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This paper investigates the origin of work hardening in amorphous composites by directly measuring
the hardness variations of crystalline particles and amorphous matrices at various strains. The work
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hardening of the amorphous composites was caused predominantly by hardening of the amorphous
matrices, rather than of the crystalline particles. The hardening mechanism was explained based on the
kinetics and thermodynamics.

© 2009 Elsevier B.V. All rights reserved.

. Introduction

In addition to dramatically enhanced plasticity, bulk amorphous
omposites exhibit a work hardening-like behavior during plastic
ow. Considering that most strengthening mechanisms opera-
ive in metallic materials are associated with dislocations, the
ardening behaviors observed in amorphous composites, where
islocations do not exist, have been regarded as an experimen-
al artifact caused by ignorance of changes in cross-sectional
rea during uniaxial compression. Recent experimental works
emonstrated that amorphous composites exhibited work hard-
ning even when plotted in a true stress–strain curve, suggesting
hat the work hardening observed from amorphous alloys is
n inherent characteristic. Even with clear evidence confirm-
ng the existence of work hardening in amorphous composites,
he underlying principles causing work hardening in amor-
hous composites remain disputed, as summarized in Table 1
1–10].

According to the various interpretations shown in Table 1 to
xplain the hardening behavior, the origin of the work hard-
ning of amorphous matrix composites can be classified as the
ardening caused by either crystalline particles or amorphous
atrices. Hufnagel and co-workers [11], Sun et al. [4] and Hays

t al. [8] claimed that the work hardening of amorphous com-

∗ Corresponding author. Tel.: +82 2 3290 3283.
E-mail address: jclee001@korea.ac.kr (J.-C. Lee).

posites originates from the plastic deformation of crystalline
particles. Given that the strength and volume fraction of crys-
talline particles are much smaller than those of the amorphous
matrix, their claim that the work hardening arises from crys-
talline particles alone is not sufficient to support the observed
strength increment, which usually comprises several hundred
MPa.

Careful observation of the recent work by Park et al. [12] implic-
itly suggests that work hardening can take place even in monolithic
amorphous alloys, as further confirmed by Yang et al. [13]. These
experimental results support the hypothesis that the work harden-
ing in amorphous composites may arise from the work hardening
of amorphous matrices. Eckert et al. [14] reported that the work
hardening of amorphous phases stems from the interaction of shear
bands, which in turn disturbs their propagation, thereby hardening
the alloys. However, as the strength of the shear band is lower than
that of the undeformed regions due to the softening associated with
shear-induced dilatation (structural disordering) [15], this claimed
mechanism may not be appropriate to explain the observed hard-
ening behavior. Therefore, clarification of this longstanding and
uncovered problem on the origin of the work hardening is of fun-
damental significance.

In this study, we discuss the origin of work hardening in amor-
phous composites by experimentally demonstrating which phases
are responsible for the hardening. For this purpose, we prepared
two different families of amorphous composites reinforced with
crystalline particles having different morphologies, sizes and vol-
ume fractions. The hardening behaviors of the amorphous and

921-5093/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2009.01.080
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Table 1
Various mechanical properties and underling mechanisms for the work hardening of amorphous composites.

Composition �y (MPa) �ult (MPa) εp (%) �� (MPa) Mechanism Ref.

Cu50Zr30Ti10Nb10 1770 2000 2.3 230 N/C [1]
(Zr0.7Ni0.1Cu0.2)82Ta8Al10 1740 2020 8.0 480 N/C [2]
(Cu0.6Hf0.25Ti0.15)90Nb10 2160 2625 12.5 465 N/C [3]
Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12 1500 1750 12.0 250 N/C [4]
Zr60Ti14.7Nb5.3Cu5.6Ni4.4Be10 1200 1850 22.3 650 N/C [4]
(Cu47Ti33Zr11Ni6Sn2Si1)0.825(TiB)17.5 2200 2575 2.0 375 N/C [5]
(Mg65Cu7.5Ni7.5Zn5Ag5Y10)0.8(TiB2)20 1050 1212 3.2 162 N/C [6]
Zr48.5Cu46.5Al5 1332 1894 7.7 562 Hardening of crystals [7]
Zr48.5Cu46.5Al5 1624 1910
(Zr75Ti18.34Nb6.66)0.75(Be9Cu5Ni4)0.25 1300 1700
Zr66.4Nb6.4Cu10.5Ni8.7Al8 1638 1800
(Cu60Zr30Ti10)0.95Ta5 1930 2332

crystalline phases within the composite samples were monitored
independently and analyzed from the kinetic and thermodynamic
viewpoints.

2. Experimental procedures

Two different families of the amorphous matrix composites,
Cu57Zr28.5Ti9.5Ta5 and Zr56.2Ti13.8Cu6.9Ni5.6Nb5.0Be12.5, were used
in this study and are hereinafter referred to as samples A and B,
respectively. Both samples were cast into a copper mold to pro-
duce 40-mm long, 1-mm diameter, cylindrical rods. Samples for
compression tests were machined from the cast rods. Uniaxial com-
pression tests were conducted at room temperature on 2-mm long
sections under a strain rate of 10−4 s−1.

In order to elucidate the hardening behavior during plastic flow,
the variations in the cross-sectional area of the sample during
compression have to be corrected to display a true stress–strain
relation. However, during plastic flow, amorphous alloys with high
plasticity do not undergo uniform strain, but rather deform inho-
mogeneously, leading to a barrel-shaped deformation. Therefore,
the conventional conversion procedure, which is used to calculate
a true stress by correcting the cross-sectional area of the sample,
may lead to an unintentional artifact. As such, the hardness mea-
surement rather than the compression test is considered to be more
reliable, because it eliminates the effect of varying geometry of the
sample on the strength. For the hardness measurement, the rod
samples were machined to a tapered-cylindrical shape such that
the cross-sectional area of one end of the rod was larger than the
other. This geometry of the test specimens facilitates the occurrence
of plastic deformation in a progressive and controlled manner upon
compression, thereby enabling the introduction of different strain
amounts into the samples. Therefore, the variations in the hardness
as a function of plastic strain can be readily traceable by measuring
the hardness values at evenly spaced position along the samples’
long axis.

The thermal properties of the amorphous composite sam-
ples were measured using differential scanning calorimetry (DSC,
PerkinElmer DSC7, USA) at a constant heating rate of 30 K/min in a
flowing argon atmosphere. The microstructures of the amorphous
phases were observed using high resolution transmission electron
microscopy (HRTEM, FEI Tecnai G2, field emission gun, 200 kV,
The Netherlands). The samples for HRTEM were perforated using
electro-chemical thinning in a nital solution (20 vol.% solution of
nitric acid in ethanol at −40 ◦C, 40 mA). Since the amorphous phase
is prone to be crystallized by the electron beam during TEM obser-
vation, all images and patterns were observed and recorded within
a few seconds to prevent possible artifacts caused by electron
beam-induced crystallization. The shear band propagation behav-
iors of the deformed samples were observed by scanning electron
microscopy (SEM, Nano SEM, FEI, Eindhoven, The Netherlands).
6.4 286 Hardening of crystals [7]
6.0 400 Hardening of crystals [8]
1.3 162 Hardening of crystals [9]

13.3 402 Hardening of crystals [10]

3. Results

Fig. 1 presents the representative microstructures recorded
from the two different model alloys A and B. The morphologies
and volume fractions of the crystalline particles observed from

the two samples were different, revealing different composite
microstructures. Sample A contained 10 vol.% of approximately 10-
�m diameter, spherical crystalline particles, whereas sample B had
40 vol.% of dendritic crystalline particles with a size greater than
50 �m.

Fig. 1. SEM micrographs of (a) sample A (Cu57Zr28.5Ti9.5Ta5), showing the
presence of the Ta-rich crystalline particles with an average size and vol-
ume fraction of approximately 10 �m and 10%, respectively and (b) sample B
(Zr56.2Ti13.8Cu6.9Ni5.6Nb5.0Be12.5), showing dendritic Nb-rich crystalline particles
with an average size and volume fraction of approximately 50 �m and 40%, respec-
tively.
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ig. 2. Uniaxial compressive stress–strain curves measured from samples A and B.

Fig. 2 shows the compressive stress–strain curves correspond-
ng to samples A and B. Sample A showed a yield strength, ultimate
trength and fracture strain of 1870 MPa, 2272 MPa and 15.5%,
espectively, while those of sample B were 1540 MPa, 1930 MPa
nd 11%, respectively. It is noteworthy that, during plastic flow,
oth samples exhibited a strength increment of approximately
00 MPa. However, this strengthening observed from the engi-
eering stress–strain curve is disputable. Therefore, the sample
ardnesses were measured directly from the samples subjected to
ifferent strains, in order to test if the work hardening is the actual
henomenon that takes place during the plastic flow of amorphous
lloys.

Fig. 3 shows the variations in the hardness of the amorphous
atrices and the crystalline particles, measured as a function of

he strain subjected to samples A and B. The hardness of both
morphous matrices increased linearly with increasing strain, con-
rming the hardening of the amorphous matrices during plastic
ow. However, in the case of the hardness measured from the crys-
alline particles, different tendencies were observed depending on
he particle morphologies. The hardness of the small spherical crys-
alline particles in sample A did not vary, whereas that of the large
endritic crystalline particles in sample B increased slightly with

ncreasing strain, showing, on the average, a 2.5 VHN increment in
he hardness per every 1% increment in the plastic strain. This mea-
ured hardness increment is equivalent to a strength increment of
pproximately 50 MPa, when converted to a strength, under the
ssumption that the volume fraction of the crystalline particles
s approximately 40 vol.%. Since this value is much smaller than
he strength increment of approximately 400 MPa observed during
lastic flow, the strengthening of the crystalline particles alone is
ot sufficient to explain the experimentally observed strengthen-

ng. Considering the fact that the degree of strengthening is much
arger in the amorphous matrices than in the crystalline particles,
trengthening of the amorphous matrices, rather than of the crys-
alline particles, is considered to be the dominant factor affecting
he work hardening of the amorphous composites.

. Discussion

Based on the results of in-situ X-ray scattering, Hufnagel and
o-workers [11] claimed that the strengthening of the crystalline

articles during compression is responsible for the work harden-

ng of the amorphous matrix composites. In fact, as was observed
n the present study, the hardening was observed from the crys-
alline particles, although its extent varied depending on their

orphologies and volume fractions. However, as shown here, the
Fig. 3. Variations in the microhardness of the amorphous matrix and crystalline
particles measured as a function of the plastic strain imposed on samples (a) A and
(b) B.

work hardening of the amorphous composites cannot be explained
by the strengthening of the crystalline particles alone. On the
other hand, the amorphous matrices exhibited a larger degree of
strengthening, regardless of their composition. These experimen-
tal findings suggested that the strengthening of the amorphous
matrices, rather than of the crystalline particles, is the immedi-
ate cause for the work hardening exhibited by the amorphous
composites. Therefore, in this section, the origin of the work
hardening of the amorphous composites is discussed by sepa-
rately evaluating the contribution of the constituent phases, i.e.,
the crystalline particle and amorphous matrix, to the apparent
hardening.

4.1. Hardening of crystalline particles

The different hardening behaviors shown by the crystalline
phases in Fig. 3 were considered to rely on the different modes of
shear band propagation and subsequent interaction with the crys-
talline particles. Fig. 4(a) presents a micrograph demonstrating the
interaction between the propagating shear bands and crystalline
particles in sample A. Shear bands were observed to propagate
though the interfacial regions between the crystalline particles
and amorphous matrix in a tortuous manner, rather than by cut-
ting directly through the particles. This is because it is easier and

less energy consuming for the shear bands to propagate along the
interfacial regions, due to the low volume fraction, small size and
spherical morphology of the crystalline particles. Therefore, in this
case, the crystalline particles do not experience shear deforma-
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Fig. 5. HRTEM images of (a) the as-cast sample B, showing a fully amorphous struc-
ture, and (b) the deformed sample B, exhibiting the presence of nanocrystals with
an average size of 1–2 nm embedded in the amorphous matrix. (c) Enlarged view
of the SADP intensity profiles obtained from the as-cast sample B (orange), which
ig. 4. SEM micrographs showing the different shear band propagation paths
bserved in samples (a) A and (b) B.

ion and, thus are not hardened, as was confirmed by the hardness
easurement in Fig. 3(a).
Unlike sample A, the crystalline particles in sample B were char-

cterized by a dendritic morphology with large volume fraction and
ize, as shown in Fig. 4(b). These microstructural features facilitated
he propagation of shear bands by directly cutting through the nar-
ow dendritic arms, rather than along the winding particle/matrix
nterfaces in a tortuous manner. As a result, the crystalline particles
n sample B experienced shear deformation, causing the particles to
e hardened. However, regardless of the strengthening of the crys-
alline particles, the hardness increment was still much lower in
he crystalline particles than in the amorphous matrices. Therefore,
he strengthening of the crystalline particles alone was not suffi-
ient to explain the work hardening exhibited by the amorphous
omposites.

.2. Hardening of amorphous matrices

In general, the mechanical properties of materials are closely
elated to their structural changes associated with an externally
pplied energy (or stress) [16]. Considering that amorphous alloys
re not in thermodynamic equilibrium, the application of mechan-
cal energy can induce phase transformation from an amorphous to

more stable crystalline phase. Therefore, in order to understand

he origin of the work hardening in the amorphous composites,
he microstructures of the amorphous matrices in the as-cast and
eformed samples were compared. Since the amorphous matrices
f samples A and B both exhibited work hardening, sample B was
is superimposed with that of the deformed one (green). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

selected as the representative sample to observe the microstruc-
tural changes.

Fig. 5(a) shows the HRTEM image of the as-cast sample B,
showing a fully amorphous structure without any lattice fringes.
However, in the case of the deformed sample, nanocrystals with
an average size of 1–2 nm were observed from the amorphous

matrix, as shown in Fig. 5(b), suggesting that compression for a pro-
longed period causes deformation-induced crystallization. Earlier
studies on the deformation-induced nanocrystallization in vari-
ous amorphous alloys supported the result in this study [17–19].
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The chemical compositions of the nanocrystals and the remaining
amorphous matrix of the deformed sample underwent quanti-
tative analyses using energy dispersive spectroscopy (EDS, data
not shown). The nanocrystals exhibited Zr enrichment while the
amorphous matrix showed Zr depletion. Similar to sample B, the
chemical composition of the nanocrystals in sample A showed Cu
enrichment.

The structural differences between the as-cast and deformed
samples were further confirmed by comparing the intensity pro-
files of the selected area diffraction patterns (SADPs). Fig. 5(c) shows
the intensity profile of the SADP obtained from the as-cast sample B,
which is superimposed with that of the deformed one. The diffrac-
tion peak was split into two parts after deformation, indicating that
the structural evolution occurred during uniaxial compression. The
observed results are readily explained by the earlier interpretation
that the shear stress (�) and hydrostatic pressure (P) associated with
uniaxial compression promote the creation of free volume [20] and
nanocrystals [10], respectively.

When excess free volume is generated due to shear stress, the
average interatomic distance increases, thereby increasing the d-
spacing, which, in SADP, appears in a reduced reciprocal lattice
distance. Therefore, the left peak (peak (a)) in Fig. 5(c) was consid-
ered to have arisen from the creation of excess free volume. On the
other hand, when the crystallization occurs by hydrostatic pressure,
the average interatomic distance decreases. Therefore, the right
peak (peak (b)) was believed to reflect the generation of nanocrys-
tals. In this way, uniaxial compression, which is equivalent to the
combined state of shear stress (�) and hydrostatic pressure (P) at
the maximum shear plane, can promote the structural evolution,
and crystallization in particular. According to classical nucleation
kinetics, the nucleation rate (Ṅ) is expressed as

Ṅ = K exp
(

−�G∗

kT

)
exp

(
−�Ed

kT

)
, (1)

where �G* is the energy barrier for nucleation required to form a
critical-sized nucleus, �Ed the energy barrier for diffusion required
to transport an atom from an amorphous matrix to an embryonic
nuclei, and K a constant at a fixed temperature. According to Eq. (1),
the nucleation rate can be enhanced if the energy barriers for nucle-
ation (�G*) and diffusion (�Ed) are reduced. This section discusses
how each stress component influences the values of �G* and �Ed,
which in turn affect the nanocrystallization process.

4.2.1. Effect of hydrostatic compression on the crystallization
For the homogeneous nucleation of a spherical crystallite with

radius r in an amorphous solid, the change in Gibbs free energy
associated with the formation of the crystalline nucleus (�G) can
be expressed as [21]

�G(T, P) = 4
3

�r3
(

�Gm + Ee

Vc
m

)
+ 4�r2� + P�V, (2)

where �Gm is the molar free energy change, i.e., the driving
force, for an amorphous-to-crystalline phase transformation, Ee the
elastic energy induced by a volume change during the phase trans-
formation in the solid state, Vc

m the molar volume of the crystalline
phase, � the interfacial free energy between the crystalline and
amorphous phases, and �Vm the volume change associated with
the formation of a crystalline nucleus. Under the application of
hydrostatic pressure (P), the change in the activation energy for
nucleation (�G*) is obtained as(

∂(�G∗)
∂P

)
T

= −64��3

3
�Vm

(�Gm + Ee + P�Vm)
. (3)

The physical meaning of Eq. (3) can be understood by considering
the sign of the equation. In the case of the amorphous-to-crystalline
transformation, the values for �Gm and �Vm are both negative and

the elastic strain energy (Ee) associated with this phase transforma-
tion is rather low [22]. Therefore, the value of (∂(�G*)/∂P)T is also
negative, indicating that the energy barrier for nucleation required
to produce a critical-size nucleus decreases with increasing hydro-
static pressure. Therefore, hydrostatic pressure increases the value
of the first exponential term in Eq. (1), thereby enhancing the nucle-
ation rate. This qualitative analysis shows a good agreement with
the experimental results reported by Ye and Lu [23], who demon-
strated that the application of hydrostatic pressure enhances the
precipitation of nanocrystals from the amorphous solid.

4.2.2. Effect of shear stress on the free volume creation
Among two different stress components, shear stress promotes

shear-induced atomic dilatation, leading to the generation of free
volume, the rate of which (v̇f ) can be expressed by Eq. (4) [20]

v̇f = v∗f exp
(

−�Ed

kT

)
exp

(
−˛gv∗

vf

)

×
[

2˛gkT

vf S

(
cosh

�˝

2kT
− 1

)
− 1

nD

]
. (4)

This equation describes that the net creation of free volume is deter-
mined by the competing role played by the free volume creation rate
and the annihilation rate. The model states that the creation rate
of free volume becomes larger than the rate of annihilation with
increasing shear stress level and under room temperature. This in
turn results in atomic dilatation, which enhances the local atomic
mobility. From a kinetics perspective, the enhanced atomic mobil-
ity should reduce the energy barrier for diffusion (�Ed). Therefore,
shear stress enhances the value of the second exponential term in
Eq. (1), thereby promoting the nucleation of nanocrystals under
uniaxial compression.

4.2.3. Crystallinity of the deformed samples
The volume fractions of nanocrystals created during uniaxial

compression tests were quantified by measuring the exothermic
heat associated with the crystallization. Fig. 6 shows the DSC
thermograms obtained from samples A and B in the as-cast and
deformed states. Despite the different shapes of the thermograms,
the crystallization enthalpies for samples A and B were normally
5–6% smaller in the deformed samples than in the as-cast ones, indi-
cating that the crystallization proceeded by 5–6% during uniaxial
compression.

Nanocrystals precipitated during uniaxial compression not only
act as the initiation site of shear bands, but also serve as a reinforcing
phase. Due to the small size of nanocrystals, neither dislocations nor
other types of defects can form or become active within nanocrys-
tals. Therefore, they can be regarded as a perfect crystal having a
theoretical shear strength of � ≈ G/2� [24], where G is the shear
modulus. Assuming that the shear modulus of Cu and Ti ranges
from 37 to 45 GPa [25], and that � ≈

√
3�, the normal strength of

the Cu-rich and Ti-rich nanocrystals is expected to range within
10–12 GPa. As the normal strength of the Cu- and Ti-based amor-
phous alloys is 1.6–2.3 GPa, nanocrystals can act as a reinforcing
phase. With the experimental values of the volume fraction and
strength of the crystalline particles, nanocrystals and amorphous
matrices, the strength increments calculated using the phase mix-
ture rule were 400 and 480 MPa for samples A and B, respectively.
These values agree reasonably well with the measured increment
in strength of approximately 400 MPa. These results strongly sup-
port the interpretation presented here that the work hardening
of the amorphous composite caused by the deformation-induced
nanocrystallization.
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hardening of the composites cannot be explained by the work
hardening of crystalline particles alone. On the other hand, the
amorphous matrices were observed to be hardened due to the for-
mation of nanocrystals precipitated in the amorphous matrices,
which supported the work hardening of the amorphous composite.
Based on the present experimental results and analysis, the authors
propose that deformation-induced crystallization is an important
mechanism underlying the hardening of amorphous matrix com-
posites.
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ig. 6. DSC curves obtained from the as-cast and deformed samples (a) A and (b) B.

. Conclusion

The present work confirmed the occurrence of work hard-
ning in bulk amorphous composites during quasistatic uniaxial
ompression. The experimental results suggested that the work
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