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a b s t r a c t

We report that the fracture strength of Mg-based bulk metallic glasses (BMGs) can be dramatically
enhanced up to 1.10 GPa by minor Gd addition. The Poisson’s ratio v of the BMG also decreases to
0.261 close to that of brittle oxide glasses when 1 at.% Gd was added. Such significant enhancement in
strength which approaches the theoretical strength value and dramatically decrease in the Poisson’s ratio
are attributed to the structural change of the BMGs induced by the Gd minor addition.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

High strength is one of the most important properties for engi-
neering materials. The theoretical strength of a material is esti-
mated to be in the order of E/5 (E is Young’s modulus) for
fracture strength or �0.1 G (G is shear modulus) for shear strength
based on the Frenkel model [1]. While the defects and the fabrica-
tion flaws cause the fracture of a material to occur at applied press
that much lower than the theoretical value. In metallic glasses,
their strength is expected to be close to the theoretical value, while
the experimental facts show that the highest strength of the metal-
lic glasses is also about 3–4 times smaller than the theoretical
strength [2]. Extensive efforts have been made to strengthen the
structural materials (such as nanocrystallization of a material [3],
introducing poly-phases [4], and reducing the sample size [5])
and to understand the underlying mechanism for strength of
materials.

Rare-earth (RE) elements are good candidates both for the fab-
rication of bulk metallic glasses (BMGs) as the base elements and
as the microalloying elements [6–8]. The glass forming ability
[7,9], mechanical and physical properties [7–8] can be greatly im-
proved or changed by the RE minor addition. Mg-based BMG is a
promising candidate for engineering materials such as automobile,
aircraft industries because of its marvelous mechanical properties
such as light density, high specific strength, and low-cost. How-

ever, the Mg-based BMGs have relatively low strength compared
to that of other known BMGs, and their fracture strength is found
to be 600–850 MPa depending on the composition [10–12].

In this work, we report that the mechanical properties of the
Mg-based BMGs can be much improved by minor Gd addition.
The fracture strength of the Mg-based BMGs is much enhanced
accompanying with the obvious Poisson’s ratio change when minor
Gd is added. The structural inhomogeneity in micrometer scale is
attributed to the enhancement of the fracture strength of the
Mg-based BMGs. The results are suggestive for improvement of
the mechanical properties of metallic glasses.

2. Experimental

The pure Cu, Y, and Gd (purity better than 99.9 at.%) elements
were arc melt under a Ti-gettered Ar atmosphere to get the ingot.
The CuYGd ingot was then induction melt together with Mg (purity
99.99 at.%) with nomination composition of Mg65Cu25Y10�xGdx

(x = 1, 2, 5, 8) in a quartz tube under vacuum (better than
3.0 � 10�3 Pa). The MgCuYGd melt was then cast into a Cu mold
to get amorphous rods or plates. The details for the bulk metallic
glasses formation can be referred as to Refs. [2,13]. The amorphous
nature of the as-cast samples was confirmed by X-ray diffraction
(XRD) in a MAC M03 XHF diffractometer by using Cu Ka radiation.
The thermal analysis of the alloys were performed by the differen-
tial scanning calorimeter (DSC) using a Perkin–Elmer DSC-7 under
flowing purified argon with a heating rate of 20 K/min. The ther-
modynamic parameters such as glass transition temperature Tg,
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crystallization temperature of Tx, and melting temperature Tm

were determined with an accuracy of ±1 K. The glassy structure
of the alloy was confirmed by high-resolution transmission elec-
tron microscopy (HRTEM) and selected area electron diffraction
(SAED) on a Philips CM200EG machine operated at 200 kV. The
acoustic velocities were measured using a pulse echo overlap
method by a MATEC 6600 model ultrasonic system with a measur-
ing sensitivity of 0.5 ns and carry frequency of 10 MHz [2]. The
density was determined by the Archimedean principle and the
accuracy is about 0.5%. The Young’s modulus E, shear modulus G,
bulk modulus K and Poisson’s ratio v were derived from the density
and acoustic velocities with an accuracy of 1% [2]. The samples
with a gauge aspect ratio of 2:1 were cut out of the as-cast 2-
mm rods for uniaxial compression tests on an Instron 5500R1186
machine. The average yield strength was determined by the for
uniaxial compression tests, and for each alloy the number of com-
pression tests is 5. The accuracy for the strength measurements is
about 5%.

3. Results

Fig. 1 shows the XRD patterns, DSC traces, HRTEM and SAED
images of the Mg65Cu25Y10�xGdx BMGs. The XRD patterns show
broad diffraction maxima characteristic of glass without obvious
crystalline Bragg peaks (Fig. 1(a)). The DSC traces (see inset of
Fig. 1(a)) show distinct glass transition temperature Tg, sharp crys-

tallization exothermic peak and large supercooled liquid region.
The HRTEM image (Fig. 1b) shows a mazelike pattern without
any crystalline feature and the SAED pattern (Inset of Fig. 1(b))
shows the faint and diffuse ring. All these results confirm the alloy
consists of full glassy state without crystalline phases within the
detecting limit of these instruments.

The compression curve of the Mg65Cu25Y9Gd1 BMG is shown in
the inset of Fig. 2. The stress versus strain shows a linear behavior
up to about 2.2%, indicating the large elastic limit of 2.2%. The
glassy alloy fails immediately without obvious plasticity, and the
fracture strength is about 1.06 GPa. The remarkable features of
the additional BMG samples are high strength and large elasticity
(2.2%). The fracture strength rf of Mg65Cu25Y10 BMGs is only
�0.68 GPa, and for ternary Mg65Cu25Gd10 rf is 0.83 GPa [12,14].
Remarkably, the rf of the Mg65Cu25Y9Gd1 increases sharply to
�1.0 GPa with only 1 at.% Gd addition. The rf values keep larger
than 1 GPa for 1–8 at.% Gd addition. The maximum rf of
1.11 GPa, which is 66% larger than that of the ternary Mg65Cu25Y10

BMG, is obtained with 5 at.% Gd addition. A linear correlation be-
tween yielding shear stress sY (=rf/2) and shear modulus G has
been reported with sY/G � 0.0267 [15]. For the Mg65Cu25Y10�xGdx

BMGs with x = 0, 1, 2, 5, 10, the value of sY/G is determined to be
0.0180, 0.0272, 0.0257, 0.0282, and 0.0216, respectively. As shown
in Fig. 2(b), the values for the Gd-additional quaternary alloys are
much larger than that of the Mg65Cu25Y10 BMG, and the strength of
the Gd-additional BMGs is closer to their theoretical shear stress
value.
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Fig. 1. (a) XRD curves of the Mg65Cu25Y10�xGdx (x = 1, 2, 5, 8) BMGs. Inset: The DSC
traces of x = 0, 1, 10 samples. (b) The HRTEM image and SAED pattern of x = 1
sample (with a heating rate of 20 K/min).
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Fig. 2. (a) Fracture stress rf of Mg65Cu25Y10�xGdx system versus the concentration
of Gd. The maximum rf is 1.11 GPa for Mg65Cu25Y5Gd5, which is about 1.66 times of
Mg65Cu25Y10 and 1.33 of Mg65Cu25Gd10. The blue line is for guiding the eyes. Inset:
The uniaxial compression curve of Mg65Cu25Y9Gd1. (b) The ratio of sY/G was
enhanced greatly by Gd-microalloying. The blue line is for guiding the eyes. The
magenta dash-dot line shows the sY/G value of 0.0267 for various BMGs Ref. [15].
(For interpretation of the references in colour in this figure legend, the reader is
referred to the web version of this article.)
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For most BMGs such Zr- and Cu-based BMGs, abundant obser-
vations show that these BMGs always fracture along a plane devi-
ating from the maximum shear stress plane [2]. The metallic glassy
specimens normally preferentially fracture along the maximum
shear stress plane and the compressive axis and the fracture plane
is about 45�. SEM was performed on the fracture samples of our
Mg-based BMG as shown in Fig. 3(a). Few shear bands are observed
near the fracture surface, which confirms the high strength and
brittle nature of the BMGs. Under uniaxial compression, for con-
ventional BMGs, the specimens normally preferentially fracture
along the maximum shear stress plane and the compressive axis
and the inner strength direction is about 45�, and fracture into
two parts. While the additional Mg-based BMG samples fractured
not in a shear behavior occurring in conventional BMGs but in an
exploding way and crack into many small pieces as shown in
Fig. 3(c). Meanwhile, the fracture surface shows a complex land-
scape (Fig. 3(b)) suggesting that the vicinity of the surface has been
bearing rather intricate tensile strength when compressing. The
small fractured pieces support the image of intricate tensile
strength [16–17].

The toughness of BMGs is reported to correlate with Poisson’s
ratio v [18,19]. The smaller the v is, the more brittle the BMGs be-
come. This correlation was verified in various BMGs with markedly
different plasticity [20–22]. The mass densities q and the elastic
moduli at room temperature for Mg65Cu25Y10�xGdx system are
shown in Table 1. The density of the samples increase monoto-

nously with the addition of Gd indicating the dense of glass with
Gd addition. The Gd addition induces denser atomic-scale packing
due to the arrangement of atomic species during solidification.
Comparing with the ternary Mg65Cu25Y10 and Mg65Cu25Gd10 BMGs
[13], the Mg65Cu25Y10�xGdx BMGs possess smaller bulk modulus
and v. Nhe Mg65Cu25Y9Gd1 BMG has the lowest value of Poisson’s
ratio of 0.261 among the known BMGs as shown in Fig. 4. The small
v is consistent with the extreme brittle nature of the BMGs.
According to the correlation between the Poisson’s ratio and
toughness of the BMGs, the BMG should have very low fracture
toughness [18,19].

4. Discussions

The effects of Gd microalloying on the fracture strength could
be understood in microstructural point of view: the addition of
minor Gd can densify the BMG by remove the free volumes due
to denser atomic-scale packing and the rearrangement of atomic
species during solidification, which is verified by the density mea-
surements. The density is increased with more Gd addition even
we rule out the density increase induced by Gd density itself. Actu-
ally, the minor additions are widely applied to reduce the fraction
of the defects in materials and strengthen the material for
approaching the theoretical strength value [5,23]. The dense
microstructure with fewer fractions of free volumes and flaws of-
ten induce low value of the Poisson’s ratio which is agreement with
our experimental results [8]. The low v confirms that the sample
has good ability to resist from shearing deformation and failure un-
der uniaxial compression. This is consistent with the observed re-
sults of few shear bands (Fig. 3(a)) and high fracture strength
(Fig. 2) of the BMG.

The Gd-additional could dramatically change the microstruc-
ture of the BMGs which induce enhanced strength. A recent study
has revealed that the minor Co addition dramatic increase the clus-

Fig. 3. (a) Few shear bands were observed only near the fracture surface. (b) The
complex landscape of the fracture surface after uniaxial compression. (c) The
samples break into the small pieces in an exploding way.

Table 1
The density q, the shear modulus G, Young’s modulus E, bulk modulus K, Poisson’s
ratio m, and fracture strength rf for Mg65Cu25Y10�xGdx (x = 0, 1, 2, 5, 10)

q (g/cm3)
(±0.5%)

G (GPa)
(±1%)

E (GPa)
(±1%)

K (GPa)
(±1%)

m
(±1%)

rf (GPa)
(±5%)

Mg65Cu25Y10 3.284 18.9 50.1 48.8 0.329 0.68
Mg65Cu25Y9Gd1 3.336 19.5 49.2 34.3 0.261 1.06
Mg65Cu25Y8Gd2 3.429 20.1 51.7 39.9 0.284 1.03
Mg65Cu25Y5Gd5 3.650 19.7 50.6 39.1 0.284 1.11
Mg65Cu25Gd10 3.79 19.3 50.6 45.1 0.313 0.83
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Fig. 4. The comparison of Poisson’s ratio of several typical BMGs (Pd-based BMG
Ref. [1,8], Zr-based BMGs Ref. [2], La-based BMG Ref. [2], MgCuY BMG Ref. [2], Fe-
based BMG [2,8]). The Mg65Cu25Y9Gd1 has the lowest value of 0.261.
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ter (the building block of the BMGs [24]) symmetry in CeCuAl BMG
of Al site, which, in turn, increase the glass forming ability of the
alloy greatly [25–26]. The results may shed light on understanding
our results. Gd minor addition might change the local symmetry of
clusters in the Mg-based BMG and the high symmetry building
blocks (or clusters) could be the main reason for the dense micro-
structure of the BMGs which derive in the change of mechanical
properties.

5. Conclusions

We report that the fracture strength of Mg-based BMGs can be
significantly enhanced up to 1.1 GPa using Gd minor addition. Such
a enhancement in strength is attributed to structural change of the
BMG induced by Gd addition. The results indicate that the addition
method may be a good way to increase the shear yielding stress
without obvious change of shear modulus. The results may be sug-
gestive for improvement of the mechanical properties of metallic
glasses.
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