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a b s t r a c t

Samples of (Cu46Zr46Al8)100−xZx metallic glass forming alloys with diameters 2–6 mm were prepared by
injection casting. The effect of minor amounts of elements Z = Gd, Co and Re with positive enthalpy of
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mixing within the Gd–Zr, Cu–Co and Cu–Re terminal systems was compared. The addition of Gd up to
x = 2 slightly enhances the glass forming ability, Co reduces the critical diameter of bulk metallic glass
formation, whereas even for small fractions of Re bulk samples were crystalline, but only amorphous
splats can be prepared. Both Gd and Co diminish the crystallization temperature Tx with respect to the
Cu46Zr46Al8 master alloy, but in Re-bearing splats Tx is increased. Alloying with optimum amounts of Gd

plas
etall
apid solidification
echanical properties

and Co up to x = 2 leads to
brittle Cu46Zr46Al8 bulk m

. Introduction

Normally, large negative heats of mixing among the constituent
lements of alloys provide a favourable condition for bulk metal-
ic glass (BMG) formation [1]. Phase separation in the liquid
tate, experimentally observed if repulsive interactions are present
etween two major constituent elements, can lead to the formation
f phase separated metallic glasses [2–5]. It has been shown that
he BMGs can exhibit enhanced plasticity as well as glass form-
ng ability (GFA) if a minor amount of a constituent element with
ositive heat of mixing is added [5–11]. The degree of local het-
rogeneity in the glassy matrix, depending on the atomic species
dded, its fraction and the cooling rate during solidification, may
ffect the room-temperature properties of BMGs. In particular, it
as shown that for the BMG forming alloy Cu–Zr–Al the plasticity

an be improved by the addition of minor amounts of Y and Gd
ossessing positive enthalpies of mixing with Zr. Here, we study
he effect of minor additions of the elements Z = Gd, Co and Re
n GFA, microstructure of cast samples and deformation behavior
f a Cu46Zr46Al8 master alloy with well-known superior GFA. The
hree elements exhibit positive enthalpies of mixing within differ-
nt binary terminal systems, Gd–Zr, Cu–Co and Cu–Re, which give
ise to metastable liquid miscibility gaps for Cu–Co [12] and Gd–Zr

13], but a stable liquid miscibility gap at elevated temperature for
u–Re [14]. One special aim of the work is to elucidate the effect
f various amounts of these elements, which exhibit quite differ-
nt features of immiscibility regarding the main constituents of the
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tic deformability of rods, 2 and 3 mm in diameter, in comparison with the
ic glass.

© 2010 Elsevier B.V. All rights reserved.

Cu–Zr–Al glass-forming alloy, concomitant with the variation of the
cooling rate by casting specimens with different diameters [15].

2. Experimental

The multi-component (Cu46Zr46Al8)100−xZx (x = 1–4) alloys were prepared from
elements of 99.99 wt.% purity, Zr, Cu, Al, and Z = Co, Gd, Re, by arc melting under
a purified Zr-gettered argon atmosphere on a water-cooled Cu hearth. The but-
tons were remelted in a Hukin-type cold-crucible radio frequency induction furnace
under Ar atmosphere and cast into Cu-molds to form bulk rods 6 mm in diameter
and 75 mm in length. Rods with 2 and 3 mm diameter were prepared by injection
casting in Cu-molds. In addition, thin foils with thicknesses ∼40 �m were produced
in a splat quenching apparatus.

Structural investigations were carried out by X-ray diffraction (XRD) with Cu K�

radiation using a Rigaku diffractometer. For microstructure and phase identification,
sample cross sections were examined by using a Zeiss Jenapol optical microscope
and by scanning electron microscopy (SEM) in the backscattered electron (BSE)
and secondary electron (SE) mode using a Philips XL30 device. The composition
of the phases was measured by electron probe X-ray microanalysis (EPMA) in the
energy dispersive mode (EDS). A TECNAI T20 transmission electron microscope
(TEM) with a LaB6 cathode operated at 200 kV accelerating voltage coupled with
energy-dispersive X-ray analysis (EDX) was used for local structure analysis. Dif-
ferential scanning calorimeter (DSC) studies of samples were accomplished up to
650 ◦C in an argon atmosphere using a Netzsch DSC 404 device at a heating rate of
20 K/min.

Compression tests were performed with an Instron 8562 electromechanical test-
ing device under quasistatic loading (strain rate: 7 × 10−5 to 1 × 10−4 s−1) at room
temperature. The cylindrical test samples with a diameter to length ratio 1:2 were
cut from as-cast rods.

3. Results
3.1. Structure and thermal stability

Similar to the Cu46Zr46Al8 basic composition
(Cu46Zr46Al8)100−xZx are bulk metallic glass forming alloys

dx.doi.org/10.1016/j.jallcom.2010.12.054
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. The X-ray diffraction pattern of as-cast rods 6 mm in diameter of
(Cu46Zr46Al8)100−xZx alloys containing the element fractions Z = Co or Gd with x = 0
(
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495 ◦C (x = 2), and 490 ◦C (x = 4) are attributed to the crystalliza-

F
T
p

basic alloy), 2 and 4 at.%. The principal reflections of the crystalline B2-CuZr and a
uZrAl structure type phase, respectively, are denoted.
or Z = Co and Gd. The X-ray diffraction patterns, Fig. 1, show that
s-cast rods 6 mm in diameter exhibit an amorphous structure
f the fraction of Co or Gd does not exceed x = 2, however small
rystalline fractions cannot be excluded by X-ray diffraction.

ig. 2. TEM images and SAD patterns (insets) of a (Cu46Zr46Al8)99Co1 rod 3 mm in diameter
he dashed circle indicates the nanocrystallite. (c) SEM backscattered electron image of a
recipitates.
mpounds 509S (2011) S131–S135

The (Cu46Zr46Al8)96Gd4 and (Cu46Zr46Al8)96Co4 samples dis-
play crystalline reflections of the B2-CuZr and the CuZrAl cubic
structure type, respectively. For these two alloys bulk amorphous
rods were only obtained up to 3 mm diameter. According to the
HRTEM images shown in Fig. 2, the Co-bearing alloy normally
shows a homogeneous amorphous structure which is proven by the
halo in the selected area diffraction (SAD) pattern (Fig. 2a). How-
ever, small areas with crystalline structure are embedded in the
glassy matrix, which also lead to additional reflections in the SAD
pattern (Fig. 2b). The crystalline fraction detected in the samples is
eventually triggered by chemical heterogeneities.

For Re-containing alloys (Cu46Zr46Al8)100−xRex (x = 1, 2) no bulk
amorphous samples have been received even for rods 2 mm in
diameter. As shown by the SEM image, Fig. 2c, they form small
Re-rich precipitates, which initiate the complete crystallization
of B2-CuZr and CuZrAl type phases. Only thin (Cu46Zr46Al8)99Re1
splats of 40 �m thickness display a diffraction pattern without crys-
talline reflections.

The effect of the element Co on the thermal stability of
bulk amorphous (Cu46Zr46Al8)100−xCox samples (∅= 3 mm) on
isochronal heating with 20 K/min is demonstrated in Fig. 3. The
slight endothermic upturn of the DSC signal with an inflection point
is defined as the glass transition temperature Tg = 430 ◦C. The strong
exothermic peaks with the onset temperatures at Tx = 500 ◦C (x = 1),
tion of the amorphous matrix. The glass transition temperature Tg

is not much affected by small Co additions but the crystallization
temperature Tx is slightly reduced signalizing the poorer GFA. The
enthalpy of crystallization drops from 39 J/g (x = 1) to 18 J/g (x = 2)

. (a) Amorphous region and (b) amorphous region with an embedded nanocrystallite.
crystalline (Cu46Zr46Al8)98Re2 rod 3 mm in diameter. The arrows point to Re-rich
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Fig. 4. Room temperature compressive stress–strain curves of
ig. 3. DSC scans of (Cu46Zr46Al8)100−xCox amorphous alloys from rods 3 mm in
iameter at heating rates 20 K/min.

nd 2.6 J/g for (x = 4). This is not only because of the change in the
lassy structure by adding the element with positive enthalpy of
ixing, but also largely due to the appreciable crystalline frac-

ions for the higher Co content (x ≥ 2). Addition of Gd also reduced
x = 495 ◦C for (Cu46Zr46Al8)99Gd1 compared with Tx = 500 ◦C of the
asic alloy and to Tx = 475 ◦C for (Cu46Zr46Al8)96Gd4 which confirms
imilar tendencies reported for melt spun ribbons [11]. However,
he enthalpy of crystallization decreases less strong, from 46 J/g
x = 1) to 31 J/g (x = 4), than for Co additions, pointing to the better
FA [16] and a smaller crystalline fraction of the Gd-bearing alloys.

.2. Mechanical properties and fracture mode

Room temperature compressive stress–strain curves of as-cast
Cu46Zr46Al8)100−xCox samples with 2 and 3 mm in diameter are
hown in Fig. 4. The initial BMG Cu46Zr46Al8 exhibits high strength
f 1700–1800 MPa and appreciable elastic elongation up to ε = 1.8%,
ut does not display any substantial plastic deformation. The slight

eveling-off of the stress–strain curves of 2 mm diameter samples
t high stresses (∼1800 MPa) suggests some plastic deformation,
ut the serrated flow may be due to inhomogeneous deformation

n shear bands accompanied by micro-cracking. Samples of the
asic alloy with larger diameter fail upon yield and do not show
ny plasticity. Small amounts of Co (x = 1) only lead to a minor
mprovement of the compressive deformation behavior of sam-
les 3 mm in diameter, which show about εp ≈ 1% plastic elongation
Fig. 4b).

If the Co fraction is increased to x = 2 the plastic deforma-
ion is further improved and the plastic elongation can reach
p ≈ 2% and a strain to fracture up to εf ≈ 4% for samples with
mm in diameter. The elastic module of E = 100 ± 5 GPa and the
ield stress �y = 1800 MPa remain virtually unchanged by the Co
ddition. With increasing diameter the compressive deformation
ehavior is obviously changed and the sizeable plastic deforma-
ion is accompanied by reduction of the yield stress, which is in the
ange between �y = 800 and 1600 MPa for specimen 3 mm in diam-
ter, and apparent work hardening. We attribute the improved
lastic deformation to the higher crystalline fraction caused by
he reduced cooling rate (cf. Figs. 1 and 2b). For x = 4 the opti-
um Co portion is exceeded for both sample sizes, which leads
oth to a less significant plastic deformation εp ≤ 1% and a reduc-
ion of the yield stress of the specimens. The apparent scatter
f stress–strain curves for the same concentration and sample
ize may be caused by cooling rate fluctuations in the casting
(Cu46Zr46Al8)100−xCox of injection cast rods with diameters (a) ∅= 2 mm and
(b)∅= 3 mm.

process, which induces local structure variation in the as-cast
rods.

The Gd containing alloys (Cu46Zr46Al8)100−xGdx displayed an
improved plastic deformation up to εp ≈ 2.5% and εf ≥ 4% only for
x = 2 for samples 3 mm in diameter. The yield stress reduction by
Gd to 1700–1500 MPa is much less significant than for Co-bearing
samples. Specimens with x = 4 do not show plastic deformabil-
ity. The observed improvement of the deformation behavior and
the optimum Gd fraction x = 2 are similar to previously reported
Cu46Zr47−xAl7Gdx rods with 1 and 2 mm diameter [11].

The stress–strain curves of Re-bearing samples
(Cu46Zr46Al8)100−xRex must be distinguished from the above-
discussed behavior. They display a high degree of plastic
deformation up to εp ≈ 4.5%, high ultimate stress �max = 1600 MPa,
but rather low yield stresses of �y = 400–800 MPa and extended
strain hardening. Therefore, the mechanical properties rather
resemble those of their constituent crystalline phases, basically
the B2-CuZr type phase, which is ductile but exhibits a compara-
tively low yield strength �y ≈ 450–490 MPa [17], and will not be
discussed in detail.
Fracture surfaces reflect the different mechanical behavior of the
samples in compression testing. The SEM image of the Cu46Zr46Al8
BMG displays a typical vein pattern (Fig. 5a), indicating that the
sample has experienced thermal softening and large deformation.
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ig. 5. SEM secondary electron images of fracture surfaces after compressive tes
∅= 3 mm), and (c) (Cu46Zr46Al8)98Co2 BMG specimen (∅= 2 mm). The arrows poin

n contrary, the fracture surface of (Cu46Zr46Al8)99Co1 is charac-
erized by elongated areas with alternating coarse and fine vein
atterns. The coarse regions exhibit some smooth surface ripples,
ignalizing plastic deformation. For the (Cu46Zr46Al8)98Co2 spec-
mens alternating areas with completely smooth appearance and

ith vein pattern, respectively, are detected, which spread along
he fracture surface forming an angle of ∼45◦ with the sample axis.

. Discussion and conclusions

Randomly distributed chemical heterogeneities in the amor-
hous matrix, caused by additions of elements with positive
nthalpies of mixing, are considered as a prospective concept
or improving the ductility of BMG’s. This has been proven for
u46Zr47−xYxAl7 [5] and Cu46Zr47−xGdxAl7 [11] where some plas-
ic deformation was achieved for small samples (∅= 1–2 mm) in a
imited concentration range of the elements with positive enthalpy
f mixing, Y and Gd. For the latter system the beneficial effects on
he mechanical properties are principally confirmed in the present
ork for a similar composition and for somewhat larger rod diame-

ers although an alternative origin of this effect, the capability of Gd
o remove oxygen from the glassy matrix is discussed. It may not
nly increase the GFA [16] but also improve the mechanical proper-
ies. Compressive stress–strain curves of our (Cu46Zr46Al8)100−xCox

amples, shown in Fig. 4, reveal that alloying with Co has a more

istinct effect on the plastic deformability than Gd. Oxygen getter-

ng in the glassy matrix can be excluded for Co. Therefore, we can
ndeed assume that chemical heterogeneities enhance the strength
f the amorphous matrix, which leads to a higher resistance against
hermal softening within local shear bands. However, nanocrys-
a) Cu46Zr46Al8 BMG specimen (∅= 2 mm), (b) (Cu46Zr46Al8)99Co1 BMG specimen
rface ripples indicating ductile deformation.

talline regions embedded in the glassy matrix, which are eventually
triggered by chemical heterogeneities, may also contribute to the
improved deformability.

The elongated areas with coarsened or no shear band pat-
terns on the fracture surface of Co containing samples support
this assumption. Similar to the previously studied systems, the
biggest enhancement of plastic elongation was achieved for the
optimum Co content x = 2. If this limit is exceeded (x = 4) appre-
ciable fractions of crystalline phases are formed within the glassy
matrix, which are verified in the X-ray diffraction pattern and by
the drastically reduced enthalpy of crystallization of the samples.
However, for (Cu46Zr46Al8)98Co2 the difference between samples
prepared with different cooling rates is also apparent. In particular,
for samples with larger diameter (∅= 3 mm) the enhanced plas-
tic deformation is accompanied by a sizeable decrease of the yield
strength. It was discovered only recently that crystalline (B2-CuZr)
heterogeneities can also enhance the plasticity of Cu–Zr(–Al) based
BMG samples but they cause the yield strength to drop [16,17]. In
the (Cu46Zr46Al8)100−xCox system we observed a drop in the yield
strength not only for the samples prepared with a lower cooling
rate but also for samples with higher Co fractions (x = 4), which
definitely contain some crystalline volume fraction. Therefore, the
strengthening of the glassy matrix by nano-heterogeneities may
be superimposed by the effects of small crystalline (B2 CuZr-type)
phase precipitates, which also can improve the plasticity [16–18].

The concept of improved mechanical properties for BMG sys-

tems, by addition of small amounts of elements with positive
enthalpy of mixing is of huge interest for developing new alloy
designs. It may involve alternative structure effects, which war-
rant further studies with sophisticated methods of structure
analysis.
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