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An annealing effect on elastic moduli of a CaygMg,7Cuys bulk metallic glass has been investigated. The
elastic moduli of CaggMg>7Cuys bulk metallic glass were estimated using a technique of ultrasonic velocity
measurements. The Young’s modulus (E), Poisson’s ratio (v), shear modulus (G) and bulk modulus (B) for
the as-cast CasgMg,;Cuys alloy at room temperature were found out to be sensitive to the change of

amorphous structure for the alloy. The crystallization of CasgMg,7Cuys bulk metallic glass led to the
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increases of E, G and B, and the decrease of v for the alloy.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metallic glasses have superior mechanical properties as
comparison with crystalline metallic alloys. For example, a
Zr55CuypAli5Niqg bulk metallic glass exhibits high charpy impact
fracture energy of 160 kJ/m?2, tensile fracture strength of 1850 MPa,
bending flexural strength of 3894MPa and low Young’ modu-
lus of 90 GPa [1]. The mechanical properties of metallic glass are
attributable to the amorphous structure of the alloy. The relation-
ships between the glassy structure and mechanical properties for
metallic glasses have been investigated. It has been reported that
the charpy impact value, tensile fracture strain and Young’ mod-
ulus of metallic glasses are affected by free volume contains in
the glass structure for a ZrsgCusgNiqgAlg bulk metallic glass [2].
A Zrs5CuygAl1gNisNbq bulk glassy alloy with nanocrystalline parti-
cle of 2-6 nm size in the amorphous matrix exhibits high bending
flexural strength of 4300 MPa, which is much higher than 2000 MPa
of a Zr55CusgAligNis bulk metallic glass consists of only amorphous
structure [3]. These results point out that the mechanical proper-
ties of metallic glasses remarkably depend on the glassy structure
of the alloy.

Recently, Ca-Mg-Cu bulk metallic glasses with significantly
low density, low Young’s modulus and low glass transition tem-
perature have been developed [4,5]. The mechanical constants
of Ca-Mg-Cu bulk metallic glass have been reported [6,7]. The
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Ca-Mg-Cu metallic glasses with the essential characteristics have
a potential for practical applications. In this study, the annealing
effect on mechanical constants of metallic glass was investigated
for a CaggMg,7Cuys bulk metallic glass. The amorphous solid state
of metallic glass, which is a metastable state, finally changes to
crystalline state by heat treatments. The relationships between
the glassy structure and the elastic moduli for the CazgMg;7Cusys
bulk metallic glass have been reported. The elastic moduli of the
CaygMg,7Cuys bulk metallic glass were examined using a technique
of ultrasonic measurements.

2. Experimental procedures

An alloy ingot of CasgMg,7Cu,s was prepared from pure Ca, Mg and Cu metals
using an induction melting technique in an argon atmosphere. The CasgMg,7Cuzs
bulk metallic glass was fabricated using a copper-mold casting technique in an
argon gas atmosphere. The plate-shaped bulk metallic glass with a width of 10 mm
and thickness of 4 mm was fabricated. The amorphous structure of the sample was
examined by X-ray diffraction with Cu Ka radiation. The thermal stability of the
sample was measured using a differential scanning calorimetry (DSC) under a flow-
ing argon gas atmosphere with a heating rate of 20 K/min. The ultrasonic velocities
for specimen were measured using mechanical resonance of continuous ultrasonic
waves [8,9]. The longitudinal and transverse ultrasonic waves propagating through
the sample were generated by LiNbO; transducers with 36° Y cut and 41° X cut,
respectively. The transducers with a diameter of 5 mm and fundamental frequency
of 10 MHz were used for the ultrasonic velocity measurements.

A wave length () of ultrasonic wave with a mechanical resonance frequency
(fr), which propagates into sample have a relationship to thickness of sample (L) as
Ar=2L[/nwhere nis a constant associated with the resonance order. Velocity of ultra-
sonic wave (Vs) is given as Vs = A; x f;. Therefore, the Vs is rewritten as Vs = 2L x f;/n.
The ultrasonic velocity is obtained by the measurements of a series of resonance
frequencies. The elastic stiffness constants of c1; and c44 are related to the veloci-
ties of longitudinal and transverse waves (V; and V;) as c11 = p(V;)? and ca4 = p(V;)?
where p is a mass density of sample. For isotropic materials such as amorphous
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Fig. 1. X-ray diffraction patterns of CasgMg7Cu;s alloys.

materials, Young’s modulus (E), Poisson’s ratio (v), shear modulus (G), bulk modu-
lus (B) depend on elastic stiffness constants of cy1, a4 and cq2 (c12 =¢11 — 2¢44). The
E, v, G and B are presented as E=(c11 —c12)(c11 +2¢12)/(c11 +€12), v=c12/(c11 +C12),
G=ca4=(C11 —C12)/2 and B=(c11 +2¢12)/3, respectively.

The density of sample was measured by an Archimedes method at room
temperature. The n-tridecane (CHs(CH3)11CHs) as working fluid for the density
measurements was used to prevent sample from the surface oxidization. The den-
sity and thermal expansion of the n-tridecane were taken into account for accurate
density-measurement of sample. The air buoyancy was also calibrated to estimate
the density with high accuracy. The rate of structure relaxation and crystallization
for the metallic glass was estimated from the density of alloy. The annealing treat-
ments of CaggMg7Cuys alloy were performed at T; — 10K in a vacuum atmosphere.
The sufficiently crystallized sample was obtained by the heat treatment at 573 K for
15 min.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the CazgMg;7Cuys
alloys. The broadened diffused-diffraction peak for the as-cast alloy
is the typical characterization of amorphous structure. The X-ray
diffraction pattern for the alloy annealed at 393 K for 96 h also con-
sists only of a broad peak. The crystallized alloy consists of CaMg5,
CaCu and unknown phases. Fig. 2 shows the DSC curve for the
as-cast CaggMg,7Cuys alloy. The glass transition temperature (Tg)
and onset temperature of crystallization (Tx) of the CazgMg,7Cusys
alloy are 403 Kand 435 K, respectively. The thermodynamic param-

Fig. 2. DSC curve for the as-cast CazgMg,7Cuys alloy.

Fig. 3. The relationships between the elastic stiffness constants and the density of
the CasgMg>7Cuys alloy. The symbols of closed circle, diamond and square denote the
elastic stiffness constants for the as-cast amorphous and glassy alloys. The symbols
of open circle, diamond and square denote the elastic stiffness constants for the fully
crystallized alloy.

eters of the CazgMg,7Cuys alloy are close to those reported for
Ca50Mg25Cu25 alloy [5]

Fig. 3 shows the relationships between the elastic stiffness
constants and the density of the CazgMgy7Cuys alloy. The elastic
stiffness constants of c¢11, c44 and ¢y, increased with increasing the
density of alloy. The increase of density for the alloy is attributed
to the structural relaxation and crystallization of alloy. Fig. 4 shows
the elastic moduli versus the density for the CazgMgy7Cuys bulk
metallic glass. The E, G and B for CaygMg,7Cuys alloy increased
with increasing the density of the alloy. On the other hand, the v
value for CaggMg,7Cu,s alloy decreased with increasing the density
of the alloy. These results indicate that the elastic moduli for the
CaygMg,7Cuys alloy are influenced by the structural relaxation and
crystallization of the alloy. The structural relaxation for the glass
alloy led to a loss of flexibility of metallic bonds for atoms. The elas-
tic properties for the CaggMg,7Cu,s alloy shifted monotonously for
the transition from amorphous phase to crystalline phase of the
alloy.

Table 1 shows the elastic moduli of the as-cast and annealed
CaygMg,7Cuys alloys. The elastic properties of a CasgMgooCusg bulk

Fig.4. The elastic moduli versus the density for the CazgMg,7Cuys alloy. The symbols
of closed circle, diamond, square and triangle denote the elastic moduli for the as-
cast amorphous and glassy alloys. The symbols of open circle, diamond, square and
triangle denote the elastic moduli for the fully crystallized alloy.
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Table 1
The mass density, ultrasonic velocities and elastic moduli for the as-cast and
annealed CazgMg,7Cuys alloys.

As-cast alloy Alloy annealed at Fully crystallized

393K for12h alloy
p(g/cm?) 2.400 2.403 2.421
Vi (km/s) 3.81 3.88 4.10
Vi (km/s) 224 230 2.46
c11 (GPa) 349 36.2 40.8
c44 (GPa) 12.1 12.7 14.7
c12 (GPa) 10.8 10.8 11.4
E (GPa) 29.8 31.3 35.8
v 0.236 0.229 0.219
G (GPa) 12.1 12.7 14.7
B (GPa) 18.8 19.2 21.2
BJG 1.56 1.51 1.44
G/B 0.641 0.661 0.692

metallic glass measured by a resonant ultrasound spectroscopy
have been reported to be 33.16 GPa for E, 12.56 GPa for G, 29 GPa for
B and 0.311 for v [7]. The E and G measured for the CazgMg;7Cuys
alloy were close to those reported for the CasgMg,oCusg alloy. On
the other hand, the B and v for the CaygMg,7Cuys alloy were smaller
than those for the CasoMg,oCusg alloy.

The elastic moduli for the glass solid state for metallic glass have
been pointed to be related to a property of the supercooled liquid
[10]. The fragility (m) of supercooled liquid for the CazgMg;7Cuys
alloy was estimated from the experimental data of shear and bulk
moduli for the glass solid state. The m is given by m =29(B/G — 0.41)
[10]. The m value calculated for the as-cast alloy was approximately
33.2. This implies that the supercooled liquid of the CaygMg,7Cuys
alloy is a strong liquid.

The heat treatment at 393 K for 12 h of CazgMg,7Cu;s alloy led to
the structural relaxation of approximately 0.1% for the alloy. Here,
the volume of structural relaxation for bulk metallic glass has been
reported to be approximately 0.1% for a Pd4oNigoPyo alloy [11].
Compared to the as-cast CazgMg,7Cuys alloy, the CaggMgy7Cuys
alloy with a structural relaxation of approximately 0.1% exhibited
the increases of about 5% for E, 6% for G and 2% for B, and the
decrease of about 3% for v.

The elastic moduli for the crystallized CazgMg,7Cuys alloy were
changed about 20% for E, 22% for G, 13% for B and 7% for v com-
pared to the as-cast alloy. The measurement results indicate that
the elastic moduli of CaggMg,7Cuys metallic glass are sensitive to
the change of glass structure for the alloy. The G of the alloy was
influenced most remarkably among the elastic moduli of the alloy
by the change of the glass structure. The CaygMg,7Cuys bulk metal-
lic glass lost the intrinsic elasticity of the alloy by the crystallization
of alloy.

4. Conclusions

The annealing effect on the mechanical constants of metal-
lic glass was investigated for a CazgMg,7Cuys alloy. The elastic
moduli of the CazgMg,7Cuys alloy were measured by a continu-
ous ultrasonic method. The acoustic mechanical properties of the
CaggMg,7Cuys bulk metallic glass were sensitive to the change of
glass structure for the alloy. The crystallization of the CaygMg,7Cuys
bulk metallic glass led to the increases of Young’s modulus (E), shear
modulus (G) and bulk modulus (B), and the decrease of Poisson’s
ratio (v) for the alloy. The G for the CaygMg,7Cusys alloy was affected
most significantly among the elastic moduli for the alloy by the
crystallization of alloy.
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