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Poisson’s ratio and plasticity in CuZrAl bulk metallic glasses
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bstract

The study of compositional dependence of Poisson’s ratio and compressive plasticity in a CuZr-based bulk metallic glass (BMG) forming
ystem demonstrates that the plasticity of the BMGs is very sensitive to the change of composition. The sensitivity can be well characterized by
he Poisson’s ratio. The Poisson’s ratio and plasticity have a homologous evolution with regard to the adjustment of composition in the alloys. The

ork has implication that the correlation between the Poisson’s ratio and plasticity might provide useful guideline for the development of plastic
MGs in known or unknown BMG-forming alloys.
 2007 Elsevier B.V. All rights reserved.
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Bulk metallic glasses (BMGs) have received much atten-
ion due to their excellent mechanical properties, which offer
otential applications as structural materials [1–3]. However,
ost BMGs have a shortcoming of low plasticity at ambi-

nt conditions that limits the practical utilization. Efforts had
ocused on conquering the demerit by searching for exper-
mental approaches to improve the plasticity [4–6] and the
undamentally understanding the deformation mechanism of
MGs. It is generally known that the unique properties of BMGs
re straightly determined by the lack of long-range atomic order
n the materials. The elastic moduli are apparently important
arameters as a chain to understand the correlation between
he structural characteristics and relevant mechanical proper-
ies. Lewandowsiki et al. found, by summarizing a large number
f data, that the intrinsic plasticity or brittleness of BMGs cor-
elates with their Poisson’s ratio, v [7]. The larger the v is, the
ore ductile the BMGs become. Metallic glasses with a higher
oisson’s ratio v > 0.31 − 0.32 or, equivalently, a ratio of shear
odulus G to bulk modulus K less than 0.41–0.43, are ductile.
his correlation was verified in annealing-induced embitterment
n a given BMG system [7], in ductile Pt-based BMG [8], and
n brittle Fe-based BMGs which display crossover from brittle
o ductile via controlling v [9]. Furthermore, it is also found
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hat elastic constants of metallic glasses scale with the weighted
verage of those of their components [10]. Therefore, the corre-
ation provides useful guidelines for the development of plastic
MGs by appropriate choice of components with the v control

trategy.
In this letter, we report the investigation of the evolution of the

lastic moduli and ductility in an individual BMG-forming alloy
y tuning the composition. We find minor content deviation can
rastically change the plasticity of the BMGs, and the compo-
ition sensitivity of plasticity can be well characterized by the
oisson’s ratio. The results indicate that the correlation between

he Poisson’s ratio and plasticity with regard to the adjustment
f composition might helpful for the accurate determination of
lastic BMG in a known or unknown BMG-forming system.

The (Cu50Zr50)100−xAlx (x = 0–10) alloys were prepared by
elting pure Cu, Zr and Al in an arc-melting furnace under
Ti-gettered argon atmosphere. These alloys were remelted

or several times and cast by suction of the melt into a cop-
er mold to obtain a 50-mm-long cylindrical rod. The diameter
f the (Cu50Zr50)100−xAlx rods was in the range of 2–5 mm.
he structure of the cylindrical alloys (cross-sectional surface)
as characterized by X-ray diffraction (XRD) using a MAC
03 XHF diffractometer (Cu K� radiation), and a differential
canning calorimeter (DSC). Cylindrical specimens with a 2:1
spect ratio were prepared and tested in an Instron 5500R1186
nder quasi-static loading at an initial strain rate of 8 × 10−4 s−1

t room temperature. The fracture surfaces after failure were
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ig. 1. (Color online) Stress–strain curves of (Cu50Zr50)100−xAlx (x = 0, 4, 5,
, 8) under compression at a strain rate of 8 × 10−4 s−1, showing the different
lastic flowability of the BMGs.

nvestigated by scanning electron microscopy (SEM) using a
hilips XL 30 SEM. The BMG rods were cut into a length of
mm and its ends were polished flat and parallel for the ultra-

onic measurement. The acoustic velocities of the BMG were
easured at ambient conditions by using a pulse echo over-

ap method. The travel time of ultrasonic waves propagating
hrough the rod with a 10 MHz carry frequency was measured
y using a MATEC 6600 ultrasonic system with x- and y-cut
uartz transducers. The measuring sensitivity was of the order
f 0.5 ns. The density was measured by the Archimedean tech-
ique and the accuracy lies within 0.1%. Elastic constants (e.g.,
oung’s modulus E, shear modulus G, bulk modulus K, and
oisson’s ratio v) were derived from the acoustic velocities and

he densities [11].
The fully amorphous structure of the samples is confirmed

y XRD as well as thermal analysis of DSC [12]. Fig. 1
hows the compressive stress-strain curves of the as-cast glassy
Cu50Zr50)100−xAlx(x = 0, 4, 5, 6, 8) rods. It is seen that all the
amples exhibit similar elastic elongation about 1.7% at the early

tage of the deformation. However, these samples behave much
ifferent plastic deformations with regard to Al percentage com-
osition as shown in Fig. 2(a). The (Cu50Zr50)95Al5 exhibits the
aximum plastic deformation of 16% [13], but (Cu50Zr50)92Al8

b
c
[
d

able 1
he density ρ, longitudinal, transverse ultrasonic velocities (Vl and Vs), elastic modul
ata of Cu, Zr, and Al elements

amples ρ (g/cm3) Vl (km/s) Vs (km/s)

u 8.960 4.711 2.320
r 6.511 4.572 2.251
l 2.702 6.460 3.103
u50Zr50 7.404 4.436 2.079

Cu50Zr50)96Al4 7.221 4.661 2.118
Cu50Zr50)95.5Al4.5 7.212 4.695 2.119
Cu50Zr50)95Al5 7.195 4.699 2.120
Cu50Zr50)94.5Al5.5 7.174 4.706 2.126
Cu50Zr50)94Al6 7.129 4.722 2.179
Cu50Zr50)92Al8 7.076 4.787 2.202
Cu50Zr50)90Al10 7.204 4.855 2.246
ig. 2. (Color online) The dependence of plastic strain and Poisson’s ratio on Al
ontent for the (Cu50Zr50)100−xAlx BMGs. The homologous relation between
lastic strain and Poisson’s ratio can be seen.

nly has a plasticity of less than 0.5%. The distinct contrast
mplies the ductility of the BMGs is sensitive to the change of
omposition, and the ductile BMGs could be obtained by appro-
riately adjustment of the compositions in the BMG-forming
lloys.

Table 1 summarized the longitudinal, transverse ultrasonic
elocities, density and the calculated elastic moduli of the CuZr-

ased BMGs with the Al content variation from 0 to 10%. The
orresponding data of Cu, Zr, and Al elements are also listed
14]. Because Al has relative high acoustic velocities and low
ensity, the increase of Al content leads to the higher acoustic

i (e.g. E, G, K, and v) for the (Cu50Zr50)100−xAlx BMGs, and the corresponding

E (GPa) G (GPa) K (GPa) v

130 48 140 0.34
88 33 92 0.34
70 26 76 0.35
87 32 103 0.36
88.7 32.4 113.7 0.3699
88.9 32.4 115.8 0.3721
88.7 32.3 115.8 0.3722
89.0 32.4 115.6 0.3717
92.4 33.8 113.8 0.3669
93.7 34.3 116.4 0.3659
99.1 36.3 121.4 0.3639
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happens in the composition of (Cu50Zr50)95Al5. Recent work
also confirms that 5% Al addition can lead to a dense liquid
structure and higher value of viscosity compared to that of the
CuZr glass [17].
P. Yu, H.Y. Bai / Materials Scie

elocities and the decrease of density for these BMGs. Previ-
us studies show that the elastic constants (M) of various BMGs
an be calculated in the form of M−1 = ∑

fiM
−1
i , where Mi

nd fi denote any elastic constant and the atomic percentage
f the constituent element [10]. However, the Al composition
ependence of Poisson’s ratio or G/K shows anomalous con-
idering the elastic moduli of the alloying elements. Fig. 2(b)
hows the Al composition dependence of the Poisson’s ratio in
he (Cu50Zr50)100−xAlx BMGs. All the BMGs have high Pois-
on’s ratios (>0.36) larger than the plastic transition value of
.31–0.32 Ref. [7]. It can be clearly seen that the Poisson’s ratios
ave a maximum around the composition of (Cu50Zr50)95Al5.
lastic moduli give a global and often macroscopic view of
material stiffness. They reflect both the interatomic bond-

ng energies and the connectivity. The result indicates that the
hange of the Al content leads to dramatically microstructural
hange in certain composition of the CuZr-based BMGs, and
urthermore, adjusts the elastic properties of the BMGs. The
henomenon may be due to the intrinsic structural characteris-
ics of BMGs consisting of packed atomic clusters [15]. This
ind of microstructure allows efficient packing of atom clusters
n fixed compositions that show markedly different properties
15].

Both Poisson’s ratio and plastic strain have a similar change
endency upon the variation of Al content, and show the maxi-

um peak around the same composition of (Cu50Zr50)95Al5 as
hown in Fig. 2. The sample with the largest plastic strain of 16%
as the largest Poisson’s ratio value of 0.372 among the BMGs.
he similar variation tendency of plastic strain and Poisson’s

atio upon the change of the Al content reveals that they are well
orrelated.

Fig. 3 shows the relationship between the glass transition
emperature T and the Al percentage composition. The T of
g g
hese BMGs changes with the increasing of Al content. A sharper
ncrease of Tg happens in 5% Al content of the BMG (Fig. 3). It
s known that the Tg is dominated by the bonding force among

ig. 3. (Color online) The relationship of Tg and Al content for the
Cu50Zr50)100−xAlx BMGs. The arrow points the sharp increase of Tg in 5%
l content.
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he constituents and reflects the structural characteristics of an
lloy [16]. This result confirms the sharper alteration of structure
ig. 4. SEM micrographs of fracture surfaces of (a) (Cu50Zr50)95Al5, (b)
Cu50Zr50)94Al6, and (c) (Cu50Zr50)92Al8 samples. The evolution of fracture
atterns indicates the different plastic flow ability for the BMGs with different
l contents.
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The resultant phenomenon of ultimate fracture often gives
nformation for uncovering the mechanism of deformation [18].
ig. 4 shows SEM micrographs of fracture surfaces of (a)
Cu50Zr50)95Al5, (b) (Cu50Zr50)94Al6, and (c) (Cu50Zr50)92Al8
ample. Even though the three BMGs have very close compo-
itions, they show markedly different micrographs of fracture
urfaces. The image of fracture surface of (Cu50Zr50)95Al5
hows a typical dimple-like structure of a characteristic scale
f 20 �m, which indicates the ductile fracture mechanism. For
he (Cu50Zr50)94Al6, the main feature is a vein-like structure in
he fracture surface. However, for the (Cu50Zr50)92Al8 sample,
n obvious melting residual pattern displays over all the fracture
urface without any obvious dimple-like or vein-like structure.
he dramatic contrast for the three fracture patterns confirms the
ifferent fracture behaviors, the atomic bonding features, and the
tructural difference for the BMGs [18]. The 5% Al addition to
uZr alloy may make the structure and atomic bonding reach
n appropriate state and yield the excellent plastic flowability in
he alloy.

The Poisson’s ratio v is directly related to the ratio of bulk and
hear moduli and can be calculated as: v = (1/2) − (3/6 K/G + 2),
t characterizes the relative value of the compressive and shear
eformation and correlates with the atomic configuration in
lassy materials [11,19,20]. So the subtle changes of the com-
ositional dependent structure and plasticity of the alloy can
e clearly reflected by the Poisson’s ratio. Our results indicate
hat, similar to glass forming ability of BMG-forming alloys,
hich is very sensitive to their composition [2], the plasticity
f BMGs is also susceptive to the composition. Minor con-
ent deviation can drastically change the plasticity of the BMGs
hrough alteration of the microstructure. The composition sensi-
ivity of the plasticity can be characterized by the Poisson’s ratio,
hich further supports the previous reported universal correla-

ion between the Poisson’s ratio and the plasticity [7]. Similar
esults have also been reported in ZrCuNiAl BMG-forming sys-
em, the extraordinarily plastic ZrCuNiAl BMGs are obtained
y appropriate choice of the composition utilizing the Poisson’s
atio and plasticity correlation [21].

In summary, the study of the compositional dependence of
he elastic properties and the plasticity in CuZr-based BMGs

hows that the Poisson’s ratio and plasticity have a homologous
volution with the adjustment of composition. The plasticity
f the CuZr-based BMGs is very sensitive to the change of
omposition characterized by anomalous Poisson’s ratio change

[
[
[

Engineering A  485 (2008) 1–4

onsidering the elements alloying. The results imply that even
n the reported BMG systems, plastic BMGs are possible to be
btained by appropriate choice of the composition utilizing the
oisson’s ratio and plasticity correlation. It is expected that the
oisson’s ratio and plasticity correlation would provide useful
uidelines for the development of plastic BMGs in other known
r unknown BMG-forming alloys.
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