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Abstract: A TiB/Ti-6Al-4V composite reinforced with ultra-fine TiB whiskers (UF-TiB) was prepared
by the powder metallurgy method. High temperature compression tests were carried out to study
the hot deformation behavior of the UF-TiB/Ti-6Al-4V composite. The compressive deformation
was performed in the temperature range of 900–1200 ◦C and the strain rate range of 0.001–10 s−1.
The results showed that stable flow occurred at the condition of 900–1200 ◦C/0.001–0.01 s−1.
The optimum working condition was 900 ◦C/0.001 s−1, with the deformation mechanism of
dynamic recrystallization (DRX). Instable flow occurred when the strain rate was higher than
0.01 s−1, where the failure modes included adiabatic shear deformation, whisker breakage and
whisker/matrix debonding. The deformability of the UF-TiB/Ti-6Al-4V composite was much better
than the traditional casted and the pressed + sintered TiB/Ti-6Al-4V composites, which are typically
reinforced with coarse-grained TiB whiskers. The high deformability was primarily attributed to
the ultra-fine reinforcements, which could coordinate the deformation more effectively. In addition,
a fine matrix microstructure also had a positive effect on deformability because the fine matrix
microstructure could improve the grain boundary sliding.

Keywords: titanium based composites; hot deformation; processing map; ultra-fine TiB;
powder metallurgy

1. Introduction

Titanium alloy reinforced with fibers or particles, also known as titanium matrix composites
(TMCs) are commonly used in aerospace and marine industries that require their high specific strength
and good corrosion resistance [1–3]. Generally, TiC, SiC and TiB are often used as reinforcing phases in
titanium alloys, and they indeed improved the performance of titanium alloys to some extent [2,4].
In particular, the titanium boride (TiB) whisker is an effective reinforcement for titanium alloys,
since the ceramic TiB phase has a high strength and an excellent thermal stability. Previous studies
have indicated that the mechanical performances of titanium alloy are significantly enhanced with the
addition of TiB whiskers [5,6].
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Hot deformation is not only an indispensable step for the manufacturing process, but also
an efficient method to control and enhance the mechanical properties of TMCs [7]. Previous literature
has stated that the hot deformation reaction and subsequent microstructure evolution of TMCs are
significantly influenced by the presence of TiB [8]. Furthermore, titanium matrix and reinforcement are
apparently different in elastic modulus, which may cause the deformation incoordination during the
plastic deformation process. Thus, the composites crack easily and their deformation ability becomes
seriously degraded. Many researchers have studied the hot deformation behavior of titanium alloys
reinforced with TiB whiskers. Cortazar et al. [9] investigated the effect of TiB on deformability of the
TiB/Ti-6Al-4V composite prepared by the cast method. The results showed that the as-casted Ti-6Al-4V
alloy could be well deformed at 870 ◦C. However, with the additions of 8.9 vol. % TiB, the stable
deformation of TiB/Ti-6Al-4V composite could only occur at 1010 ◦C. Bhat et al. [10] prepared the
Ti6Al4V-2.9B composite via conventional blended element powder metallurgy (P/M) method and
studied the thermomechanical response of the composite. The composite had a matrix grain size of
~15 µm, a TiB length of 30–50 µm and a TiB diameter of 5–8 µm. The unstable deformation occurred
in the α + β phase field (950–1000 ◦C) over the full range of strain rates and occurred at higher strain
rates (1–10 s−1) over a broad range of temperature in the β phase field (>1000 ◦C). The main failure
mode of the composite was the fracture of TiB and the debonding at the TiB/Ti-6Al-4V interface.
Huang et al. [11] also studied the hot compression characteristics of TiB/Ti-6Al-4V composites with
5 vol. % TiB. The composite had a matrix grain size of ~20 µm, a TiB length of 20–30 µm and a TiB
diameter of 2–5 µm. The results showed that the unstable deformation occurred at high strain rates
(1–10 s−1) between 900 and 1100 ◦C. The unstable characteristics of the composite could be expressed
as debonding, cracking and flow localization bands. The above composites all have a coarse matrix and
reinforcement, and their deformability is limited, especially in the α + β phase field. Refining matrix
grain size and reinforcement size may improve the deformability of the composites. However, the hot
deformation behavior of TMCs reinforced with ultra-fine TiB whiskers (UF-TiB/Ti-6Al-4V) has rarely
been reported. Further research of the hot deformation behavior of TMCs reinforced with ultra-fine
reinforcement has an important guiding significance for the processing of titanium matrix composites.

There are numerous methods for preparing titanium matrix composites [12,13]. Particularly,
the spark plasma sintering (SPS) method is capable of obtaining an in-situ synthesis of TiB
reinforcement, where TMCs with a fine matrix structure and ultra-fine reinforcements can be
obtained [14–16]. In this study, TiB/Ti-6Al-4V composite reinforced with ultra-fine TiB whiskers
was prepared by the SPS method and the hot deformation behavior of UF-TiB/Ti-6Al-4V composite
was studied. The processing map was built to evaluate its hot deformation capability and the damage
mechanism is discussed below.

2. Materials and Methods

The UF-TiB/Ti-6Al-4V composite was prepared by mixing Ti-6Al-4V alloying powder, Ti powder
and TiB2 powder (TiB2 was used to in-situ react with Ti to form TiB), and spark plasma sintering.
The raw material powders used in this study were supplied by Northwest Nonferrous Metals
Research Institute, (Xi’an, China). Table 1 lists the physical characteristics of the raw powders.
The analysis of the raw powders was conducted on a Laser Particle Size Analyzer (Mastersizer, 3000,
Malvern Panalytical, Cambridge, UK) and a Nitrogen/Oxygen Analytical Instrument (LECO TCH600,
LECO, St. Joseph, MI, USA). The raw powders were mixed using a V-type mixer (Zgsujia, V-20, Yupan,
Nanjing, China) for two hours. Argon was used as a protective atmosphere during the mixing process
to prevent oxidation. The as-mixed powders were subjected to spark plasma (FCT D25/3, FCT Systeme
GmbH, Rauenstein, Germany) sintering at 1373 K for 10 min, with a pressure of 40 MPa.
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Table 1. Characteristics and content of raw powders.

Powders Mass Percentage wt. % Average Particle Size (µm) Oxygen Content (wt. %) Preparation a

Ti-6Al-4V 89.7 11 ± 3.29 0.32 ± 0.025 GA
Ti 4.1 39 ± 2.16 0.25 ± 0.022 HDDH

TiB2 6.2 3.8 ± 0.59 0.39 ± 0.017 RO
a GA, gas atomization; HDDH, hydride-dehydride; RO, reduction of oxides.

The cylindrical samples with a diameter of 8 mm and a height of 12 mm were cut from the
spark plasma sintered bulk via wire electrical discharge machining (WEDM, DK35, Huazheng,
Guangzhou, China) with a cutting speed of 60 cm2/min. Surfaces of the cylindrical samples were
ground and polished with 500–2000 grid SiC paper. Uniaxial compression tests were performed in
vacuum (1 × 10−2 Pa) at 900, 1000, 1100 and 1200 ◦C, applying a computer-aided testing equipment
(GLEEBLE, 3500, DSI, New York, NY, USA). The strain rate of the compression tests was set at 0.001,
0.01, 0.1, 1 and 10 s−1. The samples were heated to the given temperature at a heating rate of 5 K/s
and held for 5 min prior to compressing. After deformation, the compressed samples were quenched
to room temperature in water. Due to the friction between the samples and the instrument, barreling
occurred during the high temperature compression test. During the deformation, local overheating
due to adiabatic shear deformation may occur at the higher strain rate. Thus, the influence of the
friction and the local overheating on stress-strain curves were compensated by the method provided
by [17]. The deformed samples were ground and polished before being observed by a scanning electron
microscope (SEM, Nova NanoSEM230, FEI, Hillsboro, OR, USA). Phase analysis was conducted at
room temperature using an X-ray diffractometer (XRD, Max255Ovb+, RigakuD, Tokyo, Japan) with
a Cu/Kα resource.

3. Results

3.1. Initial Microstructure of the UF-TiB/Ti-6Al-4V Composite

The microstructure and XRD patterns of the spark plasma sintered UF-TiB/Ti-6Al-4V composite
are shown in Figure 1. The composite consisted of a grey phase, a bright phase and a dark phase.
According to the XRD patterns from Figure 1b, the grey phase can be identified as the α phase, the bright
phase as the β phase and the dark phase as the TiB whisker, respectively. In our previous work [16],
it was reported that the Gibbs free energy of the Ti and B reaction to form TiB was −157 KJ/mol.
The initial and completed reaction temperatures between Ti and TiB2 during spark plasma sintering
were approximately 800 ◦C and 1150 ◦C. The TiB2 could be completely converted to TiB at 1150 ◦C
under the condition of adding enough titanium powder. The zoomed in XRD data between 35◦ and 50◦

are also shown in the upper right corner of Figure 1b. There was no diffraction peak of TiB2 presented,
indicating that the TiB2 had completely reacted with the Ti matrix to form TiB whiskers. The TiB
whiskers with random orientation were uniformly distributed on the Ti6Al4V matrix. The grain size
of the matrix was approximately 5–12 µm, the length of the TiB whiskers was approximatelr 5–20 µm,
and the diameter was 0.1–2 µm. The matrix grain size and the whisker size were both smaller than
that of the TiB/Ti-6Al-4V composite prepared by the conventional pressed + sintered method, where
the matrix grain size was typically longer than 15 µm, the length of the TiB whisker reached up to
30–50 µm, and the diameter of the TiB was approximately 5–8 µm [10].
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Figure 1. Microstructure and X-ray diffractometer (XRD) patterns of the UF-TiB/Ti-6Al-4V composite:
(a) backscattered electron image; (b) XRD patterns.

The size of the TiB whisker in this composite was estimated based on the diffusion
thermodynamics. The growth of TiB was conducted according to the calculation reported by
Fan et al. [18].

x = k
√

t, (1)

where x and k represent the length and the growth rate of the whiskers, respectively, and t represents
the time in second. The relationship between the growth rate of TiB and the temperature can be
expressed as follows:

k = k0 exp(− QK
2RT

), (2)

where k0 is a constant representing the frequency factor, QK represents the activation energy for
nucleation of the TiB, and T and R are the temperature in Kelvin and the gas constant, respectively.
The value of k0 and QK are 17.07 × 10−4 m/s1/2 and 190.3 kJ mol−1, respectively [18]. The computed k
value at 1100 ◦C was 4.09 × 10−6 m/s1/2. The estimated length of the TiB whisker sintering for 10 min
was calculated approximately 10 µm, which was close to the average length (12 µm) of the TiB whisker
in this study. This suggested that the Ti powders had reacted completely with the TiB2 powders.

3.2. Hot Deformation of the UF-TiB/Ti-6Al-4V Composite

Figure 2 shows the side views of the UF-TiB/Ti-6Al-4V composite deformed at various
temperatures and strain rates. No cracks could be observed, which suggested that the
UF-TiB/Ti-6Al-4V composite had a good deformability. The typical flow curves of the
UF-TiB/Ti-6Al-4V composite deformed at various temperatures and strain rates are shown in Figure 3.
The flow stress increased with the increase of strain rate and the decrease of temperature. The flow
stress slowly decreased after they reached a peak stress at 900 ◦C and 1000 ◦C (Figure 3a,b). At 1100 ◦C
and 1200 ◦C (Figure 3c,d), the continuous flow softening behavior was observed at the higher strain
rates (1–10 s−1). The stable flow was observed after a peak stress at the lower strain rates (0.1–0.001 s−1).
This indicated the steady states of deformation. The microstructural evolution during the deformation
process led to a different trend of true stress-true strain curve. The continuous flow softening indicated
the mechanisms like flow localization or unstable flow because of the micro-cracks. The steady flow
at a relative high temperature could be attributed to the dynamic recovery (DRV) or the dynamic
recrystallization (DRX) [19]. These assumptions had to be proven and are discussed in Section 3.4.
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Figure 3. True stress-true strain curves of the UF-TiB/Ti-6Al-4V composites after being compensated
for the influence of local overheating and friction: (a) 900 ◦C, (b) 1000 ◦C, (c) 1100 ◦C and (d) 1200 ◦C.

The Arrhenius equation is widely used to describe the relationship between flow stress and
temperature as well as strain rate during hot deformation [20]:

ε = A[sinh(ασ)]n exp[−Q/(RT)], (3)

where ε is the strain rate, A is a material constant, σ is the flow stress, n is the stress exponent, Q is
the activation energy, R is the gas constant, and T is the absolute temperature. Figure 4a,b show the
Arrhenius plot of ln ε versus ln(sinh(ασ)) and the plot of ln(sinh(ασ)) versus the 1/T, respectively.
Figure 4a shows the variation of flow stress with strain rate at different temperatures. The slope of
ln(sinh(ασ)) versus 1/T was used to calculate the activation energy for hot deformation (QHD) to
be 410.77 KJ mol−1. The value of QHD was higher than the self-diffusion (QSD) of the α phase [21].
Braga et al. [22] obtained similar results in the Ti-6Al-4V alloy, where they stated that the high value of
QHD resulted from the point of dynamic recrystallization. Briottet et al. [23] found that the high value
of the QHD could be attributed to the difference in deformation ability between the β phase and the α
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phase during hot deformation. The movement of the β phase was limited by α phase. This resulted in
the movement of matrix mainly dominated by the deformation of the α phase. Furthermore, the fine
TiB whiskers could hinder the slide of dislocations and the migration of grain boundaries during the
deformation, which would further increase the value of QHD.Materials 2018, 11, x FOR PEER REVIEW  6 of 13 
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3.3. Processing Map of the UF-TiB/Ti-6Al-4V Composite

The flow stress data were used to further analyze the constitutive behavior of the
UF-TiB/Ti-6Al-4V composite by using the processing map. The dimensionless parameter called
power dissipation efficiency was defined as follows [24]:

η =
2m

m + 1
, (4)

where m represents the strain rate sensitivity coefficient, which indicated that the consumption of
input power through deforming rather than heat dissipating. The m value at a given temperature and
strain was defined as follows:

m =
∂ log σ

∂ log
•
ε

, (5)

The power dissipation map was composed of various η values at different deformation
temperatures and strain rates. Based on the extremum principle of irreversible thermodynamics,
the instability criterion that was applied to the large plastic flow was given by Equation (6) [25].

ξ(ε) =
∂ ln(m/(m + 1))

∂ ln ε
+ m<0, (6)

The processing map developed for UF-TiB/Ti-6Al-4V composite at a true plastic strain of 0.6 was
obtained through overlaying the instability map on a power dissipation map (Figure 5). The contour
numbers represented the values of η which increased as the temperature and strain rate decreased.
The processing map exhibited a convergent domain between 900 ◦C and 1200 ◦C and a strain rate
range between 0.001 s−1 and 0.01 s−1 with a peak η of 58% at 900 ◦C/0.001 s−1, which could be caused
by the DRX of the matrix. According to Equation (6), as shown in the unstable area in Figure 5, the flow
instability occurred when the strain rate was higher than approximately 0.01 s−1. The unstable flow of
the UF-TiB/Ti-6Al-4V composite at high strain rates could be caused by the appearance of adiabatic
shear bands and local flow. The processing map of the UF-TiB/Ti-6Al-4V composite had a similar
tendency to the conventional TiB/Ti-6Al-4V composite prepared by the pressed + sintered method [10]
and the casting method [26]. The unstable area in the processing map of the UF-TiB/Ti-6Al-4V
composite was obviously smaller than the pressed + sintered and the casted TiB/Ti-6Al-4V composites,
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which indicated that the UF-TiB/Ti-6Al-4V composite had a better deformability. In addition, local
stress concentration played an important role in the failure mechanism of the composite and simply
relying on the processing map was not enough to determine the failure mechanism of the material.
A further investigation of the microstructure after deformation was conducted, and the results are
reported in the next section.
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3.4. Deformed Microstructures

The microstructures of UF-TiB/Ti-6Al-4V composites compressed at different temperatures and
strain rates are shown in Figure 6. The microstructures obtained were sensitive to deformation
temperature and strain rate. Several failure modes of the composite are observed in the images.
Figure 6a shows the microstructure of specimen deformed at 900 ◦C/10 s−1. The flow localization
appeared along the shear direction, which revealed the occurrence of adiabatic shear deformation [27].
The formation of shear bands was caused by the adiabatic conditions during the high strain rate
deformation and the low thermal conductivity of the titanium based composite. Figure 6b,c show the
microstructure of specimens deformed at 900 ◦C/1 s−1. Fractures of the reinforcement were observed
along the shear direction, that is, 45◦ to the compression direction (Figure 6b). Typically, such soft
oriented whiskers are coordinated with the deformation of matrix, and shear fractures occur under
compressive stress. Figure 6d,e show the microstructure of specimen deformed at 1000 ◦C/10 s−1,
where the TiB whiskers collided with each other during deformation, and caused the TiB fracture.
When the temperature was increased to 1100 ◦C, the amount of whisker fracture decreased, as shown
in Figure 6f. Only cavitation can be observed at the matrix/TiB interfaces. In summary, three types of
failures formed during deformation: fractures caused by reinforcement collision, fractures caused by
shear deformation and debonding at high temperature.
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(a) 900 ◦C/10 s−1, (b,c) 900 ◦C/1 s−1, (d,e) 1000 ◦C/10 s−1, (f) 1100 ◦C/10 s−1, (g) 900 ◦C/0.001 s−1,
(h) 1100 ◦C/0.001 s−1.

Figure 6g,h show the microstructure of specimens deformed at 900 ◦C/0.001 s−1 and
1100 ◦C/0.001 s−1. No whisker fractures or cavitation can be observed. The DRX occurred at
900 ◦C/0.001 s−1 (Figure 6g), resulting in a fine and equiaxed microstructure. When deformed
at 1100 ◦C, i.e., the temperature above the β transus, DRV occurred and grains grew very clearly
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(Figure 6h). Combined with the microstructure observation and processing map, it can be speculated
that the highest value of η in the α + β phase field was caused by the DRX of the matrix. In addition,
Figure 7 shows the fluctuating volume fraction of the β phase of the Ti-6Al-4V alloy in Ref. [28] and
the UF-TiB/Ti-6Al-4V composite in this study. The β transus of the Ti-6Al-4V alloy was approximately
998 ◦C, which was approximately 70 ◦C lower than that of the UF-TiB/Ti-6Al-4V composite. This
indicated that the addition of element B might increase the beta transus. Similar results were also
observed in previous literature [29], where it was suggested that the mechanism for the increase of the
beta transus could be attributed to the supersaturated B atoms in solid solution.
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4. Discussion

4.1. Damage Mechanism of the UF-TiB/Ti-6Al-4V Composite

During the deformation of metal matrix composite, the reinforcements will be deformed with the
matrix if they are deformable. If the reinforcements do not deform, strain incoordination between the
matrix and the reinforcements is a possible source for the void formation. In this study, because of the
significant differences in the elastic modulus between the Ti-6Al-4V matrix and the TiB whiskers, stress
concentrations between the matrix and the whiskers were produced. This would result in separation
of whiskers from the Ti matrix or the whiskers cracking when the bond strength of the whisker/matrix
was lower than the local stress and the strength of whiskers. As the cavities grew and aggregated,
this eventually led to material damage. Cherukuri [30] derived a calculation model for the prediction
of fiber/whisker failure of metal matrix composite. Assuming that the shear stress in fiber/matrix
interface was equal to the fiber strength, the critical length of fiber where the fracture occurred was
estimated by the following equation:

σf iber ∗
πd2

4
= τ0πd

l
2

, (7)

where l is the critical length of the fiber, d is the diameter of the fiber, τ0 is the shear stress in fiber/matrix
interface, and σfiber is the yield strength of the fiber.

Assuming that:
τ0 = σmatrix/2, (8)
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Thus, the critical relationship between the aspect ratio of the fibers (l/d), the strength of the fibers
(σfiber) and the strength of the matrix (σmatrix) can therefore be derived as follows:

l
d
=

σf iber

σmatrix
, (9)

According to Equation (9), the fiber would undergo transverse fracture if the aspect ratio of
fiber exceed the ratio of the strength of the fiber and the matrix ( l

d >
σf iber

σmatrix
). In contrast, when the

aspect ratio of the fibers was lower than the ratio of the strength of the fiber to the matrix ( l
d <

σf iber
σmatrix

),
cavitation at the matrix/fiber interfaces would occur.

In this composite, the σmatrix was relatively high in the α + β phase field, which could make
the aspect ratio of the whisker exceed the ratio of the strength of the whisker and the matrix, where
the whisker underwent a transverse fracture, as shown in Figure 6a–e. In contrast, increasing the
deformation temperature would increase the volume fraction of the β phase. Due to the BCC β phase
being soft at high temperature, the stress could be more effectively released by the plastic deformation
of the matrix. Thus, the lesser stress transferred to the whiskers would not be enough to cause the
crack of whiskers, but it would cause cavitation at the TiB/matrix interfaces, as shown in Figure 6f.
Thus, the various matrix strengths in the various phase fields could play an important role in the
damage mode of particles during the isothermal deformation.

4.2. Improved Deformability of the UF-TiB/Ti-6Al-4V Composite

The stable flow area in the processing map of the UF-TiB/Ti-6Al-4V composite was larger than
those of the conventional pressed + sintered Ti-6Al-4V-2.9B [10] and casted [26] Ti-6Al-4V-0.55B
composites, which visually confirmed that the UF-TiB/Ti-6Al-4V had a good deformability.
Besides, the Ti-6Al-4V-0.55B composite also appeared in a second instability zone due to the fracture
and debonding of reinforcement near the phase transition temperature. Although the B (B = 2 wt. %)
content in this study was higher, this phenomenon was not observed in this UF-TiB/Ti-6Al-4V
composite. The higher deformability could result from the fine-grained Ti-6Al-4V matrix and the
ultra-fine TiB reinforcement. The conventional pressed + sintered TiB/Ti-6Al-4V composite had
a matrix grain size of ~15 µm, a TiB whisker length of 30–50 µm and a TiB whisker diameter of
approximately 5–10 µm. The authors in Ref. [26] did not give the initial grain size of the casted
TiB/Ti-6Al-4V composite, but according to its preparation method, it seems that the microstructure
must be bigger than that used in this study. The coarse microstructure of the matrix reduced the
slide ability of the grain boundary and limited its deformation. The coarse TiB reinforcements made
it difficult to coordinate the deformation between the matrix and the reinforcements. In this study,
the adoption of spark plasma sintering technology allowed the synthesis of composites to be completed
at the lower sintering temperature and the shorter sintering time, resulting in a fine Ti-6Al-4V matrix
and ultra-fine TiB whiskers. The fine matrix microstructure made the sliding ability of the grain
boundary increase, which in turn increased the deformability of the matrix, thus reducing the
possibility of damage. The ultra-fine reinforcements made it easier to release the stress and relieve the
stress concentration, which could coordinate the deformation more effectively. These reasons make the
alloy have good deformation ability.

Assuming that the whiskers were rigid and that the stress could only be released through elastic
deformation and diffusion, Koeller and Raj [31] put forward a model for predicting the critical strain
rate for stable deformation. The model was given as follows:

εc = 118
(1− ν)(1− 2ν + 2/π)

(5/6− ν)2
GΩ
kBT

fνδDB

p3 , (10)

where G, ν, Ω and δDB represent the shear modulus, the Poisson rate, the atomic volume and the product
of the grain boundary self-diffusion coefficient and the interface width, respectively, p and fv are the length
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and volume fraction of the TiB whiskers, and kB represents the Boltzmann constant. The parameters
used to calculate the εc were given as follows [10]: ν = 0.27, fv = 0.15, k = 1.38 × 10−23 J K−1. p was the
largest length of the whisker (~16 µm). G, Ω and δDc were 4.36 × [1 − (T − 300) × 6.2 × 10−4] × 1010 Pa,
1.76 × 10−2 nm3, and 8.6 × 10−10 exp(−150 kJ mol−1/RT) m2s−1 for the α titanium and 2.05 × [1 −
(T − 300) × 2.58 × 10−4] × 1010 Pa, 1.81 × 10−2 nm3, and 1.9 × 10−8 exp(−153 kJ mol−1/RT) m2s−1

for the β titanium, respectively. Equation (10) relies heavily on the distribution and the size of the TiB
whiskers. Considering that the distribution of the enhancement phase in the matrix was uniform, it was
then applied to the calculation of the largest size of the TiB whisker. Figure 8 shows the critical strain rates
at various temperatures for p = 16 µm of the UF-TiB/Ti-6Al-4V composite calculated using Equation (10).
If the applied strain rate exceeded εc, the composite would undergo fracture. The results of the calculation
were in good agreement with the results of the processing map. The critical strain rates for p = 50 µm of
the conventional pressed + sintered TiB/Ti-6Al-4V composite [10] were also calculated using Equation
(10), as shown in Figure 8. The critical strain rates of the conventional pressed + sintered TiB/Ti-6Al-4V
composite were apparently lower than that of the UF-TiB/Ti-6Al-4V composite, which further proved
that the UF-TiB/Ti-6Al-4V composite had a higher deformability. This was mainly due to the fine grain
size of the TiB whisker. This calculation model was performed via relaxation by diffusion only. In the
high temperature deformation process, DRV and DRX also occurred, which resulted in a larger strain rate
than the calculated value. Thus, the calculated value used to verify the accuracy of the processing map
was reliable.
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Figure 8. Instability map for hot working of the UF-TiB/Ti-6Al-4V composite. The critical strain rates
for p = 16 µm of this UF-TiB/Ti-6Al-4V composite, and for p = 50 µm of the conventional pressed +
sintered TiB/Ti-6Al-4V composite in Ref. [10].

5. Conclusions

The hot deformation behavior of the P/M TiB/Ti-6Al-4V composite reinforced with ultra-fine TiB
whiskers was studied using a high temperature compression experiment. The processing map was
built to evaluate the deformability, and the microstructural evolution during deformation was studied.
The main conclusions are as follows:

1. A UF-TiB/Ti-6Al-4V composite is prepared by the spark plasma sintering method. The grain size
of the matrix is approximately 5–12 µm, the length of the TiB whiskers is approximately 5–20 µm,
and the diameter is 0.1–2 µm.
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2. The stable deformation of the UF-TiB/Ti-6Al-4V composite occurs at the conditions of
900–1200 ◦C/0.001–0.01 s−1. The optimum hot working condition is 900 ◦C/0.001 s−1, with the
deformation mechanism of dynamic recrystallization (DRX).

The unstable deformation occurs when the strain rate is higher than 0.01 s−1, where the failure
modes include adiabatic shear deformation, TiB breakage and TiB/matrix debonding.

The deformability of the UF-TiB/Ti-6Al-4V composite is much better than that of the traditional
casted and pressed + sintered TiB/Ti-6Al-4V composites, which are typically reinforced with
coarse-grained TiB whiskers. The high deformability is primarily attributed to the ultra-fine
reinforcements, which can coordinate the deformation more effectively. The fine matrix microstructure
also has a positive effect on deformability because the fine matrix microstructure can improve the
grain boundary sliding.

Author Contributions: R.X. and Y.C. completed the experiment and the original draft. Y.L. and W.G. were
responsible for inspecting and retouching the manuscript. Y.N. provided the test equipment and guided the
experiment. B.L. and S.L. provided the original ideas and designed the experiments.

Funding: This research was funded by the National Key Fundamental Research and Development Project of China
(2014CB644002), National Natural Science Foundation of China (51671152), the Hunan Natural Science Foundation
of China (2017JJ2311), Special funds for future industrial development of Shenzhen (HKHTZD 20140702020004).

Acknowledgments: The authors are grateful for the support of the State Key Lab of Powder Metallurgy.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Elanchezhian, C.; Ramnath, B.V.; Ramakrishnan, G.; Raghavendra, K.N.S.; Muralidharan, M. Review on
metal matrix composites for marine applications. Mater. Today Proc. 2018, 5, 1211–1218. [CrossRef]

2. Tjong, S.C.; Mai, Y.W. Processing-structure-property aspects of particulate-and whisker-reinforced titanium
matrix composites. Compos. Sci. Technol. 2008, 68, 583–601. [CrossRef]

3. Feng, Y.; Zhang, W.; Li, Z.; Cui, G.; Chen, W. Room-temperature and high-temperature tensile mechanical
properties of TA15 titanium alloy and TiB whisker-reinforced TA15 matrix composites fabricated by vacuum
hot-pressing sintering. Materials 2017, 10, 424. [CrossRef] [PubMed]

4. Jiao, Y.; Huang, L.; Geng, L. Progress on discontinuously reinforced titanium matrix composites.
J. Alloys Compd. 2018, 767, 1196–1215. [CrossRef]

5. Zhang, E.; Gang, Z.; Zeng, S. Oxidation behavior of in situ TiB short fibre reinforced Ti-6Al-1.2B alloy in air.
J. Mater. Sci. 2002, 37, 4063–4071. [CrossRef]

6. Huang, L.; Wang, L.; Qian, M.; Zhou, J. High tensile-strength and ductile titanium matrix composites
strengthened by TiB nanowires. Scr. Mater. 2017, 141, 133–137. [CrossRef]

7. Liu, B.; Li, Y.P.; Matsumoto, H.; Liu, Y.B.; Liu, Y.; Tang, H.P.; Chiba, A. Thermomechanical response of
particulate-reinforced powder metallurgy titanium matrix composites—A study using processing map.
Mater. Sci. Eng. A 2010, 527, 4733–4741. [CrossRef]

8. Guo, X.; Wang, L.; Wang, M.; Qin, J.; Zhang, D.; Lu, W. Effects of degree of deformation on the
microstructure, mechanical properties and texture of hybrid-reinforced titanium matrix composites.
Acta Mater. 2012, 60, 2656–2667. [CrossRef]

9. Cortazar, M.G.D.; Peñalba, F.; Silveira, E.; Gómez-Mitxelena, X.; Carsí, M.; Ruano, O.A. Modelling the
optimum hot workability of TiB reinforced Ti-6Al-4V alloy by stability maps. Int. J. Mater. Form.
2017, 10, 379–387. [CrossRef]

10. Bhat, R.B.; Tamirisakandala, S.; Miracle, D.B.; Ravi, V.A. Thermomechanical response of a powder metallurgy
Ti-6Al-4V alloy modified with 2.9 pct boron. Metall. Mater. Trans. A 2005, 36, 845–857. [CrossRef]

11. Huang, L.J.; Zhang, Y.Z.; Geng, L.; Wang, B.; Ren, W. Hot compression characteristics of TiBw/Ti6Al4V
composites with novel network microstructure using processing maps. Mater. Sci. Eng. A 2013, 580, 242–249.
[CrossRef]

12. Sun, X.; Han, Y.; Cao, S.; Qiu, P.; Lu, W. Rapid in-situ reaction synthesis of novel TiC and carbon nanotubes
reinforced titanium matrix composites. J. Mater. Sci. Technol. 2013, 10, 1165–1171. [CrossRef]

http://dx.doi.org/10.1016/j.matpr.2017.11.203
http://dx.doi.org/10.1016/j.compscitech.2007.07.016
http://dx.doi.org/10.3390/ma10040424
http://www.ncbi.nlm.nih.gov/pubmed/28772786
http://dx.doi.org/10.1016/j.jallcom.2018.07.100
http://dx.doi.org/10.1023/A:1020019431992
http://dx.doi.org/10.1016/j.scriptamat.2017.08.007
http://dx.doi.org/10.1016/j.msea.2010.04.003
http://dx.doi.org/10.1016/j.actamat.2012.01.032
http://dx.doi.org/10.1007/s12289-016-1287-6
http://dx.doi.org/10.1007/s11661-005-0198-9
http://dx.doi.org/10.1016/j.msea.2013.05.039
http://dx.doi.org/10.1016/j.jmst.2017.07.005


Materials 2018, 11, 1863 13 of 13

13. Zhang, J.; Wang, L.; Jiang, W.; Shi, L.; Chen, L. Fabrication microstructure and mechanical properties of
TiC/Ti2AlC/TiAl3 in situ composite. J. Mater. Sci. Technol. 2011, 27, 239–244. [CrossRef]

14. Feng, H.; Zhou, Y.; Jia, D.; Meng, Q. Rapid synthesis of Ti alloy with B addition by spark plasma sintering.
Mater. Sci. Eng. A 2005, 390, 344–349. [CrossRef]

15. Angerer, P.; Yu, L.G.; Khor, K.A.; Korb, G.; Zalite, I. Spark-plasma-sintering (SPS) of nanostructured titanium
carbonitride powders. J. Eur. Ceram. Soc. 2005, 25, 1919–1927. [CrossRef]

16. Cao, Y.K.; Zeng, F.; Lu, J.; Liu, B.; Liu, Y.; Li, Y. In situ synthesis of TiB/Ti6Al4V composites reinforced with
nano TiB through SPS. Mater. Trans. 2015, 56, 259–263. [CrossRef]

17. Li, Y.P.; Onodera, E.; Matsumoto, H.; Chiba, A. Correcting the stress-strain curve in hot compression process
to high strain level. Metall. Mater. Trans. A 2009, 40, 982–990. [CrossRef]

18. Fan, Z.; Guo, Z.X.; Cantor, B. The kinetics and mechanism of interfacial reaction in sigma fibre-reinforced Ti
MMCs. Compos. Part. A 1997, 28, 131–140. [CrossRef]

19. Liu, B.; Li, Y.P.; Matsumoto, H.; Liu, Y.B.; Liu, Y.; Chiba, A. Thermomechanical characterization of P/M
Ti-Fe-Mo-Y alloy with a fine lamellar microstructure. Mater. Sci. Eng. A 2011, 528, 2345–2352. [CrossRef]

20. Jonas, J.J.; Sellars, C.M.; Tegart, W.J.M. Strength and structure under hot-working conditions. Metall. Rev.
1969, 14, 1–24. [CrossRef]

21. Wanjara, P.; Jahazi, M.; Monajati, H.; Yue, S.; Immarigeon, J.P. Hot working behavior of near-α alloy IMI834.
Mater. Sci. Eng. A 2005, 396, 50–60. [CrossRef]

22. Braga, H.C.; Barbosa, R.; Breme, J. Hot strength of Ti and Ti6Al4V deformed in axial compression. Scr. Metal.
Mater. 1993, 28, 979–983. [CrossRef]

23. Briottet, L.; Jonas, J.J.; Montheillet, F. A mechanical interpretation of the activation energy of high temperature
deformation in two phase materials. Acta Mater. 1996, 44, 1665–1672. [CrossRef]

24. Seshacharyulu, T.; Medeiros, S.C.; Frazier, W.G.; Prasad, Y.V.R.K. Hot working of commercial Ti–6Al–4V with
an equiaxed α-β microstructure: Materials modeling considerations. Mater. Sci. Eng. A 2000, 284, 184–194.
[CrossRef]

25. Sneddon, I.N.; Jahsman, W.E.; Hill, R. Progress in Solid Mechanics; John Wiley: New York, NY, USA, 1965;
pp. 191–193.

26. Sen, I.; Kottada, R.S.; Ramamurty, U. High temperature deformation processing maps for boron modified
Ti–6Al–4V alloys. Mater. Sci. Eng. A 2010, 527, 6157–6165. [CrossRef]

27. Meyers, M.A.; Nesterenko, V.F.; Lasalvia, J.C.; Xue, Q. Shear localization in dynamic deformation of materials:
Microstructural evolution and self-organization. Mater. Sci. Eng. A 2001, 317, 204–225. [CrossRef]

28. Kolachev, B.A.; Egorova, Y.B.; Belova1, S.B. Relation between the temperature of the α + β to β transformation
of commercial titanium alloys and their chemical composition. Met. Sci. Heat. Treat. 2008, 50, 7–8. [CrossRef]

29. Tamirisakandala, S.; Bhat, R.B.; Miracle, D.B.; Boddapati, S.; Bordia, R.; Vanover, R.; Vasudevan, V.K. Effect
of boron on the beta transus of Ti-6Al-4V alloy. Scr. Mater. 2005, 53, 217–222. [CrossRef]

30. Cherukuri, B. Microstructural Stability and Thermomechanical Processing of Boron Modified Beta Titanium
Alloys. Ph.D. Thesis, Wright State University, Dayton, OH, USA, 2004.

31. Koeller, R.C.; Raj, R. Diffusional relaxation of stress concentration at second phase particles. Acta Metall.
1978, 26, 1551–1558. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S1005-0302(11)60056-X
http://dx.doi.org/10.1016/j.msea.2004.08.028
http://dx.doi.org/10.1016/j.jeurceramsoc.2004.06.008
http://dx.doi.org/10.2320/matertrans.M2014347
http://dx.doi.org/10.1007/s11661-009-9783-7
http://dx.doi.org/10.1016/S1359-835X(96)00105-4
http://dx.doi.org/10.1016/j.msea.2010.12.055
http://dx.doi.org/10.1179/mtlr.1969.14.1.1
http://dx.doi.org/10.1016/j.msea.2004.12.005
http://dx.doi.org/10.1016/0956-716X(93)90066-2
http://dx.doi.org/10.1016/1359-6454(95)00257-X
http://dx.doi.org/10.1016/S0921-5093(00)00741-3
http://dx.doi.org/10.1016/j.msea.2010.06.044
http://dx.doi.org/10.1016/S0921-5093(01)01160-1
http://dx.doi.org/10.1007/s11041-008-9061-0
http://dx.doi.org/10.1016/j.scriptamat.2005.03.038
http://dx.doi.org/10.1016/0001-6160(78)90064-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Initial Microstructure of the UF-TiB/Ti-6Al-4V Composite 
	Hot Deformation of the UF-TiB/Ti-6Al-4V Composite 
	Processing Map of the UF-TiB/Ti-6Al-4V Composite 
	Deformed Microstructures 

	Discussion 
	Damage Mechanism of the UF-TiB/Ti-6Al-4V Composite 
	Improved Deformability of the UF-TiB/Ti-6Al-4V Composite 

	Conclusions 
	References

