
M
a

J
G

a

A
R
R
A
A

K
M
M
F
C

1

c
a
a
h
e
b
l
a
B
o
v
fi
t
t
[

e

a
s
j
m

0
d

Journal of Alloys and Compounds 495 (2010) 323–326

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

etallic glass/light alloy (MEGA) multimaterials elaborated by co-pressing
t high temperature

. Ragani ∗, A. Volland, S. Gravier, J.J. Blandin, M. Suéry
renoble-INP, UJF, SIMAP-GPM2, CNRS, Domaine universitaire, 101 rue de la physique, 38402 Saint-Martin d’Hères Cedex, France

r t i c l e i n f o

rticle history:
eceived 25 July 2008
eceived in revised form 13 October 2009
ccepted 14 October 2009
vailable online 22 October 2009

eywords:

a b s t r a c t

Metallic glass/light alloy (MEGA) multilayered materials are elaborated by co-pressing at high temper-
ature. They constitute a layer of Zr-based bulk metallic glass inserted between two layers of either
aluminium or magnesium alloys. The co-pressing tests are performed at various temperatures above
the glass transition temperature of the glass under inert gas. The selected conditions for co-pressing are
chosen from the knowledge of the rheological behaviour (deduced from strain rate jump tests) of both the
metallic glass and the light alloys and also from information concerning the thermal stability of the glass.
It is shown that the bonding between the metallic glass and the light alloys is improved by increasing
etallic glasses
echanical properties

orming process
o-deformation

the strain undergone by the glass during the process. Bonding is also improved by increasing co-pressing
temperature, keeping in mind that the amorphous structure of the glass must also be preserved during
the process.
. Introduction

Bulk metallic glasses (BMGs) display very interesting mechani-
al properties at room temperature such as a large elastic domain
nd high fracture stresses [1] together with an excellent formability
bove the glass transition temperature [2]. In the recent past, there
as been a growing use of BMGs in various industrial sectors. How-
ver, in order to extend the use of these materials, studies have
een made to overcome their lack of plasticity [3] or to produce

arger sample by using different welding techniques [4,5] as well
s new shaping process [6]. It could also be of interest to associate
MGs with conventional metallic alloys in order to take advantage
f the high strength of the glass and of the large ductility of the con-
entional crystalline alloy in a similar way as in the case of ceramic
bre reinforced alloys. In this framework, a first study has shown
hat it was possible to associate a bulk metallic glass to conven-

ional light alloys by co-extrusion carried out at high temperature
7].

The aim of this paper is to investigate the feasibility of the
laboration of multilayered materials involving a BMG and a con-
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ventional light alloy (Al or Mg alloy) by co-pressing carried out
in the supercooled liquid region (SLR) of the selected BMG and to
report preliminary results concerning the mechanical strength of
the bond between the two materials.

2. Experimental procedure

The Zr52.5Cu27Al10Ni8Ti2.5 (at.%) metallic glass was selected for this investiga-
tion. Ingots were first prepared from elemental metals (purity of 99.99%) by arc
melting under argon atmosphere and the melting was repeated several times to
get a homogenous alloy. The alloys were then cast in a copper mould to produce
rods of 3 mm and 5 mm in diameter. The amorphous state of the rod was confirmed
by X-ray diffraction (XRD) with CuK� radiation. Thermal stability of the BMG was
investigated by Differential Scanning Calorimetry (DSC) at 10 K/min. Details about
both the mechanical behaviour and the thermal stability of this BMG have been
reported elsewhere [8,9]. In particular, a glass transition temperature Tg

onset = 663 K
and a temperature of the first crystallisation peak Tx = 759 K were measured in good
agreement with previously reported values.

The two light alloys used in this work were an AZ31 (Mg–3Al–1Zn, wt.%)
magnesium alloy in the form of 10 mm thick rolled plate and an Al-5056
(Al–5.0Mg–0.1Cu–0.1Mn, wt.%) aluminium alloy in the form of a 10 mm diameter
extruded bar.

The rheological behaviour of the three alloys was determined by compression
tests involving strain rate jumps. The compression samples were heated up to the
testing temperature at 20 K/min and maintained 360 s in order to stabilize the tem-

perature before starting the test. The multilayered material consisted of a circular
glass sheet inserted between two circular sheets of light alloy. Before process-
ing, the surfaces of the sheets were systematically polished with SiC 1200 paper.
Co-pressing tests were carried out under argon atmosphere in order to limit oxida-
tion. After co-pressing, the sections perpendicular to the interfaces were observed
mainly by optical microscopy and the quality of the bonds was roughly estimated
by specifically developed shear tests.
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strength” from the maximum force required for breaking the inter-
faces. For all the tests, the cross head speed was 0.01 mm/min. The
measured values are reported in Table 2, confirming that the bond-
ing strength increases with increasing co-pressing temperature.

Table 1
Experimental values of the strain undergone by the glass for the Al/BMG/Al and
ig. 1. Effect of temperature on the stress–strain rate curves for the three studied
lloys.

. Elaboration of the multimaterials

The co-pressing temperatures were selected in the SLR of the
lass close to Tg in order to preserve its amorphous state during the
rocess, i.e. between 673 K and 703 K. The compression behaviour
f the three materials was determined in this range and Fig. 1 dis-
lays the effect of temperature on the resulting stress–strain rate
urves. The mechanical behaviour of the alloys can be described by
he conventional viscoplastic law � = Kε̇m where m is the strain
ate sensitivity parameter and K a constant for a given value of
. In the studied experimental interval, the metallic glass exhibits

he frequently reported transition between Newtonian (m ≈ 1) and
on-Newtonian behaviour (m < 1). As expected, the Newtonian
ehaviour is promoted by increasing temperature and/or decreas-

ng strain rate. For the light alloys, values of m of about 0.2 are
easured in the whole experimental interval. This value suggests

hat both alloys deform preferentially by dislocation creep as also
xpected for such experimental conditions [10–12].

For the co-pressing experiments, the total imposed strain is
xpected to be an important parameter. In this study, it was arbi-
rarily chosen equal to 0.5 since a preliminary work suggested that
lower strain was not sufficient to get satisfactory bonding. The

train rate was selected to avoid crystallisation of the glass during
he process. Hence, an imposed macroscopic strain rate equal to
.5 × 10−4 s−1 leading to a co-pressing duration of 2000 s was sys-
ematically applied which allows keeping the amorphous structure
hatever the selected temperature.

Fig. 2 displays the variation with temperature of the ratio
etween the flow stress of the glass and the flow stress of the light
lloy for a strain rate of 2.5 × 10−4 s−1. This ratio is higher than
0 when T = 673 K and continuously decreases when temperature

ncreases. The only tested condition where the flow stress of the
lass is lower than the flow stress of the light alloy corresponds to
he multilayer with the aluminium alloy at the highest temperature
T = 703 K).

In this work, all the samples were co-pressed at four temper-
tures (673 K, 683 K, 693 K and 703 K) up to a macroscopic strain
f about 0.5. After co-pressing at the lower temperature (673 K),

he samples split off in three pieces just after removal from the
urnace indicating that no bonding occurred during the process
hatever the nature of the light alloy. At a temperature of 683 K

nly the Al/BMG/Al is bonded and for the higher temperatures the
Fig. 2. Variation with temperature of the ratio between the flow stress of the glass
and the flow stress of the light alloy for a strain rate equal to 2.5 × 10−4 s−1.

quality of the interfaces appears quite satisfactory as illustrated by
the observations of the multilayer cross sections shown in Fig. 3.
This figure shows also that the relative strains of the light alloy and
the metallic glass are strongly affected by the temperature of co-
pressing. Table 1 gives the strain values experienced by the glass
as a function of temperature for both multimaterials. At 683 K, the
mean strain in the metallic glass is very limited whereas it increases
significantly with increasing co-pressing temperature.

These results are in agreement with the rheological behaviours
shown in Figs. 1 and 2: at 683 K, the metallic glass is much harder
than the aluminium or magnesium alloy whereas at 703 K, the flow
stresses of the three materials are in the same range (if the com-
parison is performed at the macroscopic applied strain rate). In fact
the difference between experimental values of the strain experi-
enced by the glass and predictions, assuming isostress conditions of
deformation (i.e. equal stresses in each constituent) and viscoplas-
tic behaviour for the various materials (i.e. � = Kε̇m), is less than
0.01 for both multilayers.

These results suggest that the bonding between the glass and
the light alloy is improved when the glass is significantly deformed
during the process.

4. Characterisation of the multilayer materials

In order to evaluate, even roughly, the mechanical strength of
the bonding at room temperature, a “shear out” test has been devel-
oped. As shown in Fig. 4, the test consists in shearing the bonded
specimen along the interfaces which allows calculating a “shear out
Mg/BMG/Mg multilayers at the various temperatures of co-pressing.

Co-pressing temperature (K) 673 683 693 703
εexp of the glass (Al/BMG/Al) 0.04 0.1 0.34 0.90
εexp of the glass (Mg/BMG/Mg) 0 0.02 0.16 0.51
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Fig. 3. Optical micrograph of the cross section of co-pressed Al/BMG/Al samples. (a)
Co-pressing at low temperature (683 K) leading to no significant deformation of the
glass. (b) Co-pressing at high temperature (703 K) leading to significant deformation
of the glass.

Fig. 4. Scheme of the shear out test.

Table 2
Shear out strength as a function of temperature of co-pressing.

Co-pressing temperature (K) Shear out strength (MPa)

Mg/BMG/Mg Al/BMG/Al

673 No adhesion No adhesion
683 No adhesion 2.5
693 2 14
703 17 16
Fig. 5. Optical micrograph of the Al/BMG interface after co-pressing performed at
703 K.

Nevertheless, the interpretation of these values remains quite
delicate since it requires a more detailed investigation of the inter-
faces. In particular, despite the argon atmosphere used during
processing, some oxide products can be detected along the inter-
faces between the glass and the light alloy. These products were
preferentially attributed to the oxidation of the glass. The oxidation
of various Zr-based BMGs has been quite extensively investigated
in the recent past [13–15]. In particular, it was shown that in the
case of a ZrAlCuNi metallic glass, the oxidation rate significantly
increased between 623 K and 673 K and the main oxide formed was
ZrO2 which is generally considered as a non-protective oxide layer
[15]. Roughly similar conclusions were also drawn for a ZrAlNi com-
position [13]. Fig. 5 displays an optical micrograph of the Al/BMG
interface after co-pressing performed at 703 K. A discontinuous
oxide layer can be observed with a thickness of about 1–2 �m.
Additional tests have shown that this layer is significantly thicker
if co-pressing is carried out in air instead of argon, which confirms
the beneficial role played by the inert gas. The interesting point is
related to the discontinuity of the oxide film. Such a discontinu-
ity supports the idea that oxidation occurred preferentially during
heating rather than during the co-pressing itself. In other words,
a relatively continuous thin oxide layer probably grew at the glass
interface during heating and this layer was progressively broken as
the glass deformed. Even if additional characterisation is required
before any definite conclusion, it seems the fracture of the oxide
layer leads to a direct contact between the light alloy and the glass
and thus to the formation of the bonding. This supports the idea
of a beneficial effect of the glass deformation on the quality of the
bonding.

5. Conclusion

Multilayered materials consisting of a layer of Zr-based BMG
and two layers of a light alloy have been successfully elaborated
by co-pressing at various temperatures close to the glass transi-
tion temperature Tg of the glass. The conditions for co-pressing
were the total strain imposed to the multilayered sample (i.e. 0.5)
and the strain rate (2.5 × 10−4 s−1). These first experiments demon-
strated that a poor bonding (or even no bonding) was achieved
when the glass is not sufficiently deformed and that the adhesion
was improved when both the glass and the alloy, whatever it is Al
or Mg, deformed. This result suggests that a viscosity ratio close

to 1 between the glass and the alloy could be a necessary condi-
tion for good bonding between the constituents of the multilayer.
Even if co-pressing was carried out under argon atmosphere, an
oxide layer was formed on the glass surface during heating. This
oxide partially broke up during deformation of the glass which led
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o the direct contact between the materials and thus to the for-
ation of the bond. Additional work is required to characterise in

epth the interfaces between the various constituents of the multi-
ayered material. Moreover, this work was carried out in conditions

here the flow stress of the glass is higher than that of the alloys.
xperiments will be also performed by selecting an alloy with a
arger flow stress that the glass in order to study the influence of
his inverse situation on the bonding strength.
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