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Abstract Quasi-static and dynamic deformation behaviors

of an in situ dendrite-reinforced metallic glass matrix

composite: Ti56Zr18V10Cu4Be12 were investigated. Upon

quasi-static compression, the composite exhibits distin-

guished work hardening, accompanied by the ultimate

strength of 1290 MPa and the plasticity of 20 %. The

improved plasticity is attributed to the multiplication of

shear bands within the glass matrix and pileups of dislo-

cations within the dendrites. Upon dynamic compression,

the stable plastic flow prevails and the yielding stress

increases with the strain rate. The macroscopic plasticity

decreases considerably, since the shear bands cannot be

effectively hindered by dendrites with deteriorated tough-

ness. The dendrite-dominated mechanism results in the

positive strain-rate sensitivity, and the Cowper–Symonds

model is employed to depict the strain-rate dependency of

yielding strength.

1 Introduction

Due to their promising properties, including superior high

strength and hardness, large elastic limit, and excellent

corrosion and wear resistance [1, 2], bulk metallic glasses

(BMGs) hold the potential in a wide range of applications

for functional and structural materials. However, almost all

the BMGs fail with a catastrophic brittleness upon loading

at room temperature due to uninhibited shear-band propa-

gation [3]. To alleviate this fatal problem, the crystalline

phases are intentionally introduced into the glass matrix to

obtain in situ dendrite-reinforced metallic glass matrix

composite (MGMC) [4–9], which combine high strength of

the glass matrix and large plasticity of dendrites. The

ductile secondary phases precipitated during solidification

can effectively homogenize the deformation and facilitate

the multiplication of shear bands, thus resulting in

improved plasticity [10, 11].

The in situ MGMCs usually exhibit macroscopic plas-

ticity upon quasi-static loading at room temperature, since

the dendrites within the glass matrix interact with the

multiple shear bands [11, 12]. However, for actual struc-

tural engineering applications of these in situ composites,

many kinds of extreme conditions other than quasi-static

loadings should be appreciated. For instance, they can be

subjected to high-speed dynamic loadings [13–20]. Qiao

et al. [13] have reported that the in situ Ti-based MGMCs

exhibited the positive strain-rate sensitivity (SRS), and the

yielding stress was increased with increasing strain rates

upon dynamic loading. Similar results of a Ti-based

MGMC were found by Wang et al. [18]. However, Chu

et al. [16] reported that a negative SRS prevails for an

in situ Ti-based MGMC with fine dendrites under dynamic

compression. According to the investigation by Qiao et al.

[12], Zr-based MGMCs exhibited ultrahigh strength and
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considerable plasticity upon quasi-static compressive

loading, while brittle fracture occurred upon dynamic

loading owing to insufficient time to form profuse shear

bands. Meanwhile, Jeon et al. [21] found that the maximum

fracture strain in Zr-based MGMCs under dynamic com-

pression accounts to 10 %. Qiao et al. [14] claimed that a

Ti-based MGMC exhibits remarkable work-hardening

capacity upon dynamic loading, which results from coarsen

and high-volume-fractioned dendrites and ‘‘ductile frame-

work.’’ Conversely, the apparent softening behavior

appears in an in situ Ti-based MGMC during dynamic

plastic flows [18]. These inconsistent results indicate that

the dynamic deformation behaviors of in situ MGMCs are

influenced by many factors like the compositions and

microstructures, which stimulates further investigation to

uncover the deformation and fracture mechanisms under

high strain rates.

In this study, the deformation behavior of an in situ Ti-

based MGMC upon quasi-static and dynamic loadings is

investigated by exploring the dependence of the yielding

strength and plasticity on the strain rates. The positive SRS

in the present composites is qualitatively characterized by

comparing the competition between dislocation movement

associated with the crystalline dendrites and thermal and

structural softening related to the glass matrix. Addition-

ally, the constitutive model is obtained to quantitatively

depict the strain-rate dependency of the yielding strength

under dynamic compression.

2 Experimental

Ingots of a nominal composition: Ti56Zr18V10Cu4Be12
(at.%) were prepared by arc melting the mixture of Ti, Zr,

V, Cu, and Be with purity higher than 99.9 % (wt%) under

a Ti-gettered argon atmosphere. These ingots were remel-

ted at least four times to ensure the chemical homogeneity.

The rodlike samples with 3 mm in diameter and about

85 mm in length were fabricated by casting the molten

ingots into a copper mold. The phase of the samples was

characterized by X-ray diffraction (XRD). The

microstructure of the samples was examined with a

scanning electron microscope (SEM). Cylindrical samples

with an aspect ratio of 1:1 were prepared for the quasi-

static compression at a strain rate of 1 9 10-3 s-1 at room

temperature. The dynamic loading experiments were con-

ducted on samples with an aspect ratio of 1:1 at room

temperature using a split Hopkinson pressure bar (SHPB)

apparatus with a momentum trap. A SHPB mainly con-

sisted of input and output bars that were made of the high

strength steels, as displayed in Fig. 1. The sample was

sandwiched between the input and output bars. The test

started when the gas released from the gas chamber pro-

pelled the striker bar that impinged on the incident bar, thus

producing a compressive pulse. The compressive pulse

propagated along the incident bar, the specimen, and the

transmitted bar. Some of the incident pulse was reflected

back into the incident bar from the input bar–specimen

interface. The other part of the incident pulse was trans-

mitted through the specimen into the transmitted bar. The

strain gauges mounted on the middle of incident bar and

transmission bar were used to measure the incident pulse,

eiðtÞ, the reflected pulse, erðtÞ, and the transmitted pulse,

etðtÞ, respectively. According to the one-dimensional stress

wave theory [22], the stress and strain as well as strain rate

can be obtained at the stress equilibrium conditions as

follows:

rðtÞ ¼ E
A0

A
etðtÞ ð1Þ

eðtÞ ¼ � 2C0

L0

Z
erðtÞdt ð2Þ

e
�ðtÞ ¼ � 2C0

L0
erðtÞ ð3Þ

where E is the elastic modulus of the incident and trans-

mission bars, A0 and L0 refer to the cross-sectional area and

length of the specimen, respectively, A is the cross-sec-

tional area of the incident and transmission bars, and C0 is

the longitudinal wave velocity in the bars. Moreover, at

each loading rate, the compression tests were reduplicated

at least three times to ensure the stability and verify the

validity of results. After the quasi-static and dynamic

compressions, lateral surfaces and fracture surfaces of the

Fig. 1 Schematic diagram of the split Hopkinson pressure bar (SHPB) and recording system
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deformed samples were investigated to identify the defor-

mation and fracture mechanisms by SEM.

3 Results

Figure 2 shows the microstructure of the investigated

in situ composite. It can be seen that dendrites are homo-

geneously distributed within the featureless and continuous

glass matrix. During cooling of the melt from the high

temperature, the embedded dendrites are formed by

nucleation and dendritic growth, followed by the solidifi-

cation of the remaining liquid alloy. The very high volume

fraction of the dendritic phase is approximately 65 %, and

the average diameter of dendritic arms is about 2 lm. The

interconnected dendrites form a continuous network

structure. The inset in Fig. 2 presents the XRD pattern,

indicating that only the b-Ti crystalline phase with a body-

centered-cubic (bcc) structure can be detected. The sharp

diffraction peaks of the b-Ti phase are superimposed on the

broad diffuse scattering amorphous maxima, which further

confirms the dual-phase structure.

Figure 3a displays the engineering stress–strain curve of

the composites upon quasi-static compression at a strain

rate of 1 9 10-3 s-1. It can be found that the yielding

strength is 1290 MPa, the ultimate strength is 1930 MPa,

and the plasticity prior to failure approaches 20 %. It

should be noted that the strength of in situ composites

mainly depends on the metallic glass matrix although the

volume fraction of dendrites is higher than 70 % [4], since

dendrites have much lower strength compared to metallic

glass matrix [8]. It is noted that a distinguished work-

hardening behavior prevails once the yielding occurs until

the final fracture. Analogous phenomena can be found by

previous results for in situ MGMCs [12–16]. Generally,

multiplication of dislocations within dendrites exists during

plastic flows. Severe lattice dislocation and local amor-

phization in the dendrites, together with pileups of dislo-

cations, occur near the interface between the dendrites and

the glass matrix upon straining [14], which are jointly

responsible for the accommodation of plastic strains and

work hardening under quasi-static compression [23]. To

examine the resistance of the present composites to flow

localization, the strain-hardening rate (SHR), dr=de (r is

the flow stress, and e is the plastic strain), as a function of

the plastic strain is presented in Fig. 3b. It is found that the

SHR values are much higher at the initial plastic stage and

decay promptly with the plastic strain, which is markedly

less than the reported Zr-/Ti-based MGMCs prepared by

four different processes [9].

Figure 3c presents the engineering stress–strain curves

upon dynamic compression with varying strain rates in the

range of 1400–2800 s-1. It is apparent that the yielding

strengths are over 1350 MPa, a little higher than that under

quasi-static compression. All the composites upon varied

strain rates exhibit plastic flows [24]. The yielding stress

increases slightly but fracture strain decreases with

increasing the strain rates, which is consistent with the

recent investigations in in situ Ti-based MGMCs [13, 16,

18]. Unlike the quasi-static case, an obvious softening

behavior is available after yielding under dynamic com-

pression. However, the improved yielding strength and

distinguished plastic flows render this kind of composites

promising as engineering materials under dynamic loading.

In addition, it is interesting to note that various Young’s

moduli emerge at different strain rates, since the stress

equilibrium cannot be reached instantaneously upon

dynamic loading due to the asynchronous response

between the load–time and displacement–time [17]. Actu-

ally, this phenomenon becomes obvious with increasing the

strain rates, which is mainly responsible for decreased

modulus under higher strain rates. Under dynamic loading,

the corresponding strain rates are essentially constant, as

shown in Fig. 3d.

To better understand the deformation mechanisms, it is

necessary to analyze the fractographs of the composites.

Figure 4a illustrates the lateral surface of the deformed

sample upon quasi-static compression. The decrease in

length from 3 mm to about 2 mm provides the clear evi-

dence for macroscopic plastic deformation. The fracture

plane inclines about 45� with respect to the loading

direction, demonstrating that the final fracture occurs along

the maximum shear stress direction due to the presence of

crystalline dendrites [16]. Profuse shear bands and slip

bands, denoted by white and black arrows, respectively,

can be observed on the lateral surface, as shown in Fig. 4b,
Fig. 2 Microstructure of the present composite; XRD pattern shown

in the inset

Effect of strain rates on deformation behaviors of an in situ Ti-based metallic glass matrix… Page 3 of 8 596

123



which coincides well with the considerable plasticity. The

inset in Fig. 4c displays a large plastic deformation of the

composites upon dynamic compression. Figure 4c exhibits

the lateral surface of the sample under dynamic loading.

The prevalence of shear bands and slip bands indicates the

effective impediment of dendrites to accommodate the

macroscopic deformation [20]. Figure 4d presents the

typical fracture surface of the dynamically fractured com-

posites. The abundant resolidified liquid droplets, related to

the adiabatic heating [25], and river-like pattern prevail on

the fracture surface, mainly associated with the frictional

sliding causing a temperature burst sufficiently high to

provoke local melting even before fracture [26, 27].

4 Discussion

In general, the deformation mechanisms for the monolithic

BMGs and the conventional crystalline alloys are different.

For the former, a shear transformation zone (STZ) model is

developed to elucidate the plastic deformation of metallic

glasses [28]. According to this model, the shear transfor-

mation occurs by spontaneous and cooperative reorgani-

zation of a small cluster of randomly close-packed atoms,

characterized by the generation of individual shear bands.

The large plasticity is usually related to the profuse shear

bands [11, 12]. For the latter, the macroscopic plasticity is

closely associated with the multiplication of dislocations.

As far as the present in situ composites are concerned, the

deformation behavior is influenced by the two mechanisms

upon quasi-static and dynamic loadings.

Under quasi-static compression, the composite exhibits

distinguished work-hardening capacity, accompanied by

considerable plasticity. Actually, the work hardening of the

ductile dendrites accounts for the macroscopic plasticity,

and high strength of the glass matrix is responsible for the

large ultimate strength of the composites [15]. Popularly,

based on the inconsistent deformation of crystalline den-

drites and the glass matrix [8, 29], the deformation

behavior of the present composites can be classified into

three stages: the elastic stage, plastic stage, and fracture

stage. Initially, the applied stress is relatively low, the

Fig. 3 Engineering stress–strain curve of the present composite

under quasi-static compression (a); the strain-hardening rate as a

function of plastic strain upon quasi-static loading (b); the

engineering stress–strain curves under dynamic compression (c);
and the strain rates during dynamic loading (d)
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dendrites and the glass matrix are under elastic deforma-

tion, and the dislocations within the dendrites do not glide.

At this time, the mismatch in the elastic deformation can-

not induce the formation of individual shear bands [11].

Therefore, the composite goes through the elastic stage.

When the stress increases to the value where the disloca-

tions within the dendrites start to glide along the easy slide

plane, the dendrites begin to yield, and the work hardening

appears simultaneously [16]. However, the glass matrix is

still under elastic deformation due to its higher strength. As

the loading approaches a critical stress value, more and

more dislocations gather in the vicinity of the interface,

which leads to great stress concentration at the interface

and initiation of shear bands within the glass matrix [11].

At this moment, both the dendrites and glass matrix are

under plastic deformation. For the composites upon quasi-

static compression, the initially nucleated shear bands

would propagate along the favorable direction. When the

propagation is obstructed by the ductile dendrites, the shear

bands either are arrested by the crystalline phases or bypass

the barrier wriggly [12]. Consequently, the multiplication

of shear bands within the glass matrix as well as pileups of

dislocations within the crystalline dendrites prevails, and

the plasticity of the composite is dramatically improved

[23]. In addition, the glass matrix exhibits strain softening

rather than work hardening after yielding [30]. Once the

crystalline dendrites cannot undertake more plastic defor-

mation, further deformation of the composites would be

dominated by the glass matrix. Eventually, the shearing

failure occurs along the maximum shear stress direction

owing to prompt propagation of initially formed shear

bands [15, 16].

However, upon dynamic compression, the macroscopic

plasticity of the composites decreases considerably due to

insufficient time to form multiple shear bands [12]. Chen

et al. [19] found that the mismatch between the shear-band

toughness of the crystalline dendrites and the glass matrix

determines the shear-banding behavior. When subjected to

dynamic loading, the higher strain rate leads to the dete-

riorated toughness of the dendrites. Indeed, the shear bands

will be vulnerable to cut through the dendrites rather than

be hindered at higher strain rates, responsible for the

decreased plasticity compared to quasi-static compression

[19]. Upon dynamic loading, the strain accommodation can

Fig. 4 Lateral surface of the

deformed composite under

quasi-static compression and the

magnified deformation region

near the crack shown in a and b,
respectively; the lateral surface

and fracture surface under

dynamic compression shown in

c and d, respectively. The inset

in c is the macroscopic

deformation upon dynamic

loading
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be mainly attributed to both coarsen and high-volume-

fractioned dendrites and ‘‘ductile framework’’ [14]. For the

inhomogeneous deformation in the glass matrix, Spaepen

[31] proposed the softening mechanism: if there is to be a

lowering of viscosity in the shear bands, there must be an

increase in free volumes.

c
� ¼ v exp � aV�

Vf

� �
exp �DGm

RT

� �
sinh

skX
2RT

� �
ð4Þ

where c
�
is the shear strain rate, v is a factor associated with

the amount of the flow units, a is a constant between 1, 1=2,

V� is the effective hard-sphere size of atoms, Vf is the

average free volume of an atom, DGm is the thermal acti-

vation energy, R is the gas constant, T is the absolute

temperature, and X is the molar atom volume. The value of

k is in the range of 0–1. From Eq. (4), it is simply con-

cluded that the higher shear strain rate may induce more

creation of free volumes, which facilitates the propagation

of shear bands; thus, plasticity is absent for the glass

matrix. Therefore, the plasticity is macroscopically

accommodated by the ‘‘ductile framework,’’ microscopi-

cally characterized by multiple dislocations and severe

lattice distortion [13]. For the present composites upon

dynamic compression, the rapid propagation of shear bands

cannot be effectively arrested by the crystalline dendrites,

and individual mature shear bands are available. As a

result, the shear cracks would propagate along these mature

shear bands and premature failure takes place, which

causes the decrease in the plastic strain [15, 16].

Considering the variation of the yielding strength with

the strain rates in terms of the present in situ MGMCs, the

SRS depends on the competition between the positive

effect associated with the dislocation mechanism in the

crystalline dendrites and the negative effect related to the

thermal and structural softening mechanism in the glass

matrix [16, 20]. For the crystalline dendrites, based on the

Taylor dislocation theory [32], the relationship between the

critical shear stress of dislocations, s and the average

velocity, m follows m ¼ Asm, where A and m are materials

constants. It is noted that the higher strain rate requires

higher stress to activate dislocations movement, resulting

in a positive SRS. In contrast, for the glass matrix, the

critical adiabatic shear deformation exerts a dominant role

on the strain-rate-dependent deformation behavior. Larger

temperature rising dominates in the critical shear bands at

higher strain rates during deformation [33]. Actually, more

thermal softening from larger temperature rising further

leads to the lower critical shear stress [34], indicating a

negative SRS. Figure 5 summarizes the variation of the

yielding strength with the strain rate in monolithic BMGs

[35–38], in situ and ex situ MGMCs [13, 16, 18, 39, 40],

and crystalline alloys [41, 42]. For comparison, the yield-

ing stress has been normalized to the yielding stress for

each alloy under quasi-static compression. It can be clearly

seen that the BMGs exhibit negative SRS over a wide

range of strain rates. Indeed, the yielding strength decrea-

ses with increasing strain rates upon dynamic loading,

which has been attributed to the dominant thermal soften-

ing during dynamic compression [35]. However, for most

in situ and ex situ MGMCs by introducing crystalline

phases, a positive SRS prevails owing to the dislocation

multiplication within the reinforced phases under high

strain rates [32, 40]. Furthermore, the in situ Ti40Zr24V12-

Cu5Be19 composite shows the negative SRS, since the

dendrite size of only 0.3 lm is so small that the positive

effect of the crystalline dendrites cannot compensate the

negative effect of the glass matrix [16]. For comparison,

the strain-rate dependence of the crystalline alloys is dis-

played in Fig. 5. Unlike those monolithic BMGs, these

crystalline materials present a positive SRS under dynamic

compression. It is noteworthy that the yielding strength

increases with increasing strain rates for the current com-

posites, mainly due to the coarse dendritic arms and the

high volume fraction of dendrites [13]. Therefore, a

Fig. 5 Variation of yielding

stress (normalized by the

yielding stress under quasi-

static compression) as a

function of strain rate in

monolithic BMGs, in situ and ex

situ MGMCs, as well as

crystalline alloys
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positive SRS of the present in situ MGMCs owns the

characteristic of the crystalline materials, demonstrating

that the crystalline dendrites instead of the glass matrix

assume more dominance on the yielding strength at higher

strain rates during deformation [20].

For a better understanding of the mechanical properties

of the composites, the dynamic scale factor, k, is used to

describe the strain-rate dependency [43]. The yielding

strength at the strain rate of 1 9 10-3 s-1 is used as a

reference value, and the yielding strength of the composites

under corresponding strain rate is written as rd ¼ krs, in
which rd stands for the yielding stress under corresponding

strain rate, rs represents the referential value of the

yielding stress, and k is the strain-rate function. According

to the Cowper–Symonds (C–S) model [44], the k can be

obtained as:

k ¼ 1þ e
�.
D

� �1=q
ð5Þ

where D and q are the two parameters of the model and e
�

is the strain rate. After the fitting of the experimental

data, k can be expressed as k ¼ 1þ e
�.
103694

� �1=1:42
.

In order to testify the validity of the constitutive rela-

tionship, experimental yielding stresses and their corre-

sponding C–S model are compared in Fig. 6. A close

comparison of the fitting curve and experimental data

suggests that the k faithfully depicts the variation of the

yielding stress in relation to that of the strain rate.

Therefore, the dynamic scale factor k reasonably predicts

the yielding strength upon dynamic compression for the

current composites.

5 Conclusion

In conclusion, the compressive deformation behaviors of

an in situ Ti-based metallic glass matrix composite/Ti56-
Zr18V10Cu4Be12 upon quasi-static and dynamic loadings

are investigated. Upon quasi-static compression, the com-

posites exhibit distinguished work-hardening capacity. The

ultimate strength is 1290 MPa, and the plasticity approa-

ches 20 % prior to failure. Both the multiplication of shear

bands within the glass matrix and pileups of dislocations

within the crystalline dendrites are responsible for the

improved plasticity. Upon dynamic compression, the

stable plastic flows prevail during deformation, and the

yielding strength increases with increasing strain rates.

Compared to the quasi-static loading, the shear bands

cannot be effectively arrested by the crystalline phases and

the macroscopic plasticity decreases considerably due to

the deteriorated toughness of the dendrites, while the

positive strain-rate sensitivity of the yielding strength

appears, since the crystalline dendrites assume more

dominance on strain-rate effects. The Cowper–Symonds

model is employed to describe the strain-rate dependency

of the yielding stress, and the dynamic scale factor is

obtained for the present composite.
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