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Microstructural evolution of TiC/near-a Ti composite during
high-temperature tensile test
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In the present paper, 10 vol%TiC/Ti—-6Al-3Sn—3.5Zr—0.4Mo-0.75Nb-0.35Si composite produced
via in situ casting technique was tested in the temperature range from room temperature to 900 °C
and much attention was paid on the microstructural evolution during high-temperature tensile test.
It was found that the variation of microstructures in deformation zones with strain exhibited
different trends at different temperatures. Below 600 °C, dislocation density increased with strain
over the entire strain range. As temperature increased to 700 °C, dislocations proliferated rapidly
in the initial deformation and then dislocation annihilated through dynamic recovery. Above

800 °C, the variation of microstructures in deformation zones with strain was similar to that at
700 °C at the beginning but at higher strain, dynamic recrystallization (DRX) occurred, leading to
the formation of equiaxed microstructure. Microstructural evolution in deformation zones
corresponded to the variation of tensile stress—strain characteristics with temperature, reflecting
the hardening or softening feature of matrix. Dynamic recovery ascribed to the flow softening of
the composite at 700 °C, while flow softening is owing to dynamic recovery and DRX above
800 °C. In addition, matrix softening should show different trends in different temperature ranges.
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Il. INTRODUCTION

Metal matrix composites (MMCs), acting as an im-
portant type of metal, have been designed and developed
in the past several decades, which offer a combination of
the ductility of metal and strength and hardness of
reinforcement.'™ As a typical member of MMCs family,
discontinuously reinforced titanium matrix composites
(DRTMCs) have been considered as the optimal candi-
date materials for aerospace application due to their high
strength-to-weight ratio, good corrosion/oxidation resis-
tance, high strength, and excellent creep resistance at
high temperatures.”™® In situ technique has been widely
used to fabricate DRTMCs, which mainly includes
powder metallurgy (PM)*'* and combustion assisted
cast.' 12 Compared to PM technique, the latter can
produce large-scale DRTMC castings with high com-
pactness and low cost, which has attracted more and more
attention.'>™!° In DRTMCs, TiC particles have been
proved to be one of the most suitable reinforcements
because of their good properties and excellent compati-
bility with titanium matrices.'®"
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High-temperature tensile test has been performed on
DRTMCs to understand the dependence of tensile prop-
erties on temperature and microsturcture.”~%? It is well
established that the tensile strengths of DRTMCs
decrease gradually with the increase of temperature,
whereas the ductility shows an opposite trend.”' Much
work pointed out that matrix softening plays a dominant
role in the degradation of tensile strengths of DRTMCs.*?
Badini et al.** indicated that the tensile strength of
10 vol%TiC/Ti—6Al-4V composite displays almost linear
decrease in the temperature range from room temperature
to 800 °C, meaning that matrix softening becomes more
and more serious with increasing temperature. However,
little work has been conducted on the matrix softening
feature of DRTMCs as high-temperature titanium alloy
was selected as matrix.

Hot deformation behaviors of titanium alloys and
DRTMCs have been widely investigated with cylindrical
specimens through isothermal compression.”>*® During
hot deformation, the mechanisms of flow softening were
reported to be dynamic recovery and dynamic recrystal-
lization (DRX).?”*® Flow softening was also found in
DRTMCs during high-temperature tensile test, which
constrains the further increase of tensile strengths.>?
Investigating on microstructure evolution is helpful for
the understanding of flow softening behavior and the
microstructure control of DRTMCs in this process.
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However, few published reports have been performed on
this kind of research.

In this work, 10 vol%TiC/Ti—6Al-3Sn-3.5Zr-0.4Mo—
0.75Nb—0.35Si composite produced via in situ technique
was tested at various temperatures. The main objective is
to investigate the microstructural evolution and softening
behavior of the composite during high-temperature ten-
sile test.

Il. EXPERIMENTAL PROCEDURE

In this experiment, 10 vol%TiC/Ti—6Al-3Sn—3.5Zr—
0.4Mo-0.75Nb-0.35Si composite was prepared by in situ
casting technique and the detailed procedure was de-
scribed in our previous work.”” After casting, the
composite casting was cut by electric discharging for
microstructural observation and tensile test.

The microstructures were carried out using optical
microscopy, and FEI Tecnai G? F30 transmission electron
microscopy (TEM; FEI Company, Hillsboro, Oregon).
The TEM specimens with 50 pum thickness were prepared
by ion-beam thinning and twin-jet electropolishing. Flat
tensile specimens with a gauge length of 20 mm and cross
section of 4 mm x 2 mm were used for tensile test. Tensile
test was conducted on Instron 5500R testing machine
(Instron, Canton, Massachusetts) at the strain rate of
0.5 mm/min at room temperature, 200, 300, 400, 600,
700, 800, and 900 °C. At each temperature, at least three
specimens were repeated and tensile strengths listed in this
paper are average values.

To investigate the microstructure variation in defor-
mation zones at high temperatures, tensile termination
experiment was performed on the composite. This type of
experiment can be described as follows: when the de-
formation amount reached needed value, tensile test was
terminated and the tensile specimens were quenched in
water immediately. Then, microstructures in deformation
zones were observed using TEM. It should be noted that
TEM specimens were cut from the middle of unbroken
tensile samples or from the position just below the
fracture surfaces of fractured samples.

Ill. RESULTS AND DISCUSSION
A. Phase identification and microstructure

Figure 1 displays the x-ray diffraction pattern of the as-
prepared composite. The diffraction peaks can be indexed
to TiC and o-Ti phases, indicating that TiC reinforced
titanium alloy composite was fabricated.

Figure 2 shows the microstructure of the as-prepared
composite. TiC mainly grew in equiaxed or near-equiaxed
shape with size of 1-10 um and some extent of particle
clustering on a microscopic scale can be observed.” o
phase in some regions without TiC particles displayed
lamellar structure with colony characteristic, whereas o
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FIG. 1. X-ray diffraction pattern of the composite.

FIG. 2. Optical micrograph of the as-prepared composite.

phase in TiC clusters grew in equiaxed or near-equiaxed
morphology after the solid transformation of f — o.
Previous work indicated that the growth of o phase in
TiC segregation areas can be impeded, resulting in the
formation of equiaxed or near-equiaxed o phase in these
areas.”®*! The width of o phase varied from 2 pim to 18 pm.

B. High-temperature stress—strain characteristic

Figure 3 illustrates the variation of ultimate tensile
strength (UTS) of the composite with testing temperature
in the form of average value = standard deviation.
Overall, tensile strength decreases with increasing tem-
perature. However, the decrease of UTS shows different
trends in different temperature ranges. In the temperature
range from room temperature to 600 °C, UTS decreases
slowly, whereas above 600 °C, fast degradation in UTS is
observed. As we know, the decrease in tensile strength is
mainly attributed to matrix softening. Hence, matrix
softening trends in different temperature ranges are
also different. Below 600 °C, matrix was softened slowly
with increasing temperature. However, matrix softening
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FIG. 3. The UTS of the composite as a function of testing temperature.

becomes more and more serious from 600 °C to 900 °C.
This type of variation reflects the characteristic of the
composite to a large extent.

It has been reported that the understanding of stress—
strain characteristic of the composite at high temperatures
can provide useful insight into matrix softening behav-
ior.*” Figure 4 displays the tensile stress—strain curves of
the composite at high temperatures. It can be observed
that at 600 °C, after macroscopic yielding, the tensile
stress of the composite increases with increasing strain.
That is to say, tensile strength is higher than yield
strength, equal to fracture strength. Similar feature of
tensile stress—strain curves at high temperatures in
DRTMCs were obtained.>® As testing temperature is
beyond 700 °C, some different features in tensile
stress—strain curves can be seen (Fig. 4). After yielding,
tensile stress reaches to its maximum at small strain, i.e.,
tensile strength is very close to yield strength and with
further increase in strain, tensile stress decreases gradu-
ally. Liu et al.?*> obtained similar tensile stress—strain
curves in TiC particle-reinforced titanium matrix com-
posite at high temperature.

It is also observed that when tensile stress approaches
to peak, the corresponding strain obtained from stress—
strain curve decreases with temperature, which are 6.5%,
4.8%, and 3.4% at 700 °C, 800 °C, and 900 °C,
respectively. Obviously, with the increase of temperature,
the yielding of the composite occurs at lower strain. That
is to say, the composite is more prone to yield at higher
temperature, which is in accordance with matrix soften-
ing characteristic of the composite.

C. Microstructural evolution in deformation zones

Based on the results in Fig. 4, as plastic deformation
occurs, there exist obvious differences in the variation of
stress with strain at different temperatures. The stress
decreases faster with increasing plastic strain at 700 °C
compared to that at 800 °C and 900 °C. This feature
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FIG. 4. High-temperature tensile stress—true strain curves of the
composite.

reflects that the discrepancy in the microstructure evolu-
tion with strain at different temperatures should exist. So,
it is necessary to investigate the microstructures in
deformation zones at different strains and different
temperatures. Considering that TiC particles can not be
deformed in the temperature range, the deformation
amount of the composite depends on the deformability
of matrix and the deformation mode of matrix can
represent that of the composite.”” Thus, much attention
has been paid on the evolution of matrix microstructure
with strain and temperature.

After the composite fractured at 600 °C, the TEM
microstructure in deformation zone is shown in Fig. 5. As
TEM specimen of the failed composite tested at 600 °C was
ion-beam thinned, fractured TiC particle can be seen clearly
but dislocation can not be found at the interface between
TiC and matrix or in the interior of matrix [Fig. 5(a)] [The
selected area diffraction patterns of TiC and o-Ti are shown
in Figs. 5(b) and 5(c), respectively]. The dislocation should
exist since the composite was plastically deformed. Dislo-
cation may disappear during ion-beam thinning. So, twin-jet
electropolishing was used to fabricate the TEM specimen. It
can be seen that high density of dislocation not only can pile
up at the interfaces between two o laths [Fig. 5(d)], but also
can tangle in o-Ti phase [Fig. 5(e)]. The intersection of
dislocations induced by dislocation motion from different
directions will become obstacles and impede the subsequent
dislocation motion, resulting in the formation of dislocation
entanglement. This kind of entanglement will further hinder
the motion of dislocation and thus be conducive to the work
hardening of the composite. Therefore, the tensile stress
increases with the increase in strain at 600 °C. It is
reasonable to believe that at lower temperatures, the
evolution of tensile stress with strain should be similar to
that at 600 °C.

Liu et al*® indicated that the reinforcements in
titanium matrix composites not only can enhance
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FIG. 5. TEM microstructure in deformation zone of the composite tested at 600 °C: (a) fractured TiC, (b) selected area diffraction pattern of TiC in (a),
(c) selected area diffraction patterns of o-Ti in (a), (d) dislocation at o/a interface, and (e) dislocation within o phase.

mechanical properties and refine the matrix but also
induce the plastic instability during hot deformation
process. TiC particles can impede the movement of
dislocations during high-temperature tensile test and
accordingly, high-density dislocations will be generated
at the particle/matrix interface, which is confirmed in
Fig. 5. This is an important reason why composites show
high stress level.

Figure 6 shows the microstructures in deformation
zones of the composite with different strains at 700 °C. It
is clearly observed from the TEM micrographs that the
microstructures in deformation zones change with strain
significantly. As tensile stress reaches to its peak (the
corresponding strain is about 6% and the composite
experienced a small amount of plastic deformation),
entangled dislocation with high density was formed
[Fig. 6(a)]. Although the plastic deformation of compos-
ite is very small, there are still a large number of
dislocations. Apparently, the generation of dislocation
is very sensitive to the plastic deformation.

As strain approaches to about 12%, the dislocation
density in deformation zone decreased significantly, and
dislocation arrangement becomes more regular [Fig. 6(b)].
At higher magnification, regular dislocation wall can
be observed [Fig. 6(c)]. High density of dislocation

generated at the initial strain results in high distortional
energy stored in the matrix of the composite, so that
the material is in an unstable state in thermodynamics.
When hot deformation was performed on the specimen,
dynamic recovery would occur through dislocation
climbing and as a result, the dislocation with high-
energy state and disorderly arrangement can be trans-
ferred into regular dislocation walls. These dislocation
walls consisted of low-angle sub-boundaries, which pro-
vide the condition for the formation of recovered sub-
grains [Figs. 6(b) and 6(c)].

With further increase in strain, dislocation tangles
almost disappeared and the dislocation in matrix is in
regular arrangement state, as shown in Fig. 6(d).
Evidently, the dislocation annihilation rate is higher
than its formation rate. Furthermore, the typical subgrains
were formed in deformation zone and the sub-boundaries
consisted of dislocation network [Fig. 6(d)], which
present typical dynamic recovery feature. These results
suggests that strain has significant effect on
microstructure.

According to microstructure evolution in deformation
zone of the composite at 700 °C, it is easily obtained that
the main flow softening mechanism is dynamic recovery.
Just because of this, strain hardening induced by the
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formation of new dislocations can be offset by dynamic
recovery and thus, the composite can not be strengthened
further through plastic deformation. The competitions
between the strain hardening and softening result in the
formation of flowing stress—strain curve at 700 °C in.
Usually, dynamic recovery dominates the flow softening
process at low temperatures.®>°

As testing temperature increased to 800 °C, structure
evolution in deformation zone is shown in Fig. 7. At
strain of about 5%, high density of dislocation with
dislocation loop was generated in matrix [Fig. 7(a)],
which is similar to that found in the composite experi-
encing a similar strain at 700 °C [Fig. 6(a)]. This means
that dislocation multiplication happened at the initial
strain even though testing temperature increased to
800 °C. In addition, dislocation loops resulting from
the vacancy collapse were observed in Fig. 7(a), which
were reported in another work.>’ Further increase in
strain (about 30%) led to the formation of cellular
substructure, as shown in Fig. 7(b), which resulted from
dislocation motion during dynamic recovery. At strain of
about 43% (fracture strain), o lamellar was globularized

(d)

FIG. 6. Variation of matrix features in deformation zones of the composite with strain of (a) about 6%, (b) (c) 12%, and (d) 18% (fracture strain) at 700 °C.

markedly, as illustrated in Fig. 7(c). Undoubtedly, strain
induces the transformation of lamellar structure to
homogeneous globular one at 800 °C. The formation
of equiaxed microstructure is attributed to DRX.*-*°
The reinforcements in DRTMCs should have some
role on DRX during thermomechanical processing.
Humphreys and Hatherly40 indicated that at high strain,
the accumulation of dislocations is usually related to local
lattice rotations in the regions near the particles and these
regions are often called particle deformation zones
(PDZs). High-density dislocations in PDZs provide high
driving force for recrystallization and thus promote the
refinement of grains in these regions. Wang et al.*' also
pointed out that globularization of elongated o phase and
DRX of prior B grains occur prior near TiB,, region
owing to high-density dislocation in this region and the
role of heterogeneous nucleation of TiB,, on DRX in
TiB,,/Ti60 composite during hot deformation. Our pre-
vious work confirmed that TiC particles can serve as
effective heterogeneous nucleation substrates for o
phase in titanium matrix composites.'> It was also
reported that micron-sized particles in hot-deformed
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FIG. 7. Matrix microstructures in deformation zones with different strains at 800 °C: (a) about 5%, (b) about 30% and (c) 43% (fracture strain).

aluminium-silicon alloys can act as heterogeneously
nucleation substrates for recrystallized a-Al*? Hence,
recrystallized grains may directly grow on TiC near TiC
particles. During the DRX process, new dislocations
were generated within DRX grains since the develop-
ment of deformation depends on dislocation motion
[Fig. 7(c)]. Apparently, dynamic recovery and DRX are
the flow softening mechanisms in this composite at
800 °C. This result has not been found in published
researches in DRTMC:s.

Figure 8 exhibits the variation of microstructure in
deformation zone with strain at 900 °C. High density of
dislocation still can be observed in matrix as stress reached
the peak with the strain of about 4% [Fig. 8(a)]. When
strain increased to 20%, dislocation density in deformation
zone decreased significantly and dislocation tangles almost
disappeared, as shown in Fig. 8(b). The high-density
dislocations annihilate through dislocation climbing in
the subsequent plastic deformation process, which evolved
into regular dislocation walls. Comparing Fig. 6(d) with
Fig. 8(b), although strain at 700 °C is close to that at
900 °C, the microstructures in the corresponding de-
formation zones are obviously different. The dislocation
density is lower at 700 °C as compared to that at 900 °C,
and more importantly, recovered subgrains are formed
under this strain at 700 °C [Fig. 6(d)]. Unquestionably,
dynamic recovery process was carried out relatively
sufficiently at 700 °C. Combining the result in Fig. 4,
after macroscopic yielding, the faster decrease in tensile
stress with strain reflects that the dislocation annihila-
tion is in a faster rate at 700 °C, whereas dislocation
annihilates slowly at 900 °C. Obviously, temperature is
not the only factor influencing recovery process during
high-temperature tensile deformation. Taking into account
that the driving force of recovery is the stored energy in
deformed material, the high energy promotes the recovery
process more easily. Hence, the distortion energy resulting
from dislocation multiplication at 700 °C is higher than
that at 900 °C.

With further increase in strain, DRX grains were
formed in the deformation zone with diameter of
0.5-2.5 pum, as shown in Fig. 8(c). In the internal of
DRX grains, low density dislocation can be observed.
Evidently, dislocation slip promotes the continuous plastic
deformation of the composite. Furthermore, it is deduced
that the dislocation structure in Fig. 8(b) will evolve into
recovery subgrains and recovery subgrains develop into
DRX grains with the increase of strain from 20% to 60%.
When the strain increased to 90%, corresponding to
fracture strain, the DRX grains grew up [Fig. 8(d)], leading
to the decrease in tensile stress before final failure of the
composite at 900 °C. It is obtained that flow softening
mechanism at this temperature is similar to that at 800 °C,
i.e., dynamic recovery and DRX.

According on the above analysis, temperature has signif-
icant influence on microstructure evolution in deformation
zones with strain in DRTMC:s and their relationship during
high-temperature tensile test has been established first in this
work, which is the novelty of the present research. Published
references have paid more attention on the microstructural
evolution during hot deformation in titanium alloys and their
composites since their aims are to obtain ideal microstructure
for the desired application.*’*> More importantly, under-
standing the microstructure evolution during tensile test can
provide reasonable explanation for the variation of tensile
properties with temperature.

Combining microstructural evolution in deformation
zones and tensile stress—strain curves, it is found that the
above two are related to each other. The increase of stress
with strain often corresponds to the increase in disloca-
tion density during plastic deformation, while the de-
crease of stress shows the occurrence of dynamic
recovery and/or DRX, which lead to matrix softening.
Hence, matrix softening is directly reflected in tensile
stress—strain curves. The establishment of the relationship
between microstructural evolution in deformation zones
and tensile stress—strain curves is also the novelty of the
present research.
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DRX grain
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FIG. 8. Matrix microstructure development of the composite in deformation zone at 900 °C under different strains of (a) about 4%, (b) about 20%,

(c) about 60% and (d) about 90% (fracture strain).

IV. CONCLUSION

In this paper, 10 vol%TiC/Ti—-6Al-3Sn—3.5Zr—0.4Mo—
0.75Nb-0.35Si composite was tested at various temper-
atures and microstructural evolution in deformation zones
has been discussed. The following conclusions can be
drawn:

(1) Microstructural evolution in deformation zones
with strain showed different trends at different temper-
atures. Below 600 °C, dislocation density increased with
strain over the entire strain range, while at 700 °C,
dislocation density increased first and then decreased due
to dynamic recovery. Above 800 °C, DRX grains were
obtained at high strain.

(2) Below 600 °C, stress increased with the increase of
strain whereas above 700 °C, stress decreased with
further increase in strain after macroscopic yield.

(3) Microstructural evolution in deformation zones
corresponded to the variation of tensile stress—strain
characteristics with temperature, reflecting the hardening
or softening feature of matrix. As testing temperature

3434

exceeded 700 °C, flow softening occurred. At 700 °C,
dynamic recovery ascribes to the flow softening, while at
800 °C and 900 °C, flow softening is attributed to
dynamic recovery and DRX.
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