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a b s t r a c t

New two-phase tungsten-based composites containing 88 wt% tungsten powders and 12 wt% nearly
equiatomic NiTi alloy deforming by martensite variant detwinning were fabricated by infiltration and hot
pressing in this study. The change of Ti/Ni ratio in NiTi mater alloy and the effect of addition of Nb
element on the microstructure, martensitic transformation and mechanical properties of WeNiTi
composites were investigated by comparison of WeNi50Ti50, WeNi44Ti56, WeNi42Ti58 and WeNi42-
Ti53Nb5 composites. The results showed that brittle Ni3Ti formed in the WeNi50Ti50 and WeNi44Ti56
composites and brittle Ti2Ni formed in the WeNi42Ti58 composites while no brittle intermetallics formed
in the WeNi42Ti53Nb5 composite. The WeNi42Ti53Nb5 composite exhibited the sharpest martensitic
transformation with the largest transformation enthalpy among the four different composites. The
WeNi42Ti53Nb5 composite exhibited a double-yielding phenomenon under compression with an ulti-
mate compressive strength of 3820 MPa and a deformation of 50.4%. In-situ synchrotron high-energy X-
ray diffraction measurements revealed the first yielding was caused by the martensite reorientation of
the NiTi matrix and the second was due to the commencement of massive plastic deformation of the
reoriented martensite and is also attributed to the microscopic internal fracturing of the W particles.

© 2016 Elsevier B.V. All rights reserved.pac
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1. Introduction

Tungsten (W) is widely used in military and industry applica-
tions due to its attractive physical properties: high melting point
(3420 �C), high mass density, good thermal conductivity and
comparatively low activation under neutron irradiation [1]. How-
ever, the major disadvantage of tungsten is its ceramic-like brittle
behavior and poor workability at room temperature, which restrict
its structural applications [2]. To answer this challenge, the concept
of developing composite microstructures by combining tungsten
with ductile phases has been developed, through which an
improvement in ductility at room temperature has been obtained
in several kinds of tungsten based composites [3e5], especially for
the well-known two-phase tungsten heavy alloys [6e9]. It is
generally accepted that the ductile phases in these composites can
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effectively reduce the stress concentration ahead of the crack tip
and slow down the propagation of cracks by plastic deformation
[10e15]. Previous reports have shown that ductile alloys deforming
bymartensite variant detwinning also have the ability to reduce the
stress concentration and prohibit crack propagation in composites
[16]. Several kinds of composites containing brittle intermetallics or
metallic glasses and ductile phases deforming by martensite
variant detwinning with enhanced performance have been devel-
oped [16e20]. In this study, hence we report a new two-phase
tungsten-based composite composed of brittle W particles
embedded in a martensite matrix, where the ductile component
deforms by martensite variant detwinning.

It is noted that nearly equiatomic NiTi alloy has excellent me-
chanical properties due to martensitic transformation or stress
induced martensitic detwinning under loading, which is an excel-
lent candidate as a component in composites [21,22]. While W, due
to its high strength and no other intermetallics forming betweenW
and NiTi phases [23,24], is always used as a reinforcement phase to
improve the strength of NiTi alloy [25,26]. Naturally, it is reasonable
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to expect that aWeNiTi composite composed of ductile NiTi andW
particles with high strength and ductility overcomes the brittleness
at room temperature.

As tungsten is refractory material, melting of tungsten is
extremely difficult. Tungsten-based composites are always pro-
cessed through powder metallurgy using element powders [6].
However, this may be not a feasible method to fabricate WeNiTi
composites because of the composition sensitivity of martensitic
transformation of NiTi alloys. As we all known, only nearly equia-
tomic NiTi alloy could undergomartensitic transformation or stress
induced martensitic detwinning under loading [21] and the phase
transformation characteristics of NiTi alloy are extremely sensitive
to the composition of alloy [27]. A little variation in the ratio of the
two elements might result in a large difference in the trans-
formation temperatures and can lead to the formation of brittle
intermetallics [28e31]. For Ti-rich alloys (around 50 at% Ni), stable
Ti2Ni appears in NiTi alloy due to little solubility for Ti in excess of
50 at.% [28]. While for Ni-rich alloys, precipitation proceeds
through a series of phases: Ti3Ni4 /Ti2Ni3 until finally the stable
Ni3Ti phase is reached [28,29]. However, the change in the Ti/Ni
ratio is inevitable because of mutual diffusion between NiTi and W
[32]. In order to reduce the composition sensitivity of martensitic
transformation of nearly equiatomic NiTi alloy, a small amount of
Nb could be added to the NiTi matrix [33]. Previous reports have
revealed that the Nb element is dissolved more in Ti site than in Ni
site in Ni-rich (around 50 at% Ni) NiTi alloys [33,34]. The maximum
content of Nb dissolved in Ni-rich NiTi can even reach 6 at.% in
previous report [35]. For Ti-rich (around 50 at.% Ti) NiTi alloys, the
addition of Nb could result in precipitation of Nb-rich phase in NiTi
matrix [36]. Since Ti and Nb have complete solubility in the TieNb
binary system [37], the rest Ti element in Ti-rich alloys forms solid
solution with Nb and the maximum content of Ti dissolved in Nb-
rich phase is even more than 12 at.% [37,38]. Hence, the addition of
Nb could greatly increase the Ti/Ni ratio change in NiTi alloy,
avoiding the presence of brittle phases in binary NiTi alloys caused
by the change of Ti/Ni ratio.

In this study, new tungsten based composites, WeNiTi systems,
were prepared by infiltration and hot pressing process. The effect of
NiTi composition and the addition of Nb element on the micro-
structure, martensitic transformation behavior of WeNiTi com-
posites were investigated in order to obtain ductile NiTi matrix in
the composite. The microscopic deformation mechanism was
studied by using in situ synchrotron-based high-energy X-ray
diffraction (HEXRD) under quasi-static compression.

2. Experiments

Four master alloys with different nominal compositions of
Ni50Ti50, Ni44Ti56, Ni42Ti58 and Ni42Ti53Nb5 were prepared from
high-purity components (purity 99.8 wt %) by arc melting under a
Ti-gettered argon atmosphere. Highly pure W powders with
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Fig. 1. (a) Schematic illustration of preparation procedure. (b) Typ

h

particle size in the range of 2e6 mmwere purchased from Zhuzhou
Kete Industries Co., Ltd. The desired composition of the WeNiTi
composites contains 88% W in mass fraction, which was in the
range of the conventional two-phase tungsten-based composites
(containing 80 to 98 wt% tungsten) [39]. The WeNiTi composites
were synthesized by two steps in a vacuum hot-pressing furnace.
Firstly, W powders, NiTi (Nb) alloy and a graphite punch were
successively placed into a graphite die of 20 mm internal diameter.
Then the graphite diewas heated to 1350 �C at a rate of 10 �C/min in
the vacuum hot-pressing furnace. The infiltration process was
carried out at 1350 �C, which was higher than the melting of NiTi
[21], for 30 min in argon atmosphere and then the samples were
cooled in the furnace down to 1200 �C at a rate of 10 �C/min. After
holding for 5 min at this temperature, a pressure of 30 MPa was
applied on the samples and kept for 5 min. Then the heating source
was switched off and the sample was cooled down to room tem-
perature in the furnace. Fig. 1 (a) and (b) shows the schematic
illustration of the preparation procedure and the typical sintering
and hot pressing cycle for WeNiTi composites, respectively.

The specimens were grounded and polished to remove surface
contamination from graphite and all the samples were cut near the
center part of the as-fabricated composites. Densities of the com-
posites weremeasured by Archimedes water immersion technique.
The microstructure of the as-fabricated composites was charac-
terized by transmission electron microscopy (TEM, FEI F20) and
scanning electron microscopy (SEM, FEI Quanta 200F) equipped
with an energy dispersive X-ray analyzer (EDX). The phase
component was characterized by means of X-ray diffraction (XRD,
Bruker AXS D8) using Cu Ka radiation. The transformation behavior
was measured by differential scanning calorimetry (DSC, TA Q20)
under nitrogen gas flow at heating and cooling rates of 10 �C/min.
The compression tests were performed using cylindrical specimens
with dimensions of 44 mm � 8 mm height using a servo-hydraulic
materials testing system (MTS 810) with an extensometer at a
strain rate of 5 � 10�4 s�1 at room temperature. In situ synchrotron
high-energy X-ray diffraction (HEXRD) measurements during
compression were performed using cylindrical specimens with
dimensions of 41.2 mm � 1.8 mm height at room temperature
using a self-designed device at the 11-ID-C beam line of the
Advanced Photon Source at Argonne National Laboratory in USA.
High-energy X-rays with a beam size of 0.8 mm � 0.8 mm and
wavelength of 0.11165 Å were used to obtain two-dimensional (2D)
diffraction patterns in transmission geometry. One-dimensional (1-
D) HEXRD diffraction patterns under various applied stresses were
obtained by integrating along the specified azimuthal angle over a
range of ±10� in the 2-D diffraction patterns using the FIT2D soft-
ware package [40].

3. Results and discussion

As-fabricated WeNiTi composites with different master alloys
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were first examined by XRD to determine the exact phase con-
stituents in the composites. The diffraction patterns of samples are
shown in Fig. 2. The strongest diffraction peaks in all of samples
were that for W phase, which was related to the highW proportion
in the composites (88% in mass fraction). The WeNi50Ti50 sample
contained not only B19'eNiTi phases but also brittle Ni3Ti phase.
The diffraction peaks of B19'eNiTi phases were much weaker than
those of Ni3Ti phase, which suggested that a large mount of Ni3Ti
phase formed. The formation of Ni3Ti intermetallic compound may
be related to themutual diffusion between NiTi andWparticles and
Fig. 2. XRD patterns of the as-fabricated WeNiTi composites with different master
alloys.

Fig. 3. Back scattering SEM micrographs of the WeNiTi composites with different mas
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the content of Ti dissolved in W particles was more that of Ni [32].
When the Ti/Ni ratio increased to 56: 44, the diffraction peaks of
Ni3Ti becoming weaker, suggesting the mount of brittle Ni3Ti
becoming smaller than that of the WeNi50Ti50. With further in-
crease of the Ti/Ni ratio to 58: 42, the diffraction peaks of Ni3Ti
disappeared and new peaks appeared at 2q ¼ 41.59� and 45.32� for
WeNi42Ti58 composite compared with that of the WeNi44Ti56
composite, which matched with the peaks of Ti2Ni phase [41]. This
may be caused by the limit of solubility of Ti element in W phase.
While for WeNi42Ti53Nb5 composite, only B19'eNiTi phases except
for W were detected. No diffraction peaks of brittle Ti2Ni and Ni3Ti
phases were found.

The microstructure of the samples sintered with different
master alloys was analyzed by SEM. The results are presented in
Fig. 3. It can be seen that for the WeNi50Ti50 composite, the com-
posite consists of gray area, dark area and white area. They were
confirmed to be nearly equiatomic NiTi phase (dark area), Ni3Ti
phase (gray area) andW phase (white particles) respectively by the
EDX analysis. A mass of Ni3Ti formed in the as-fabricated We

Ni50Ti50 composite. While for samples of WeNi42Ti53Nb5 and
WeNi44Ti56 composites, they were composed of only nearly
equiatomic NiTi matrix and W particles. When the Ti: Ni ratio
raised to 58: 42, small amount of Ti2Ni remained in NiTi matrix, as
seen from Fig. 3(d). Meanwhile the density of the as-fabricated
WeNi42Ti53Nb5 composite was 15.27 g/cm3 (98.6% of theoretical
density) measured by the Archimedes water immersion method.

The compositions of the NiTi matrix (point A) and the tungsten
particles (point B and point C) in the as-fabricated WeNi42Ti53Nb5
composite analyzed by EDXwere given in Table 1. Thus, the analysis
shows that the matrix consisted of nearly equiatomic NiTi in the as-
fabricated WeNiTi composite and NiTi andW phase were miscible.
The Ti concentration in the tungsten particles was larger than that.im
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ter alloys (a) WeNi42Ti53Nb5, (b) WeNi50Ti50, (c) WeNi44Ti56 and (d) WeNi42Ti58.



Table 1
Concentration of elements at different positions in the as-fabricatedWeNi42Ti53Nb5
composite.

Positions Concentration of elements (at.%)

W Ni Ti Nb

Point A (NiTi matrix) 0.83 49.28 49.04 0.85
Point B (center of W particle) 97.50 0.00 2.50 0.00
Point C (edge of W particle) 80.59 4.47 10.97 3.97

Fig. 5. Transformation behaviors of WeNiTi composites sintered with different master
alloys.
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of Ni, which was consistent with previous report [32]. This is
further confirmed by the elemental mapping carried out by EDX
analysis (Fig. 4(b)-(e)). Since this diffusion process consumed more
Ti than Ni, it shifted the composition of equiatomic NiTi master
alloy to higher Ni values and resulted into brittle Ni3Ti phase in the
WeNi50Ti50 composite.

It is also noted that the results suggested that NiTi and W phase
can dissolve each other, but the solubility of W in NiTi phase is
limited to <2 at. % [42]. The dissolved W in NiTi phase has only
small influences on the transformation temperatures and trans-
formation hysteresis of NiTi alloy [26,43]. The NiTi matrix with W
dissolved can undergo reversible martensitic transformation under
thermal or mechanical loading cycles, which could be further
confirmed by the DSC results shown in Fig. 5.

Fig. 5 shows the DSC curves of the sample sintered with
different master alloys. As seen in Fig. 5, all the as-fabricated
composites showed reversible martensitic transformations. The
temperature regions of the reverse martensitic transformations of
theWeNi50Ti50 andWeNi44Ti56 compositesweremuchwider than
that of the WeNi42Ti53Nb5 composite. It could be caused by the
gradient change of Ti/Ni ratio resulting from the mutual dissolution
between NiTi and W particles and the composition sensitivity of
martensitic transformation of NiTi alloy. It also suggested that the
addition of Nb element could decrease the composition sensitivity
of martensitic transformation of NiTi alloy and effectively narrows
the transformation temperature range. The DSC peaks that

ce
Fig. 4. Elemental mapping of the WeNi42Ti53Nb5 composites: (a) Ba
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correspond to the martensitic phase transformations in the
WeNi50Ti50, WeNi44Ti56 andWeNi42Ti58 composites were smaller
than those in the WeNi42Ti53Nb5 composite. The reason is that the
presence of brittle intermetallics in the WeNi50Ti50, WeNi44Ti56
and WeNi42Ti58 composites reduced the volume fraction of ductile
NiTi that could undergo martensitic transformation during thermal
cycles. The martensite transformation enthalpies (D H) of the four
different WeNiTi composites were listed in Table 2. The WeNi42-
Ti53Nb5 composite exhibited the largest transformation enthalpy
(i.e., 2.21 J/g). It has been known that the value of DH of as-cast NiTi
ck scattering SEM micrograph, (b) Ti, (c) Ni, (d) Nb and (e) W.



Table 2
Phase components and transformation measurements for WeNiTi composites.

WeNiTi composites Phase components Transformation EnthalpyDH (J/g) Calculated NiTi content (wt.%)

WeNi50Ti50 W þ B19'eNiTi þ mass Ni3Ti 1.482 6.74%
WeNi44Ti56 W þ B19'eNiTi þ minor Ni3Ti 1.746 7.94%
WeNi42Ti58 W þ B19'eNiTi þ Ti2Ni 1.446 6.57%
WeNi42Ti53Nb5 W þ B19'eNiTi 2.21 10.05%
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alloy was about 22 J/g [44]. Estimated from the calorimetric mea-
surements, the mass fraction of NiTi matrix was about 10.05%,
which was a little lower than the design composition. This may be
due to the extrusion of NiTi matrix during the hot pressing process.
It should be indicated that nearly all of the NiTi matrix in We

Ni42Ti53Nb5 composite could undergo inverse martensitic trans-
formation in the WeNi42Ti53Nb5 composite under thermal cycles.

The morphology of W particles, interface between W and NiTi
matrix in the WeNi42Ti53Nb5 composite were investigated by TEM,
as shown in Fig. 6. It can be seen that the typical morphology of
most of W particles was round and they were surrounded by NiTi
binder. The High-resolution TEM images shown in Fig. 6(c)
demonstrated that the interface between W and NiTi matrix was
coherent interface. Selected area diffraction (SAD) patterns indi-
cated that the adjacent W and TiNi crystals were of homologous
orientation with a small tilting angle. Good bonding between W
particles and the NiTi binder was obtained in the composite, which
would result in improved performance of mechanical performance
[45]. The TEM results further confirmed that no intermediate phase
existed at the interface between NiTi binder and W particles.

Based on the analysis above, in order to fabricate two-phase
tungsten-based composite containing ductile nearly equiatomic
NiTi matrix, equiatomic NiTi alloy is not suitable to be chosen as the
master alloy due to the mutual diffusion between NiTi matrix and
tungsten and the brittle Ni3Ti phase forming in the matrix.
Increasing the Ti/Ni ratio in binary master alloy to 56: 44 could
reduce the content of Ni3Ti. While when the Ti/Ni ratio increasing
to 58: 42, brittle Ti2Ni phase appeared. In contrast to the binary NiTi
master alloy, ternary Ni42Ti53Nb5 seems to be the best candidate to
fabricate WeNiTi composites. All the results of XRD, SEM, DSC and
TEM suggested that no brittle phases were detected in the NiTi
matrix of WeNi42Ti53Nb5 composite and the matrix consisted of
only nearly equiatomic NiTi in martensite state that could undergo
reversible martensitic transformation under thermal cycles. Table 2
summarized the phase component and transformation behavior in
the four different WeNiTi composites.

The mechanical properties of the four different WeNiTi com-
posites were investigated by compression test at room tempera-
ture. Fig. 7(a) and (b) presents the engineering stress-strain curvesp://
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Fig. 6. TEM micrographs of the WeNi42Ti53Nb5 composite before and after compression
compression. (c) High-resolution TEM image of the interface and corresponding selected ar
compression.

htt
and the corresponding true stress-true strain curve of the We

Ni42Ti53Nb5 composite. For comparision, the mechanical property
of monolithic W under compression at room temperature was also
given in Fig. 7(a). The results show that the WeNiTi composites
exhibited more excellent mechanical properties than monolithic W
due to the introduction different volume fraction of ductile NiTi
phase in the matrix. The WeNi42Ti53Nb5 composite exhibited the
largest fracture strain (about 50.4%) and the highest ultimate
compressive strength (3820 MPa). Fig. 7(c) shows the overall look
of the fractured sample of WeNi42Ti53Nb5 composite, which
showing significant barreling. This indicates a high deformability of
the composite at room temperature. It is worthy to note that the
WeNi42Ti53Nb5 composite showed a double yielding phenomenon
(as shown in the inset), just as some other composites containing
martensite components, such as NiTi/Ti3Sn, NiTi/Ti5Si3, NiTi/Ti2Ni
and NiTi/amorphous metallic composites [16,18e20]. The first
yielding occurred at about 760 MPa at the strain of 2.17%, while the
second yielding happened at approximate 1500MPa at the strain of
7.48%. It also can be seen from the true stress-strain curve that the
WeNi42Ti53Nb5 composite underwent obvious strain hardening
after the second yielding in Fig. 7(b).

In situ synchrotron HEXRD measurements were conducted to
explain deformation mechanism of the WeNi42Ti53Nb5 composite
during compression test. Fig. 8(a) and (b) show one-dimensional
diffraction pattern evolutions of the HEXRD peaks of B19'eNiTi
and W at different levels of applied stress. It can be seen from the
diffraction pattern that the composite consisted of B19'eNiTi and
Wphases at room temperature, which was consistent with the XRD
and DSC results shown in Figs. 2 and 5, respectively.

Upon loading, the B19'eNiTi andWdiffraction peaks are initially
found shifting to lower d-spacing values, which demonstrated the
elastic deformation of both components in the composite under
compression at the initial stage of deformation. With the defor-
mation going into the high levels of the applied stress, the d-
spacing values of both components remained almost constant or
increased very slowly, indicating the plastic deformations. Mean-
while, the diffraction peaks broadening was found with increasing
applied stress, which implies the increased inhomogeneity in strain
fields which was related to increased defects density [46]. From
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. (a) TEM bright field image before compression. (b) TEM bright field image after
ea electron diffraction patterns of NiTi and W of the WeNi42Ti53Nb5 composite before



Fig. 8. Microscopic responses of WeNi42Ti53Nb5 composite revealed by in situ synchrotron HEXRD. (a) and (b) One-dimensional diffraction pattern evolutions of the high-energy X-
ray diffraction peaks of B19'eNiTi and W at different levels of applied stress in the direction perpendicular to the loading direction. (c) Evolution of relative integrated intensities of
the B19'eNiTi (1

�
11) and B19eNiTi (003) diffraction peaks with the applied stress. (d) Evolution of the lattice strain with respect to the applied stress for the B19'eNiTi (111),

B19'eNiTi (220) and W (110) plane perpendicular to the loading direction in the composite.

Fig. 7. Mechanical properties of the WeNiTi composites and monolithic W under quasi-static compression at room temperature. (a) Compressive engineering stress-strain curves of
the WeNiTi composites and monolithic W under compression. (b) The corresponding true stress-strain curve of the WeNi42Ti53Nb5 composite. (c) Overall look of the fractured
sample showing significant barreling. This indicates a high deformability.

Y. Shao et al. / Journal of Alloys and Compounds 695 (2017) 1976e1983 1981
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Fig. 8(a), it also can be seen that the intensity of B19'eNiTi (110) and
B19'eNiTi (111) diffraction peaks increased whilst the intensity of
B19'eNiTi (200), B19'eNiTi (003) and B19'eNiTi (020) diffraction
peaks decreased, which indicates that the martensite variant
reorients via detwinning. Fig. 8(c) shows the evolution of the
relative integrated intensities of the B19'eNiTi (1

�
11) and B19'eNiTi

(003) diffraction peaks along the loading direction as functions of
the applied stress. The integrated intensity of the B19'eNiTi (1

�
11)

peak increased and that of B19'eNiTi (003) decreased from the
early stage of deformation due to the occurrence of the stress-
induced martensite reorientation. The process reached comple-
tion at the applied stress of 1500 MPa. This observation demon-
strates that the stress-induced martensitic reorientation of the NiTi
plays an important role in the initial deformation of the WeNiTi
composite.

Fig. 8(d) shows the lattice strain for B19'eNiTi (111), B19'eNiTi
(220) and W (110) planes as a function of the applied stress
perpendicular to the loading direction. The curve was divided into
four stages: <230 MPa (I), 230 MPae760 MPa (II), 760 MPa-
1500 MPa (III), >1500 MPa (IV) of applied stress. The four defor-
mation stages divided in stress-strain curve shown in Fig. 7 are
consistent with the deformation stages in Fig. 8. In the elastic zone
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(stage I, up to 230 MPa in Fig. 8 (d), the lattice strains of W and
B19'eNiTi increased linearly fast. For stage II, non-linear responses
of the lattice strains to the applied stress were presented for
B19'eNiTi. The lattice strain curves of B19'eNiTi (111) and
B19'eNiTi (220) displayed a plateau region at the stress of 230MPa,
while the lattice strain ofW still increased linearly. According to the
previous studies [19], the non-linear nature of the lattice strain
curve may be attributed to the occurrence of the martensite reor-
ientation. The stress on the B19' martensite during this stage of
deformation was very low, and the increasing external load was
mainly borne by the W phase, implying gradual load transfer from
NiTi matrix to W particles.

At stage III, from 760MPa to 1500MPa, both the lattice strains of
W and B19' martensite increased. The sharp increase in the lattice
strain of B19' martensite with deformation indicated the
commencement of elastic and plastic deformation of the oriented
martensite. In contrast to the sharp increasing in the lattice strain of
B19' martensite, the W lattice strain continued to increase with the
applied stress at a little lower rate. Due to the large volume fraction
and the high modulus of W in the composite, the decreasing of the
increasing rate of theW lattice strain resulted in a lower increase in
external load in this stage, as evident in Fig. 7. This implies the



Fig. 9. (a) Low magnification SEM picture of the external surface of the fractured We Ni42Ti53Nb5 composite. (b) High magnification SEM picture of the external surface of the
fractured WeNi42Ti53Nb5 composite. (c) Lowmagnification SEM picture of the fracture surface of the WeNi42Ti53Nb5 composite. (d) High magnification SEM picture of the fractured
surface of the WeNi42Ti53Nb5 composite.

Y. Shao et al. / Journal of Alloys and Compounds 695 (2017) 1976e19831982
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yielding at about 760 MPa on the stress-strain curve was attributed
to the martensite reorientation.

At stage IV (up to 1500 MPa), the lattice strains of W (100) and
B19'eTiNi (111) continued to increase, but the lattice strain slopes
became smaller, which implies the second yielding is obviously due
to the commencement of massive plastic deformation of the reor-
iented martensite and is also attributed to the plastic deformation
of the W particles. The further moderate increase in the true stress
on the composite Fig. 7(b) is clearly caused by the strain hardening
of the B19' martensite and the plastic deformation of tungsten
particles, just like that of the in-situ NiTi/Ti5Si3, NiTi/Ti3Sn and NiTi/
Ti2Ni composites [16,18,19]. The maximum lattice strain reached in
the W (110) of the composite was 0.38% before the fracture of the
WeNi42Ti53Nb5 composite.

TEM observation in Fig. 6(b) revealed that in contrast to as-
sintered WeNi42Ti53Nb5 composite, the deformed sample exhibi-
ted tungsten grains with high-density dislocations. The increase of
the dislocation density in the tungsten phase is considered to be
caused by plastic deformation during compression. The dislocation
in tungsten grains could block the farther slippage of the disloca-
tion and increased the fracture strength of WeNi42Ti53Nb5 com-
posite. The TEM micrograph of the deformed composite further
confirmed that the second yielding of the composite was also
caused by the plastic deformation of the W particles.

Fig. 9 shows SEM micrographs of the morphology of pre-
polished external and fracture surfaces of the WeNi42Ti53Nb5
composite after compression. It can be seen from Fig. 9(a) that
profuse slip bands, inclined by about 45� to the direction of the
applied load along the maximum shear plane, were distributed on
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SEM picture of the pre-polished lateral surface after deformation in
Fig. 9(b) shows that some internal micro-cracks formed in the
tungsten particles. The micro-cracks were arrested by the NiTi
matrix. The results indicate that the ductile NiTi matrix could
effectively hinder the propagation of internal micro-cracks and
prevent catastrophe failure of the sample under compression.
Fig. 9(c) and (d) are the fracture surface of the WeNi42Ti53Nb5
composite after compression. Twomorphologies of coarse patterns
and smooth surface were observed in different regions of
compressive fracture surface. The smooth areas were resulted from
friction between two fracture surfaces during deformation based
on previous reports [47,48]. Fig. 9(d) is high magnification graph of
the coarse patterns in Fig. 9(c). It can be seen that the fracture graph
of tungsten particle was flat and some river-like pattern (indicated
by red arrows) was detected. While for NiTi matrix, severe tearing
occurred. No debonding between W particle and NiTi matrix was
detected because of the high bonding strength between them.

4. Conclusion

Novel two-phase tungsten-based composites were successfully
fabricated by introducing ductile nearly equiatomic NiTi matrix in
martensite state by infiltration and hot pressing process. In contrast
to the binary NiTi master alloy, ternary Ni42Ti53Nb5 seems to be the
best candidate to fabricate WeNiTi composite because no brittle
intermetallics formed in the NiTi matrix. The WeNi42Ti53Nb5
composite exhibits a high ultimate compressive strength and a
large plasticity, which overcomes the brittleness of tungsten at
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room temperature. NiTi matrix deforming by martensite variant
detwinning effectively hindered the propagation of micro-cracks in
tungsten particles and prevented catastrophe failure of the com-
posite under compression.
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