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ABSTRACT

In this study, the MgsgCu,g95YsNdsAgy 5 bulk metallic glasses (BMGs) with superior glass forming ability
are made by Cu-mold casting and injection casting processes. Critical rod size of the MgsgCuyg5YsNdsAg1 5
BMGs (base alloys) reached ~4 mm in diameter. The results of Vickers indentation and compression tests
of MgsgCuyg5YsNdsAg 5 alloy reveal that the mechanical performance of the BMG base alloy is brittle. The
highest fracture toughness and plastic strain of the base alloy are only ~9 MPam'/2 and ~0%, respectively.
SEM observation is followed after the mechanical properties tests. It showed that the dominant patterns
of the fracture surface are the featureless mirror-like and river-like regions. For enhancing the mechani-
cal properties of the base alloys, porous Mo particles are added to form MgsgCuyg5YsNdsAgi.s—Mo BMG
composites (BMGCs). It is found that the fracture toughness and the fracture strength of the 30vol.%
Mo particles reinforced MgsgCuzg5YsNdsAg1.s BMGCs is promoted to ~50 MPam'/? and ~1100 MPa. The
observation of the fracture surface of MgssCuyg5YsNdsAg;5-30vol.% Mo BMG composite via the com-
pression test reveals that the shear bands and cracks propagation is resisted by the dispersion of Mo
particles and secondary shear bands are formed during the plastic deformation. It is also observed that
the fracture surface is occupied by vein-like pattern, instead of mirror-like region. Moreover, the plastic

strain of the MgsgCu,95YsNdsAgq 5-30vol.% Mo BMG composite increased to ~29%.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

As compared with the traditional crystalline alloys, bulk metal-
lic glasses with the short-range or random atomic ordering have
been paid worldwide attentions due to their unique mechanical
properties, such as high compressive fracture strength, hardness,
and good corrosion resistance [1-4]. Among bulk metallic glasses,
the lightweight Mg-based alloys (the specific weight for Mg is
1.7 g/cm3), such as Mg-Cu-RE-TM (RE: rare earth metal, such as Y,
Gd, Nd and Tb; TM: transition metal) BMGs [5-9], with high glass
forming ability (GFA) and large supercooled liquid region are of
interest for the resource shortage and environment contamination
problems. However the brittle fracture behavior and low plasticity
of BMGs at room temperature limited their potential in applica-
tion, especially for the Mg-based alloys. Hence, numerous efforts
have been made to solve the low ductility problems of Mg-based
BMGs. Recently, the most attractive and effective way to enhance
the room-temperature plasticity of BMGs were focused on the ex
situ method. To improve the mechanical properties of BMGs by the
ex situ method, bulk metallic glass composites (BMGCs) are syn-
thesized by the introducing of various metallic or ceramic second
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phase particles (e.g., TiB, [10], ZrO, [11], WC[12], SiC[13], Nb [14],
Mo [15], and Ti [16]) into the BMG matrix alloys. Many kinds of
Mg-based BMGs have been used to form the bulk metallic glass
composites by following this idea. Previous studies revealed that
the dispersion of micrometer or nanometer size crystalline parti-
cles in the amorphous matrix leads to the serrated flow of shear
bands and the retarded crack propagation. Hence, the remarkable
macroscopic plasticity promotions of the BMGCs were observed.
For example, the MggsCuy5Gd;g BMGC with adding 40vol.% Ti
exhibits ~40% plastic strain [16]. It is suggested that the mechanical
properties of BMGCs increased with increasing volume fraction of
second phase particles. Besides, it has also been reported that the
yield strength or the glass forming ability of BMGCs may decrease
depending on the category of the reinforcements.

In order to explore the effects of the adding of second
phase particles on the mechanical properties of BMGs, the
MgsgCuyg5YsNdsAgy 5 alloy with high glass forming ability was
selected as the base material in this research. The micro-addition
of Ag, which has a large negative heat of mixing with Mg and Cu,
had also been certified to be effective to promote GFA and ther-
mal stability of Mg-based BMGs [15]. Porous Mo particles with
large amount, 20, 25 and 30vol.%, were doped in the base alloys.
The selection of Mo as the reinforced particles in BMG matrix was
based on the following reason: Mo particle is stable and insol-
uble in the Mg-based BMG matrix and it exhibits high melting
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Fig. 1. DSC traces of MgsgCuz95YsNdsAg:s BMGCs with adding 0vol.%, 20 vol.%,
25vol.% and 30 vol.% Mo particles.

temperature and elastic modulus (near to the value of 2890K and
327 GPa, respectively) [15]. The effects of the dispersion strength-
ening mechanism on the mechanical property improvement of the
brittle Mg-based BMGCs are discussed in this paper.

2. Experimental procedures

Alloy ingots with the selected composition MgssCuzg5YsNdsAgy 5 were made
from elemental metals with purity ~99.9 at.%. First, the CuYNdAg ingot was pre-
alloyed by the arc melting method under a Ti-gettered argon atmosphere. Then
the CuYNdAg intermediate alloy was re-melted with the Mg pieces to obtain the
base material by the induction melting process. Afterwards, the reinforced particles
were mixed with the melted base alloy by using a mechanical stirring process to
develop the MgsgCuag5YsNdsAgi s BMGCs with different volume fractions (20, 25
and 30vol.%) of Mo powders addition. Furthermore, the BMGCs sample rods with
the diameter in the range of 2-5mm and the length of 50 mm were produced by
water-cooled Cu-mold injection casting process.

Thermal properties and the amorphous structure of MgssCuzg 5 YsNds Ag1 5 BMG
(base alloy) and BMGCs with various Mo contents were examined by using differ-
ential scanning calorimeter (TA instruments DSC 2920) at a heating rate of 20 K/min
and X-ray diffraction (Scintag X-400 diffractometer) with monochromatic Cu Ko
radiation. The uniaxial compression tests (specimen size was 2 mm in diameter and
4mm in height) were performed to evaluate the mechanical properties of BMG
alloys by a MTS 810 mechanical test system at a strain rate of 5 x 10~4s~! under
room temperature. Hardness and fracture toughness of base alloy and BMGCs were
measured by macro-Vickers hardness tester (Akashi MVK-H11) with the load in the
range of 5-30 kg. The morphology and the microstructures of the fracture specimens
were analyzed with a field-emission scanning electric microscopy (FE-SEM, Hitachi
S-4700) with energy dispersive spectrometry (EDS) capability.

3. Results and discussions

Fig. 1 shows the DSC traces of MgsgCuyg 5YgNdsAg, 5 BMG base
alloy and BMGCs with 20, 25 and 30 vol.% of Mo particles, and the
basic thermal properties extracted from the DSC scanning curves
are summarized in Table 1. The glass forming ability (GFA) param-
eters, Tig(=T¢/T}), Y(=Tx/(Tg+T;)) and ym(=(2Tx —Tg)/T;), are also
estimated and listed in Table 1. Slightly decreasing of Tx with the
increasing of Mo content, and so was the supercooled liquid region

Table 1
Thermal properties of MgsgCu,g5YsNdsAg;s BMGCs with adding 0vol.%, 20 vol.%,
25vol.% and 30vol.% Mo particles.

T,(K) T(K) Ti(K) AT(K) Ty 4 Ym
Base 420 490 718 70 059 043 078
20vol% 422 488 722 66 058 043 077
25vol% 424 489 724 65 058 043 077
30vol% 422 483 721 61 058 042 076

Fig. 2. X-ray diffraction patterns of MgsgCuygs5YsNdsAgys BMGCs with adding
0vol.%, 20 vol.%, 25 vol.% and 30 vol.% Mo particles.

(ATy) of Mg-based BMGCs. However, the MgsgCuyg5YsNdsAg 5
BMGCs with adding 30 vol.% of Mo particles maintained high glass
forming ability (ym value ~0.76) due to the insolubility of Mo par-
ticles and Mg-based BMG matrix. Fig. 2 shows the XRD patterns
of MgsgCuyg5YgNdsAgy 5 base alloy and BMGCs with the addi-
tion of 20, 25 and 30vol.% Mo particles. Except for the broadening
peaks diffracted from the typical amorphous structure, only three
crystalline peaks derived from the Mo particles can be resolved in
the XRD patterns of Mg-based BMGCs. No obvious chemical reac-
tion is detected. It indicated that the addition of Mo particles does
not change the amorphous structure of the base alloy, due to the
immiscible feature of bcc-Mo particles with the BMG matrix. This
characteristic is also confirmed by the typical SEM/EDS measure-
ments of Mg-based base alloy and BMGCs. The EDS results showed
that the composition of the matrix around Mo particles dispersed
in BMGCs is very close to that of the base alloys. Only a small com-
position range (56-58% Mg, 29-30% Cu, 5-7% Y, 5-6% Nd and 1.5%
Ag) can be observed.

Uniaxial compressive tests and Vickers hardness inden-
tations are conducted at room temperature to explore the
additive effect of the Mo particles on the mechanical proper-
ties of MgsgCuyg5YgNdsAgy5—Mo alloys. Fig. 3 reveals the true
stress-strain curve of the studied Mg-based BMGCs subjected to the

Fig. 3. True stress-strain curves of MgssCu,95YsNdsAgis BMGCs with adding
Ovol.%, 20vol%, 25vol.% and 30vol.%s Mo particles subjected to the room-
temperature compressive tests.
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Fig. 4. SEM images of MgsgCu,95YsNdsAg; 5 BMGCs with adding 30 vol.% Mo particles taken from (a) the cross-section of rod specimen, (b) the overall fractured specimen,
(c) the outer appearance on the side area near the fracture surface and (d) is the enlarge image of (c).

room-temperature compressive tests. The MgsgCuyg5YsNdsAg1 5
with adding 20 vol.% Mo displays 12% plastic strain, which is twice
higher than that of MgsgCuy95YsNd5-20vol.% Mo [15]. It indi-
cated that the micro-addition of Ag in MgCuYNd alloy systems
contributes to the plasticity enhancement of BMGs. Meanwhile, the
MgsgCuag 5YgNdsAg1 5—-30vol.% Mo exhibits large plastic strain of
29% accompanying with high yield stress (o, ~ 1003 MPa) and ulti-
mate compression stress (o5 ~1124 MPa). As compared with the
mechanical properties (also shown in Table 2) of base alloy, the
addition of Mo particles has greatly contributed to the improve-
ment of room-temperature macroscopic plasticity. Strength of the
Mo particles reinforced Mg-based BMGCs increased with increasing
Mo content. To clarify the strengthening mechanism of Mo addi-
tive in MgsgCuyg 5YgNdsAgy 5 BMGs, SEM analyses of the deformed
specimens via compressive tests are followed. Fig. 4(a) shows the
SEM image of the cross-section of the MgsgCuyg5YgNd5Ag 5 rod
with 30vol.% of Mo particles. It reveals that the average size of
porous Mo particles is about 50 wm and the Mo powders are dis-
persed in the amorphous matrix homogeneously. The dispersion
strengthening mechanism of Mg-based BMGC is obtained when
the additive hard phase is uniformly distributed in the matrix. Fur-
thermore, the SEM observation of the outer surface of the fractured
BMGC sample with 30vol.% Mo content that undergoes compres-
sion test at room temperature is shown in Fig. 4(b). The fracture
surface of BMGC sample with 30 vol.% Mo is observed to be inclined

Table 2
Mechanical properties of Mgsg Cuzg9 5 YsNdsAgq 5 BMGCs with adding 0 vol.%, 20 vol.%,
25vol.% and 30 vol.% Mo particles.

oy (MPa) oy (MPa) &p (%) H, K. (MPam!/2)
Base 866 866 0 306 + 6 15+2
20vol.% 1014 1071 12.2 316 £ 7 35+4
25vol.% 1016 1091 22.9 330 +£ 10 40 + 6
30vol.% 1003 1124 29.1 342 + 12 51 +£2

at ~45° to the compressive axis. Fig. 4(c) and (d) shows the SEM
images of outer appearance on the side area near the fracture sur-
face. Two kinds of shear bands can be observed in these figures.
Primary shear band is perpendicular to and the other is paralleled
to the normal direction of fracture surface. The propagation of shear
bands during plastic deformation is impeded by the dense disper-
sion of Mo particles. It caused the progressing shear bands bended
and branched to form multiple shear bands in order to bypass the
strong dispersoid, Mo.

Fig. 5 shows the SEM images examined on the fracture surfaces
of MgsgCuygs5YsNds5Ag 5 base alloy and BMGCs with contain-
ing 30vol% Mo via compression tests. The fracture surface of
MgsgCuyg5YsNdsAgy 5 base alloy is dominated by the featureless
mirror-like images, indicating that the fracture mode of base alloy
is brittle. It leads to the suddenly failure behavior of base alloys
before yielding. However, the fracture surface of BMGCs-30vol.%
Mo is occupied by vein-like pattern the vein-like pattern instead,
which is the characteristic of plastic deformation behavior of bulk
metallic glasses.

The hardness and the fracture toughness  of
MgsgCuyg5YgNdsAg s BMGCs are measured by the Vickers
indentation method [17] and the results are summarized in
Table 2. It demonstrated that the hardness and the fracture
toughness increased with the increasing of the volume fraction of
Mo particles. Fig. 6 shows the SEM images of Vickers indentation
on MgsgCuyg5YsNdsAg: 5 base alloy and BMGCs with containing
30vol.% Mo, which displays that some cracks emanated from the
impression corners under a static load of 30kg. By using Vickers
indentation fracture (VIF) technique, the length of extended cracks
can be adopted to evaluate fracture toughness (K;) of the desired
alloys. It seems that the additive particles improved the fracture
toughness of the studied alloys. The MgsgCuyg5YsNdsAg; 5 BMGCs
with the addition of 30 vol.% Mo presents a high fracture toughness
of ~51 MPam'/2, This result corresponds with that of compressive
tests.
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Fig. 5. SEM observations on the fracture surface of MgssCu,95YsNdsAg:5: (a) base alloy and (b) BMGC with 30 vol.% Mo.

Fig. 6. SEM micrographs of Vickers indentation on MgsgCu,g5YsNdsAg 5: (a) base alloy and (b) BMGC with 30 vol.% Mo.

4. Conclusions

The Mg58CU29,5Y6Nd5Ag],5 BMGCs with containing 30vol.%
Mo shows a high plastic strain and fracture strength of 29%
and 1124 MPa, respectively. The micro-addition of Ag and the
induction of reinforced Mo particles constitute the notable plas-
ticity improvement of MgCuYNd BMGs. Mechanical properties of
MgssCuag 5YsNdsAgq.5 BMGCs increased with increasing Mo con-
tent. Due to the insoluble characteristic of Mo in the Mg-based alloy,
the addition of Mo particles does not cause critical change of ther-
mal properties of BMG base alloys. Besides, the dense dispersion
of the Mo particles in the amorphous matrix retarded the prop-
agation of shear bands and resulted in the formation of multiple
shear bands. Hence, it offers effective toughening mechanism of
MgCuYNd BMGs.
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