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In-situ dendrite/metallic glass matrix composites (MGMCs) with a composition of TiyZr,yV;,CusBe;,
exhibit ultimate tensile strength of 1510 MPa and fracture strain of about 7.6%. A tensile deformation
model is established, based on the five-stage classification: (1) elastic-elastic, (2) elastic-plastic, (3)
plastic-plastic (yield platform), (4) plastic-plastic (work hardening), and (5) plastic-plastic (softening)
stages, analogous to the tensile behavior of common carbon steels. The constitutive relations strongly
elucidate the tensile deformation mechanism. In parallel, the simulation results by a finite-element method
(FEM) are in good agreement with the experimental findings and theoretical calculations. The present study
gives a mathematical model to clarify the work-hardening behavior of dendrites and softening of the
amorphous matrix. Furthermore, the model can be employed to simulate the tensile behavior of in-situ
dendrite/MGMC:s.

ue to their unique properties, including exceptionally high strength, elastic limit, and hardness, excellent

corrosion resistance, reduced sliding friction, improved wear resistance etc.'”, bulk metallic glasses

(BMGs) are regarded as potential candidate materials in engineering fields. However, their structural
applications are severely stymied by the prevalence of low ductility and brittle fracture upon loading at room
temperature. Lack of pronounced macroscopic plasticity of BMGs are correlated with highly localized shear
banding, and a great amount of plastic strain is accumulated in narrow shear bands, exhibiting strain softening by
adiabatic shearing®. Even though the local plastic strain in shear bands is very high, the overall room-temperature
plastic deformation is disappointingly low.

To circumvent the poor damage tolerance of BMGs, several strategies have been adopted to improve the room-
temperature ductility in BMGs, including microstructure modification by adding dispersive ex- and in-situ
reinforcements in the amorphous matrix to form dual-phase composites"*¥, surface modifications, such as shot
peening’, and molding optimal microstructure architectures'®, and composition designs with ‘soft’ and ‘hard’
regions''. These approaches aim to create a more homogeneous distribution of shear bands and make shear band
multiplication'?, so that the formation of detrimental widely-spaced shear bands or single shear bands leading to
early failure is effectively hindered. Since the amorphous structure is unchanged, the ductility of monolithic
BMGs through special treatments increases distinguishingly less than the introduction of secondary ductile
phases.

The dual-phase metallic glass matrix composites (MGMCs) were firstly fabricated through an ex-situ proces-
sing, by which solid crystalline phases were added to the molten matrix"’. Later, several groups*'*'* developed
in-situ MGMCs, in which ductile crystalline phases nucleated and grew to form a solid solution during the process
of cooling from the melt. Thereinto, ductile dendrite/metallic glass matrix composites, with a homogeneous
distribution, high glass-forming ability of matrices, and improved toughness, have been widely developed to solve
the conflict between strength and toughness®'”'®. In these in-situ MGMCs, the amorphous matrix provides
extreme strength, while the dendrites can apparently suppress catastrophic failure due to shear localization,
and lead to legitimate plastic flows. However, it should be noted that most of the developed in-situ MGMCs
exhibit softening upon tension rather than work hardening upon compression’, giving an implication that the
tensile mechanism may be very different from the corresponding compressive one. The challenge for structural
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Figure 1| The high-energy synchrotron X-ray diffraction pattern of the
composite in (a); the micrograph of the as-cast composite shown in (b);
and diffraction rings, corresponding to the X-ray diffraction pattern,
shown in (c).

applications is how to obtain the tensile ductility and work-harden-
ing capacity. Only if the materials can be homogeneously plastically
deformed, the localized deformation and softening leading to the
early failure can be avoided. Up to now, the detailed tensile mech-
anism for in-situ MGMCs remains poorly understood. In this study,
we explored the tensile mechanisms, based on the theoretical calcu-
lations and finite-element method (FEM) analysis.

Results
Figure 1(a) shows the high-energy synchrotron X-ray diffraction
pattern of the composite with a nominal composition of Tiy
Zr,,V1,CusBe;. Sharp diffraction peaks of crystalline phases, which
is a body-centered cubic (bcc) B solid solution, as well as broad and
diffused patterns of the amorphous phase are found within the com-
posites, indicating the presence of crystalline phases in the amorph-
ous matrix. The micrograph of the as-cast composite is shown in
Figure 1(b). It can be seen that the dendrites are well developed in the
composite, and uniformly distributed within a featureless glass
matrix. The volume fraction of the dendrites is approximately
57%, and the average size of dendrites is about 2 pm. The energy-
dispersive-spectrometer (EDS) analysis gives the average atomic
composition (at.%) of the amorphous matrix, Tiy4Zr77V 162
Cu, 35Bey3.72, under the assumption that all of the element of Be is
partitioned into the glass matrix, the average atomic composition
(at.%) of the dendrites can be estimated at Tigz3;Zr4344V 116
Cuy,,09. The DSC trace of the present MGMC shows a glass-trans-
ition behavior and supercooled liquid regions, suggesting that the
alloy containing amorphous phases. Fully continuous diffraction
rings shown in Figure 1(c), corresponding to the X-ray diffraction
pattern, is ascribed to the homogeneously-distributed dendrites.
Figure 2(a) shows the true stress-strain curves of the present com-
posites upon tension. It can be seen that the results of duplicate tests
are very consistent. The curves are analogous to the stress-strain
curves of the traditional carbon steels (yielding platform, work hard-
ening, and softening), and the similar phenomenon has been found
for an in-situ composite with the volume fraction of dendrite of
43%"°. Conservatively, the stress-strain curve with a lower strength
in Figure 2(a) is used to estimate the mechanical properties of the
present composites. The yielding strength and yielding strain are
~1460 MPa and ~1.23%, respectively. The tensile strength and
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Figure 2 | The true stress-strain curves of the present composites upon
tension in (a); the fractography of the present composite after tension in
(b) and macroscopic necking in the inset of (b); and the yielding platform,
marked by the oval in (a), shown in (c).

fracture strain are ~1510 MPa and ~7.6%, respectively. Figure 2(b)
shows the fractography of the present composite after tension.
Profuse shear bands are distributed on the lateral surface of deformed
samples, and macroscopic necking can be observed in the inset of
Figure 2(b), in agreement with the large tensile ductility. The yielding
platform of the present composite, marked by the oval in Figure 2(a),
is presented in Figure 2(c).

Discussion

Usually, under compression, the work hardening of in-situ dendrite/
MGMC:s prevails until the final fracture once the yielding hap-
pens™'*". In contrast, little work hardening accompanied by remark-
able softening is gained for in-situ dendrite composites upon
tension®'®"°. According to Figure 2(a), the tension behavior of the
present in-situ dendrite/MGMC:s is classified into five stages: (1)
elastic-elastic, (2) elastic-plastic, (3) plastic-plastic (yield platform),
(4) plastic-plastic (work hardening), and (5) plastic-plastic (soften-
ing) stages, as schematically illustrated in Figure 3. In Figure 3, it is
suggested that the amorphous matrix would exhibit large ductility
and macroscopic necking, since mature shear banding would be
frequently interrupted due to the existence of many large plastic
zones ahead of cracks.

In the first stage, both the dendrites and amorphous matrix are
elastic, and the composite is also under elastic loading. The stress-
strain relations of the amorphous matrix and ductile dendrites are
expressed as follows':

(1)

{ Om=Emném, 0 =<0ym
oci=Ese4, 04 <0y

where E,, and E; are Young’s moduli of the amorphous matrix and
dendrites, respectively, ¢, and ¢; are the elastic strains of the
amorphous matrix and dendrites, respectively, and o,,, and g, are
the tensile yield stresses of the amorphous matrix and dendrites,
respectively. It should be noted that 5,4 is determined as the stress
for the occurrence of shear banding on the macroscopic scale. E,,, and
E, obtained from the nanoindentation measurement are 130.4 and
106.3 GPa, respectively. gy, and 6,4 are suggested to be 1680*', and
1336 MPa**, respectively.

The Young’s modulus of the composite, E,, can be estimated
according to Hashin and Shtrikman®:
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Figure 3 | Illustration of (1) elastic-elastic, (2) elastic-plastic, (3) plastic-
plastic (yield platform), (4) plastic-plastic (work hardening), and (5)
plastic-plastic (softening) stages of the dendrites, amorphous matrix, and
composite.

fv(Ed _Em)
(1 _ﬂ)ﬂ(Ed _Em) +Em

where f, is the volume fraction of dendrites with a value of 0.57, f is

the material constant calculated by = w, and vy, is the
15(1— bp)

Poisson’s ratio of the amorphous matrix with a value of about

0.3522"%* From Eq. (2), the E. value is found to be 116.2 GPa, which

is very close to the experimental value of 113.2 GPa obtained from

the stress-strain curves in Figure 2(a).

In addition, a simple rule of mixture is employed as a first-order
approximation to evaluate the axial stress of the composite, o, highly
dependent on the stress of dendrites, o4, and the stress of amorphous
matrix, g,,:

E.=E,|1+

(2)

oc=f04+(1—f,)om (3)

It is noted that the upper and low boundaries during evaluation of the
strength of in-situ composites are not considered in the present
study, and the simple approximation is adopted. For elastic deforma-
tion, it is suggested that ¢,, = ¢4 = ¢ (& is the strain of the compos-
ite), since elastic deformation is very small, and the misfit of both
phases will not lead to large strain dissimilarity. Using Eq. (1), Eq. (3)
can be simplified as:

o.=117¢, (4)

It should be noted that the unit of the stress in the present analysis is
MPa. With further straining, the weaker phase starts to deform plas-
tically first. The bec Ti alloys usually have a lower yielding stress than
the Ti-based BMGs*****". Consequently, the dendrites yield first.
The second stage commences. The amorphous matrix deforms elast-
ically, while the dendrites deform plastically'. The plastic strain in
the dendrites can be calculated according to a Taylor dislocation
model*®, and the tensile stress-strain relation in the dendrites is given
as:

6d=6r4\/(6yd/Ed+8§)2”+Lﬂ (5)

where g, is the reference stress of ductile dendrites upon uniaxial
n

E
tension, and 6, = % Here s‘; is the plastic strain of the dendrites,
o
yd

n is the hardening coefficient of the dendrites with the value of about
0.07 >, and Ly represents the contribution to the strain hardening
from geometrically necessary dislocations [L is the intrinsic material

2
aH ) 8], wand b are the
O ref

shear modulus and Burgers vector of the dendrites, and a is an
empirical material constant in the Taylor dislocation model ranging
from 0.1 to 0.5*'. In this work, a is selected to be 0.3 in a mediate
value, and # is the effective plastic-strain gradient, which can be
replaced by an average plastic strain gradient, 7. Here, =¢//D,
where D is the average diameter of the dendrites.

The shear modulus of the dendrites, y, is calculated by u=
Eq
2(1+va)’
about 0.33 *>*>**. Assume that the Burgers vector of the dendrites, b,

is about 1 nm. Eq. (5) can be rewritten as:

length of the ductile phase, and L =180b (

v4 is the Poisson’s ratio of the dendrites with a value of

adz1816\/(0.013+s‘;)°"4+3.928§ (6)

The contribution of the working hardening of the dendrites to the
strength of the composite can be expressed by %. The differential
equation from Eq. (6) is as follow:
dog _ 908 x [0.14(0.013 + &) "% +3.92]
déa \/(0.013 +eh) M 43926,

(7)

As the dendrites yield, the relationship between the tensile strain of
composite, &, and that of dendrites is given by*:

& =fyceh (8)

where ¢ is the average stress concentration factor of the dendrites
with an approximate value of 1*. Eq. (8) can be rewritten as
&“Z = 1.8&5 .

Assuming & = ¢, from Egs. (1), (3), (6), and (8), the constitutive
relation in the second stage can be expressed as:

= 1035\/(1.88‘;+0.013)°'14—|—7.1e€+560728c (9)

Once the tensile stress approaches the yield strength of the glass
matrix, both phases deform plastically, ie., the dendrites exhibit
work hardening, and the shear bands start to initial and propagate
in the amorphous matrix, accompanied by the increase of the shear
offset and accommodation of localized plastic deformation'**.
Assme that shear bands initiate and propagate under the resolved
7; along the 0; direction, and the contribution of the plastic shear
strain, ;, to global plastic tensile strain is &/. The accumulated plastic
strain during multiplication of shear bands can be calculated. The
relationship between the tensile stress and shear stress, and that
between tensile strain and shear strain can be expressed as follows:

T; =0, sin 0; cos 0;

N
o= 3 =
i=1 i

i=1 a

N v, cos 0; sin 0;

(10)

where a is the ratio of the length to width in the gauge portion, and N
is the number of shear bands that can propagate under the tensile
stress, 0,,, applied to the composite.

It is well known that if the monolithic BMG starts to yield, it will
quickly enter softening deformation stage. As both phases deform
plastically, an approximate yielding platform is present, as shown in
Figure 2(c), analogous to previous results'. Neither work hardening
nor softening is dominating. In this third stage, the two phases are
under plastic deformation. The contribution from work hardening of
dendrites and softening of the amorphous matrix be equal, i.e.
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do

Here, d—m can be considered as the contribution from the softening
8m

behavior of the amorphous matrix to the strength of the composite.

Combining Egs. (7) and (11), and assuming & = &b, one obtains:
do, 1.8do,  908x[0.14(0.013+ ) "% +3.92] 12)
dey,  de V0013 )" 43,92

The integration of the Eq. (12) yields the following relation:

amzc—1009\/(0.013+1.83€)°'l4+7.1a€ (13)
where ¢ is a constant, and is obtained from the stress-strain curve in
Figure 2(a) with a value of 2463 MPa.

From Eq. (10), it is very difficult to obtain a quantitative calcula-
tion. By fitting the curves of the fourth stage (work hardening) from
the stress-strain curves in Figure 2(a), the constitutive relation in the
fourth stage can described as:

0.=201.7¢ 05135 =2127 | 1798 (14)

Combining Egs. (3), (6), (8), and (14), the relationships between the
tensile stress and tensile strain of the amorphous matrix is given as:

O =469.1¢ 051356 212" _ 9407 3

(15)
\/(0.013+ 1.8¢0)" M +7.1¢b, +3019

From Egs. (14) and (15), the composite in the fourth stage shows
little work hardening with

doa
dsd

don
de,,

(16)

By fitting the curve of the fifth stage, the constitutive relation of the
composite can be expressed as:

_ (ec—35.08)%

0,=1551—135197¢" ™

(17)

From Egs. (3), (6), (8), and (17), the deformation of the amorphous
matrix in the fifth stage can be described as:

(6 —35.08)%

om=3607—314411e

(18)

2407\/(0.013+ 1.86h)°12 7.1,

1586

1427

1249

981

803

Figure 4 \ The contour maps of the stress distribution at the different strains in different stages: 1, 1.27, 1.35, 2, and 4% in (a), (b), (), (d), and (e),

respectively.
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Table 1 | The stresses of the dendrites, amorphous matrix, and composite obtained by the experiment, calculation, and FEM results
Experiment (MPa) Calculation (MPa) FEM (MPa)
Strain Dendrite Maitrix Composite Dendrite Matrix Composite Dendrite Maitrix Composite
1% - - 1144 1063 1304 1166 1081 1210 1131
1.27% - - 1450 1343 1656 1477 1353 1560 1448
1.35% - - 1460 1359 1603 1464 1374 1482 1459
2% - - 1498 1468 1538 1498 1406 1467 1491
4% - - 1430 1696 1079 1430 1411 1435 1420

In the fifth stage, from Eqgs. (17) and (18), the composite starts to
soften. In this stage,

doa
dsd

don
de,,

(19)

Regardless of the fourth or fifth stage, it has been demonstrated that
the interaction between the crystalline second phase and the localized
shear bands is dominated by the cooperative activation of lattice
dislocations on the glass—crystal interfaces and discrete shearing
events in the neighboring glass matrix®. Once the fifth stage is avail-
able, although the stress within the localized necking part continues
to increase, the resistance to hardening is evidently decreased. As a
result, the softening of the composite happens, dominated by shear
banding™. Close to the final fracture, the serration on the stress-
strain curve gives an evidence of domination of the shear banding
on the amorphous matrix, covering the work hardening of dendrites.

Based on the theoretical model, the constitutive relations are
established in each deformation stage, which gives quantitative char-
acterization. Parallel to the characterization of deformation model,
FEM analysis is used not only to testify the classification of the tensile
deformation stages for in-situ dendrite/MGMCs, but also to elucid-
ate the stress evolution upon the tensile deformation of dual-phase
MGMCs.

Figure 4 shows the contour maps of the stress distribution at
different strains in different stages. Note that an approximation of
spherical crystalline phase instead of dendrites is suggested in the
FEM model’”*. Properties of the dendrites and amorphous matrix
used in FEM are obtained from the calculations in this study and
previous studies. Figure 4(a) shows the stress field within the com-
posite at a strain of 1%. It clearly shows the stress concentrations at
the interface. This results is due to the a disparity of the elastic limit,
yield strength, and Young’s modulus between the dendrites and
amorphous matrix"*'’, which consequently results in the stress con-
centration at the interface. The maximum stress within the compos-
ite is about 1288 MPa, which is lower than the yield stresses of both
phases. Figure 4(b) depicts the stress distribution at a strain of 1.27%.
It is indicated that the stress within the composite is obviously higher
than that at a strain of 1%, and the maximum stress concentration
among the dendrites can be found, consistent with previous
reports®. The stress of the dendrites reaches the yielding stress, while
the amorphous matrix is at the state of elastic deformation, in agree-
ment with the deformation of the second stage in the current model.

As the deformation continues, the deformation of the composite
enters into the plastic-plastic deformation stage. Figure 4(c) shows
the shear-stress field at a strain of 1.35%, corresponding to the third
stage. Obviously both phases deform plastically, since the stresses are
beyond the yielding stress of both phases based on the estimation®"*.
It has been demonstrated that deformation bands are formed inside
dendrites in one parallel direction, and propagate into adjacent den-
drites through the amorphous matrix, resulting in the availability of
the maximum stress concentration occurring among the ductile den-
drites®. Figures 4(d) and 4(e) present the stress field at strains of 2%
and 4%, respectively. After large plastic deformation, the stresses
within dendrites and near the interface are less than 100 MPa, as

shown in Figure 4(e), revealing the alleviation of stress concentration
during softening.

For comparison, the stresses in the dendrites, amorphous matrix,
and composite obtained by the experiment, calculation, and FEM
results are summarized in Table 1. The FEM simulation results are in
good agreement with the experimental findings and theoretical cal-
culations at each stage, indicating the consistence of the proposed
model. The study reveals that the five-stage classification according
to the mechanical behavior provides a crucial clue to elucidate the
tensile deformation mechanisms.

In-situ dendrite/metallic glass matrix composites (MGMCs) with
a composition of TiyeZr,0V1,CusBe;7, and a volume fraction of the
dendrites of 57%, and a 2 um average size of the composite, exhibit
an ultimate tensile strength of 1510 MPa and a fracture strain of
about 7.6%. The true stress-strain curves of the composite under
tension are similar to those of the traditional carbon steels. The
deformation behavior of the present composite can be classed into
five stages: (1) elastic-elastic, (2) elastic-plastic, (3) plastic-plastic
(yield platform), (4) plastic-plastic (work hardening), and (5) plas-
tic-plastic (softening) stages. The constitutive relationships proposed
at each deformation stage give the mathematical analysis on the
deformation behavior, revealing the tensile deformation mechanism.
The FEM simulations based on theoretical calculations confirm the
theoretical model. Synthetically, experimental results, theoretical cal-
culations, and FEM simulations are in good agreement with one
another.

Methods

The present Ti-based in-situ composites had a normal composition of
TiseZr20V12,CusBe;; (atomic percentage). The composite was prepared by arc-melt-
ing the mixture of high-purity element metals, Ti, Zr, V, Cu, and Be, in a Ti-getter
high-purity argon atmosphere. The rods of 6 mm in diameter were produced using
the copper-mold suction-casting method. The as-cast samples were characterized by
high-energy synchrotron X-ray [111D-C, of the Advanced Photon Source (APS),
Argonne National Laboratory (ANL), USA], scanning electron microscopy (SEM),
and differential scanning calorimetry (DSC). DSC measurements were performed in
a flowing argon atmosphere at a heating rate of 20 K/min. The Young’s modulus of
the amorphous matrix and dendrites was obtained by a Nano Indenter G200 with a
strain rate of 0.05 s™'. The composites were machined into dog-bone-like rod spe-
cimens, which had a nominal gage diameter of 2 mm and gage length of 15 mm. The
mechanical properties were characterized under quasi-static tension at a strain rate of
5 X 107* s™". Finite element analysis was performed, using a commercial FEM
software package, ANSYS 12.0. A free meshing method was adopted to mesh the
model with mesh refinement near the interface of the dendrites and the matrix.
Approximately 13000 elements were generated to represent the composites. Plane-
strain calculations were applied. No slip boundary condition was used for the inter-
face in the FEM analysis.

1. Hays, C. C,, Kim, C. P. & Johnson, W. L. Microstructure controlled shear band
pattern formation and enhanced plasticity of bulk metallic glasses containing in
situ formed ductile phase dendrite dispersions. Phys. Rev. Lett. 84, 2901-2904
(2000).

2. Demetriou, M. D. et al. A damage-tolerant glass. Nat. Mater. 10, 123-128 (2011).

3. Inoue, A. & Takeuchi, A. Recent development and application products of bulk
glassy alloys. Acta Mater. 59, 2243-2267 (2011).

4. Lewandowski, J. J. & Greer, A. L. Temperature rise at shear bands in metallic
glasses. Nat. Mater. 5, 15-18 (2005).

5. Bruck, H. A, Rosakis, A. J. & Johnson, W. L. The dynamic compressive behavior
of beryllium bearing bulk metallic glasses. J. Mater. Res. 11, 503-511 (1996).

| 3:2816 | DOI: 10.1038/srep02816



10.

11.

12.

13.

14.

15.

16

17.

18.

19.

20

21.

22.

23.

24.

25.

2

(=2}

27.

28

Hofmann, D. C. et al. Designing metallic glass matrix composites with high
toughness and tensile ductility. Nature 451, 1085-1089 (2008).

Pauly, S., Gorantla, S., Wang, G., Kiihn, U. & Eckert, J. Transformation-mediated
ductility in CuZr-based bulk metallic glasses. Nat. Mater. 9, 473-477 (2010).
Wu, Y., Xiao, Y., Chen, G. L, Liu, C. T. & Lu, Z. P. Bulk metallic glass composites
with transformation-mediated work-hardening and ductility. Adv. Mater. 22,
2770-2773 (2010).

Zhang, Y., Wang, W. H. & Greer, A. L. Making metallic glasses plastic by control of
residual stress. Nat. Mater. 5, 857-860 (2006).

Sarac, B. & Schroers, J. Designing tensile ductility in metallic glasses. Nat.
Commun. 4, 2158 (2013).

Liu, Y. H. et al. Super plastic bulk metallic glasses at room temperature. Science
315, 1385-1388 (2007).

Chu, J. P. et al. Bendable bulk metallic glass: effects of a thin, adhesive, strong, and
ductile coating. Acta Mater. 60, 3226-3238 (2012).

Conner, R. D., Dandliker, R. B. & Johnson, W. L. Mechanical properties of
tungsten and steel fiber reinforced Zry; »5T11375Cu;2.5NijoBey, s metallic glass
matrix composites. Acta Mater. 46, 6089-6102 (1998).

Fang, C, Ott, R. T. & Hufnagel, T. C. Metallic glass matrix composite with
precipitated ductile reinforcement. Appl. Phys. Lett. 81, 1020-1022 (2002).

Hu, X, Ng, S. C,, Feng, Y. P. & Li, Y. Glass forming ability and in-situ composite
formation in Pd-based bulk metallic glasses. Acta Mater. 51, 561-572 (2003).

. Wu, F. F,, Zhang, Z. F., Mao, S. X, Peker, A. & Eckert, J. Effect of annealing on the

mechanical properties and fracture mechanisms of a Zrse,Ti;3 gNbs ¢Cug oNis 6
Be;, 5 bulk-metallic-glass composite. Phys. Rev. B 75, 134201 (2007).

Qiao, ]. W, Wang, S., Zhang, Y., Liaw, P. K. & Chen, G. L. Large plasticity and
tensile necking of Zr-based bulk-metallic-glass-matrix composites synthesized by
the Bridgman solidification. Appl. Phys. Lett. 94, 151905 (2009).

Cheng, J.-L., Cheng, G., Liu, C.-T. & Li, Y. Innovative approach to the design of
low-cost Zr-based BMG composites with good glass formation. Sci. Rep. 3, 2097
(2013). doi:10.1038/srep02097.

Qiao, J. W. et al. Tensile deformation micromechanisms for bulk metallic glass
matrix composites: From work-hardening to softening. Acta Mater. 59,
4126-4137 (2011).

. Xia, S. H. & Wang, J. T. A micromechanical model of toughening behavior in the

dual-phase composite. Int. J. Plasticity 26, 1442-1460 (2010).

Park, J. M. et al. Ductile Ti-Based Bulk Metallic Glasses with High Specific
Strength. Meta. Mater. Trans. A 42, 1456-1462 (2011).

Jeon, C., Kim, C. P,, Joo, S.-H., Kim, H. S. & Lee, S. High tensile ductility of Ti-
based amorphous matrix composites modified from conventional Ti-6Al-4V
titanium alloy. Acta Mater. 61, 3012-3026 (2013).

Hashin, Z. & Shtrikman, S. A variational approach to the theory of the elastic
behavior of mutiphase materials. J. Mech. Phys. Solid 11, 127-140 (1963).
Duan, G., Wiest, A., Lind, M. L., Kahl, A. & Johnson, W. L. Scr. Mater. 58, 465-468
(2008).

Hao, Y.L, Li, S.J., Sun, B. B,, Sui, M. L. & Yang, R. Ductile titanium alloy with low
Poisson’s ratio. Phys. Rev. Lett. 98, 216405 (2007).

. Banerjee, D. & Williams, J. C. Perspectives on titanium science and technology.

Acta Mater. 61, 844-879 (2013).
He, G., Eckert, J., Loser,W. & Schultz, L. Novel Ti-base nanostructure-dendrite
composite with enhanced plasticity. Nat. Mater. 2, 33-37 (2003).

. Nix, W. D. & Gao, H. Indentation size effects in crystalline materials: A law for

strain gradient plasticity. J. Mech. Phys. Solid 46, 411-425 (1998).

29. Suri, S., Viswanathan, G. B., Neeraj, T., Hou, D. H. & Mills, M. J. Room
temperature deformation and mechanisms of slip transmission in oriented single-
colony crystals of an o/ titanium alloy. Acta Mater. 47, 1019-1034 (1999).

30. Neeraj, T., Hou, D.-H., Daehn, G. S. & Mills, M. J. Phenomenological and
microstructural analysis of room temperature creep in titanium alloys. Acta
Mater. 48, 1225-1238 (2000).

31. Xue, Z., Huang, Y. & Li, M. Particle size effect in metallic materials: a study by the
theory of mechanism-based strain gradient plasticity. Acta Mater. 50, 149-160
(2002).

. Schafrik, R. E. Dynamic elastic moduli of the titanium aluminides. Metal. Mater.
Trans. A 8, 1003-1006 (1977).

33. Weng, G. J. The overall elastoplastic stress-strain relations of dual-phase metals.

J Mech Phys Solid 38, 419-441 (1990).

34. Wu, F. F,, Zhang, Z. F. & Mao, S. X. Size-dependent shear fracture and global
tensile plasticity of metallic glasses. Acta Mater. 57, 257-266 (2009).

35. Zhou, H.,, Qu, S. & Yang, W. An atomistic investigation of structural evolution in
metallic glass matrix composites. Int. J. Plasticity 44, 147-160 (2013).

36. Bei, H., Xie, S. & George, E. P. Softening caused by profuse shear banding in a bulk

metallic glass. Phys. Rev. Lett. 96, 105503 (2006).

Abdeljawad, F. & Haataja, M. Continuum modeling of bulk metallic glasses and

composites. Phys. Rev. Lett. 105, 125503 (2010).

38. Zhu, Z., Zhang, H., Hu, Z., Zhang, W. & Inoue, A. Ta-particulate reinforced Zr-
based bulk metallic glass matrix composite with tensile plasticity. Scr. Mater. 62,
278-281 (2010).

3

[

3

N

Acknowledgements

J.W.Q. would like to acknowledge the financial support of the National Natural Science
Foundation of China (N0.51101110 and No.51371122), the Youth Science Foundation of
Shanxi Province, China (N0.2012021018-1), Research Project supported by Shanxi
Scholarship Council of China (N0.2012-032), Technology Foundation for Selected
Overseas Chinese Scholar, Ministry of Human Resources and Social Security of China, and
the Program for the Outstanding Innovative Teams of Higher Learning Institutions of
Shanxi (2013). P.K.L. appreciates the financial support from US National Science
Foundation (DMR-0909037, CMMI-0900271, and CMMI-1100080).

Author contributions
JW.Q., T.Z. and B.S.X. designed the experiments. T.Z. carried out the experiments. . W.Q.,
F.QY,, S.P. and P.K L. analyzed the data, and ].W.Q. and T.Z. wrote the paper.

Additional information

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Qiao, ].W. et al. A Tensile Deformation Model for In-situ Dendrite/

Metallic Glass Matrix Composites. Sci. Rep. 3, 2816; DOI:10.1038/srep02816 (2013).

This work is licensed under a Creative Commons Attribution 3.0 Unported license.
[ To view a copy of this license, visit http://creativecommons.org/licenses/by/3.0

| 3:2816 | DOI: 10.1038/srep02816


http://creativecommons.org/licenses/by/3.0

	Title
	Figure 1 The high-energy synchrotron X-ray diffraction pattern of the composite in (a); the micrograph of the as-cast composite shown in (b); and diffraction rings, corresponding to the X-ray diffraction pattern, shown in (c).
	Figure 2 The true stress-strain curves of the present composites upon tension in (a); the fractography of the present composite after tension in (b) and macroscopic necking in the inset of (b); and the yielding platform, marked by the oval in (a), shown in (c).
	Figure 3 Illustration of (1) elastic-elastic, (2) elastic-plastic, (3) plastic-plastic (yield platform), (4) plastic-plastic (work hardening), and (5) plastic-plastic (softening) stages of the dendrites, amorphous matrix, and composite.
	Figure 4 The contour maps of the stress distribution at the different strains in different stages: 1, 1.27, 1.35, 2, and 4&percnt; in (a), (b), (c), (d), and (e), respectively.
	References
	Table 1 The stresses of the dendrites, amorphous matrix, and composite obtained by the experiment, calculation, and FEM results

