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Abstract: The process of TiB whiskers (TiBw) squeezed out and the growth of sticking out TiBw were
investigated in TiBw/Ti-6Al-4V composites via adding 5 vol% TiB2 powders. TiB2 distributed along
the surface of Ti-6Al-4V powders by low energy milling, resulted in the enrichment region of B and Ti
elements. During sintering, TiBw nucleated and grew along the [010] direction with the diffusion of B
and Ti atoms in the enrichment region. Due to larger thermal expansion ratio of TiBw, the TiBw were
squeezed out from the Ti matrix, and the sticking out TiBw grew gradually with the diffusion of B
and Ti atoms from the enrichment region. Because of the high interfacial strength between TiBw and
Ti matrix, the matrix adhered to TiBw, and hindered the squeezing out of TiBw. Eventually, the cone
TiBw stuck out the Ti matrix, and the other end of TiBw pinned in Ti matrix. Moreover, the diameter
of TiBw near surface between TiB2 and Ti matrix was larger than other areas, resulting from the
high concentration of B and Ti atoms. The solubilized B atoms near TiBw were absorbed by TiBw,
which was considered as the other B source of TiBw.
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1. Introduction

In recent years, Titanium (Ti) matrix composites (TMCs) have been widely used in aerospace,
chemical industries, advanced military and so on, resulting from excellent high specific strength,
elevated temperature strength and other properties [1–4]. Due to outstanding mechanical properties
(especially ductility) and lower preparation cost, the discontinuously reinforced Ti matrix composites
(DRTMCs) with ceramic reinforcements (such as TiB, TiC, TiN) were one of the hot issues [5–7]. Recently,
those materials had been used in exhaust valves for high-temperature and high-pressure environments,
and landing gears and aerospace engine components for saving weight, and other applications [6].
Compared to other reinforcements in TMCs, the in situ TiB whiskers (TiBw) were regarded as the best
reinforcement with its advantages of high elastic modulus, clean bonding interface, similar thermal
expansion coefficient between TiBw and Ti matrix [8,9].

Lots of studies about in situ TiBw reinforced Ti matrix were carried out. Feng et al. [8]
investigated that the high-temperature tensile mechanical properties and fracture mechanism of
in situ synthesized TiBw/TA15 matrix composites fabricated by low energy milling, pre-sintering and
canned extrusion via adding 5% vol% TiB2. Compared to TA15 alloy, the high-temperature tensile
strength of composites improved significantly with the opposite plasticity. The high-temperature
fracture mechanism transformed from ductile failure to the mixture of brittle fracture and ductile failure.
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Moreover, Chen et al. [9] deeply reported the influence of TiBw volume fraction on microstructure and
high-temperatures mechanical properties of in situ TiBw/Ti-6Al-4V fabricated by the above method
via adding 1.3 vol%, 2.6 vol%, and 3.9 vol% TiB2. Simultaneously, strengthening depended linearly
on volume fractions of TiBw with the premise of good interfacial bonding between TiBw and Ti
matrix. Additionally, Hou et al. [10] studied the grain refinement of in situ synthesized TiBw in
the TiBw/Ti-15Mo-3Al-2.7Nb-0.2Si composites by low energy milling, pre-sintering and canned hot
extrusion. Feng et al. [8], Chen et al. [9] and Hou et al. [10] obtained expected results in above studies;
however, the process and growth of TiBw during sintering were not investigated. Harshpreet Singh [11]
studied that TiB grows preferentially via the one-way dispersion of B atoms mostly along the [010]
direction because of the steadiness of the B-B bonds in the [010] direction. Therefore, the faster diffusion
rate in the longitudinal direction compared to the transverse direction seems to lead to the formation
of needle-shaped whiskers. Tian et al. [12] studied the growth mechanism of the tubular in situ TiB
crystals by coatings laser-borided. The TiB nucleates on the β-Ti with the dissolvion of B atoms.
Additionally, then TiBw grew along the B-B zig-zag, due to the bond of B–B being stronger than those
of Ti–B and Ti–Ti. Hence, Harshpreet Singh [11] and Y.S. Tian et al. [12] did not find the process of
TiBw squeezed out in their papers.

During sintering, the squeezing out process and growth of TiBw was not clarified clearly in the
above studies, particularly the process of sintering. The sticking out mechanism of in situ TiBw in
TMCs is worthy of exploring during sintering. Above all, the Ti-6Al-4V powders and TiB2 powders
were milled by low energy milling via adding 5 vol% TiB2 powders, and mixed powders were sintered.

2. Materials and Methods

From the process flowchart in Figure 1a, the 95 vol% spherical Ti-6Al-4V powders (Figure 1b) and
5 vol% prismatic TiB2 powders (Figure 1c) were milled by the low energy milling (LEM) (planetary ball
mill), and the mixed materials were used to manufacture TiBw/Ti-6Al-4V composites. The Ti-6Al-4V
powders were supplied by Shanxi Yuguang Phelly Metal Materials Co. Ltd., Shanxi, China, and the
prismatic TiB2 powders were produced by Ningxia Machinery Research Institute Co. Ltd., Ningxia,
China. The speed of the ball mill was 100 rpm under the protective atmosphere of argon, and its
period was 6 h, and its weight ratio between balls and powder mixture was 5:1 [13]. After milling,
the prismatic TiB2 powders were distributed along the surface of Ti-6Al-4V powders, as in Figure 1d.
Then, the mixed powders were sealed into a silica tube under argon of 0.08 MPa. Furthermore, the silica
tube was placed in a high-temperature box furnace (SX2-20-16, Jinzhou, Liaoning, China) and sintered
at 1150 ◦C for 2 h. After sintering, the silica tube was removed to the atmosphere, and cooled to room
temperature. Ultimately, the desired composites were obtained, as in Figure 1e.

Metals 2020, 10, x FOR PEER REVIEW 3 of 7 

 

  

Figure 1. The process flowchart (a), SEM of spherical Ti-6Al-4V-powders (b), SEM of prismatic TiB2 

powders (c), SEM of mixed powders (d), SEM of as-sintered composites (e). 

3. Results and Discussion 

To confirm the phases precisely, the XRD of mixed powders (Figure 1d) and as-sintered 

composites (Figure 1e) are illustrated in Figure 2. From the XRD curve of mixed powders, TiB2 and 

Ti were detected, this result accorded closely with our analysis in Figure 1a,b. From the XRD curve 

of as-sintered composites, TiB and Ti phases were detected, and no TiB2 was detected. In comparison, 

the new peaks of the TiB phase appeared, along with the disappeared peaks of the TiB2 phase [14]. 

Meanwhile, Ma et al. [15] reported that Ti atoms could react with TiB2 to form TiB with the equation 

of reaction, shown as follows [16]. According to the analysis above, the chemical reaction between 

most TiB2 and Ti happened to form TiB during sintering. 

Ti + TiB2 = 2TiB (1) 

 

Figure 2. The XRD of mixed powders and as-sintered composites. 

The SEM of TiBw and the corresponding EDS results are illustrated in Figure 3. From Figure 3a, 

the needled TiBw stuck out the surface of composites. The diameter of TiBw increased from the end 

of TiBw to the root. According to the line scanning results of sticking out needled TiBw in Figure 3c, 

B element content remained the same, except it was reduced at the root of TiBw. Instead, the Ti 

element content increased at the root. It was worth noting that the root of TiBw was wrapped by the 

Ti matrix (marked in black rectangle), which explained the change rule of B and Ti elements content. 

To identify morphology features of TiBw pinned in the Ti matrix, the SEM and EDS results are 

shown in Figure 3b,d. The red circles in Figure 3b represent the point positions of point scanning of 

TiBw pinned in Ti matrix. The diameter of TiBw decreased gradually from the surface to the internal 

part of the matrix. We noted that the diameter of TiBw increased from the sticking out end to the 

Figure 1. The process flowchart (a), SEM of spherical Ti-6Al-4V-powders (b), SEM of prismatic TiB2

powders (c), SEM of mixed powders (d), SEM of as-sintered composites (e).



Metals 2020, 10, 1467 3 of 7

The X-ray diffraction (XRD) (Philips X’ pert, Poyal philips, Amsterdam, the Netherlands) was
employed to identify the phases of mixed powders and as-sintered composites. The microstructure
and elemental distribution of TMCs were detected by scanning electron microscopy (SEM) with energy
disperse spectroscopy (EDS) (Zeiss-MERLIN, Zürich, Switzerland). To observe and analyze the growth
process of TiBw at the surface of composites during sintering, confocal scanning laser microscopy
(CSLM) (Lasertec-VL2000DX, Lasertec Corporation, Tokyo, Japan) was employed to observe and collect
the data with the scanning speed of 120 frames per second. The CSLM had a variable-temperature and
control system to heat samples rapidly from the room temperature to 1600 ◦C under vacuum.

3. Results and Discussion

To confirm the phases precisely, the XRD of mixed powders (Figure 1d) and as-sintered composites
(Figure 1e) are illustrated in Figure 2. From the XRD curve of mixed powders, TiB2 and Ti were
detected, this result accorded closely with our analysis in Figure 1a,b. From the XRD curve of as-sintered
composites, TiB and Ti phases were detected, and no TiB2 was detected. In comparison, the new
peaks of the TiB phase appeared, along with the disappeared peaks of the TiB2 phase [14]. Meanwhile,
Ma et al. [15] reported that Ti atoms could react with TiB2 to form TiB with the equation of reaction,
shown as follows [16]. According to the analysis above, the chemical reaction between most TiB2 and
Ti happened to form TiB during sintering.

Ti + TiB2 = 2TiB (1)
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Figure 2. The XRD of mixed powders and as-sintered composites.

The SEM of TiBw and the corresponding EDS results are illustrated in Figure 3. From Figure 3a,
the needled TiBw stuck out the surface of composites. The diameter of TiBw increased from the end of
TiBw to the root. According to the line scanning results of sticking out needled TiBw in Figure 3c, B
element content remained the same, except it was reduced at the root of TiBw. Instead, the Ti element
content increased at the root. It was worth noting that the root of TiBw was wrapped by the Ti matrix
(marked in black rectangle), which explained the change rule of B and Ti elements content.

To identify morphology features of TiBw pinned in the Ti matrix, the SEM and EDS results are
shown in Figure 3b,d. The red circles in Figure 3b represent the point positions of point scanning of
TiBw pinned in Ti matrix. The diameter of TiBw decreased gradually from the surface to the internal
part of the matrix. We noted that the diameter of TiBw increased from the sticking out end to the
surface, which was in accord with the above results of sticking out TiBw. From the EDS results in
Figure 3d, the B element content near TiBw was much lower than the far away areas, and the one
in TiBw was highest, indicating that the B atoms near TiBw were absorbed to the body of TiBw to
promote their growth. Based on the above analysis, one end of TiBw stuck out of the surface of
the composites, the other end was pinned in the Ti matrix. The diameter of TiBw on the surface of
composites was largest.
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Figure 3. (a) SEM of sticking out needled TiBw, (b) SEM and of TiBw pinned in Ti matrix, (c) line
scanning results of a, (d) point scanning results of b.

To investigate the process of TiBw sticking out, the edge images of composites were observed
by in-situ microscope, and the curves referred to temperature, length, diameter at the root of TiBw,
volume and length/diameter along heating time are illustrated in Figure 4. According to the image in
Figure 4a and the curve in Figure 4b, the needled TiBw (α) stuck out of the surface of TiBw/Ti-6Al-4V
composites at 614 s, with 15 µm length and 1 µm diameter. At 646 s, the length of α increased to 20 µm.
Ma et al. [15] investigated that a small quantity of B atoms was solubilized in Ti-6Al-4V matrix, and free
B atoms reacted with Ti to form needled TiB at the interface between TiB2 and matrix. As shown in
Figure 1d, the TiB2 distributed along the surface of Ti-6Al-4V powders. The interface between the TiB2

and Ti matrix was the enrichment region of B and Ti elements. The B atoms diffused to the Ti matrix,
and Ti atoms diffused to TiB2 with the beginning of sintering [17]. Furthermore, the TiBw nucleated at
the interface and grew mostly along the preferential direction with the diffusion of Ti and B atoms [18].

In addition, the equation of volume expansion ratio (β) between the TiBw and Ti matrix is shown
as following [19], indicating that TiBw expanded larger than the Ti matrix during sintering. As a result,
the needled TiBw were squeezed out from the matrix with the growth of TiBw along preferential
direction. This is a strong evidence that the length of α increased quickly with the slowly increased
diameter from 614 s to 646 s.

β =
VTiB −VTi

VTi
=

14.040− 10.614
10.614

≈ 23% (2)

At 1150 ◦C, the softened Ti matrix adhered with the squeezing out of TiBw and squeezed out, due
to the high interfacial strength between TiBw and Ti [18]. Meanwhile, the softened Ti matrix hindered
the squeezing out of TiBw. This could be proved by the root of TiBw wrapped by Ti matrix in Figure 3a.
Harshpreet Singh [11] studied that TiB grows via the one-way dispersion of B atoms mostly along
the [010] direction because of the steadiness of the B-B bonds in [010] direction. Therefore, the faster
diffusion rate in the longitudinal direction compared to the transverse direction seems to lead to the
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formation of needle-shaped whiskers. During the growth of needle TiBw, the TiBw were squeezed out
from the Ti matrix because of the volume expansion ratio between TiBw and Ti. For the growth of
sticking out α, the B and Ti were the essential elements. Hence, the Ti and B atoms needed to diffuse to
the body of α from the enrichment region of B and Ti elements through the interface between TiBw and
Ti. However, the preferential growth direction of αwas diameter direction instead of length with the
increasing of diffusion distance. In addition, the wrapped Ti matrix increased the diffusion areas of B
and Ti elements at the root of TiBw. As a result, the length of α increased very slowly from 646 to 678 s,
with the diameter increased quickly to 6 µm. From Figure 4b, the length and diameter of α increased
slowly at holding 1000 s with the consumption of the B element. α remained the same in holding time
from 1160 to 2070 s. Eventually, the shape of sticking out TiB whiskers was the cone. The diameter of
TiBw near the interface was larger than other areas in Figure 3a.Metals 2020, 10, x FOR PEER REVIEW 5 of 7 
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According to the SEM and EDS results of the B element in Figure 3, the schematic diagram of B
atoms in the TiBw and matrix was illustrated in Figure 4c. For the growth of TiBw pinned in the Ti
matrix, B was the essential element. Based on the above analysis, B atoms diffused though the interface
between TiBw and Ti to the body of TiBw. As we all know, the B element distributed not only in the
interface of the TiB2 and Ti matrix but also in the Ti matrix. The B element content in the interface was
much higher than the one in the Ti matrix, resulting that the B atoms in the interface were the main
source of B element. Furthermore, the solubilized B atoms near TiBw were also absorbed by TiBw
through the interface, which promoted the growth of TiBw. As a result, the B element content near
TiBw was lowest. According to the analysis about the growth of α, the shape of TiBw in the Ti matrix
was needle-like, with the larger diameter near the surface.

4. Conclusions

In this paper, the sticking out mechanism and growth of TiB whiskers (TiBw) in TiBw/Ti-6Al-4V
composites during sintering were studied. The conclusions are shown as follows.

(1) During sintering, the TiBw grew along the preferential [010] direction with the diffusion of B
and Ti atoms. The TiBw was squeezed out from the Ti matrix, due to its larger thermal expansion ratio.
The TiBw stuck quickly out the surface of as-sintered composites. The B and Ti atoms diffused from
the root of sticking out TiBw to their bodies, the diffusion distance influenced the preferential direction.
The shape of sticking out TiBw was the cone.

(2) The interface between TiB2 and Ti was the enrichment region of B and Ti elements, the B
atoms mainly diffused to TiBw, and free B atoms were solubilized in the Ti matrix. The diameters of
TiBw near the interface were larger than other areas, resulting from the high concentration of B and Ti
elements. In addition, the solubilized B atoms near the TiBw were absorbed to promote the growth of
TiBw. For the TiBw in the matrix, the solubilized B atoms were also one source of the B element.
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