 of composition near eutectic [1] have shown much
igher fraction of the amorphous phase and only a few small crys-
alline particles of similar composition as in the alloy 1. Fig. 4 shows
TEM micrograph of a powder particle of 40 h ball milled alloy 1.
ne can see parallel stripes resulting from multiple ball hitting and
elding of individual powder particles and a darker small parti-

les of size 5–20 nm, being most probably intermetallic crystalline
hases formed during milling. In the Selected Area Diffraction Pat-
ern (SADP) shown as an insert one can see broad hallow resulting

rom the amorphous phase and weak diffraction rings from crys-
als, however there are only few of them and it was not possible
o identify existing phases basing on their distance measurements.
ig. 5 shows a High Resolution Transmission Electron Micrograph

ig. 5. High Resolution Transmission Electron Micrograph HRTEM from milled pow-
er of the alloy 1, Fast Fourier Transform FFT and Inverse Fast Fourier Transform IFFT
rom area marked by a square shown as inserts.
ompounds 509S (2011) S161–S165 S163

HRTEM taken from the 40 h milled powder from the alloy 1. One
can see a cross grating of fringes within the area of nanocrystalline
inclusion of size of several nanometers. From the distance of fringes
and their mutual angles it was found that the crystal can be iden-
tified as Zr2Cu phase in accordance with a tendency of changes
of chemical composition within inclusions as shown in Fig. 7. The
other HRTEM micrographs allowed to identify the same phase or
Cu2TiZr phase.

3.2. Composites hot pressed from milled powders

The composites were prepared by a short mixing of the milled
amorphous powder with either 20 or 50 wt.% of nanocrystalline
Ag powder and subsequent hot pressing in vacuum. Fig. 6 shows a
scanning electron micrograph of the composites. One can see that
both composites show similar microstructures, where amorphous
particles are immersed in the silver matrix visible as a bright phase.
The amorphous phase is of shape of powder particles after milling.
The porosity of the composites is rather small (less than 1%) and the
higher silver content allows to decrease the porosity, as the softer
silver matrix better fills the die. Fig. 7a shows a HAADF micrograph
from the amorphous part of the composite containing 20% of silver
and 80% of the amorphous powder from the alloy 1. The compo-
sition change along the line 1 marked in the micrograph in Fig. 7a
is shown below. Due to the contrast dependence on the Z num-
ber in the micrograph one can expect that crystalline inclusions
are of different composition, than the amorphous matrix. Indeed,
as results from the EDS measurements along the line 1 one can
see that a bright particle show an increase of Zr, and decrease of
copper content indicating possibility of Zr2Cu precipitation as in
milled powders. However, in other places particles rich in copper
and titanium with smaller content of Ni and Zr were also observed.
The results obtained using HAADF and EDS techniques indicate that
nanocrystalline inclusions possess different composition than that
of the amorphous matrix.

Fig. 7b shows a HAADF micrograph of the silver/amorphous
interface and below changes of number of X-ray counts in EDS
detector indicating changes of chemical composition along the line
marked 1 in the micrograph. One can see that in spite of a rather
long time of hot pressing, lasting several minutes, there is only an
insignificant growth of a transition phases at the interface marked
by a bright line in Fig. 7b. This fact might be due to a small solubility
of silver in Ti and Ni. The crystalline phases within the amorphous
matrix visible in the right side grow similarly to that in ball milled
powder, as shown in Fig. 4. There is a gradual decrease of silver and
increase of a content of other elements in the transition phase with-
out any preference for one of phases. One can see that the average
size of grains within the silver part is in the order of a few hundred
of nm, what is the reason of rather high hardness of this part of
the composite. The microhardness of the silver matrix is similar in
all composites, of the order of 145 HV and Young’s modulus about
140 GPa, while the microhardness of the amorphous phase of the
alloy 1 in the composites is about 810 HV and the Young’s modulus
near 185 GPa. The microhardness of the amorphous phase from the
alloy 2 is near 1050 HV and the Young’s modulus near 160 GPa. The
changes of hardness are not however manifested by changes in a
compression strength, since they are similar for both composites
based on alloys 1 and 2.

Fig. 8a shows a compression curves of the composites based
on the alloy 2 with additions of 20 and 50% of Ag. One can see
that the compression strength is about 760 MPa for the composite

containing 20% Ag and near 600 MPa for the other one. The plastic
deformation is slightly higher near 3% and the deformation curve
is more smooth for the composite containing 50% Ag, indicating
less crack formation and more plastic deformation within the sil-
ver part. The compression strength is much lower than reported
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Fig. 6. SEM micrographs of the composites based on alloy 1 (a and
or the cast amorphous alloys [5–7,11,12], however much higher
han that for a pure silver. Therefore one can expect that they may
e useful for electrical contacts where a high strength and a good
onductivity assured by a high content of a pure silver is required.

ig. 7. HAADF micrographs of the composites and below changes of number of X-ray co
arked in the micrographs (a) Alloy 1 containing 20% Ag (b) Alloy 2 with 50% Ag.
alloy 2 (b and d) containing 20% Ag (a and b) and 50% Ag (c and d).
Fig. 8b shows a SEM micrograph from the composite based of the
amorphous powder of the alloy 1 and 50% of silver after a compres-
sion test. The microstructures of the deformed composites based
on the amorphous alloy 2 are similar. One can see that the crack

unts in EDS detector indicating changes of chemical composition along the lines 1
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ig. 8. (a) Compression curves of the composite based on the alloy 2 with 20% Ag an
g.

nitiation occurs within the amorphous part, not at the interfaces
f both components. It indicates that the observed phases formed at
he interface visible in Fig. 7b do not cause crack initiation and the
morphous part is responsible for the low plasticity of composites.

. Conclusions

. Both, ball milling of elemental powders for 40 hours or melt
spinning on a rotating copper drum allows to obtain amorphous
phase from alloys Zr40Cu40Ni10Ti10 and Zr48,5Cu32.5Ni9Ti10
(in at.%). The ribbon of the first alloy shows intermetallic parti-
cles of size of several nanometers identified as Ni7Zr2 or Cu10Zr7;
the same phases, however much of smaller size and volume were
found in the second (eutectic) alloy. Ball milled powders contain
also intermetallic phases identified as Zr2Cu and Cu10Zr7. Dif-
ferent structure of intermetallic phases in ribbons and milled
powder might be a reason for the about 50 ◦C higher crystal-
lization temperatures in the milled amorphous powders in both
investigated alloys.

. The composites prepared by mixing of milled amorphous pow-
ders and the nanocrystalline silver powder in proportions of 20
and 50 wt.%, hot pressed in vacuum at a temperatures below
Tx have shown a low porosity below 1%. The microhardness of

the amorphous phase was about 800–1000 HV, while that of
silver 140–160 HV. The compression strength of a composite
containing 20% Ag was near 750 MPa, while at 50% of silver about
600 MPa. Both composites have shown about 1% of the elastic
deformation and about 3% of the plastic strain.

[

[

[

Ag. (b) SEM micrograph of the deformed composite based on the alloy 1 with 50%
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