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Enhanced plasticity of Fe-based bulk metallic glass by tailoring microstructure
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Abstract: The room temperature compressive plasticity of Fe;sMosP(Cg 3B 7 bulk metallic glass (BMG) was improved from 0.5%
to 1.8% by increasing the sample diameter from 1.5 mm to 2.0 mm. With increasing the sample diameter to 2.0 mm, a heterogeneous
microstructure with in-situ formed a-Fe dendrite sparsely distributed in the amorphous matrix can be attained. This heterogeneous
microstructure is conceived to be highly responsible for the enhanced global plasticity in this marginal Fe-based BMG.
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1 Introduction

Fe-based bulk metallic glasses (BMGs), which
possess ultrahigh strength, relatively low cost and
excellent magnetic softness, can be exploited for future
engineering materials [1,2]. However, the most
disappointing shortcoming of these materials is the
severe brittleness at room temperature, which has
restricted their structural and functional applications. In
order to overcome this critical problem, great efforts
have been devoted to improve the plasticity by
compositional and structural design: 1) intrinsic
self-toughening by tailoring the elastic properties with a
higher Poisson ratio or a lower shear to bulk modulus
ratio [3—5]; and 2) extrinsic toughening by geometric
confinement [6] or introducing a composite structure
with different length scale heterogeneities, such as
medium range ordering [7], liquid phase separation[8],
nano- or micro-crystalline phase [9].

More recently, we have successfully fabricated an in
situ formed a-Fe dendrite/Fe-based BMG composite via
carefully adjusting the alloy composition [10]. The
crystalline phase uniformly dispersed within the glass

matrix turns out to behave as an obstacle to the rapid
propagation of the shear bands, giving rise to a
pronounced compressive plasticity above 30% (for
specimens with 1 mm rod in diameter). It has been
appreciated that a larger sized BMG prepared under a
lower cooling rate is usually more susceptible to
catastrophic failure [11]. From the standpoint of
structural applications, however, it is worthwhile to
develop larger sized Fe-based BMGs coupled with
higher room-temperature plasticity. In the present study,
we investigate the influence of cooling conditions by
controlling the sample size on the structure evolution and
mechanical properties of an Fe;sMosPoCg3B; 7 alloy
[10], which was selected primarily due to the easy
precipitation of heterogeneities during solidification. The
underlying mechanism of the improved plasticity
achieved in the larger sized Fe-based BMG is discussed
in terms of microstructure observation.

2 Experimental

Alloy ingots with a nominal composition of
Fe;sMosPoCg3B1 7 were prepared by arc melting of
raw materials under a titanium metal gettered argon
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atmosphere. Sample rods with diameters of 1.5 and 2.0
mm were produced by suck casting the molten alloy into
water-cooling copper moulds. The structure of the
as-cast alloys was identified by X-ray diffraction (XRD,
Philips X’Pert PRO) and transmission electron
microscopy (TEM, JEOL 2010F). The glass transition
and crystallization behaviors were investigated in a
differential scanning calorimeter (PE, DSC—7) under
flowing purified argon at a heating rate of 20 K/min. The
uniaxial compressed BMG samples with 1.5 and 2.0 mm
in diameter were prepared with a length-to-diameter ratio
of 2:1. Room-temperature compression tests were
performed on a MTS810 testing machine at a strain rate
of 107 s, At least five specimens were tested for each
sample to ensure the reproducibility of the results. The
fracture morphologies were examined on a scanning
electron microscope (SEM).

3 Results

Figure 1(a) shows the XRD patterns of the as-cast
Fe;sMosP(Cs 3By 7 samples with two different diameters
(1.5 and 2.0 mm). It can be observed that all the alloys
can be cast into fully amorphous phase except for
a typical broad halo diffraction peak, confirming the
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Fig. 1 XRD patterns of as-cast Fe;sMosPoCg 3B 7 (a) and DSC
curves of Fe;sMosP;(Cg 3B 7 alloy rods (b) with diameters of
1.5 mm and 2.0 mm, respectively

absence of crystalline phase in this alloy at the sensitivity
of XRD techniques. Figure 1(b) displays the DSC traces
of the BMGs, from which a distinct glass transition was
detected, followed by a wide supercooled liquid region
before multi-crystallization. Both the glass transition
temperature (7,) and the onset crystallization
temperature (7), which are summarized in Table 1, rise
gradually with the increase of sample size, reflecting a
higher thermal barrier for the nucleation of crystalline
phase [12].

Table 1 Thermal and mechanical properties of as-cast
Fe;sMosPoCsg 3B ;7 alloy rods with diameters of 1.5 mm and 2.0
mm, respectively

d/mm T/K TJK  ATJ/K 0./GPa £/ %0
1.5 708 740 32 32 0.5
2.0 716 749 33 3.1 1.8

Figure 2 shows the room temperature engineering
stress — strain curves of the two different scaled
Fe;sMosPoCs 3B, 7 specimens under
compression. The curves have been shifted apart from
each other so as to avoid overlapping for a clearer
observation. The compressive strength, o,, and plastic
strain, &,, of the Fe;sMosP(Cs 3B 7 alloys with different
sizes are listed in Table 1. It is interesting to notice that
the plastic strain of this alloy increases from 0.5% for 1.5
mm to 1.8% for 2.0 mm. The plasticity of
Fe;sMosPoCg 3By 7 alloy with a diameter of 2.0 mm is
one of the largest plasticity among all the 2.0 mm
Fe-based glassy rods reported up to now. Previous
studies have reported that the Fe-based BMGs with
enhanced plasticity usually have a small size of 1.5 mm
or less in diameter [13,14]. If the sample size increased, a
ductile-to-brittle transition would occur significantly.
However, the present results clearly indicate that the
larger sample permits an increase in certain plasticity.
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Fig. 2 Engineering stress—strain curves of Fe;sMosP;oCs 3B 7
alloy rods with diameters of 1.5 and 2.0 mm under

room-temperature compression
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The possible reason of this unusual phenomenon will be
discussed in detail later.

Figure 3 displays the SEM images of the fracture
surfaces of the Fe;sMosP¢Cg 3B 7 alloys with different
diameters. The 1.5 mm-diameter sample exhibited a lot
of fragments shown in Fig. 3(a) after fracture,
manifesting a “fragmentation mode” which was
previously reported in other brittle Fe-based BMGs [15].
By carefully observing the fragments after failure,
numerous vein-like patterns were formed to arrange in
long narrow ridges, as shown in Fig. 3(b), akin to those
happened in brittle Fe-based BMGs with less than 1%
plasticity reported previously [3,16]. In general,
fragmentation deformation feature is more easily to be
discovered in BMG samples with larger sizes. Strikingly,
in the present study, the larger sample displayed a visible
shear banding deformation fashion shown in Fig. 3(c),
namely, the plastic deformation is highly localized into
shear bands, which propagated rapidly until a sudden
final fracture. The exposed shear-off surface reveals
robust plastic flow patterns, as shown in Fig. 3(d), which
has always been observed in those reported for ductile
metallic glasses.

In this work, the plasticity of the Fe-based BMG
can be raised by increasing the sample size. Commonly,
the mechanism of improved plasticity of BMG is mostly

attributable to the heterogeneous structure [7—9], which
is beneficial to the shear formation and impeding its
propagation effectively. This simulates us to re-examine
the microstructure of the present Fe;sMosP,Cs 3B 7 alloy.
The rod with a diameter of 1.5 mm exhibits the
featureless SEM appearance, demonstrating a fully
amorphous microstructure [10]. However, from the SEM
image for the alloy rod with 2.0 mm in diameter, it can
be seen that a tiny amount of dendrites were embedded
in the glassy matrix, as shown in Fig. 4(a). Due to the
system with very small crystals embedded in an
amorphous matrix, the XRD measurement may not be
able to clearly verify the microstructure [17]. The
dendritic crystalline phase accounts for approximately
3% in volume fraction of the entire sample, according to
the area analysis from the SEM micrographs. To further
elucidate the microstructure of this alloy, TEM technique
was employed. Figure 4(b) shows the selected area
electron diffraction (SAED) pattern of the dendritic
phase taken along [111] zone axis. It was found to
consist of a BCC phase with a lattice constant of 2.87 A,
which is thought to correspond to BCC a-Fe. Figure 4(c)
shows the SAED pattern obtained using TEM recorded
from the matrix typical

region, indicating the

characteristics of a glassy phase.

Fig. 3 SEM images of fracture surfaces of Fe;sMosP(Cg 3B 7 alloy rods with 1.5 mm (a, b) and 2.0 mm (¢, d) in diameter
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Fig. 4 High-magnification SEM image of Fe;sMosP;oCs3B; 7
alloy with 2.0 mm in diameter (a) and SAED pattern of
dendrite phase taken along [111] zone axis (b) and SAED

pattern from matrix region (c)
4 Discussion

Through carefully adjusting the alloy composition,
we have obtained an in situ a-Fe reinforced Fe-based
BMG matrix composite previously [10]. In this work, the
microstructure of a fixed Fe;sMosP(Cg3B; ;7 alloy was
variously tailored by means of tuning the cooling rate

during solidification, which was accomplished via
increasing the sample size. Faster cooling yields a fully
amorphous structure at 1.5 mm scale. A slow cooling
rate with the increment of the sample size is able to alter
the as-cast amorphous sample into an in situ tiny a-Fe
dendrite/BMG composite, which can be named Fe-based
marginal BMG, in the case of a specimen with 2.0 mm in
diameter.

It is known that the elastic modulus of the inclusion
is very important for the BMG toughening, especially for
the BMG matrix composite under tensile conditions.
HOFMANN et al [18] proposed that the shear modulus
of the reinforced phase in an as-cast composite is smaller
than that of the amorphous matrix, which enables
attraction and/or arrest of shear bands by the crystalline
phases and hence results in tensile ductility. Moreover,
WU et al [19] suggested that the hardness disparity
between the crystalline phase and the amorphous matrix
is also a significant reason for the enhanced plastic
deformability of a BMG composite. Due to the
ferromagnetic signature interference, it is difficult to
accurately measure the elastic modulus of the second
phase and the glassy phase by resonant ultrasound
spectroscopy as explained by GU et al [4]. Herein, the
nanoindention testing was carried out to clarify the
hardness of the dendrites and amorphous phase. We
selected the Fe;;MosPyC;sB1s BMG matrix composite
with a diameter of 1.5 mm to compare the hardness
disparity [10], due to the fact that the a-Fe dendrites
were too tiny to measure, as seen in Fig. 4(a).
Figure 5 illustrates the typical load—depth curves of
Fe;sMosPyC; 5B s alloy under a load of 330 mN. It is
noted that the nanoindentation hardness of the
dendrite phase (6.4 GPa) is substantially lower than that
of the amorphous phase (8.2 GPa) loading, once the
soft phase yields, slip systems existing in dendrites are
activated and readily accommodate the plastic strain,
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Fig. 5 Load—depth curves of nanoindentation under 330 mN
for Fe;;MosPyC75B;s BMG composite with diameter of
1.5 mm [10]
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evidenced by the steps which are usually formed at the
interface between the soft dendrites and the glass matrix
to harmonize the strain, and consequently lead to the
enhancement of the compressive plasticity [20].

Recently, CHENG et al [21] have demonstrated that
the mechanical properties of the composites are closely
related to the length scales of the precipitated phase.
With the increase in the characteristic size scale, the
plasticity of the BMG matrix composites can be
significantly enhanced. HOFMANN et al [18] argued to
stabilize the shear banding behavior through introducing
inhomogeneity as a special microstructural length scale L.
Stabilization requires that L=R,, where R, is correlated
with (Kc/ay)2 for different metallic glasses; K. and o,
denote the notch fracture toughness and the yielding
strength, respectively. For the current studied Fe-based
BMG, the value of R, is estimated to be 6 um [22] and
the fitting length scale L of the precipitated a-Fe dendrite
phase is about 5 um derived from the high-magnification
SEM image. Accordingly, the shear bands are believed
to interact with the ductile a-Fe dendrite phase during the
propagation and their propagation direction is deflected,
thus delaying the shear banding instability and enhancing
the global plasticity.

As discussed above, the marginal Fe-based bulk
metallic glass (2.0 mm in diameter) with superior
plasticity (~2%) has been achieved by controlling the
microstructure evolution. This finding in the present
work is suggestive for a promising method to exploit
large sized Fe-based marginal BMGs with increased
plasticity [23].

The present BMG is an FeP-based one, where it has
been proven that both of ductile secondary crystalline
phases and impurties may precipitate [22]. Thereby, if
one continues to further increase the sample size, in all
probability,  the  precipitated
predominantly pose a threat to the mechanical properties
of the amorphous matrix/crystaline phase interfaces and
this role overweighs the ameliorative effect of the ductile
secondary phases on the ductility enhancement during
the plastic deformation of the BMG composite. As a
result, a further increase of the sample size might only
deteriorate or even devastate the plastic deformability of
the entire BMG sample. Giving a certain volume fraction,
the morphology and the size of the precipitated
crystalline phase play important roles in the mechanical
properties of BMG matrix composites. There is no doubt
that further work is required to further understand the
micro-mechanisms of plastic deformation in the current
marginal BMG.

impurities can

5 Conclusions

1) Bulk metallic glass Fe;sMosP¢yCsg3B; 7 rods with

diameter of 1.5 and 2.0 mm were, respectively,
synthesized by copper mold casting method. With
increasing the sample diameter to 2.0 mm, a
heterogeneous microstructure with a little bit of in-situ
formed a-Fe dendrite can be obtained.

2) The marginal Fe-based bulk metallic glass
(2.0 mm in diameter) with good plasticity (1.8%) has
been achieved by controlling the microstructure
evolution. These findings will open the way for the
enhanced plasticity of marginal BMG at large size.
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