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Abstract: The hot deformation behavior and microstructure evolution of a 7.5 vol.% TiBw /near α-Ti
composite with fine matrix microstructure were investigated under the deformation conditions in a
temperature range of 800–950 ◦ C and strain rate range of 0.001–1 s−1 using plane strain compression
tests. The flow stress curves show different characteristics according to the various deformation
conditions. At a higher strain rate (1 s−1 ), the flow stress of the composite continuously increases
until a peak value is reached. The activation energy is 410.40 kJ/mol, much lower than the activation
energy of as-sintered or as-forged composites. The decreased activation energy is ascribed to the
breaking of the TiBw reinforcement during the multi-directional forging and the resultant fine matrix
microstructure. Refined reinforcement and refined matrix microstructure significantly improve the
hot deformation ability of the composite. The deformation conditions determine the morphology
and fraction of α and β phases. At 800–900 ◦ C and 0.01 s−1 the matrix α grains are much refined due
to the continuous dynamic recrystallization (CDRX). The processing map is constructed based on
the hot deformation behavior and microstructure evolution. The optimal hot processing window is
determined to be 800–950 ◦ C/0.001–0.01 s−1 , which lead to CDRX of primary α grains or dynamic
recovery (DRV) and dynamic recrystallization (DRX) of β phase.
Keywords: titanium matrix composites; hot deformation behavior; microstructure evolution;
processing map

1. Introduction
With the advancement of the aerospace industry, particulate-reinforced titanium matrix composites
(PRTMCs) have become attractive alternative materials due to their prominent properties such
as high strength, high modulus of elasticity, good creep resistance and good high temperature
durability [1–5]. It has been well accepted that the mechanical properties of PRTMCs depend on
matrix, reinforcement and the interface between them. As for the matrix, the conventional near α
high-temperature titanium alloys including Ti-1100 (Ti-6Al-2.75Sn-4Zr-0.4Mo-0.45Si, wt%) and BT36
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(Ti-6.2Al-2.0Sn-3.6Zr-0.7Mo-5.0W-0.15Si, wt%) can be used in the applications of compressor disks and
gas turbine blades for advanced jet engines, with a maximum service temperature of 600 ◦ C [6–9]. TiB
whiskers (TiBw ) are preferentially chosen as the reinforcements for PRTMCs owing to their remarkable
properties such as high modulus, high strength, high thermal stability, similar density to titanium and
chemical compatibility to titanium matrix [10]. However, addition of reinforcements into titanium
alloys causes significant difficulty of thermomechanical processing [11]. Therefore, understanding the
hot deformation behavior and mechanisms of near-α PRTMCs is of great significance for optimizing
processing parameters and obtaining better workability.
So far, the hot deformation behavior and microstructure evolution of PRTMCs have been studied
extensively. Based on the hot compression test, the constitutive equations, processing maps and
microstructural characteristic of PRTMCs with coarse matrix microstructure are clarified to reveal the
hot deformation mechanisms [12–15]. Grain size and initial microstructure of titanium alloys also have
important effects on their high temperature deformation behavior [16–19]. For example, Prasad et al. [16]
found that in the deformation of β phase field, when the initial microstructure of Ti-6Al-4V
were Widmanstatten microstructure and equiaxed microstructure, the corresponding deformation
mechanisms were superplasticity and dynamic recrystallization, respectively. Zhao et al. [17,18] found
that the apparent activation energy and strain rate sensitivity parameter increased with decreasing
the width of α lamella. The dynamic spheroidization of the α lamella was more likely to occur in
the deformation of (α + β) phase field. Zhang et al. [19] believe that grain refinement can increase
nucleation sites, and dislocations within grains migrate more readily to grain boundaries, thereby
increasing DRX driving force. It is noted that the hot deformation behavior of fine-grained titanium
matrix composites (TMCs) is different from that of coarse-grained TMCs. However, few research
on fine-grained TMCs has been reported. Besides, the research results on the high-temperature
deformation behavior of as-cast coarse-grained TMCs are mainly applied to the initial ingot forging.
Therefore, investigation of high temperature deformation behavior of fine-grained TMCs is significant
for secondary hot working or hot forming such as plate rolling, to reveal the microstructure evolution
and hot deformation mechanisms under different processing conditions. Ultimately, we may be able to
control hot deformation parameters to optimize microstructures.
In the current study, a 7.5 vol.% TiBw /near α-Ti composite with fine matrix microstructure was
obtained by multi-directional forging (MDF). Based on the plane-strain compression tests, the hot
deformation behavior and microstructure characteristic were investigated to reveal the hot deformation
mechanism of the composite with fine matrix microstructure. Additionally, the optimal hot processing
window was determined by establishing the constitutive equations and processing maps.
2. Experiment
In this study, the matrix material was a near α high-temperature titanium alloy
(Ti-6Al-2.5Sn-4Zr-0.7Mo-0.3Si), designed on the basis of Ti-1100. The composite ingot reinforced
with 7.5 vol.% TiBw was fabricated in an induced skull melting furnace (ISM) [20,21]. Cuboid samples
with dimensions of 70 mm × 35 mm × 35 mm were cut from the composite ingot and subjected to
multi-directional forging at 1020 ◦ C and at a strain rate of 0.01 s−1 . The detailed processing route is
schematically presented in Figure 1a,b. As shown in Figure 1b, the sample dimensions were kept
unchanged during MDF, but the loading direction was changed by 90◦ after each pass. The samples
were reheated to deformation temperature in the subsequent hot deformation compression tests.
As shown in Figure 1c, the microstructure of the samples after multi-directional forging is composed of
fine equiaxed α grains of about 2–3 µm and few residual β grains.
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Figure 1. (a,b) Schematic illustration of multi-directional forging process; (c) SEM micrograph of the
7.5 vol.% TiBw /near α-Ti composite.

Prior to compression tests, we determined the β-transus temperature of the composite using
metallographic techniques. Cylindrical samples 5 mm in diameter and 8 mm height were heated in
a N2 atmospheric furnace with a temperature accuracy ±2 ◦ C, and held for 30 min at the prescribed
temperature, followed by water quenching. The tests were conducted with a temperature interval
of 10 ◦ C from 950 to 1050 ◦ C. Depending on whether or not there is precipitation of the primary α in
optical micrographs of the composite after quenching, the β-transus temperature of this composite
was measured to be approximately 1015 ◦ C.
Rectangular specimens with dimensions of 20 mm × 8 mm × 5 mm were cut from the forged
workpieces for the plane strain high-temperature compression tests. The plane strain compression test
was undertaken at a temperature from 800 ◦ C to 950 ◦ C with a strain rate of 0.001, 0.01, 0.1 and 1 s−1 on
a Gleeble 3800 simulator (Date Sciences International, Minnestoa, MN, USA). The samples were heated
at a heating rate of 10 ◦ C/s and maintained for 5 min in a vacuum chamber before the compression test.
After isothermal deformation (height reduction was 70%), specimens were quickly quenched in water.
The samples for microstructure observation were all cut from the central regions of the compressed
specimens. The microstructural characteristics were observed with an optical microscope (OM, Leica
DM-2700M, Wetzlar, Germany), a scanning electron microscope (SEM, Tescan, Brno, Czech Republic)
and a transmission electron microscope (TEM, Tecnai G2F30, FEI, Hillsborough, OR, USA). For OM
and SEM observations, the samples were mechanically ground and electrochemically polished, then
etched with the Kroll’s reagent (10 mL HF, 30 mL HNO3 , and 200 mL H2 O). The specimens for TEM
analysis were mechanically ground to about 50 µm, followed by twin-jet electrochemical thinning
at 20 V and −20 ◦ C. Electron Backscattered Diffraction (EBSD) analysis was carried out by an HKL
EBSD detector (Oxford Instruments, Oxford, England) and HKL Channel 5 acquisition software
on a field-emission scanning electron microscope (Carl Zeiss CrossBeam1540EsB, Jena, Germany).
The samples for EBSD analysis were mechanically polished sequentially with 360 to 2000-grit SiC
paper, followed by electrolytic polishing in an electrolyte containing 60% methanol, 34% n-butanol,
and 6% perchloric acid. The scan step size was 0.2 µm. The image analysis software Image-Pro Plus
(ver 6.0, Media Cybermetics, Rockville, MD, USA) and HKL-Channel 5 software (Oxford Instruments,
Oxford, UK) were used to investigate the characteristics of the matrix microstructure.
3. Results and Discussion
3.1. Flow Behavior and Kinetic Analysis
The flow stress-strain curves of the 7.5 vol.% TiBw /near α-Ti composite obtained at different
deformation conditions are shown in Figure 2. The flow stress decreases significantly with decreasing
strain rate and increasing deformation temperature. The flow stress reduction is due to dynamic
softening, including dynamic recovery (DRV) and dynamic recrystallization (DRX), both of which are
more active at high temperatures and low strain rates. The shapes of true stress-strain curves are related
to the relationship between work hardening and dynamic softening [22]. In the initial stage, the flow
stress increases rapidly as the strain increases due to work hardening [23,24]. After reaching the
maximum value, the flow stresses change moderately in the strain rate range of 0.001–0.1 s−1 because
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dynamic softening and work hardening reach an equilibrium. At a higher strain rate of 1 s−1 , the flow
stress continuously increases until a peak value is reached, indicating work hardening is dominant
against dynamic softening. The work hardening generally appears as a result of multiplication and
pile-up of dislocations. These dislocations do not have sufficient time to slide or climb at high strain
rates. Furthermore, at 800 ◦ C/1 s−1 (Figure 2a), the flow stress first increases to a peak value and then
decreases until the true strain reaches 0.4 and then increases again. This result could be attributed
to severe stress concentration around TiBw , synergic effect of shear band propagation and adiabatic
heating [25]. Nevertheless, thermomechanical deformation mechanisms cannot be simply determined
relying on the shapes of the flow stress-strain curves, because different microstructural mechanisms
may result in several similar flow behaviors during hot deformation. Therefore, the microstructure
evolution was further analyzed in the subsequent sections and a more accurate thermal deformation
mechanism of the composite will be determined.

Figure 2. Stress-strain curves at various strain rates for 7.5 vol.% TiBw /near α-Ti composite: (a) 800 ◦ C,
(b) 850 ◦ C, (c) 900 ◦ C, (d) 950 ◦ C.

The effects of strain, strain rate and temperature on the mechanism of flow softening and hardening
are well known during hot deformation. Constitutive models are constructed to provide insight of
deformation characteristics. Arrhenius type equations are generally used to describe the relationship
among the flow stress, strain rate and deformation temperatures as follows [26]:
.

ε = A[sinh(ασ)]n exp(−

Q
)
RT

(1)

where A and α are the material constants independent of temperature, Q is the activation energy for
hot deformation, R is the gas constant (8.314 J/mol·K) and n is the stress exponent (n = 1/m, m is the
strain rate sensitivity).
Taking natural logarithms of Equation (1) leads to:
.

ln ε = ln A −

Q
+ n ln[sinh(ασ)]
RT

(2)

Differentiation of Equation (2) gives rise to:
Q=R

∂ ln[sinh(ασ)]
∂(1/T )

.

∂ ln ε
. ∂ ln[sinh(ασ)]
ε

= Rnn3
T

(3)
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Plots of ln[sinh(ασ)] vs. T−1 and ln[sinh(ασ)] vs. ln ε are shown in Figure 3. From Figure 3,
we calculated n = 3.81 and n3 = 12,940.73. Combining above results, the activation energy (Q)
of the composite is estimated to be 410.40 kJ/mol, which is much lower than that of as-forged
(TiB + La2 O3 )/Ti composites (753 kJ/mol) [12] and as-sintered TiBw /Ti60 composite (681.15 kJ/mol) [22],
respectively. The decrease of the activation energy is related to the breaking of TiBw reinforcement
during multi-directional forging and the fine matrix microstructure which significantly improves the
hot deformation ability of the composite.

.

Figure 3. Plots of (a) ln[sinh(ασ)] vs. T−1 , (b) ln[sinh(ασ)] vs. ln ε.

In addition, the above activation energy (Q) can be used for the Zener-Hollomon parameter (acting
as a compensating factor):
Q
.
Z = ε exp(
) = A[sinh(ασ)]n
(4)
RT
Equation (4) can be rewritten as:
.

ln Z = ln ε+

Q
= ln A + n ln[sinh(ασ)]
RT

(5)

Substituting the thermal activation energy Q into Equation (5), we can calculate the corresponding
value of lnZ, and plot the linear fitting relationship between lnZ and ln[sinh(ασ)], as shown in Figure 4.
The slope in Figure 4 represents the stress index n and the intercept is lnA. The correlation coefficient
R2 for the constitutive model is 0.981, indicating that the established constitutive equation is suitable
for the 7.5 vol.% TiBw /near α-Ti composite. Finally, the constitutive equation can be presented as:
.

ε = e38.53 [sinh(0.0062σ)3.668 exp(−

410, 399
)
RT

Figure 4. Plot of lnZ vs. ln[sinh(ασ)].

(6)
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3.2. Microstructure Evolution
3.2.1. Effect of Deformation Temperature
The SEM and OM images from the deformed specimens and at the strain rate of ε = 0.01 s−1 and
various temperatures are shown in Figure 5. The variation of α grain size with temperature at the strain
rate of ε = 0.01 s−1 is shown in Figure 6. The diameter of equiaxed α phase increases with increasing
deformation temperature. In the sample deformed at 800 ◦ C (Figure 5a,b), the matrix microstructure
mainly consists of equiaxed α grains with an average diameter of 1.5 µm (Figure 6) and few residual
β grains which are elongated perpendicular to compression direction by the rolling force. Similarly,
the TiBw are also distributed uniformly perpendicular to compression direction. When the deformation
temperature is 850 ◦ C (Figure 5c,d), the distribution of equiaxed α grains (of which the diameter is
about 2 µm), residual β grains and TiBw are similar to Figure 5b.

Figure 5. Microstructure of 7.5 vol.% TiBw /near α-Ti composite deformed at various temperatures:
(a,b) 800 ◦ C, (c,d) 850 ◦ C, (e,f) 900 ◦ C, (g,h) 950 ◦ C. The strain rate was 0.01 s−1 in all of the cases. CD is
the compression direction, and RD is perpendicular to CD on the observation surface.
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Figure 6. α grain size vs. deformation temperature. The strain rate is 0.01 s−1 .

As illustrated in Figure 5e,f and Figure 6, further increasing the temperature to 900 ◦ C causes
an increased diameter of equiaxed α grains (about 2.3 µm) and an increased fraction (4.64 vol.%) of
transformed β phase (βt ). At 950 ◦ C (Figure 5g,h) the βt content further increases to about 52.3 vol.%
of matrix. This phenomenon can be attributed to the transformation of more α to β phase at higher
temperatures. The average diameter of equiaxed α phase increases to around 5.2 µm ascribing to rapid
grain growth at high temperatures.
The microstructure of the specimens deformed at 800 ◦ C/0.01 s−1 and 900 ◦ C/0.01 s−1 are
characterized by EBSD and shown in Figure 7. Both microstructures are not uniform. It can be seen that
a large quantity of low-angle grain boundaries (LAGBs, 2–15◦ ) are distributed in the equiaxed α grains.
The LAGBs fraction decreases from 46 vol.% to 39 vol.% as the deformation temperature increases.

Figure 7. Inverse pole figure and grain boundary map of 7.5 vol.% TiBw /near α-Ti composite:
(a,b) deformed at 800 ◦ C /0.01 s−1 , (c,d) deformed at 900 ◦ C/0.01 s−1 .
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From the above results, it is apparent that the matrix microstructure is significantly influenced by
deformation temperature. At the strain rate of 0.01 s−1 , the content of primary α phase (αp ) decreases
with increasing temperature. This phenomenon can be attributed to the transformation of more α
phase to β phase at higher temperatures. At different deformation temperatures the primary α and β
phases play different roles in hot deformation. At lower temperatures (800–900 ◦ C), the primary α
phase acts as a dominant phase and fine equiaxed α grains confirm the occurrence of DRX. The soft
β phase is unlikely to make major contribution during hot deformation, thus the flow stress is high.
However, with increasing deformation temperature more primary α phase transform into β phase,
and final transform into βt (fine needle/lamellar secondary α phase and residual β phase) during the
cooling process as shown in Figure 5. It is known that the body centered cubic (bcc) β phase has a single
close packed <111> direction, several activated sliding planes and lower strength than hexagonal
close-packed (hcp) α phase [27]. Therefore, the β phase acts as a dominant phase during deformation
when the β phase content increases to about 50 vol.%. Thus, as shown in Figure 2d, the flow stress
dramatically decreases with increasing temperature to 950 ◦ C. Meanwhile, the decreased flow stress is
related to the mobility of dislocation in the primary α phase. At higher temperatures, the dislocation
movement is easier.
Additionally, the grain refinement of the primary α phase occurs at 800 ◦ C. There are a large
number of low-angle grain boundaries (LAGBs, 2–15◦ ) within the DRXed α grains. In the coarse
DRXed α grains, the number density of LAGBs is low, as shown in Figure 7d. Dislocation density
is one of the factors determining the driving force for the formation of DRXed grains [28]. As the
dislocation density increases, the obstacle of the critical nucleus forming can be overcome. Therefore,
at low temperatures high dislocation density leads to a high nucleation rate for DRX. Furthermore,
it seems that the new DRX grains in αp are evolved from subgrain in situ. This evolution represents
a typical continuous dynamic recrystallization (CDRX) mechanism [29]. Since the pre-deformed
microstructure is equiaxed α grains with a large quantity of LAGBs, and the size of α grain is very
small (around 2 µm), it is relatively easy to disintegrate primary α grains into new DRXed grains.
A similar mechanism was proposed by Weiss et al. [30] to explain the formation of lamellar α cleavage
in Ti-6Al-4V. In comparison with as-sintered TiB/TA15 composite with initially coarse primary α grains
and residual β phase layer microstructure [31] and as-cast Ti-6Al-4V-0.1B alloy with Widmannstatten
colonies [32], we can see that the TiBw /near α-Ti composite with fine equiaxed α phase is instrumental
to the CDRX. Roy et al. [32] found that globularization at higher temperatures leads to flow softening.
In this study, the CDRX occurs at all temperatures. The temperature range of CDRX is broadened by
influence of the initially fine matrix microstructure. We believe that grain refinement can increase
nucleation sites, and dislocations within grains migrate more easily to grain boundaries, thereby
increasing CDRX driving force.
3.2.2. Effect of Strain Rate
Figure 8 shows the microstructure of the TiBw /near α-Ti composite specimens deformed at 900 ◦ C
and various strain rates. Figure 9 shows the variation of α grain size with strain rate at 900 ◦ C, we found
that α grain size is smallest at the strain rate of 0.01 s−1 . The morphology of αp and β grains changes
with strain rate and the αp is a dominant phase. At lower strain rates (Figure 8a,b), both αp and βt
appear equiaxed and are not elongated perpendicular to compression direction, indicating the DRX is
the dominant softening mechanism. The measured average DRXed α grain size increases from 2.3 µm
to 5.5 µm (Figure 9) and the proportion of βt increases with decreasing strain rate, which are ascribed to
sufficient time for grain growth and phase transformation (α → β). At higher strain rates (Figure 8c,d),
the αp and βt are elongated perpendicular to compression direction. In addition, the coarser α grains
(Figure 9) and the elongated α grains with the straight boundary indicates low degree of dynamic
recovery and dynamic recrystallization due to the insufficient time at high strain rates [22]. We also
found that the length of lamellar secondary α phase, embedded in βt , decreases with increasing strain
rate from 0.1 s−1 (Figure 8c) to 1 s−1 (Figure 8d). The spheroidization of secondary α phase is more

Metals 2019, 9, 481

9 of 15

obvious. Furthermore, as the strain rate increases, the proportion of βt increases with strain rate, which
is ascribed to the adiabatic temperature rising caused by the low thermal conductivity of titanium
during the high strain rate deformation [33].

Figure 8. Microstructure of 7.5 vol.% TiBw /near α-Ti composite deformed at 900 ◦ C with different strain
rates: (a) 0.001 s−1 , (b) 0.01 s−1 , (c) 0.1 s−1 , (d) 1 s−1 .

Figure 9. Variation of α grain size with strain rate at 900 ◦ C.

TEM micrographs are shown in Figure 10 to investigate the effect of the strain rate on the evolution
of matrix microstructure. The fine DRXed grains with relatively low dislocation density are observed
in Figure 10a. As shown in Figure 10b, some subgrains and dislocations exist in the αp , indicating
occurrence of CDRX. The high dislocation density in the αp and lamellar secondary α grain is visible
at high strain rate of 1 s−1 (Figure 10c,d), forming dislocation arrays.
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Figure 10. TEM micrographs of 7.5 vol.% TiBw /near α-Ti composite deformed at (a,b) 900 ◦ C/0.01 s−1
and (c,d) 900 ◦ C /1 s−1 .

From the above observations, we believe that the strain rate can significantly influence the
morphology of αp and βt . The equiaxed α grains become refined with increasing strain rate, due
to a high nucleation rate and insufficient time for grain growth. DRX does not occur at high strain
rates (>0.1 s−1 ). It is well known that strain energy stored in dislocations and the thermal activation
effect are the two key factors that determine the occurrence of DRX. The occurrence of DRX requires
sufficient strain energy associated with high dislocation content, as well as sufficient thermal activation
effect associated with high deformation temperature (>crystallization temperature) and low strain
rate [34]. At 900 ◦ C, the dislocation content increases with increasing strain rate, as shown in Figure 10.
At strain rates of 0.1 to 1 s−1 although strain energy is sufficiently high, the DRX hardly takes place due
to insufficient time accounting for insufficient thermal activation. Therefore, DRV is the dominant
deformation mechanism under these parameters. Besides, we also found that the length of lamellar
secondary α phase, embedded in βt , decreases with increasing strain rate from 0.1 s−1 (Figure 8c) to
1 s−1 (Figure 8d), and the spheroidization of secondary α phase is more obvious. The phenomenon
is related to the generation of a large number of defects such as dislocations in βt during high
strain rate deformation, which provides more nucleation sites for lamellar secondary α during phase
transformation [35]. It indicates poor hot deformability of the composite under these conditions. It can
be seen from the above results that the deformation microstructure is sensitive to strain rate, and the
flow stress during the plane strain compression process also reflects this. The strain rate determines
the deformation heat and deformation time, which in turn affects the phase transformation and phase
content during thermal deformation.
3.3. Processing Map
Processing maps are constructed based on the principles of dynamic materials model (DMM) [36].
The processing map can provide important information on what a particular mechanism is for a material
under certain processing conditions. It can also indicate the processing conditions that should be
avoided during thermal processing. The map is usually superimposed by a power dissipation
map and an instability map, which can illustrate the “safe” domain and “unsafe” domain during
thermomechanical processing.
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According to Prasad and Zeigler [36,37], a workpiece is a power dissipater, and the power
dissipation characteristics through microstructural changes are expressed as efficiency of power
dissipation. The change of the dimensionless parameter (η) is called the efficiency of power dissipation
and is given by the strain rate sensitivity parameter (m):
η=

2m
m+1

(7)

The power dissipation map represents how the material dissipates power through the
microstructure evolution [38]. Based on the extremum principle of irreversible thermodynamics,
the flow instability map is constructed by continuous instability criterion and applied to the large
plastic flow, and the instability criterion is derived by [39]:
.

ξ(ε) =

∂ ln( mm+1 )
.

∂ ln ε

+m < 0

(8)

The flow stress data are used to construct a processing map of composite under true strain of 0.4,
as illustrated in Figure 11a. The contour line represents the efficiency of power dissipation-η (%), and
shaded region represents the flow instability region, which is generally correlated with negative ξ(ε)
regimes. Prasad et al. argue that the safe domain is usually associated with DRV, DRX or superplasticity,
while local plastic flow, adiabatic shear bands and cracks are the main destabilizing mechanisms [16].
From Figure 11a, the results show that the instability domain I appears in the region where the strain rate
is greater than about 0.01 s−1 and the temperature is lower than 850 ◦ C. The microstructure instability
manifestation of the composite is illustrated in Figure 11b, which corresponds to the sample deformed
at 800 ◦ C/1 s−1 . The macroscopic image exhibits two cracks located at the junction of the deformed
zone and the undeformed zone. The junction has the obvious stress concentration phenomenon, which
easily induces crack initiation. Meanwhile, the instability microstructure exhibits a number of voids,
bending and kinking of α colonies and fracture of TiBw . Moreover, the voids appearing near the TiBw
and the interfacial debonding between TiBw and the matrix can be interpreted that at low temperatures
and high strain rates, a large number of dislocations tend to accumulate near TiBw and the stress
concentration at the TiBw tip might be sufficiently high to break the TiBw whiskers. Inhomogeneous
deformation like bending and kinking of α colonies is considered an instability indication.
The stability domains II and III correspond to lower strain rates and higher temperatures.
The microstructure of stability region II is shown in Figure 11c, which corresponds to the sample
deformed at 950 ◦ C/0.1 s−1 . Under this deformation condition, the microstructure mainly consists
of elongated primary α colonies and βt . The wavy boundaries of elongated α colonies indicate that
dynamic recovery (DRV) is the dominant softening mechanism. A similar phenomenon can be seen
in Figure 8c, as discussed in Section 3.2.2. Furthermore, some equiaxed α grains can be found in
Figure 11c, which demonstrates CDRX of some primary α grains. The CDRX in primary α grains is
the dominant softening mechanism at 900 ◦ C/0.001 s−1 for region III (Figure 11d). As discussed in
Section 3.2.1, at temperature of 800–950 ◦ C and low strain rates, there are sufficient dislocation strain
energy and thermal activation for the CDRX in primary α grain or β grain.
Meanwhile, as the strain rate decreases and the temperature increases, the efficiency of power
dissipation also increases (Figure 11a). The map shows two peak efficiency domains: One at
850 ◦ C/0.01 s−1 with a peak efficiency of approximately 44% and the other at 950 ◦ C/0.01 s−1 with a
peak efficiency of approximately 50%. It is generally agreed that a higher value of η contributes to the
thermal deformation of the composite. This region may represent the best hot rolling conditions for the
composite. This study suggests that optimal deformation condition is 800–950 ◦ C and 0.001–0.01 s−1 .
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Figure 11. The processing map (a) and the microstructure of 7.5 vol.% TiBw /near α-Ti composite in
instability and stability domains: (b) 800 ◦ C/1 s−1 , (c) 950 ◦ C/0.1 s−1 , (d) 900 ◦ C/0.001 s−1 . (The shadow
domain represents the instability domain).

4. Conclusions
We investigated hot deformation behavior and microstructure evolution of 7.5 vol.% TiBw /near
α-Ti composite with fine matrix microstructure under various conditions. The following conclusions
can be drawn:
1.

2.

During the plane strain compression test, the deformation temperature and strain rate have
an obvious influence on the flow stress of the composite. The flow stress decreases as the
temperature increases and the strain rate decreases. Flow stress curves exhibit typical work
hardening characteristics at high strain rate (1 s−1 ), while flow steady state appears at low strain
rate (<1 s−1 ). The flow hardening behavior is believed to be related to multiplication and pile up
of dislocations at high strain rates.
Based on strain, strain rate and temperature, the constitutive equation of the 7.5 vol.% TiBw /near
α-Ti composite was established:
.

ε = e38.53 [sinh(0.0062σ)]3.668 exp(−

3.

410, 399
).
RT

The deformation activation energy is 410.40 kJ/mol, which is lower than the activation energy of
as-sintered and as-forged composite. The decrease of activation energy is related to the breaking
of TiBw reinforcement during multi-directional forging and fine matrix microstructure which
significantly improves the hot deformation ability of composite.
As the deformation temperature increases, the fraction of the primary α phase decreases and
the dimension increases, corresponding to a decrease in flow stress. At 800–900 ◦ C and 0.01 s−1
the matrix α grains are fine due to the occurrence of CDRX. The equiaxed α grain refine with
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increasing strain rate attributing to higher nucleation rate and insufficient time for grain growth.
But the DRX cannot occur at high strain rates (>0.1 s−1 ).
The optimal hot processing window for 7.5 vol.% TiBw /near α-Ti composite is determined to be
800–950 ◦ C/0.001–0.01 s−1 , which is related to the CDRX of primary α grains or DRV/DRX of β
phase. In addition, its instability mechanisms also include inhomogeneous deformation, voids
and fracture or debonding of TiBw .
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