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Compressive deformation was experimentally investigated for

Tiy, sCuy, sZr, sHESNi, sSi; bulk metallic glass (BMG) fabricated at different cooling
rates. It was found that the ductility of the BMG alloy increased with increasing of the
cooling rate in solidification. The alloy with a monolithic amorphous structure
exhibited a large ductility, up to 12%. The effect of cooling rate on the ductility of the
BMG alloy is interpreted in terms of the variation in amorphous nature and free

volume of the as-cast materials.

. INTRODUCTION

As a class of advanced materials, bulk metallic glasses
(BMGs) have gained considerable attention due to their
unique properties, including high strength, corrosion re-
sistance, wear resistance, and relatively low elastic
modulus, etc., which are rarely found in crystalline ma-
terials.' The processing and widespread applications of
BMGs are severely inhibited, however, by usually failing
catastrophically on one dominant shear band and result-
ing in very limited macroscopic plastic strain (usually
<2%) prior to failure at room temperature. To circumvent
the drawback of limited plasticity of BMGs, recent at-
tempts have focused on the preparation of BMG matrix
composites.*' BMG matrix composites can be
achieved by in-situ formation of ductile crystalline phase
in the amorphous matrix from the melt during casting,*>
by partial crystallization of the as-cast BMGs,® or by
addition of reinforcing materials using casting or powder
warm processing method.””® The ultimate aim of these
attempts is to block the rapid propagation of shear bands,
leading to multiplication, branching, and restriction of
shear bands, which in turn allows for promoted global
ductility of the materials.

Very recently, it has been reported that some so-called
“ductile” BMGs, such as ZrsoTasCu,gNigAl,,,""
Pts; sCuyy ;Nis 3Py, 5,'% Cuyy sZry; sAls,° 7' and
Cu,sZr,3Al,Ag, BMGs,'®!” exhibit large plastic strain
(5-20%) before failure.''° Multiplication, intersection,
and branching of shear bands were observed on the sur-
faces of the fractured samples for these ductile BMGs.
Up to now, although the enhanced ductility of BMGs has
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been attributed to these shear band features, the intrinsic
reasons continue to pose significant fundamental chal-
lenges. The observed large ductility of the selected BMG
alloys are often explained in terms of (i) the precipitation
of nanocrystallites in the metallic glassy matrix'®'?;
(i) crystallization-induced plasticity®®—?; (iii) 1-2 nm
scale medium-range ordering''**~*°; (iv) phase separa-
tion into regions of different compositions'’; (v) high
Poisson ratio'>?’; and (vi) addition of an alloying ele-
ment with a positive heat of mixing with the other con-
stituting elements.”>°

Lin and Johnson®' developed TiCu-based BMGs with
high glass-forming ability in the quaternary Ti—Cu—Ni—
Zr alloy system. In particular, this class of low-cost
BMGs exhibits interesting mechanical properties and
triggers attention from researchers.'®2°>'*> Ma et al.*?
have attempted to increase the titanium content and
succeeded in synthesizing a TiCu-based BMG with
nearly equal amounts of Cu and Ti atoms, i.e.,
Tiy; sCuyy sZr, sHESNI; $Si;.

In this paper, the compressive deformation character-
istics of Tiy, sCuy, sZr, sHfsNi, sSi; BMG are investi-
gated. The Ti,, sCuy, sZr, sHfSNi, sSi; alloy possesses
high fracture strength above 2190 MPa and has a large
plastic strain up to 12% in compression tests at room
temperature. It is found that the alloy shows varying
levels of ductility, strongly depending on its cooling rates
during solidification.

Il. EXPERIMENTAL PROCEDURES

Alloy ingots with nominal composition of
Tiy, sCuy, sZr, sHfsNi, 5Si, (at.%) were prepared by arc
melting a mixture of pure elements with purities >99.9%
in a titanium-gettered high-purity argon atmosphere. The
alloy ingots of the desired composition were remelted at
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least three times to obtain a high chemical homogeneity.
Rodlike amorphous samples were prepared by drop cast-
ing the melts into a copper mold, and the obtained
samples have a steplike outward appearance, as illus-
trated in Fig. 1. The microstructure of the as-cast samples
was characterized by transmission electron microscopy
(TEM). TEM specimens were mechanically thinned and
polished to be <10 pm thick. The ground specimens were
supported by a Mo mesh and then subjected to ion mill-
ing at an incident angle of 5° for <30 min to electron
transparency by using a Gatan (Pleasanton, CA) 691 pre-
cision ion polishing system with liquid nitrogen cooling.
TEM observations were conducted on JEOL JEL-2010
(JEOL, Tokyo, Japan) and Philips CM 200/FEG (FEI,
The Netherlands) machines operating at 200 kV. To de-
termine the thermal properties of the alloys, thermal
analysis was performed using differential scanning calo-
rimetry (DSC) at a constant heating rate of 20 K/min in
a flow of purified argon gas. From the as-cast rods, the
cylindrical samples for the compression tests were pre-
pared with an aspect ratio of 2:1, and both ends of the
samples were polished to make them parallel to each
other. The room-temperature compression tests were
conducted on an Instron 5500 (Norwood, MA) mechani-
cal instrument under an initial strain rate of 4 x 107 s™".
The compression test samples were taken from selected
locations along the longitudinal direction of the cast rods,
as shown in Fig. 1, where the sample III represents the
location of the top end of the copper mold, sample I is
close to the low end of the copper mold, and the sample
II is between them. Due to the differences in the distance
from the top end of the copper mold and the section
diameter of the samples, it can be reasonably judged that
the cooling rates for the three samples for compression
tests are gradually increased from sample III to sample I,
1.e., sample I has the highest cooling rate among the three
samples. After compression tests, the fracture surfaces of
the samples were observed by scanning electron micros-

copy (SEM).

lll. RESULTS

Figure 2 shows the nominal stress—strain curves of the
samples. All these samples show linear elasticity up to a
strain of ~2.4% and a high maximum compressive
strength >2190 MPa prior to failure, but they exhibit
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FIG. 1. Sketch showing the geometry of the as-cast BMG bar and
locations of the samples used for compression tests, TEM, and thermal

analysis.
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FIG. 2. Compressive stress—strain curves for the three BMG samples:
(a) complete curves and (b) enlarged curves showing detailed serrated

patterns.

different degrees of plasticity. The mechanical properties
of the three samples are summarized in Table I. The
compressive plasticity follows an increasing order of
sample III, sample II, and sample I. The compression test
data are confirmed being reproducible by conducting two
or three separate measurements for the respective cast
samples and obtaining essentially similar results. De-
tailed observation of the stress—strain curves of the three
samples shows that serrated flow is apparent in the plas-
tic regions of the stress—strain curves after yielding. Fig-
ure 2(b) shows enlarged portions of the stress—strain
curves for the samples highlighting the details of the

TABLE I. Yield strength (o), maximum compressive strenth (o),
elastic strain (e,), plastic strain (€p), compressive total strain to failure
(€;), compressive shear fracture angle 65, and primary shear band angle
6° for the three studied samples of Ti,, sCu,, sZr, sHfsNi; sSi; alloy
exhibiting different plasticities before failure.

ay [0 €, € € ef 92
Sample ~ (MPa) ~ (MPa) (%) (%) (%) ©) ©)
1 1945 2285 2.3 12 14.3 45 41.6
11 1954 2232 2.3 7.3 9.6 43 41
I 1979 2190 2.4 2.1 4.5 40.5 40
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serration features. For sample III, the number of serration
steps in the stress—strain curve is relatively small, and
sample I shows the most serration steps among the three
samples. Because it has been widely accepted that the
stress drop for each serration on a stress—strain curve cor-
responds to the nucleation of a single shear band, in some
extent, the number of serrations on the stress—strain curve
can reflect the plastic deformation ability of the materials.

Figure 3 presents the SEM images showing the side-
view appearances of the fractured samples. Evidently all
of the samples exhibit a perfect shear fracture character-
ized by well-defined fracture angles (between the frac-
ture plane and the loading axis), which are, respectively,
45°, 43°, and 40.5° for sample I, sample II, and sample
III. Tt is interesting to note that the fracture angles are all
close to 45°, typical for most of BMG alloys,”*”* but
increase with increasing of the compressive ductility of
the samples. Figure 4 displays the SEM images of the
external surfaces of the samples near the fractured re-
gions. Shear bands are easily visible on all three samples’
surfaces. Primary shear bands are formed along a direc-
tion nearly parallel to that of the shear plane, i.e., roughly
40-45° with respect to the direction of loading axis, as
marked by black arrows in the figures, and some second-
ary shear bands appear at an angle of 40-60° from pri-
mary shear bands, as marked by white arrows in the
figures. However, the number of visible shear bands at a
particular magnification decreases in the order of sample
I, sample II, and sample III. For sample III, the shear
bands are, to a great extent, straight and usually exist as
well-separated steps [see Fig. 4(c)]. In contrast, for
sample II, most of the shear bands are jagged and un-
evenly distributed near the fracture region. The second-
ary shear bands with spacing of 10-20 pwm can be easily
found [see Fig. 4(b)]. For sample I, the shear bands are
highly branched, as depicted in Fig. 4(a). The interspac-

e 0.4 mm
N

ing distance of secondary shear bands of the sample I is
about 2-5 pm, indicating the formation of a high density
of shear bands. As is well known, the plastic deformation
achieved by BMGs is usually accommodated through the
generation of multiple shear bands; the degree of plastic
deformation in BMGs is largely dependent on the den-
sities of shear bands generated during deformation.*?
Following the order of sample III, sample II, and sample
I, the external surfaces of the deformed samples generate
more and more shear bands, thus revealing increasing
plastic deformation ability, which is consistent with the
results shown in Fig. 1 and Table 1.

Figure 5 shows the fracture surfaces of the three
samples. It can be seen that the fracture surfaces are
covered mostly with riverlike patterns which consist of
main streams, tributaries, and intermittent smooth re-
gions, as shown in Figs. 5(a), 5(c), and 5(e). For sample
I, the river lines are dense and heavily entangled [Fig.
5(a)], which is a good phenomenological indicator of
inherent plasticity. In contrast, the main streams of the
river-like patterns for samples II and III are becoming
straight [Figs. 5(c) and 5(e)], indicating an increasing
brittleness extent of the glassy material. Examination of
the fracture surfaces at high magnification reveals well-
developed vein patterns [Figs. 5(b), 5(d), and 5(f)], typi-
cal of fracture of a metallic glass.35 It is evident that, as
compared to samples II and III, the vein patterns for
sample I are high in density, small in size, and exhibit a
distinct trace of viscous flow, suggesting the capability of
undergoing extensive plastic deformation prior to failure.

Because the mechanisms governing plastic defor-
mation of BMGs are closely linked to their structure,
the microstructures of the three samples are subse-
quently examined by TEM. Figure 6 shows the bright-
field TEM image obtained from as-cast sample III. Evi-
dently, over a wide area, the structure of the sample is

FIG. 3. SEM images showing the side-view appearances of the fractured samples: (a) sample I, (b) sample II, and (c) sample III.
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FIG. 4. SEM images showing the external surfaces of the fractured samples near the fractured regions for the samples: (a) sample I, (b) sample
II, and (c) sample III.

wholly featureless (ignoring the contrast due to the curly
edges of the holes in the TEM specimen), representing a
fully amorphous structure without any trace of crystal-
lites. The solely amorphous phase can be confirmed by
the smooth diffuse ring on the corresponding selected
area electron diffraction pattern (inset of Fig. 6). The
TEM images for samples I and II give a quite similar
contrast (not shown), implying that all of the samples are
nearly amorphous. Nevertheless, only the high-resolution
TEM image of sample I shows a perfectly amorphous
structure on the atomic scale, as shown in Fig. 7(a). In
contrast, there are a few nano-sized crystals embedded in
the amorphous matrix of the samples II and 11, as circled
in Figs. 7(b) and 7(c). In addition, the nanocrystals in
sample II are obviously smaller both in size and in popu-
lation than those of sample III. It can be seen that the
fully amorphous structure guarantees the high plasticity
for the sample I; and as the nanocrystals in the as-cast
samples are larger in size or in density, the plasticity of
the alloy will be smaller.

Figure 8 shows the DSC curves for the three studied
samples at a constant heating rate of 20 K/min. All the
three samples exhibit an endothermic event, characteris-
tic of the glass transition, followed by at least three exo-
thermic peaks due to a multistage crystallization. The
glass transition temperatures (T,) and the onset tempera-
tures of crystallization (7,) for the three samples are
almost same within the experiment error, indicating the
comparable thermal stability of the samples with the
same composition. However, careful calculation of the
crystallization enthalpies from the DSC curves by inte-
grating the areas corresponding to the crystallization
peaks indicate that sample III has the smallest enthalpy of
crystallization, reflecting the largest amount of crystal-
lites contained in the as-cast state due to an insufficient

cooling rate during solidification, as compared to other
samples. The calculated enthalpies of crystallization for
the samples are given in Table II.

IV. DISCUSSION

Since the discovery of BMGs, continuous attempts
have been made to understand and explore the macro-
scopic ductility of this class of new materials through
fine tuning the compositions or tailoring the micro-
structure of alloys. Very recently, a significant ductil-
ity has been observed in glassy alloys based on
Cu 18,20,29 Z 11,19,21 Pt 12 N12528 T 23,24.,30 Pd27 and
CuZr.'*1722 2 In this paper, we have demonstrated
that the ductility of the TiCu-based metallic glass
strongly depends on the cooling rates in solidification
and thus on its structure. The change of ductility of the
BMG with cooling rates/structure can be manifested by
the fracture characteristics. For the samples with the
same composition but different cooling rates, their frac-
ture surfaces show typical veinlike patterns with varying
levels of development. More interestingly, the fracture
angles vary with the ductilities of the samples, implying
an underlying deformation mechanism mightily corre-
lated with their structure. Zhang et al.>® suggested that
the final shear fracture of some nanostructured compos-
ites could be explained by a rotation mechanism of the
shear bands induced by the high compressive plasticity.
In this study, the plastic strain observed for sample I,
sample II, and sample III is 12%, 7.3%, and 2.1%, re-
spectively. Therefore, the rotation mechanism of the
shear bands can also be applied to the present ductile
TiCu-base alloy. Based on that the volume of the sample
and the length of the primary shear band remain nearly
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FIG. 5. SEM images showing the fracture surfaces of the samples: (a, b) sample I, (c, d) sample II, and (e, f) sample III.

constant befqre and after deformatior(l), the relationship sin(0) = \/1 — € sin(05) . (1)
among the primary shear band angle 6., the compressive

shear fracture angle 0}, and the plastic strain €, can be  Consequently, the primary shear band angle 82 can be
established as*> approximately calculated if the compressive plastic strain
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FIG. 6. Bright-field TEM image and the corresponding selected area
electron diffraction (inset) of sample III.

€, and the compressive shear fracture angle 0% are known
from this relationship. By substituting the values of €,
and 0F into Eq. (1), the primary shear band angles 67 for
sample I, sample II, and sample III are calculated to be
41.6°, 41°, and 40°, respectively. Hence, the primary
shear band angles 0° for the three samples with respect to
the stress axis are in the range 40—42°. This result agrees
well with the previous observations for other BMGs and
nanostructured composites and indicates that the de-
formation of the BMG alloy of this study satisfies the
Mohr—Coulomb criterion.'>3%3*

It is now well established that an excess amount of free
volume is frozen into the atomic scale structure due to the
nonequilibrium processing conditions during cooling of a
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FIG. 8. DSC curves for the three studied samples of Tiy; sCuy, sZr, 5
Hf;Ni, 5Si, alloy at a constant heating rate of 20 K/min.

TABLE II. Thermal properties of the three samples; AH,, denotes the
structural relaxation exothermic heat, and AH,, AH,, and AH; denote
the exothermic heats of the first, second, and third stages of
crystallization, respectively.

AH, AH, AH, AH, YAH = AH,+AH,+AH,

Sample (J/g) /gy dlg Jg J/g)
I -46 -11 -17 26 —11.40
I -44 =55 -165 20 -9.15
111 -37 =52 -l14 -1.8 -8.40

glass-forming material from the liquid state.*® Free vol-
ume is generally defined as an excess volume relative to
some reference state such as the hypothetical equilibrium
liquid state. According to the free volume theory, the free
volume of an atom is that part of its nearest neighbor
cage in which the atom can move around and perform a

FIG. 7. High-resolution TEM images of as-cast samples: (a) sample I, (b) sample II, and (c) sample III.
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diffusive or shear flow jump without any expenditure of
energy. The amount of quenched-in free volume plays a
very important role in plastic deformation of glassy al-
loys. Existing models for deformation of metal glasses
predict that a reduction in free volume will inhibit plastic
deformation.”*® Beukel et al.** have found that the free
volume theory describes well the results of DSC meas-
urements of metallic glasses and demonstrated that the
amount of free volume in a metallic glass is proportional
to the enthalpy released during structural relaxation. Fig-
ure 9 presents the enlarged sections of the DSC curves
(Fig. 8) below the glass transition temperatures. The heat
release events due to structural relaxation can be clearly
seen from Fig. 9; and the enthalpies of relaxation can be
calculated to be —4.6, —4.4, and —3.7 J/g for samples I, II,
and III, respectively (see Table II). One can see that the
change of enthalpies of relaxation follows a decreasing
order of sample I, sample II, and sample III, i.e., the
higher the cooling rate, the greater the enthalpy of re-
laxation, and thus the larger the amount of free volume in
the amorphous sample. This trend suggests an obvious
free volume mechanism controlling the ductility of the
BMG alloy of this study.

Several different potential mechanisms for the im-
provement of the macroscopic ductility of BMGs have
been proposed.''° Schroers et al.'? correlated the duc-
tility of quaternary Pt—-Cu—Ni—P BMGs with their high
Poisson’s ratio, which causes the tip of a shear band to
extend rather than to initiate a crack. Oh et al.'” sug-
gested that the phase separation in the as-cast
Cuy,Zr,5Al,Ag, BMGs may be responsible for its high
plastic strain. Park et al.>® considered that addition of an
alloying element with a positive heat of mixing with the
other constituting elements, i.e., Ag in Cu—Zr—Al, Nb in
Ni—Zr-Ti—Si-Sn, and Ta in Zr—-Cu-Ni—Al, may provide
atomic-scale local inhomogeneity, thereby enhancing the
plasticity of BMGs. Zeng et al.>> and Kim et al.** indi-
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FIG. 9. Enlarged DSC curves (Fig. 8) below glass transition tempera-
tures for the three studied samples.
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cated that the existence of 1- to 2-nm-scale medium-
range ordering embedded in the amorphous matrix may
be effective to enhance the ductility of the BMGs. Calin
et al.'® explained the distinct global plasticity by a unique
composite microstructure consisting of nanoscale crys-
tals dispersed in the glassy matrix. Saida et al.,>' Lee et
al.,”* and Men et al.>® argued that nanocrystalline par-
ticles induced by deformation in the amorphous matrix
can impede the propagation of shear bands, leading to
enhanced plasticity. Our observations of this study, how-
ever, conflict with all of these mechanisms. On the one
hand, instead of a mixture of amorphous matrix and
nanocrystals, the single amorphous phase contributes the
ductility of the TiCu-based BMG alloy, as shown in the
case of sample I. As the cooling rate decreases, the
samples contain more and larger nanocrystals, and thus
the ductility becomes smaller, as seen in the cases of
samples II and III. On the other hand, massive free vol-
ume trapped in the fast-cooled sample I enhances the
plasticity of the studied BMG. As the cooling rate de-
creases, the amount of free volume in the samples II and
IIT decreases, leading to reduced ductility. The large
amount free volume makes the BMG (e.g., sample I)
more shearable in deformation and therefore more duc-
tile in compression. The ease of shearing of sample I can
be reflected from the more distinctive serration in its
stress—strain curve [Fig. 2(b)] and the larger number of
shear bands on the external surface of the fractured speci-
men [Fig. 4(a)], as compared with samples II and III. On
all accounts, fully amorphous structure and high concen-
tration of free volume play a dominant role in the ductile
deformation process of the amorphous alloys. A single
amorphous structure and excessive free volume ensure a
high plasticity, as encountered in sample I. This mecha-
nism can explain why the amorphous ribbon samples can
be ductile in bending while the bulk counterparts are
often brittle upon any stress loading without appreciable
ductility.

V. CONCLUSIONS

(1) The Tiy, sCuy, sZr, sHfSNi, sSi; BMG alloy ex-
hibits a large compressive ductility, and the ductile strain
ability is strongly dependent on its cooling rate and thus
on its as-cast structure. A single amorphous phase can
significantly promote the plasticity of the BMG alloy.

(2) The large concentration of free volume trapped in
the amorphous alloy with a high cooling rate in solidifi-
cation is also evidently responsible for the enhanced duc-
tility.

(3) The atomic-scale structure (amorphous nature and
free volume concentration) and properties of BMGs are
very sensitive to their thermal history. Caution should be
exercised when we evaluate the ductility of a specific
glass-forming alloy. Different portions of the amorphous
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alloy with the same composition could have largely dif-
ferent levels of ductility due to the different cooling rates.
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