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a  b  s  t  r  a  c  t

Achieving  work  hardening  in  metallic  glass  matrix  composites  (MGMCs)  is the  key  to the  extensive  use
of these  attractive  materials  in  structural  and  functional  applications.  In  this  study,  we  investigated  the
formation  of nanoscale  boundaries  resulted  from  the interaction  between  matrix  and  dendrites,  which
favors  the  work-hardening  deformation  in  an  in-situ  Ti41Zr32Ni6Ta7Be14 MGMC  with  �-Ti dendrites  in  a
glassy  matrix  at  room  temperature.  The  microstructures  of  samples  after  tension  were  observed  by  high-
resolution  transmission  electron  microscopy  (HRTEM)  and  X-ray  diffraction  (XRD).  The  work-hardening
mechanism  of  the  present  composites  involves:  (1)  appearance  of  dense  dislocation  walls  (DDWs),  (2)
proliferation  of  shear  bands,  (3) formation  of  boundaries  on  the  nanoscale,  and  (4)  interactions  between
hard and  soft  phases.  A theoretical  model  combined  with  experimental  data  reveals  the  deformation
mechanisms  in  the  present  work,  proving  that the  in-situ  dendrites  with  outstanding  hardening  ability  in
the  glass  matrix  can  provide  the  homogeneous  deformation  under  tensile  loading  at  room  temperature.

© 2020  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &
Technology.

1. Introduction

Bulk metallic glasses (BMGs) possess the potential to be used
as structural materials for a variety of applications due to their
outstanding mechanical, chemical, and physical properties [1,2].
Unfortunately, they usually exhibit a brittle-fracture behavior
under freestanding loading conditions at room temperature, such
as upon the uniaxial tension [3]. Significant efforts have been made
to overcome this shortcoming in recent years with the develop-
ment of metallic glass matrix composites (MGMCs), consisting of
ductile crystals precipitated in-situ in a glass-forming matrix [4].
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The existence of crystals within the amorphous matrix hinders the
rapid propagation of shear bands, and favors shear band blocking
and multiplication. The formation of a highly organized pattern of
multiple shear bands which, in turn, interact in a very complex way
with each other and the crystals retards the early failure of MGMCs
and ensures improved ductility.

Previous studies have introduced various MGMCs  with excellent
room-temperature tensile ductility [5–7]. Unfortunately, most of
these composites exhibit macroscopic-strain softening with early
onset of necking ascribed to a lack of work-hardening capacity,
which restricts the structural applications for such kinds of in-situ
MGMCs  [8,13]. Because of this challenge, transformation-induced
plasticity (TRIP) [7,9] and twining-induced plasticity (TWIP) [14]
mechanisms have been employed in MGMCs  through control-
ling their compositions, and concomitant work hardening has
been realized in MGMCs. For example, B2-type MGMCs  containing
spherical polymorphous B2 CuZr/Ti precipitates [7,9] and �-type
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primary �-Zr/Ti solid solution dendrites embedded in a glassy
matrix [10–12] are two common in-situ MGMCs. The metastable
B2 CuZr phase undergoes martensitic phase transformation dur-
ing plastic straining, which produces excellent room-temperature
plasticity and work-hardening capacity through TRIP effect [7].

In addition to the work-hardening mechanisms of MGMCs
under tension referred before, the novel in-situ Ti-based MGMCs,
presented in this study, show distinct tensile ductility with signifi-
cant work-hardening capability, which is ascribed to the formation
of nanoscale boundaries at interface between the dendrites and
the matrix. The generation of boundaries on the nanoscale is based
on the formation of DDWs within the dendrites, and develops
with the interplay between shear bands in the matrix and DDWs.
With the help of finite element modeling (FEM), digital-image cor-
relation (DIC), nanoindentation tests, as well as high-resolution
transmission electron microscopy (HRTEM), it is well proved that
the ductile dendrites with remarkable work-hardening capacity act
as a prerequisite for achieving uniform elongation of the MGMCs.
The deformation mechanisms are explored by accounting for the
competition between the matrix and the dendrites upon tensile
loading. The generation of dense dislocation walls (DDWs) and the
development of boundaries on the nanoscale in dendrites during
tension induce remarkable work- hardening behavior. On the other
side, the nucleation and propagation of shear bands within matrix
lead to softening. Moreover, a model has been developed to study
the deformation behavior of the composites. The work-hardening
coefficients “n” and “n

′
” obtained through the model indicate that

the hardening originated from boundaries on the nanoscale in the
dendrites and softening induced by shear banding within the glass
matrix, respectively. The experimental results together with the
developed constitutive relations clearly unveil the work-hardening
mechanisms of such kinds of composites. Hence, the current find-
ings extend the fundamental understanding of the deformation
mechanisms of MGMCs  upon tension, and pave a way to design
MGMCs with significant uniform elongation at room temperature.

2. Experimental

The in-situ Ti41Zr32Ni6Ta7Be14 [atomic percent (at.%)] MGMCs
specimens were prepared by arc melting the mixture of pure ele-
ments [purity >99.9 wt percent (wt.%)], Ti, Zr, Ni, Ta, and Be, under
a Ti-gettered argon atmosphere. The ingots were re-melted at least
four times in a high-purity argon atmosphere to ensure chemical
homogeneity. Copper-mold-casting was used to fabricate plate-
shape samples. The size of the samples was 2 mm in thickness and
10 mm in width. The structures of phases in the as-cast ingots were
characterized by X-ray diffraction (XRD; Ultimalv) with Cu-K� radi-
ation. Microstructures and chemical compositions were analyzed
by scanning electronic microscopy (SEM; TESCAN, LYRA 3 XMH)
combined with energy-dispersive spectrometry (EDS). The tensile
samples, which have been cut into a shape of dog -bone-like (10 mm
(length) ×2 mm (width) ×2 mm (thickness)). The tensile experi-
ments at room temperature were conducted with an Instron 5969
testing machine at a strain rate of 5 × 10−4 s-1. To confirm the
reproducibility of the tests, at least three specimens were tested.
The evolution of local strains during the experiments was  detected
by digital image correlation (DIC) using the MatchID system. For
these tests, white paint was sprayed on one side of the samples and
then coated with black spots in order to increase the contrast of the
images taken during the DIC experiments. XRD, SEM, transmission
electron microscopy (TEM), and HRTEM in a JEM-2010 microscope
were performed to check the failed samples. Mechanical grinding
was the first step when preparing the TEM specimens, followed
by ion milling (ion energy: 4.5−5 keV) with Gatan 691 Polisher.
The hardness and Young’s modulus required in the present work

Fig. 1. SEM image of the as-cast composite.

Table 1
Contents of different elements in the present Ti-based MGMCs  (in at.%).

Zone Ti Zr Ni Ta Be

Composite 41 32 6 7 14
Matrix 34.8 ± 0.2 47.2 ± 2.1 12.4 ± 1.8 5.6 ± 0.2 –
Dendrites 47.2 ± 0.5 34.8 ± 2.0 4.0 ± 1.7 14.0 ± 0.4 –

were calculated from nanoindentation tests (MTS Systems, USA).
Computational micromechanics investigation on the formation and
evolution of deformation bands have been developed in the current
work. The deformation behavior of monolithic BMGs is generally
described by the free-volume model and the mechanism-based
strain-gradient plasticity model [15–17], which are described in
a model with a finite element code (ABAQUS) as user material sub-
routines. The shear bands in the glass matrix and the slip bands
in the dendrites, which are induced by the concentration of free
volumes and pile-ups of dislocation, respectively, are internal state
variable SDV1 in the code. In the current work, a two-dimensional
(2-D) plane-strain finite element model (FEM) was chosen. As in a
similar model in previous work by Rao et al. [15,17], the loading
boundary in this model was perpendicular to the loading direction.
The normal constraints appear opposite to the loading boundary,
and the full constraints appear at a vertex of the opposite boundary.

3. Results

Fig. 1 shows the result from SEM observations for the as-cast
Ti41Zr32Ni6Ta7Be14 composites. In-situ dendrites are continuously
distributed within the glassy matrix, as denoted by the arrows. The
volume fraction of the dendrites and the average width of the den-
drite arm were evaluated by the Image pro software from the SEM
images, and the values are 49 ± 3 vol.% and 1−2 �m,  respectively.
In order to clarify the chemical compositions of both phases, the
content of the elements Ti, Zr, Ni, and Ta was acquired by EDS
analysis. Be is hard to detect precisely, since it is very light and com-
pletely dissolved in the amorphous matrix [18]. Table 1 presents
the chemical compositions of both phases. The values given for the
composition in the first line correspond to the nominal composi-
tion. The glass matrix is enriched in Zr and Ni and the dendrites in
Ti and Ta, similar to others developed in-situ Ti-based MGMCs  [10].

The TEM images of an as-cast sample are shown in Fig. 2 to
reveal the details of the microstructure. As can be found from
Fig. 2(a), bright elliptical particles and gray regions correspond to
the dendrites and matrix, respectively. The selected-area electron
diffraction (SAED) patterns displayed in Fig. 2(b) and (c) correspond
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Fig. 2. TEM images of the as-cast sample: (a) bright-field TEM image, selected-area electron diffraction (SAED) patterns of the dendrites and the matrix are presented in (b)
and  (c), respectively, (d) the HRTEM image of the interface.

to the yellow and green regions in Fig. 2(a), respectively, and con-
vincingly demonstrate the formation of the body-centered-cubic
(bcc) �-Ti dendrites and the amorphous matrix. Besides the diffrac-
tion spots from the �-Ti solid solution, additional weak diffraction
spots indicated by red circles, corresponding to the red circles in
Fig. 2(a), at 1/3 {112}� and 2/3 {112}� are visible [19]. Among sev-
eral binary and multi-component Ti and Zr alloys, the � phase may
appears when the stability of the � phase is enhanced by adding �
stability elements, such as Mo,  Co, and Ta [20]. Consequently, these
spots can be identified as �-Ti, which is formed by a displacive
shuffle dominated mechanism during rapid cooling [20]. However,
the structure of �-Ti cannot be observed in XRD and SEM, which
means the amount of �-Ti is very small or can be almost neglected.
Fig. 2(d) shows the HRTEM image of the as-cast sample, which dis-
plays the interface between the dendrites and the matrix. It can
be seen that the atomic bonding, shown by the red line, between
the two phases are very good, no obvious defects and stress con-
centration happened in this place. The deformation mechanisms
are closely related to the intrinsic composition of the composites.
In particular, special attention has been directed towards the Ti-
based alloys developed by adding �-phase or �-phase stabilizing
elements [20]. In view of MGMCs, thermos-mechanical processing
of Ti-based alloys (the dendrites) involves deformation in the dif-
ferent phases depending on the compositions and the change of
the �-phase stabilizer (Ta) in the dendrites affects the phase stabil-
ity, which influences the structure and deformation mechanisms
of MGMCs  upon loading [20,21].

The XRD patterns of as-cast and deformed samples are shown
in Fig. 3. Sharp peaks, denoting crystalline phases, can be found
to be superimposed on a broad diffuse diffraction background cor-
responding to the amorphous phases, indicating the concomitant
existence of bcc �-Ti and amorphous phases, respectively. The XRD
patterns after tensile deformation exhibit the same set of diffraction
peaks and no additional peaks, confirming that there is no phase
transformation upon plastic deformation.

Fig. 4(a) displays a characteristic tensile true stress-true strain
curve of the composite at ambient temperature. Apparently, the
MGMC  exhibits a distinct work-hardening behavior. It yields at
1200 ± 45 MPa, followed by a region with increasing flow stress,
and finally reaches an ultimate tensile strength (UTS) of 1640 ± 37
MPa  and a total uniform strain of 5%. The plastic deformation is
susceptible to localized deformation (necking), and the Considére
criterion can be used to detect necking [22].

d�
dε

≤ � (1)

Fig. 3. XRD patterns of the composite before and after tensile deformation.

where, �, is the true stress, and, ε, is the true strain. The work-
hardening rate (d�/dε) calculated from the true stress-true strain
curve is shown in the inset of Fig. 4(a). Comparing these two curves
in Fig. 4(a) reveals that necking does not happen until final frac-
ture, and the value of the work-hardening rate exceeds the tensile
stress during the whole plastic deformation stage. In other words,
the significant work hardening without macroscopic necking dom-
inates when the composite is subjected to tensile straining. The
different slopes shown in the C-J plot (d�/dε vs. ε) provide insight
into possible changes in the deformation mechanisms. Multi-stage
work-hardening behavior, which is common in crystalline alloys
with remarkable work-hardening, is evident in the present com-
posite [Fig. 4(a)] [23,24]. The fracture morphology of the samples
after tension is displayed in Fig. 4(b). Profuse shear bands indicate
the large plastic deformation for the present MGMCs. The inset in
Fig. 4(b) presents an image of a fractured sample. Apparently, the
tensile failure of the current composite occurs in a shear fracture
mode. Three fracture angles (57.7◦, 77.6◦, and 90◦) can be detected
on the fracture surface. Zhang et al. have reported that the tensile
fracture angle is 54◦ in monolithic Zr-based BMGs [25]. The tensile
fracture angles are larger in the present MGMC,  indicating that both
normal and shear stresses act on the fracture plane.

The detailed deformation structures in the fractured samples
after tension are presented in Fig. 5. Fig. 5(a) and (b) shows the
TEM images of a fractured specimen. Compared with as-cast sample
shown in Fig. 2(a), DDWs are frequently found within the den-
drites along the interface. Fig. 5(c) presents a HRTEM image taken
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Fig. 4. True stress-true strain curve of the composite (a), the work-hardening rate curve is shown in the inset. (b) SEM images of a sample after fracture.

from the region near the DDWs, where located at the boundary
between two  phases, represented by red lines in the figure. The
red line close to the part of the matrix is the boundary, and the
region between two lines belong to the dendrites. It indicates that
an irregular nanoscale boundary takes place of the original regular
interface (Fig. 2(d)) between two phases during tension. The fast
Fourier transform (FFT) patterns inserted at the left-hand bottom
side of Fig. 5(c) correspond to the areas of the glass matrix and
dendrites, denoted by the squares A and B, respectively. Fig. 5(d)
displays a HRTEM image of the glass matrix taken from an area,
where a shear band (the light region bordered by red lines) was
coincidently caught. The shear band is blocked by a crystal (cf. the
ordered lattice within the yellow ellipse).

In crystalline alloys, slips and dislocations are the major car-
riers of plasticity. In contrast, the plastic deformation in a glassy
phase is accommodated by shear bands. Shao et al. have reported
that two-zone shear bands (one is a solid-like zone, and the other a
liquid-like zone) control the plasticity of metallic glasses [26]. This
trend can be inferred from the structure in Fig. 5(d). The generation
of a liquid-like zone (the area between the red lines), surrounded
by a solid-like zone, is prevented by the crystalline dendrites (the
area within the yellow ellipse), which retards the plastic instabil-
ity. The crystals in MGMCs  can hinder or distribute the expansion of
shear bands within the matrix. Fig. 5(e) and 5(f) displays magnified
HRTEM images of the dendrites. The boundary on nanoscale formed
close to the interface is indicated in Fig. 5(e), corresponding to the
area between red lines in Fig. 5(c). Dislocations, denoted by “T”,
severe lattice distortion, represented by yellow circles, and diverse
lattice orientations are simultaneously present. The SAED pattern in
Fig. 5(e) shows clear diffraction lattice of nanocrystals, which states
the structure of the boundary on nanoscale have changed from
ordered crystalline lattice to sub-grains and nanocrystal structure.
Comparing the HRTEM images of as-cast and fractured samples, as
shown in Fig. 2(d) and 5(c), respectively, significant changes on the
interface between the dendrites and the matrix have taken place.
It indicates that the nanoboundary, consisting of sub-grains and
nanocrystal, is formed during tension. The microstructure observed
by TEM shown in Fig. 5(e) demonstrates the existence of sub-grains
and nanocrystals near boundaries in fractured samples. It is noted
that the nanoscale boundary, corresponding the area between red
lines in Fig. 5(c), is generated upon straining. Fig. 5(f) depicts the
area far away from the boundary. Lattice distortions and disloca-
tions can be observed, corresponding to the inverse FFT image,
shown at the left bottom of the figure. The inset in the upper right
corner displays the corresponding SAED pattern, which demon-
strates that the interior of the dendrites retains the bcc structure

for �-Ti solutions, and no phase transformation happens. Conse-
quently, boundaries on the nanoscale are generated within the
dendrites close to the interface. The boundaries possess disparate
crystalline structure, i.e., neither structure of the glass matrix nor
bcc �-Ti of dendrites.

Fig. 6 illustrates the strain increment distribution curve upon
tensile loading, as obtained by DIC. Fig. 6(a) shows the strain-
distribution maps. And the location of fracture, marked by blue
rectangle in Fig. 6(a). The inset shown in Fig. 6(b), was  selected for
analysis of the temporal strain. The instantaneous strain distribu-
tion along loading direction, extracted from the strain-distribution
map  near the location of fracture, is presented in Fig. 6(b). Obvi-
ous necking cannot be found along the gauge length, and the strain
increases uniformly during tension except for two  inflection points
on the instantaneous strain curve at local strains of 0.7% and 2.7%.
The above results signify that shear bands generated locally within
the glass matrix are arrested by the ductile dendrites, resulting in
macroscopically homogenous elongation for the current MGMC.

In order to better understand the deformation behavior, finite
element modeling (FEM) was  performed. The materials parameters
of the glassy and dendrite phases used in the simulation are listed in
Table 2. Em and Ed are elastic modulus of the matrix and dendrites,
respectively, �m and �d are Poisson ratio of the matrix and dendrites,
respectively, ˛, �0, �, v∗, T , t−1

0 , and �0 are the geometrical factor,
initial free volume concentration within the matrix, geometrical
parameter of the matrix, critical volume for the matrix, absolute
temperature, characteristic time, and the reference stress of the
matrix, respectively. M,  b, ˛, dp,  , ε̇0, k20, n, NB, �, m0, and �y are
Taylor factor, Burgers vector, empirical constant, effective particle
size, proportional factor, reference strain rate, dynamic recovery
constant, power exponent relating to the dislocation annihilation,
maximum number of dislocation loops, viscosity coefficient, and
yield strength of the dendrite, respectively.

The inhomogeneous distribution of the stress field is ascribed
to the different interactions between two  phases when choosing
different dendrites. The propagation of shear bands and cracks
strongly depends on the mechanical property of the dendrites. In
the present FEM model, as shown in the Table 2, the same parame-
ters for the glass matrix were developed and three varied dendrites
were chosen as the reinforce phase in the FEM, named by den-
drites 1, 2, and 3, respectively. Among three dendrites, materials
parameters remain constant except for the M and �y. Larger Taylor
factor, M2, was  set for the dendrites 2 comparing with the den-
drites 1 and 3 (M1,3), which ensures work hardening achieved in
dendrites 2 upon tension. Higher yield strength, �y3, was developed
for the dendrites 3 comparing with the dendrites 1 and 2 (�y1,2),
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Fig. 5. TEM images of a sample after fracture: (a) bright-field image, (b) dark-field image, (c) HRTEM image of the interface, (d) a shear band in the matrix, (e) and (f) HRTEM
images  of the dendrites.

Table 2
Material parameters used for the FEM model of the current MGMCs.

Matrix Em (GPa) �m  ̨ �0 � v∗ (Å) T (k) t−1
0 (s−1) �0 (MPa)

109.3 0.33 0.8 0.0465 1.25 20 300 324 414

Dendrites Ed (GPa) �d M1,3 M2 b (nm)  ̨ dp (�m)  ε̇0 (s−1) k20 n NB � (nm) m0 �y1,2 (MPa) �y3 (MPa)

67 0.36 1.0 2.4 0.256 0.33 2.5 0.2 1 18.5 12.5 45 35 10 900 1200
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Fig. 6. DIC images of the deformed composite: (a) the strain distribution with time, (b) the corresponding temporal strain curve.

Fig. 7. True stress-true strain curves obtained by the experiment and FEM, respec-
tively.

which intends to observe the deformation behavior of the kind of
stronger dendrites. The results indicate that work hardening is not
easily achieved even when the reinforce dendrites possess very
high strength. And the work hardening results only when the den-
drites have remarkable work-hardening capacity. Consequently,
the simulation results obtained using dendrites 2 present a similar
deformation behavior as the current MGMCs.

The uniaxial tensile stress-strain curves of the in-situ MGMC  are
predicted and compared with the experiments in Fig. 7. The com-
parison shows a good agreement, indicating that the adopted finite
element model is suitable to numerically depict the tensile defor-
mation behavior of the current MGMC  reasonably well. Fig. 8(a),
(b), and (c) illustrates the evolution of free volume in the glassy
matrix, the dislocation density in the dendrites, and the local stress
distribution at a strain of 3%. The corresponding values for the late
deformation stage, 7%, are shown in Fig. 8(d), (e), and (f), respec-
tively. It is suggested that homogeneous deformation can be found
in the present MGMC at the first time when yielding occurs, as dis-
played by Fig. 8(a), (b), and (c). In contrast, the free volume and the
dislocation density rapidly increase at 7% strain, which reveals work
softening and hardening in the matrix and dendrites, respectively.
What can be observed from Fig. 8(d) and (e) is that the region con-
taining a high concentration of free volume in the matrix [Fig. 8(d)]
is adjacent to a region, where the dislocation density is relatively
high within the dendrites [Fig. 8(e)]. This trend confirms that the
stress concentration at the interface has an effect on the genera-
tion of slip bands in the dendrites and on the initiation of shear
bands in the amorphous matrix [5]. Fig. 8(f) depicts a map  of the
strain distribution with respect to the loading direction. Shear local-
ization is not significant. The plastic deformation of the current

MGMC  under tension is relatively homogenous, as demonstrated
in Fig. 8(f). These findings are close to the experimental results.

In addition, another two dendrites were selected to make a com-
parison with dendrites 2 through the FEM analysis, as shown in
Fig. 9. Fig. 9 (a) and (b) demonstrates the results, (a) displaying
the stress-strain curves for varied dendrites, and (b) presenting the
stress-strain curves of MGMCs  with the corresponding dendrites in
(a). It is suggested that dendrites 2 exhibit excellent work harden-
ing during deformation, and no hardening behavior can be found in
the other two types of dendrites. Consequently, only MGMC 2, with
in-situ formed dendrites 2 in the amorphous matrix, demonstrates
work hardening. For the other two soften dendrites, dendrites 1
with lower yield strength and dendrites 3 with higher one, cannot
assist appearance of work hardening in MGMCs, which means that
the work-hardening behavior of the dendrites during tension is the
necessary factor for achieving work hardening in the corresponding
MGMCs. Fig. 10 illustrates the evolution of the free volume within
the glassy matrix, the dislocation density in the dendrites, and the
local stress distribution at 5% strain for three the MGMCs. Fig. 10(a),
(b), and (c) are results of MGMC  1, (d), (e), (f) represent MGMC  2,
and (g), (h), and (i) corresponds to MGMC  3. The evolution of free
volumes is similar among the three MGMCs  [(a), (d), and (g)], which
means that the matrix undergoes softening. Obviously, a higher dis-
location density forms in MGMC  2 [(b), (e), and (h)]. It is noted that
the local stress distribution is more homogenous in MGMCs  2 and
3 when compared to MGMC  1.

4. Discussion

It is well known that the introduction of dendrites into the
matrix effectively improve the ductility of BMGs, and the volume
friction and size of the dendrites influence the deformation behav-
ior of MGMCs  [16]. For the same system MGMCs, the reinforced
dendrites act as an important role in deformation mechanism of
MGMCs. In other words, the work hardening of MGMCs  can be
achieved when the reinforced dendrites possess excellent work-
hardening ability. In the present MGMC,  the dendrites show
significant work hardening upon tension, which is induced by the
formation of DDWs. The element of Ta works as stabilizer of a �
phase in titanium alloys, and TRIP and TWIP effects on the work
hardening upon tension among Ti-based MGMCs  have been studied
[10,14]. Based on the previous studies, fine adjustment of the pro-
portion of Ta and other elements has been conducted. The sub-grain
and nanocrystal generated at the interface between two phases
is an intermediate state. The composition of the dendrites within
MGMCs  may  determine the deformation mechanism, i.e., the for-
mation of boundary on nano scale stems from the intrinsic property
of the present MGMC.
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Fig. 8. FEM results obtained at the strain of 3% and 7%: (a) and (d) the evolution of free volumes within the glassy matrix, (b) and (e) the dislocation density in the dendrites,
(c)  and (f) the local stress distribution.

Fig. 9. FEM analysis for another two  dendrites: (a) stress-strain curves of different dendrites, (b) stress-strain curves of MGMCs  with the corresponding dendrites in (a).

The results described above indicate that boundaries on the
nanoscale observed during tension plays an important role in
achieving work hardening. Different from TRIP and TWIP defor-
mation mechanisms, the work hardening observed in the present

MGMCs  is induced by the formation of special nanocrystalline
structure. Zhai et al. [27] designed Ti-based MGMCs  through adding
Sn to tailor the intrinsic properties. Significantly ductile defor-
mation and excellent work hardening can be achieved with Sn
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Fig. 10. Evolution of free volumes in the glassy matrix, dislocation density in the dendrites, and local stress distribution at the strain of 5% for three MGMCs: (a), (b), and (c)
MGMC 1, (d), (e) and (f) MGMC  2, (g), (h), and (i) MGMC  3.

addition, totally due to dislocation multiplication, similar to that
usually found among MGMCs  with work softening [4,5,42]. Actu-
ally, for the MGMCs, asynchronized deformation might happen
for both phases. Previously, it has been found that a disparity of
the elastic limits, Young’s moduli, and yield strengths exist for
both phases in such kinds of composites [12,28]. Consequently,
the dendrites yield preferentially, and plastic deformation starts
first within the dendrites, when the matrix is still upon elastic-
ity. Meantime, many DDWs generated in the dendrites begin to
develop. Simultaneously, shear bands are poised for the activation
and propagation within the matrix. Instead, multiple shear bands
with limited length given by the constraints of the crystalline phase
form. After both phases enter the plastic deformation stage, the
interaction between shear bands and DDWs assists the develop-
ment of boundaries on the nanoscale at the interface.

Different from the studied by Zhai et al. [27], the moving and
pile-up of dislocations in the dendrites induce the formation of
DDWs at boundary of the dendrites in the present MGMCs. Fur-
thermore, the interaction between the shear bands and DDWs
causes stress concentration at the interface. Since the nanocrys-
talline structure stems from the interaction between two  phases,
and is located at the interface. It is clear that the present MGMCs
could be divided into three different structures due to the forma-
tion of new boundaries after tension. During tension, the work
hardening occurred in the dendrites and softening happen in the
matrix control the tensile deformation behavior of the dendrites
and the matrix, respectively. It results in the intrinsically soft den-
drites becoming hard ones, and the relatively hard glass matrix
turning into a soft phase. The dendrites show significant work hard-
ening which effectively offsets the work softening of the matrix, and
ultimately achieved the excellent work hardening.

4.1. Dislocation pile-ups

Plastic deformation firstly occurs in soft dendrites as soon as
multiple dislocations operate during tension. The DDWs in the
plastically-deformed dendrites indicate a continuous pile-up of dis-
locations upon successive straining. Only when dislocation pile-ups
develop, i.e., dislocation movement is effectively impeded by grain
boundaries [29], twins [14], or interfaces (phase boundaries) [30],
successive work-hardening will be available.

To better understand the deformation mechanisms, FEM has
been employed to study different parameters corresponding to var-
ious dislocation densities in the dendrites. Three defect densities
(1 × 107, 5 × 1014, and 1.5 × 1015/m2) were chosen for the FEM
simulations.

Fig. 11 shows the calculated stress-strain curves for differ-
ent dislocation densities, and the inset shows the corresponding
work-hardening rate curve. The results indicate that increasing
dislocation densities leads to pronounced work hardening. Fig. 12
displays maps of the dislocation density (left column), the free vol-
ume  density (center) and strain contours (right) for MGMCs  with
different dislocation densities in the dendrites at a strain of 5%. The
top row corresponds to a dislocation density of 1 × 107/m2 in the
dendrites, while the middle row displays the results for a dislo-
cation density of 5 × 1014/m2. The bottom images in Fig. 12(g–i)
represent the findings for a defect density of 1.5 × 1015/m2. Con-
sistent with our expectations, successive dislocation multiplication
and pile-up contribute to the distinct work-hardening in the cur-
rent composite. Usually, pile-up of dislocations is not achieved and
shear banding prevails, accompanied by softening after yielding in
the other in-situ dendrite-reinforced MGMCs  [8,18]. In other words,
increasing and pile-up of dislocation are important reasons of the
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Fig. 11. Calculated true stress-true strain curves of MGMCs  with different dislo-
cation densities in the dendrites as obtained by FEM, the inset corresponds to
work-hardening curves.

work hardening in such kinds of composites, which is ascribed to
the significant work hardening of the dendrites.

4.2. Work-hardening behavior during tension

As reported before, three stages can be found in the defor-
mation stage of MGMCs, i.e., elastic-elastic, elastic-plastic, and
plastic-plastic stages [31]. Coincidentally, the tensile strain hard-
ening rate of the present MGMC  can be accordingly divided into
three stages, as displayed in the inset of Fig. 4(a) and marked as
A, B, and C stages. A similar situation can be often found in a
variety of crystalline alloys, including Mg-alloys [32], alloys exhibit-
ing transformation-induced plasticity (TRIP) [33], twining-induced
plasticity (TWIP) steels [34], and high-entropy alloys (HEAs) [35].
The work-hardening rate first decreases, then remains constant

(stage A), and subsequently decreases again (stages B and C) with
increasing strain.

At stage A, the dendrites in the present composites have entered
the plastic range when the glass matrix still is in the elastic range.
The first decrease of the work-hardening rate occurs at the initial
state when the dendrites in the composite yield (i.e., the work-
hardening rate enters the non-linear deformation stage), which
is governed by dislocation glide within the crystalline dendrites.
During this stage, the dislocations generated in the dendrites
move towards the interface, and pile-up near the interface, as
demonstrated in Fig. 5(a) and (b). Meanwhile, dislocations within
dendrites can diffuse into the matrix and become absorbed by the
matrix. The work-hardening rate in stage A is controlled by the
successively increasing dislocation density, effectively restricting
dislocation slip. It is noted that the start of stage A at the strain of
0.7%, corresponds to the first inflection point shown in Fig. 6(b),
which indicates the yield point of the dendrites. The other point in
Fig. 6(b) is regarded as the stage when profuse formation of shear
bands in the glass matrix sets in, i.e., the beginning of work soften-
ing. At the same time, the multiple dislocations generated within
the dendrites move towards the phase boundary, forming DDWs.
Loosely bonded free volume regions, which act as flow defects in the
glass matrix, can continuously accumulate before the occurrence of
plastic deformation. It is noted that softening (i.e., the generation of
shear bands) in the glass matrix can be ignored during the elastic-
plastic stage. Hence, the plateau of the work-hardening rate in stage
A corresponds to stage II in traditional crystalline alloys [22]. It pro-
vides an extended work-hardening capacity stretching over about
22% of the whole plastic deformation stage, in a good agreement
with crystalline alloys [36]. DDWs and free volume regions appear
synchronous near the phase boundary, and cause the formation of
the heterogeneous structure at the interface.

After stage A, the propagation of shear bands becomes prevailing
at the whole stage B. It has been speculated that the glass matrix
generally exhibits softening due to localized structural and ther-

Fig. 12. Free volume density and maps of strain contours of the MGMCs  with different defect densities in the dendrites at a true strain of 5%: (a), (b) and (c) 1 × 107/m2, (d),
(e)  and (f) 5 × 1014/m2, (g), (h) and (i) 1.5 × 1015/m2.
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Table  3
Hardness of the glass matrix and the dendrites before and after tensile testing mea-
sured by nanoindentation.

Type of specimen Matrix (GPa) Dendrites (GPa)

As-cast 6.96 ± 0.21 4.58 ± 0.45
Deformed 6.18 ± 0.13 6.22 ± 0.27

mal  shearing [1,4]. Accordingly, the work-hardening rate begins to
decrease. Nevertheless, the overall deformation behavior remains
hardening at this stage. It should be emphasized that the blocking
of work-hardened dendrites to the prompt propagation of shear
bands is significant, as demonstrated in Fig. 4(b) and 5(d).

With even more plastic straining the dislocation density reaches
a dynamic equilibrium state. Dislocation rearrangement becomes
active, which is one of the sources for grain boundary migration
and the generation of nanocrystals [29,37]. As a result, the inter-
face between the two phases forms a unique boundary structure.
The nanoscale boundary in the current work originates from a
hierarchical microstructure, not a chemical composition heteroge-
neous structure, as investigated in Huang’s work [38]. The HRTEM
and SAED images in Fig. 5(e) show the existence of nanocrystals,
which suggests that the interface evolves into boundaries on the
nanoscale, and the inner part within dendrites retains the original
structure. The heterogeneous structure induced by the formation
of special boundaries is particularly beneficial and has an overar-
ching effect on maintaining work hardening in stage B [39]. On
one hand, plasticity gradients are built up, which contributes to
blocking of the dislocation movement, accompanied by continu-
ous work hardening in dendrites. On the other hand, as reported by
Wang et al. [40], the interface between both phases exhibits unique
inelastic shear-transfer characteristics, where the glass matrix acts
as high-capacity sink enabling the absorption of plasticity. As over-
all effect, both the successive dislocation pile-up within dendrites
and the profuse shear bands in the glass matrix accommodate the
plasticity.

Stage C is the final stage, where the work-hardening rate is lower
than the true stress [Fig. 4(a)]. Plastic instability occurs at this stage.
On the basis of the results in stage B, the glass matrix undergoes pro-
nounced softening upon plastic deformation, which is attributed to
shear-induced local dilatation [41]. In contrast, the dendrites are
strongly hardened. The boundaries on the nanoscale separate the
matrix and the dendrites, and trilaminar heterogeneous structure
forms. Meanwhile, the dislocation density generated in the den-
drites saturates, which means that defects, such as cracks, have
formed in the dendrites at this stage. Hence, multiple mature shear
bands appear in the matrix and the dendrites cannot stop them.
At this stage, the work-softening mechanisms generated in the
glass matrix become more pronounced, while the work-hardening
mechanisms generated in the dendrites weaken.

The hardness of the matrix and the dendrites before and
after tension have been measured by nanoindentation tests. The
Berkovich diamond indenter tip penetrates into the matrix and
dendrites, respectively, when conducting nanoindentation tests,
and the maximum indentation depth was 1000 �m.  At least ten
points were selected during the nanoindentation experiments. The
results are summarized in Table 3, which verifies the distinctly dif-
ferent deformation behavior of the two phases. The initial hard
(glass matrix)/soft (dendrites) model of the MGMC changes into
a soft (glass matrix)/hard (dendrites) model after tension, which
is caused by the particular deformation mechanisms described
above. The excellent work hardening in the dendrites and obvi-
ous work softening in the matrix induce the change of hard and
soft phases. The nanoscale boundary generates during the pro-
cess of competition between the dendrites and matrix, which
induces the work-hardening behavior occurring in the present

MGMC.  No macroscopic necking is found, since the composite fails
immediately when the plastic instability is reached. On the whole,
homogenous plastic elongation is dominant upon tensile loading.

4.3. Constitutive relationship

On the basis of the present and previous findings [14], some
implications can be drawn. A transition of different tensile defor-
mation mechanisms corresponding to the various stages upon
deformation occurs in the current composites.

At the beginning, both phases of the current composite are in
the elastic state, and attempts to derive the Young’s moduli for each
phase and the composite have been made. Generally, the average
Poisson ratio of most BMGs can be assumed as a similar value to
crystalline phases [4,42,43]. Hence, for the further considerations
the Poisson ratio here is set for 0.33 in both phases [44]. One of the
attempts can be established according to Hashin and Shtrikman, as
follows [45]:

Ec = Em

[
1 + fv (Ed − Em)

(1 − fv)ˇ (Ed − Em) + Em

]
, (2)

where Ec, Em, and Ed are the Young’s moduli of the composite, the
matrix and the dendrites, respectively, the value of fv is 0.49, which
represents the volume fraction of dendrites,  ̌ is constant and  ̌ =

8−10�m
15(1−�m) , and �m (0.33) is the Poisson ratio of the matrix. Em and
Ed are equal to 109 and 83 GPa, respectively. Therefore, Ec can be
calculated as 95.5 GPa by inserting these parameters into Eq. (2).
Another approach considers simple rule of mixtures (ROM),

Ec = Em (1 − fv) + Edfv. (3)

The value of Ec is 96.3 GPa, similar to the results obtained by Eq.
(2).

With increasing strain, the soft dendrites yield first. On the basis
of the ROM, the stress of the composite can be established as:

�c = fv�d + (1 − fv)�m, (4)

where �c, �d, and �m are the tensile stresses of the composite, den-
drites, and glass matrix, respectively. An overall strain (ε) of 1.5%,
a median of this stage, is chosen as an input into Eq. (4), which
equates to: (1  − fv)Emε = (1 − 0.49) × 109 × 0.015 = 833 (MPa).
Referring to Fig. 4(a), the stress at the strain of 1.5% is about 1200
MPa. As a result, �d can be calculated as 749 MPa.

The constitutive equation of the composites at this stage can be
expressed according to [46]:

� = 1√
3cd

[√
3�d + 3Em

(
1 − ˇ

) 1 − f�
fv

εp√
3

]
, (5)

where cd and cm are the average stress-concentration factors of the
dendrites and the matrix, respectively (cm = ˇ(Ed−Em)+Em

[fv+(1−fv)ˇ](Ed−Em)+Em
,

cd = Ed
[fv+(1−fv)ˇ](Ed−Em)+Em

). εp is the plastic strain of the composites,

which is given as εp = f�cdε
p
d, and εp

d is the plastic strain for den-
drites. Consequently, Eq. (5) can be written as:� = �d + 0.28Emε

p
d.

As presented in Fig. 6(b), the yield strain of the dendrites is about
0.7%, and this yield strain of the dendrites in the current MGMC  is
highly consistent with other Ti-based MGMCs  [4,14]. Consequently,
the plastic strain of the dendrites, εp

d, at the overall strain of 1.5%
is about 0.8%. According to Eq. (5), the stress acting on the den-
drites at the overall strain of 1.5% is calculated as 950 MPa, very
close to the stress in dendrites in other Ti-based MGMCs  and Ti-
based crystalline alloys [4,22]. The model in Eq. (5) is more suitable
for interpreting the stress conditions at this stage. The yield stress
for the dendrites is about 580 MPa, according to Hooke’s law. The
work-hardening exponent,n, is estimated to be 0.66.
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Fig. 13. Ratios of the hardness of the dendrites (Hd) and the matrix (Hm) for different MGMCs.

Both phases undergo plastic deformation at this stage when the
glass phase begins to yield. This stage corresponds to the decrease
of the work-hardening rate, as shown in Fig. (4 b). For a dislocation-
free crystal, it has been postulated by Frenkel that the theoretical
shear strength can be assumed to be �y ∼= G/5. Therefore, the yield
strength of the glass matrix can be calculated as 1640 MPa  (�ym =
2�y) [47]. The tensile stress of the current composite in this stage
is given by [46]:

� = 1√
3cm

[√
3�ym − 3Em(1 − ˇ)

εp
√

3

]
, (6)

and Eq. (6) can be simplified as:� = �ym − 0.524Emεp. In another
way, the tensile stress-strain relation of the matrix in the stage C
can be represented as [46]:

� = �ref(�ym/Em + �p)n
′
, (7)

where �ref is the reference stress of the matrix during uniaxial ten-

sion, and �ref = En
′
m

�n
′ −1

ym

, n
′

is the work-hardening coefficient of the

matrix. The work-softening strain of the stage C can be inferred
at a strain of 3.0% [Fig. 4(a)], which is close to the second inflec-
tion point displayed in Fig. 6(b). Combining Eqs. (6) and (7), the
work-hardening coefficient of the matrix at this stage can be cal-
culated as - 0.069. This trend indicates that the work-hardening in
the dendrites is more pronounced than the softening induced in
the glass matrix, which results in the excellent work hardening in
the current composite. Such a situation is in line with the experi-
mental data (cf. Table 3). The introduction of ductile dendrites with
significant work hardening is an effective route to achieve work
hardening upon tension of the MGMCs, the hardening of the den-
drites can surpass work softening of the matrix. During tension, the
hardness of the dendrites and the matrix show opposite trends, the
hardness of the dendrites increase while the hardness of the matrix
decrease. In the present MGMCs, Table 3 reveals that the hardness
of the matrix decreases while that of the dendrites increases upon
tensile deformation. The dendrite hardness becomes higher than
that of the glass matrix, suggesting that the work-hardening effect
overcomes the softening effect. In the present MGMCs, the hard-
ness of the dendrites is higher than that of the matrix after tension.
Hence, the ratio of the hardness values of the dendrites to the matrix
for a variety of MGMCs  with work-hardening ability (Hd/Hm≥1),
is exhibited in Fig. 13 (the literature data were taken from Refs.
[48–51]). It means that dendrites with a higher hardness than the
matrix are beneficial for work hardening in composites. However,
the excellent work-hardening ability of the MGMCs depend on the
work hardening of the dendrites. It is note that work hardening can

be also achieved among the MGMCs  even when the hardness of the
dendrites lower than that of the matrix after tension [27].

Furthermore, the FEM results obtained above also confirm the
conclusions. The deformation behavior of dendrite 1–3 can be
regarded as different deformation stages of MGMC 2 during ten-
sion. Dendrite 1 presents the initial state, and dendrite 3 correspond
to the final state induced by work hardening (dendrite 2). The
MGMC  1 with soft dendrite 1 displays work softening and a shear-
localization distribution occurred during deformation [Fig. 10 (c)].
On the other hand, the MGMC  3 with the hard dendrite 3 shows
similar local stress distributions [Fig. 10 (f) and (i)], which indi-
cates that the hard dendrite phase within the matrix makes MGMCs
hardening. The MGMC  2 in FEM is based on the present composite,
showing dendrites change from soft to hard phase during tension.
And the corresponding work hardening will be achieved at the same
time. Hence, it is reasonable to rationalize that the work-hardening
capacity in the present composite is a result of the pronounced
hardening of the dendrites.

5. Conclusion

In the previous work, the deformation mechanisms of the
Ti41Zr32Ni6Ta7Be14 MGMC  have been revealed and characterized
by experiments and theoretical calculations. The work-hardening
behavior in the dendrites is ascribed to the formation of boundaries
on the nanoscale, which are induced by generating DDWs during
tensile deformation. On the other hand, softening in the matrix is
induced by the formation of shear bands. Combining these factors,
the stress condition of the current composites has been studied step
by step according to the three deformation stages, thus revealing an
overall homogeneous plastic deformation mechanism. Obviously,
the work-hardening ability of the dendrites overcomes the soften-
ing of the glass matrix and leads to a significantly homogeneous
tensile elongation.
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