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Abstract: A novel architectural Ti composite composed of network-woven structured TiB nanowires in a core-shell 
structured Ti matrix was fabricated to improve the strength of Ti matrix composites (TMCs), where the shell consists of 
rich N solute atoms while the core is deficient of N solute atoms through spark plasma sintering of powder mixtures of 
Ti powder and BN nano-powder. The phase composition, morphology, element distribution, and mechanical properties 
of prepared samples were analyzed by X-ray diffraction (XRD), scanning electron microscope (SEM), electron probe 
microanalyzer (EPMA), and electronic universal material testing machine. The results indicate that the TMCs with 
designed architectures have been successfully achieved, and the as-prepared Ti−2BN (wt.%) composite exhibits an 
ultimate compressive strength of ~1.8 GPa with a strain-to-fracture of ~9%, while the Ti−1BN (wt.%) attains an 
ultimate compressive strength of ~1.6 GPa and a strain-to-fracture of ~20%. Moreover, the roles of the hybrid 
reinforcement structures in strengthening the Ti composites were discussed. 
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1 Introduction 
 

Titanium matrix composites (TMCs) can 
achieve the desired balance among strength, 
toughness, modulus, ductility and high-temperature 
durability, making them attractive for advanced 
structural materials applications [1−6]. The TiB 
whiskers have been regarded as the most promising 
reinforcements for the Ti matrix because of their 
high modulus, similar coefficient of thermal 
expansion to that of the Ti matrix, and negligible 
solubility in the Ti matrix [3,4]. However, the TiB 
whiskers formed in the Ti matrix are usually up to a 
few microns in diameter with low aspect ratios 
(2−5 μm in diameter and 10−20 μm in length),  
thus imparting limited strengthening effect on the 
matrix [3,7]. 

Recently, KOO et al [8] have fabricated the 

TiB nanowires reinforced TMCs and reported the 
strengthening effect by the TiB nanowires. 
Mechanical alloying (MA) was employed to 
homogeneously disperse submicron TiB2 powder 
(<500 nm) into the Ti alloy powder. The powder 
mixture was then consolidated by spark plasma 
sintering (SPS) to allow the in-situ formation of TiB 
nanowires in the Ti matrix via reactions between Ti 
and TiB2. More recently, we fabricated high 
tensile-strength and ductile Ti6Al4V composites 
reinforced by TiB nanowires with a network-woven 
structure [9]. A key step of producing this unique 
Ti−TiB structure is the use of a low-energy ball 
milling process by which boron (B) or boron 
carbide (B4C) nano-powder particles (<100 nm) 
were attached to the surface of the Ti powder 
particles. The as-fabricated TMCs achieved both 
high strength arising from the TiB nanowires and 
good ductility due to the architectural structure. 
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TiB2 and B4C are commonly used as the B 
source for the in-situ formation of TiB whiskers in a 
Ti matrix [1,2,10,11]. Another option is boron 
nitride (BN) which can supply B as well as the N 
source. N has a high solubility in Ti and possesses a 
potent solid-solution strengthening effect [12,13].  
For example, ZHANG et al [14,15] have produced 
high-strength core-shell-structured Ti−N alloys 
featured with soft Ti cores and hard Ti−N 
solid-solution shells. These alloys were prepared by 
SPS of N-pre alloyed Ti powders, where N was 
introduced into the outer layers of the Ti powder 
particles by gas nitriding. As previously mentioned, 
BN can also be considered as a source of N for the 
fabrication of Ti−N alloys. However, up till now, 
BN has been mainly used in preparing TiB−TiN 
ceramics [16−20]. In a recent study [21], we 
fabricated high tensile strength and ductile 
Ti−Fe−N−B alloys through the addition of a small 
amount of BN (≤0.50 wt.%). The amount of the 
introduced N was insufficient to lead to the 
formation of the core-shell structures reported in 
Refs. [13,14]. Consequently, the resultant TiB 
nanowires played a primary strengthening role. 

In this work, the high-content additions of BN 
nano-powders were used as both sources of B and 
N for the fabrication of TMCs, achieving a hybrid 
reinforcement structure that consists of both a 
network-woven structured TiB and a core-shell 
structured matrix. Moreover, the low-energy ball 
milling mixing method used in this study was also 
compared with the traditional mixing (powder 
blending), showing its effectiveness in 
deagglomerating of nano-powder particles for the 
fabrication of fully dense composites. Meanwhile, 
the microstructures and mechanical properties of 
the as-sintered TMCs samples were characterized 
and discussed. 
 
2 Experimental 
 

Gas atomized spherical Ti powder (0−45 μm, 
~18 μm in average, 0.14 wt.% O, 0.02 wt.% N, 
AP&C Inc., Canada) and nanosized BN powder 
(hexagonal phase, 99.9%, ~50 nm, DK Nano Inc., 
China) were used to prepare Ti−xBN (x=0, 0.5, 1, 
and 2 wt.%) powder mixtures. The powders were 
ball-milled in a steel jar with a ball-to-powder ratio 
of 2:1 under an argon atmosphere for 3 h using a 
Turbula Mixer at a mixing speed of 150 r/min. The 

resultant powder mixture was loaded into a graphite 
die which had an inner diameter of 20 mm, and then 
heated to 1000 °C at 60 °C/min and sintered at 
1000 °C for 7 min under a pressure of 30 MPa. The 
sintering was conducted by SPS (Fuji SPS211Lx, 
pulsed current equipped). The as-sintered samples 
were ground and polished, and selected samples 
were deeply etched with a mixed solution of 
purified water, nitric acid, and hydrofluoric acid at a 
mole ratio of 85:10:4. The phase constituents were 
identified using a Bruker AXS X-ray diffractometer 
(XRD). Microstructures were characterized using 
SEM (JEOL JSM 7001F). Elemental distribution (N, 
B, Ti) was analyzed by a JEOL JXA−8230 electron 
probe microanalyzer (EPMA) equipped with 
wavelength-dispersive spectroscopy (WDS). And 
the accelerating voltage for EPMA is within the 
range of 1−30 kV, the probe current is in the range 
of 10−12−10−15 A, and the detectable wavelength 
range of X-ray is 0.087−9.3 nm. The overall O and 
N contents in each sample were determined using  
a TCH−600 H/N/O analyzer. Compression tests 
were performed on an Instron−5584 with a strain 
rate of 1×10−3 s−1 using cylindrical specimens 
(d3.5 mm × 7 mm) with an infrared extensometer. 
 
3 Results and discussion 
 
3.1 Powder mixing 

Figure 1 shows the morphology of Ti powder 
particles before and after the low-energy ball 
milling with 1 wt.% BN nanoparticles. The initial Ti 
powder particles possessed a spherical morphology 
(Fig. 1(a)) with an average diameter of ~18 μm. 
Figure 1(b) shows an enlarged view of a region 
marked on the surface of a Ti particle in Fig. 1(a), 
showing that the surface was clean and smooth. 
After low-energy ball milling, the Ti powder 
particles remained nearly spherical but the surfaces 
were no longer smooth (Fig. 1(c)). A region 
selected from the surface of a Ti particle (marked 
with a rectangle in Fig. 1(c)) is shown in Fig. 1(d). 
BN nanoparticles were uniformly coated onto the 
surface of the Ti particle. 

Nanoparticles are prone to aggregate together 
due to the inter-nanoparticle forces [22]. The big 
clustered BN powders are obvious in traditional 
mixing processes. Compared with traditional 
mixing processes, the low-energy ball milling 
process was conducted with the assist of steel balls. 
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The collision between steel balls and powders 
during processing greatly hinders the clustering of 
BN nanoparticles, leading to the homogenous   
and tight coating of BN nano-particles on the 
surfaces of Ti powder particles. In order to reveal 
the significance of the low-energy ball milling 

process, two kinds of Ti−2BN composites were 
prepared through the same sintering procedure,  
one using the as-milled powder mixture and the 
other using the as-mixed powder mixture. Figure 2 
shows SEM images of the two kinds of Ti−2BN 
samples prepared with different powder mixtures. 

 

 
Fig. 1 Morphologies of as-received Ti powder particles (a, b) and ball-milled Ti−1BN powder mixtures (c, d) 
 

 
Fig. 2 SEM images of as-sintered Ti−2BN samples prepared by traditional mixed (a, b, c) and low-energy ball-milled (d) 
powder mixtures ((c) is an EDS result obtained from point “+” shown in (b)) 
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The sample sintered from as-mixed powder mixture 
(Fig. 2(a)) reveals a considerable number of large 
pores on the polished surface (up to tens of  
microns, marked as white circles for example), and 
one of them was zoomed to be shown in Fig. 2(b). 
EDS analyses revealed that both B and N elements 
were concentrated around the pores, and even 
unreacted BN particles existed (Fig. 2(c)). However, 
the sample (Fig. 2(d)) sintered from the as-milled 
powder mixture showed no visible pores. 
Nanoparticles are prone to aggregate together   
due to the complex and varied inter-nanoparticle 
forces [22]. The traditional mixing process was 
incapable of de-agglomerating BN nanoparticles 
clusters, so pores formed in regions with excessive 
amounts of BN nano-particles during the sintering 
process. Nonetheless, with the help of mechanical 
energy provided by the steel balls, the mechanical 
milling process obviated the abovementioned 
unfavorable outcome. Conclusively, the low-energy 
ball milling is an effective and necessary method 
for uniformly dispersing BN nanoparticles onto 
surface of Ti powder particles and for preparing the 
pore-free TMCs by the sintering. 
 
3.2 Phase identification and microstructural 

characterization 
As the composite made from the as-mixed 

powder mixture is just for comparison shown  
above, all composites described below are the 
composites made from the as-milled powder 
mixtures if not otherwise specified. Table 1 lists  
the O and N contents in the as-sintered Ti−xBN 
(x=0−2 wt.%) composites. Compared with 
commercially pure (CP) Ti samples, Ti−BN 
samples made from ball-milled powder mixtures 
showed a higher oxygen content. The measured N 
contents in all Ti−BN samples agreed well with 
their theoretical compositions. For example, the 
addition of 2 wt.% BN corresponded to 
the introduction of 0.87 wt.% B and 1.13 wt.% N 
theoretically, and the N content in the as-sintered 
Ti−2BN composites was measured to be 1.11 wt.%. 
The volume fraction of the TiB nanowires in the 
Ti−2BN composite was calculated to be 4.7%. 
Figure 3 exhibits the XRD data obtained from the 
as-sintered Ti−BN samples (made from the 
as-milled powder mixtures, the same for all the 
samples mentioned below). Both α-Ti and TiB 
phases were detected but no titanium nitride phase  

Table 1 Measured O and N contents in as-sintered 
Ti−xBN composites (wt.%) 

Sample O N 

Ti 0.10 0.01 

Ti−0.5BN 0.14 0.28 

Ti−1BN 0.18 0.53 

Ti−2BN 0.18 1.11 
 

 
Fig. 3 XRD patterns for as-sintered Ti−xBN (x=0, 0.5, 1, 
2) composites 
 
was observed. During SPS at 1000 °C, BN particles 
react with Ti particles to form TiB and N    
solutes [23]. Since N has significant solubility in Ti 
at elevated temperatures (~8 wt.% at 1000 °C) 
while the cooling rate after SPS is high [24], the N 
atoms are expected to be in the Ti matrix as solutes. 
ZHANG et al [15] also reported that no titanium 
nitrides were detected in the SPS- processed 
Ti−0.95N (wt.%) alloy. The dissolved N atoms 
caused lattice expansion of the α-Ti phases, leading 
to a shift of the XRD peaks for α-Ti to lower 2θ 
values (θ is the diffraction angle), while the 
positions of the TiB peaks were not affected. As 
shown in the inset in Fig. 3, the 2θ value for the 
(101) plane of the α-Ti phase in the pure Ti sample 
is 40.08°, while it was shifted to 39.85° in the 
Ti−2BN composite. The decrease in the 2θ 
diffraction angle corresponds to an expansion in  
the adjacent lattice planes of ~0.189% (d2/d1= 
sin θ1/sin θ2). Given that the lattice parameters of Ti 
vary with O and N contents [13], the expansion 
ratio can be roughly calculated to be 0.178% when 
the O and N contents were increased from 0.1 and 
0.01 (wt.%) to 0.18 and 1.11 (wt.%), respectively. It 
agrees well with the experimental result of this 
work. 
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The microstructures of the Ti−2BN composite 
were characterized by SEM and EPMA mapping, 
and the results are shown in Fig. 4. Figure 4(a) 
shows a secondary electron (SE) image of the 
as-polished Ti−2BN composite. Figure 4(b) shows 
the SEM image of the Ti−2BN composite after deep 
etching, which shows TiB nanowires with 
dimensions of 10−30 μm in length and 50−200 nm 
in diameter. The TiB nanowires distributed 
inhomogeneously, forming a three-dimensional 
network-woven architecture. This structure had 
been previously reported in the TMCs using B or 
B4C nano-powder as raw materials [7,23]. The TiB 
nanowires nucleated on the surfaces of the Ti 
powder particles coated with BN nanoparticles, and 
then grew into nearby Ti matrix grains along certain 
directions related to the Ti/TiB orientation 
relationship, eventually forming a network-woven 
architecture. A similar structure was observed in the 
Ti−0.5BN and Ti−1BN composites fabricated in 
this study. When micro-sized B precursors (>1 μm) 
were used, a similar network structure of TiB was 
formed in the Ti matrix, while the TiB phase was in 
the form of micro-sized whiskers (several microns 
in diameter) [10,25]. 

Figure 4(c) shows a backscattered electron 
(BSE) image of the Ti−2BN composite. The 
dark−bright contrast indicates an inhomogeneous 
distribution of the elements, where darker regions 
are enriched in lighter elements. The EPMA maps 
shown in Figs. 4(d−f) display the distribution of Ti, 
B, and N. The significant amount of B introduced to 
this alloy is shown as a network structure in 
Fig. 4(e), which is consistent with the distribution 
of TiB in Fig. 4(b). Moreover, the distribution of N 
led to the formation of a core-shell structure as 
indicated in Figs. 4(c) and (f). The shell was 
identified to be the outer layer of a Ti powder 
particle that is enriched with N, while the core is the 
inner part of the particle that is deficient of N. 

When heated up to the isothermal sintering 
temperature, BN nanoparticles started to react with 
Ti powder particles to form TiB nanowires and 
release N atoms. The N would be concentrated in 
the outer region of the Ti powder particles due to 
insufficient diffusion. N increases the transition 
temperature from α-Ti phase to β-Ti phase. 
According to the Ti−N phase diagram [24], at 
1000 °C, α-Ti phase containing less than 
~0.35 wt.% N will transform to β-Ti phase, while  

 

 
Fig. 4 SEM images of Ti−2BN composite: (a) SE image after polishing; (b) SE image after deep etching; (c) BSE 
image after polishing; (d−f) EPMA-WDS mapping images for Ti, B, and N in region (c) (The blue color represents low 
content, while the red means high content) 
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that containing more than ~0.73 wt.% N can remain 
to be α-Ti phase. Therefore, during the sintering of 
Ti−2BN at 1000 °C, the outer layers of a Ti particle 
were kept in the α-Ti phase state even though the 
inner region transformed to β-Ti phase. N atoms 
have a much slower diffusion rate and higher 
solubility in the α-Ti phase than those in the β-Ti 
phase [26]. As a result, the outer shell became 
enriched with N. The core-shell structure was 
reported that Ti−N alloys were sintered from 
surface nitrided Ti powders by SPS [14,15]. In  
brief, owing to the growth of TiB, the diffusion of N 
atoms, and the influence of N on the temperature of 
the transformation from α phase to β phase, a 
hybrid reinforcement structure was formed in the Ti 
matrix. The core-shell structure faded slightly in the 
Ti−1BN composite and was essentially absent in 
the Ti−0.5BN composite because of the limited N 
content. Compared with the traditional gas nitriding 
process, the use of BN nanopowders is a simpler 
and more efficient method of N supply, which is 
expected to be applied in other alloys and 
composite systems. 
 
3.3 Mechanical performance 

Figure 5 shows the representative compressive 
true strain−stress curves of the as-sintered Ti−BN 
composites. For comparison, the ultimate 
compressive true strength and true strain values of 
the core-shell structured Ti−0.44N, Ti−0.95N   
and Ti−1.45N alloys reported in Ref. [13] are   
also presented. Detailed values of the yield strength 
 

 
Fig. 5 Compressive true strain−true stress curves of 
as-sintered Ti−BN composites (measured N contents are 
shown in brackets, wt.%) and comparison with recently 
reported core-shell structured Ti−1.45N, Ti−0.44N and 
Ti−0.95N (wt.%) alloys [13] 

(σ0.2), ultimate compressive strength (σb), and 
fracture strain of the Ti−BN composites are 
summarized in Table 2. The compressive strength 
of the composites increased with increasing     
BN content while the fracture strain decreased.  
The Ti−2BN composite achieved an ultimate 
compressive strength of ~1.8 GPa with the fracture 
strain of 9.2%. As shown in Fig. 5, both the 
Ti−2BN and Ti−1BN composites exhibit superior 
mechanical performance to the previously reported 
core-shell structured Ti−N alloys [13]. 
 
Table 2 Compression test results of as-sintered Ti−xBN 
composites 

Sample σ0.2/MPa σb/MPa Strain/% 

Ti 318±6 − − 

Ti−0.5BN 718±11 1205±13 44.6 ±2.7 

Ti−1BN 1207±15 1641±20 20.2±2.4 

Ti−2BN 1340±20 1835±21 9.2±0.7 

 
The Ti−BN composites fabricated in this study 

are strengthened by both network-woven structured 
TiB nanowires and N solute atoms in the 
abovementioned shells or surface layers of each 
matrix grain. An inhomogeneous distribution of 
reinforcements such as hard phases encapsulating 
soft phases has been reported to be beneficial to the 
overall strengthening effect [27]. TiB nanowires 
with a 3D network-woven structure have proved to 
be capable of offering a high strengthening effect 
while retaining good ductility of Ti matrix [9]. The 
reduction in ductility from Ti−1BN to Ti−2BN 
could mainly be attributed to the increased N 
content [11]. As shown in Fig. 5, the strain−stress 
curves for the Ti−1BN and Ti−2BN composites 
became zigzagged after reaching the maximum 
compressive strength during compression. This 
phenomenon, i.e., a sudden reduction in stress 
without an overall sudden rupture, indicates that the 
composites undergo a torturous fracture process. 

Figure 6 shows representative fracture surfaces 
of the Ti−1BN and Ti−2BN composites after the 
compression test. A torturous fracture surface of the 
Ti−1BN is shown in Fig. 6(a), which exhibits large 
areas of fine-scaled torturous fracture morphology 
together with micro-sized dimples, inner cracks, 
and small cleavage facets. Figure 6(b) reveals that 
the fine torturous fracture morphology mainly 
results from the fracture of TiB nanowires and their  
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Fig. 6 Representative compression fracture surface characteristics of Ti−1BN (a, b) and Ti−2BN (c, d) composites 
 
detachment from the matrix. During compression, 
load transfer occurs from the Ti matrix to the TiB 
nanowires. The stress will be concentrated in the 
TiB network boundary regions, where a significant 
number of TiB nanowires exist, thus leading to the 
fracture of nanowires or interfacial detachment 
between the nanowires and the matrix [28,29]. The 
ultrafine torturous fracture morphology shown in 
Fig. 6(b) is caused by the breakage of the TiB 
nanowires, while the channel-shape structure is 
assumed to be associated with the detachment 
between the nanowires and the matrix. Therefore, 
the regions were correspondingly marked as 
nanowire break and nanowire/matrix detachment in 
Fig. 6(b). Owing to the 3D distribution of the 
woven TiB nanowires, cracks can be deflected and 
also branched to form secondary cracks at junctions 
of the network during propagation. The preferred 
paths for crack propagation and branching were 
observed to be along the network boundaries 
(Fig. 6(b)), which is consistent with the tensile 
fracture surface characteristics observed for TiB 
nanowires reinforced Ti6Al4V composites [9]. 
Crack deflection and branching caused by the 
presence of second phase can significantly enhance 
the damage tolerance of the material [25,30,31].  

As shown in Fig. 6(c), large cleavage facets are 
observed in the Ti−2BN composites due to the 
presence of both TiB nanowires and N atoms in the 
Ti matrix. Because of the existence of the 
network-woven architecture of TiB nanowires, 
crack deflection or branching (as shown in     
Figs. 6(c) and (d)) can be regarded as the primary 
reason for the formation of the zigzag-shaped 
strain−stress curves shown in Fig. 5. In addition, 
high-aspect-ratio nanowire-like ceramics can be 
bent to a greater extent than other forms of ceramics 
without abrupt fracture, or they can even exhibit 
limited plasticity, which could be expected to aid 
the achievement of desirable ductility for the TMCs 
concerned [32,33]. 
 
4 Conclusions 
 

(1) The ball milling process helped to avoid 
clustering of the BN nanoparticles and 
consequently to coat the BN nanoparticles 
homogenously and firmly onto the Ti powder 
particle surfaces. After the reaction between NB and 
Ti at high temperatures, the newly formed TiB 
nanowires were developed into a network-woven 
structure, while the N solute atoms were mainly 
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distributed in the outer layers of each Ti powder 
particle to form a core-shell structure, and all 
Ti−BN composite showed a pore-free micro- 
structure. 

(2) The Ti−BN composites were strengthened 
by TiB nanowires with a network-woven structure 
and the N solute atoms in solid solution. And the 
strength of the Ti−BN composites increased with 
increasing BN content. The Ti−2BN composite 
reached an ultimate compressive strength of 
~1.8 GPa with a fracture strain of ~9.2%. In 
Ti−1BN and Ti−2BN composites, crack deflection 
and crack branching were observed near the 
network-woven architecture of TiB during crack 
propagation, which contributed to the high 
toughness and damage tolerance of the TMCs. 
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网状编织 TiB 纳米线增强具有 
核壳结构 Ti 基体的高强度 Ti−BN 复合材料 
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摘  要：为提高 Ti 基复合材料(TMCs)的强度，以纳米 BN 粉和 Ti 粉为原材料，采用火花等离子烧结技术制备一

种具有新颖结构的 Ti 基复合材料，该复合材料由网状编织结构 TiB 纳米纤维和表面富含 N 溶质原子内部贫 N 的

核壳结构 Ti 基体组成。采用 X 射线衍射(XRD)、扫描电子显微镜(SEM)、电子探针显微分析仪(EPMA)和电子万

能材料试验机对制备试样的物相组成、形貌、元素分布和力学性能进行测试分析。结果表明，成功制备了具有实

验设计特殊结构的 Ti 基复合材料，制备的 Ti−2BN(质量分数，%)复合材料的极限抗压强度达到~1.8 GPa，断裂应

变为~9%；Ti−1BN(质量分数，%)的极限抗压强度为~1.6 GPa，断裂应变达到~20%。此外，讨论该复合强化结构

在增强 Ti 基复合材料强度中的作用。 
关键词：钛基复合材料；TiB 纳米线；氮；网状编织结构；核壳结构 
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