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Abstract: In order to achieve the strength−ductility synergy and improve the work-hardening capacity, Ti64 based 
composites with dispersive nanoscaled TiB whiskers inside grains were fabricated by plasma rotating electrode process 
coupled with spark plasma sintering. Based on the rapid eutectic reaction, the nanoscaled TiB whiskers exhibited 
ultra-fine network distribution in composite powders. During the spark plasma sintering process, the network dissolved, 
and TiB followed the Ostwald ripening mechanism and merged along the (100) plane. The intragranular TiB whiskers 
could significantly refine the primary β grain and α lath. The ultimate tensile strength of the composite with only 
2 vol.% TiB whiskers was enhanced to (1123±17) MPa while the elongation was similar to that of the as-sintered Ti64 
alloy with approximately 8%. The strength−ductility synergy effect was mainly attributed to the significant grain 
refinement and the work-hardening ability improvement contributed by intragranular nanoscaled TiB. 
Key words: titanium matrix composites; nanoscaled TiB whisker; spark plasma sintering; thermodynamic calculation; 
microstructure; mechanical properties 
                                                                                                             

 
 
1 Introduction 
 

It is an eternal pursuit for the materials 
research community to achieve the strength− 
ductility synergy of titanium alloy. Introducing 
ceramic reinforcements into metal materials is   
an effective method to improve the strength of 
titanium alloy [1,2]. However, with the increase in 
the content of reinforcements, the plasticity of the 
composites decreases significantly [3]. This is 
mainly related to the local stress/strain concentration 
caused by the deformation disharmony between  
the reinforcements and the matrix [4], which  
makes composites show the bottleneck problem of 
strength−plasticity inversion. 

Numerous studies have shown that nanometer 
size reinforcements can strengthen the material 
effectively [5,6]. In the meantime, the nanoscale 
reinforcements do not cause severe stress 
concentration, which is conducive to maintaining 
the plasticity of the matrix. The results of MU    
et al [7] showed that only 0.23 vol.% nano-graphite 
flake can increase the room temperature tensile 
strength of titanium matrix composites (TMCs)  
by over 200 MPa. However, the nanometer size 
reinforcements have a large specific surface area 
and a strong tendency to agglomerate [8,9]. The 
agglomeration of reinforcements causes the specific 
surface area to decrease, thus reducing the 
strengthening effect [10,11]. Moreover, dislocations 
can no longer cut or bypass the agglomerated  
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reinforcements, which leads to severe stress 
concentration and deterioration of the ductility. 

TiB whisker is one of the most suitable 
reinforcement candidates for Ti matrix composites 
[12], so the nanoscaled TiB whiskers are introduced 
to improve the mechanical properties of Ti-based 
composites. Recently, using nano-reinforcements  
as raw materials [3] and using gas atomization [13] 
to fabricate composite powders have been two  
main methods of introducing TiB nanometer-   
size whisker (TiBnw) into the Ti-based composites. 
However, due to the poor thermal stability of TiBnw, 
there exists a strong tendency to merge and ripen 
between TiBnw during the sintering process [14]. As 
a result, TiBnw tends to aggregate and grow, and  
the length of TiBnw reaches dozens of microns, 
reducing the plastic deformation ability of the 
composites. WANG et al [15] utilized nano-TiB2 
powders and Ti64 alloy powders through ball 
milling and spark plasma sintering (SPS) to 
fabricate TiBnw reinforced composites, but TiBnw 
had a low dispersion and agglomerated at the 
network boundary. 

Plasma rotating electrode process (PREP) 
melts the titanium matrix and TiB at the same time, 
and then TiB whiskers precipitate inside the 
powders during the cooling process, so it can 
achieve a good dispersion of TiB. Besides, it has the 
advantage of low content of satellite balls and 
hollow powders [16,17]. Driven by the above 
discussion, a two-step strategy combining PREP 
and SPS was proposed. This study revealed the 
microstructure formation mechanisms of the 
pre-alloyed powders and the as-sintered composites, 
providing guidance for introducing nanometer size 
reinforcements and the design of nanocomposites. 
 
2 Experimental 
 

The first step was fabricating Ti64−TiBnw 

pre-alloyed powders by the PREP. The aim was to 
introduce and disperse TiBnw inside Ti64 matrix 
powders. The TiB−Ti64 composite billets with 
1 vol.% and 2 vol.% TiB were used as raw 
materials. During the PREP, TiB whisker was 
melted and separated into a nanometer particle.  
The oxygen and boron contents of the composite 
powders (seen in Table S1 in Supplementary 
Materials (SM)) were within permissible limits. The 
contents of TiBnw inside the composite were 

calculated to be 1 vol.% and 2 vol.%, respectively. 
The second step of rapid sintering and cooling of 
SPS was used to retain TiB with a nanometer   
size, and the sintering parameters were 1100 °C for 
5 min under 50 MPa with a heating rate of 
100 °C/min. Ti64 alloy was fabricated by the same 
process, for a comparison. The dimensions of the 
samples fabricated by SPS were d40 mm × 20 mm. 

The microstructure characterization was 
performed using a scanning electron microscope 
(SEM) with an electron backscattered diffraction 
(EBSD) detector. The samples were inlaid with the 
electroconductive resins and were polished and 
etched by Kroll reagent for 5 s. EBSD examinations 
of composite powders and Ti64−TiB composite 
were carried out with step sizes of 0.05 and  
0.5 μm, respectively. The samples were prepared by 
mechanochemical polishing. An electron probe 
X-ray micro-analyzer (EPMA) was adopted      
to determine the distribution of elements. 
Transmission electron microscope (TEM) samples 
of powders and composites were prepared via a 
focused ion beam and an ion polishing system, 
respectively. Then, the samples were characterized 
through TEM. Mechanical properties were tested by 
a universal testing machine at a strain rate of 
5×10−4 s−1. Flat dog-bone specimens with gauge 
dimensions of 15 mm × 4 mm × 1.5 mm (length × 
width × thickness) were used. For each kind of 
material, at least 3 samples were tested. 
 
3 Results and discussion 
 
3.1 Microstructure of Ti64−1TiBnw composite 

powders 
The surface morphology of the Ti64− 

1vol.%TiBnw (The vol.% was omitted in the 
following text) and Ti64−2TiBnw composite 
powders is shown in Fig. S1 in SM and Fig. 1(a), 
respectively. The composite powders exhibited high 
sphericity and contained no satellite or irregular 
powders. These characteristics were beneficial to 
the mechanical properties of the composites made 
by those powders. The cross-section microstructure 
of the composite powders in Fig. 1(b) shows that 
TiBnw inside the powders was distributed in 
approximately network structure with diameters  
of about 3 μm. Compared with the microstructure 
of the composite billets with microscale TiB 
inhomogeneous distribution (seen in Fig. S2 in SM), 



Wen-qi LIU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3751−3760 3753 

 

 
Fig. 1 Microstructure analysis results of Ti64−2TiBnw powders: (a) Surface microstructure; (b) Cross-section 
microstructure; (c) TEM bright field image of TiBnw and its EDS mapping of B; (d) HRTEM image and FFT image of 
interface between TiBnw and α-Ti; (e−h) EPMA mappings of cross-section of composite powders; (i) Inverse pole figure 
(IPF) and primary β grain reconstruction 
 
Fig. 1(b) proves that by the PREP the nano- 
crystalization of TiB and refinement of the network 
structure are achieved. The remelted TiBnw was 
arranged in parallel and formed clusters about 
400 nm in size. The arrangement directions of 
TiBnw among different clusters were random. The 
TEM image in Fig. 1(c) demonstrates that the 
length of TiBnw in the cluster was about 300 nm and 
there were a lot of stacking faults in TiBnw. The FFT 
spots of TiBnw in Fig. 1(d) stretched along the (100) 
plane, which means that the stacking faults were 
determined along the (100) plane. These results 
prove that TiBnw in the cluster had the same 
orientation relationship and was arranged along the 

(100) plane. Figures 1(e−h) exhibit the EPMA 
mappings of the composite powders, where Al was 
concentrated in α-Ti inside the network structure. V 
was segregated at the network boundary, which was 
the same as the TiBnw distribution. The IPF image  
in Fig. 1(i) shows that there was no preferred 
orientation of grain in the composite powders. The 
primary β grain reconstruction of the composite 
powders demonstrates that the primary β grains 
were equiaxed, and TiBnw which was too tiny to be 
calibrated appeared as a black network structure 
distributed around the primary β grains. Besides, 
because of the high cooling rate of the PREP,     
the α-Ti lamellas were refined with an average 
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thickness of about 0.2 μm compared with about 
10 μm in the composite billets (seen in Fig. S2 in 
SM). The misorientation angle diagram (seen in 
Fig. S3 in SM) illustrates that the α lath conformed 
to the Burgers orientation relationship, which 
proves that α-Ti was transformed from β-Ti during 
the cooling process. 
 
3.2 Microstructure of Ti64−TiBnw composites 

Figure 2(a) and Fig. S4 in SM exhibit the 
microstructure of the as-sintered Ti64−TiBnw 
composites. By comparing Fig. 1(c) and Fig. 2(a), it 
can be found that after SPS sintering, the TiBnw  

was distributed homogeneously instead of the 
network structure, and the α lath thickness was only 
about 2 μm. In the magnified image in Fig. 2(b), it 
can be found that TiBnw remained at nanometer size 
and did not reunite. Some of TiBnw was located 
inside the grain. TEM image demonstrates that the 
TiBnw was short needle-like. From Fig. 2(c) it can 
be found that there was no preferred orientation of 
grain in the Ti64−2TiBnw composite. The prior β 
grain was reconstructed by erasing the grain 
boundaries of the α grains that satisfy the Burgers 

orientation relationship, and the reconstructed prior 
β grain is illustrated in Fig. 2(d). It can be found 
that TiBnw was inside the primary β grain and the 
size of the primary β grain in the composite was 
much larger than that in composite powders 
(Fig. 1(i)). It is proved that during the sintering 
process, the primary β grains grew and wrapped 
TiBnw around them. During the cooling process, the 
α grain transformed from the primary β grain, so 
some TiBnw existed inside the α grain. The elements 
in the as-sintered composites were redistributed 
during the SPS process (seen in Fig. S5 in SM), 
which proves that elements were diffused during 
the sintering process. 

Figure 3(a) shows that the interface between 
TiBnw and Ti matrix was clear and straight. The 
orientation relationship between TiBnw and α-Ti was

nwTi TiB(2112) //(110)α- and
nwTi TiB[01 10] //[001] .α−  

Besides, there were plenty of stacking faults   
along the (100) plane inside TiBnw. Because of the 
fast sintering (100 °C/min) and cooling rates 
(300 °C/min) [18], the B atoms in the (100) plane 
were prone to loss and misposition during the 
ripening. It could be seen in Fig. 3(b) that parallel  

 

 

Fig. 2 Microstructure analysis results of Ti64−2TiBnw composite: (a) SEM image; (b) Microstructure of TiBnw; (c) Inverse 
pole figure (IPF); (d) Primary β grain reconstruction 
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Fig. 3 TEM images of Ti64−2TiBnw composites:       
(a) HRTEM image and FFT image of interface between 
TiBnw and α-Ti; (b) Bright-field TEM image and FFT 
image of merged TiBnw 
 
TiBnw merged along the (100) plane during the 
sintering process. This is because the merging of 
TiBnw was not a process of nucleation and growth. 
It was mainly related to the orientation of TiB in 
composite powders. 
 
3.3 Microstructure evolution mechanism of 

Ti64−TiBnw composites 
The solidification process of powder 

fabrication was further calculated using the 
JMatPro software. Owing to the nonequilibrium 
solidification (The cooling rate of the droplets 
exceeds 105 K/s) [19], the Scheil−Gulliver model 
[20] was used to calculate the components at the 
interface between the liquid and β-Ti (Eq. (1)), 
where k is the mass ratio of the solid and liquid 
components at the interface; fs is the solid volume 

fraction; Cs and C represent the solid content at the 
interface and initial content of liquid, respectively. 
The solid volume fraction fs can be calculated by 
Eq. (2), where Tf and TL represent the temperatures 
of solidus and liquidus at corresponding contents, 
respectively.  

1
s s= (1 )kC kC f −−                          (1) 

1
1

f
s

f L
=1

kT Tf
T T

− −
−  − 

                       (2) 
 

The calculation result of the solidification of 
Ti64−2TiBnw powders is shown in Fig. 4. During 
the solidification process, Fig. 4(a) shows that V was 
 

 
Fig. 4 Element content of each phase with different solid 
volume fractions: (a) V; (b) Al; (c) B 
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segregated in the liquid, hence there was more V 
around β-Ti which precipitated earlier. On the 
contrary, in Fig. 4(b), Al was concentrated in the 
β-Ti. Figure 4(c) shows that since the solubility of 
B in β-Ti was very low, with the solidification 
process, the content of B in the liquid gradually 
increased. When the content of B reached about 
2.5 wt.%, TiB began to precipitate in the liquid. 
β-Ti with less B was also precipitated by eutectic 
reaction with TiB, so the content of B in the liquid 
still increased. Meanwhile, the B content in the TiB 
was not affected by the increase of B content in the 
liquid, and the molar ratio of Ti to B remained 1:1. 

Based on the above microstructure analysis 
and non-equilibrium thermodynamic calculation, 
Figs. 5(a1−a4) intuitively exhibit the microstructure 
formation mechanism schematic diagram of 
composite powder. Before the solidification, Ti 
droplets spheroidized under the action of surface 
tension, as shown in Fig. 5(a1). With a large degree 
of supercooling, β-Ti nucleated plentifully and 
randomly in the liquid as illustrated in Fig. 5(a2). In 
Fig. 5(a3), because of different compositions of 
β-Ti and liquid, V and B atoms were enriched at the 
interface, and Al atoms were deficient. This resulted 
in a different concentration of solute in the liquid, 
leading to the diffusion of atoms in the liquid. Then, 
as β-Ti grew, the liquid was distributed in a network 
structure around the proeutectic β-Ti. When the 
proportion of proeutectic β-Ti was about 85 vol.%, 
TiB/β-Ti was formed by a eutectic reaction in the 
liquid and constituted a network structure, as shown 

in Fig. 5(a4). In account of the large surface energy 
of TiBnw, eutectic TiBnw in the same grain tended to 
be arranged in parallel along the (100) plane which 
had the highest surface energy [14] to reduce the 
surface energy (seen in Fig. 1(c)). Since the TiB/β-Ti 
eutectic microstructure nucleated randomly in the 
liquid, there was no orientation relationship 
between TiBnw in different clusters. Besides, large 
supercooling inhibited the growth of TiBnw and 
maintained it at the nanoscale. The content of V in 
eutectic structure formed by residual liquid was 
high and the content of Al was low, which was 
consistent with the EPMA results in Figs. 1(e−h). 
Finally, as the temperature was further reduced, 
β-Ti in the composite powder was transformed  
into lamellar α-Ti. Because the nanoscaled 
reinforcements had high surface energy, in order to 
reduce the total surface energy, the growth of TiBnw 
mainly followed two mechanisms during the SPS 
process. The whisker with similar orientation 
relationship merged along the (100) plane which 
met in the clusters of the composite powders (seen 
in Fig. 5(b)). Besides, because of the difference in 
free energy between the larger TiBnw and smaller 
TiBnw, Ostwald ripening occurred during the SPS 
process. The smaller TiBnw dissolved, and then the 
B atoms spread onto the larger TiBnw and 
precipitated again. Hence, the network structure 
became discontinuous. Because the size of the 
network structure in the composite powders was 
small, the grown TiBnw located at the boundary of 
the network finally showed a uniform distribution. 

 

 
Fig. 5 Illustration of microstructure formation mechanism: (a) Formation of Ti64−TiBnw composite powders during 
PREP; (b) Evolution mechanism of nano-TiB during SPS; (c) Microstructure of as-sintered composites 
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3.4 Mechanical properties and strengthening 
mechanisms of Ti64−TiBnw composites 
The tensile engineering stress−strain curves of 

different samples are plotted in Fig. 6(a). The 
Ti64−1TiBnw demonstrated a good elongation of 
(12.5±0.7)% and the strength also exceeded 
1000 MPa. The ultimate tensile strength of the 
Ti64−2TiBnw reached (1123±17) MPa (seen in 
Table 1), which had an increase of 24.1% with 
similar elongation compared with the Ti64 alloy. 
Through the figure of the work-hardening rates,   
it is found that Ti64−1TiBnw necked until the   
true strain reached 9%, which was improved by 2 
times compared with the Ti64 alloy. The uniform  
 

 
Fig. 6 Engineering stress−strain curves and work- 
hardening curves of different samples (a), and tensile 
properties of Ti64 based composites (b) [21−30] 
 
Table 1 Tensile properties of Ti64−TiBnw composites  

Sample 
Yield 

strength/MPa 
Ultimate 

strength/MPa 
Elongation/ 

% 
Ti64 817±5 905±9 8.9±0.4 

Ti64−1TiBnw 878±5 1005±10 12.4±0.7 

Ti64−2TiBnw 945±7 1123±17 7.7±0.2 

deformation elongation of Ti64−2TiBnw was at least 
7%. TiBnw inside the grains acted as a strong 
obstacle to the dislocation motion and avoided 
severe dislocation stacking at the grain boundary 
under low deformation, which could decrease the 
stress concentration as well as improve the uniform 
deformation ability of composites. The tensile 
properties of Ti64 based composites with different 
kinds of reinforcements are summarized in Fig. 6(b). 
It shows that the composites in the present study 
achieved significant improvement in plasticity and 
maintained the high strengthening efficiency of 
nanoscale reinforcements. 

The strength of Ti64−TiBnw composites 
exhibits a significant increase compared with that  
of Ti64 alloy, and the strengthening effect can    
be mainly attributed to solution strengthening of 
oxygen atoms, load transfer effect (ΔσL−T) and grain 
refinement (Hall−Petch strengthening, ΔσH−P). 

The yield strength of Ti64 alloy was 817 MPa. 
Because of the PREP and low-energy ball milling 
process, the oxygen content in the composite 
powders increased from 0.039 wt.% to 0.080 wt.% 
(shown in Table S1 in SM). Due to the low oxygen 
content, the strengthening effect of the Ti64 matrix 
in the composite brought by the solution of oxygen 
atoms could be expressed as [3]  

m y m= +0.02 ( )k kσ σ G c c−                    (3) 
 
where σm is the yield strength of Ti64 matrix in the 
composite, σy is the yield strength of the Ti64 alloy, 
G is the shear modulus, cm is the oxygen content in 
the composite, c is the oxygen content in the Ti64 
alloy, and k is the concentration exponent [3]. 
Because the oxygen atoms occupy interstitial 
positions, k should be 0.5. As a result, the yield 
strength of the Ti64 matrix in the composite 
increased to 830 MPa. 

The TiBnw with uniform distribution had a high 
aspect ratio (about 15 on average), which could 
transfer the load effectively. The shear lag model is 
suitable for the composite with uniformly distributed 
reinforcement, so we employed Eq. (4) [31] to 
quantitatively estimate the strengthening effect of 
load transfer:  

L T m=0.5σ σ VSw−∆                        (4) 
 
where V is the volume fraction of TiBnw, S is the 
average aspect ratio of TiBnw, and w is the 
orientation factor of TiBnw. TiBnw in the composites 
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was distributed randomly. According to WANG   
et al [32], the value of w should be 0.27. The yield 
strength contributed by the load transfer effect was 
calculated as about 34 MPa. 

Figure 2(c) and Fig. S6 in SM show that TiBnw 

can significantly refine the α lath and prior β grain. 
This is because the uniform TiBnw can provide   
an energetically preferred nucleation site for the α 
lath. When sintering, TiBnw can inhibit the grain 
boundary migration, which can hinder the 
overgrowth of the prior β grain. The Hall−Petch 
strengthening effect can be expressed by   

0.5 0.5
H P 1 2= ( )σ K λ λ− −
−∆ −                    (5) 

 
where K is the associated Hall−Petch constant of 
Ti64 alloy (510.1 MPa∙μm0.5 [28]), and λ1 and λ2 
are α lath thicknesses of the Ti64 alloy and 
composite, respectively. Their α lath thicknesses 
were 13.28 and 4.58 μm, respectively. The grain 
refinement effect contributed to the yield strength 
of about 98 MPa. As a result, the yield strength of 
the Ti64−2TiBnw composite is calculated as 
962 MPa, which is in good agreement with the 
measured results (945 MPa). 

There were a lot of tearing edges and fine 
dimples in the fracture of Ti64−2TiBnw in Fig. 7(a), 
 

 
Fig. 7 Fracture morphology of Ti64−2TiBnw: (a) Fracto- 
graphy; (b) Microstructure of sample near fractured 
surface 

which proved that the composite had good tensile 
ductility. Besides, the grain refinement caused   
by TiBnw was also conducive to the uniform 
deformation ability, which can significantly 
improve the uniform plasticity and ductility of   
the composite. The fractured TiBnw in Fig. 7(a) 
indicates that TiBnw was well combined with the 
matrix interface and could bear the load. Besides, 
the slip bands could pass through TiBnw which was 
located in grain in Fig. 7(b), reducing the source of 
microcracks in the composites. The movement of 
the slip bands could still be hindered under high 
strain by the complete TiBnw. It could relieve    
the stress concentration at grain boundaries and 
enhance the plasticity and work-hardening ability of 
the composites. 
 
4 Conclusions 
 

(1) TiBnw with ultra-fine network structure 
(about 3 μm) was planted into the Ti64 composite 
powder based on the hypoeutectic reaction. To 
reduce the surface energy, the eutectic TiBnw was 
arranged along the (100) plane and formed 
nanoclusters. 

(2) During the SPS process, the network 
dissolved, and TiBnw followed the Ostwald ripening 
mechanism and merged, realizing intragranular 
dispersive distribution. 

(3) The ultimate tensile strength of the Ti64− 
2TiBnw composites increased from 905 to 1123 MPa 
while the plasticity was nearly the same as that of 
the Ti64 alloy. The intragranular TiBnw significantly 
enhanced the work hardening rate of the composites 
and refined the α lath from 13.28 to 4.58 μm. 
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摘  要：为了同步提升钛基复合材料的强度、塑性和加工硬化能力，采用等离子旋转电极雾化和放电等离子烧结

制备了纳米 TiB 晶须在晶内呈弥散分布的 Ti64 复合材料。由于快速共晶反应，复合粉末中的纳米 TiB 晶须呈超

细网状结构分布。在放电等离子烧结过程中，复合粉末中的网状结构消失，TiB 遵循 Ostwald 熟化机制并沿(100)

晶面合并。同时，位于晶内的 TiB 晶须可以显著细化原始 β 晶粒以及 α 片层。在仅含 2% TiB (体积分数)晶须的条

件下，复合材料的极限抗拉强度提升至(1123±17) MPa，同时伸长率约为 8%，与烧结态 Ti64 合金的接近。这种强

度和塑性协同提升效应主要归结于显著的晶粒细化以及晶内纳米 TiB 引起的加工硬化能力的提升。 

关键词：钛基复合材料；纳米 TiB 晶须；放电等离子烧结；热力学计算；显微组织；力学性能 
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