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Abstract: In order to elucidate the microstructure evolution and silicide precipitation behavior during high-temperature 
deformation, TiB reinforced titanium matrix composites were subjected to isothermal hot compression at 950 °C, strain 
rate of 0.05 s−1 and employing different strains of 0.04, 0.40, 0.70 and 1.00. The results show that with the increase of 
strain, a decrease in the content, dynamic recrystallization of the α phase and the vertical distribution of TiB along the 
compression axis lead to stress stability. Meantime, continuous dynamic recrystallization reduces the orientation 
difference of the primary α phase, which weakens the texture strength of the matrix. The recrystallization mechanisms 
are strain-induced grain boundary migration and particle stimulated nucleation by TiB. The silicide of Ti6Si3 is mainly 
distributed at the interface of TiB and α phase. The precipitation of silicide is affected by element diffusion, and TiB 
whisker accelerates the precipitation behavior of silicide by hindering the movement of dislocations and providing 
nucleation particles. 
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1 Introduction 
 

Titanium matrix composites are typical 
aerospace materials that are used due to their 
excellent mechanical properties, especially high- 
temperature strength [1−4]. In-situ TiB reinforced 
titanium matrix composites have attracted wide 
attention since they overcome the drawback of poor 
wettability between reinforcement and matrix [5,6]. 
However, the introduction of TiB whiskers and the 
formation of coarse Widmanstatten structure during 
solidification decreases the plasticity of titanium 
matrix composites. The hot working method can 
improve plasticity and increase strength [7,8]. It is 
noticeable that the results of hot working are related 
to the original microstructure, strain, deformation 

temperature, and deformation rate [8−10]. PENG et 
al [11] established the relationship among flow 
stress, strain rate, and deformation temperature of 
Ti60 titanium alloy. They noticed that to avoid 
instability such as cracking, the strain rate should 
not be higher than 1 s−1 during hot working. So, it is 
clear that the strain has an important effect on the 
evolution of microstructure and deformation 
behavior of titanium matrix composites. Still, the 
reported investigations are mainly directed on the 
microstructure when the flow stress reaches a 
steady state to understand deformation rate and 
temperature’s effect on formability [12]. Despite 
this, only a little attention is paid to the effect of 
strain on microstructural evolution. Hence, based 
on earlier studies on the effects of temperature and 
strain rate on the deformation behavior [13], they  
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are selected as 950 °C and 0.05 s−1, respectively.  
Also, the effects of recrystallization and silicide 
precipitation on the deformation behavior are 
studied. In addition to the formability, many 
investigations also emphasize improving the 
mechanical properties of the titanium matrix 
composites [14]. The mechanical properties at room 
temperature of titanium matrix composites with 
poorly plastic hexagonal close-packed structure α 
phase depend on the formation of texture during hot 
working [15−17]. Then, the texture strength 
increases sharply with the deepening strain. The 
study on the evolution of texture during hot 
working is significant in controlling the α phase and 
morphological orientation of TiB to improve the 
mechanical properties. Thus, studies on the textural 
evolution of TiB reinforced titanium matrix 
composites, and the precipitation behavior of 
silicides are necessary. 

The hot working process often accompanies 
silicide precipitation, and it usually occurs in the 
α+β phase region [18]. The abundant Zr and Si 
elements in the β phase provide favorable 
conditions for the silicide precipitation. The 
precipitated silicide can hinder the movement of 
dislocations and promote the recrystallization 
behavior of the matrix. ZHANG et al [19] found 
that silicide increases the deformation activation 
energy of Ti65 high-temperature titanium alloy, 
making the deformation difficult. This indicates  
that the silicide precipitation further worsens the 
processability of titanium matrix composites. The 
precipitation of silicide during multi-directional 
forging has been reported [20], but the effect of TiB 
on silicide precipitation during hot compression has 
not been explored. This necessitates studying  
effect of TiB on precipitation behavior of silicide in 
the deformation process of TiB reinforced titanium 
matrix composites. 

In this study, the microstructural evolution and 
silicide precipitation behavior at the TiB interface 
of titanium matrix composites are elucidated using 
the hot compression test at different strains. The 
recrystallization behavior of α phase under flow 
stress is studied, and the effect of TiB on silicide 
precipitation behavior is discussed. The mechanism 
of recrystallization and silicide precipitation during 
hot compression is clarified. From the results 
obtained from the present work, valuable insights 
about the deformation mechanism and silicide 

precipitation behavior of the titanium matrix 
composites are received. 
 
2 Experimental 
 

A nominal composition of Ti−6Al−4Sn− 
10Zr−1Mo−1Nb−1W−0.3Si (wt.%) and 3 vol.% 
TiB reinforced phase titanium matrix composites 
with β transition temperature of 1000 °C were 
prepared by vacuum induction melting. Briefly, a 
sample of size d8 mm × 12 mm was cut from the 
ingot, and graphite slices were placed at both ends 
for lubrication. The hot compression test for the 
ingot was conducted using the Gleeble−1500 
simulator. As per the reported data [13], the 
conditions for hot compression were set as 
temperature of 950 °C, strain rate of 0.05 s−1, and 
the varied applied strains as 0.04, 0.40, 0.70, and 
1.00. The sample was preheated for 5 min before 
the hot compression test and subjected to water 
quenching immediately after the completion of the 
test. To eliminate the effect of heating temperature 
on the evolution of microstructure and silicide 
precipitation, a control group was designed with 
heat treatment experiments for hot compression 
experiments. The as-cast samples were quenched 
directly without applying pressure after heat 
treatment for 400 and 420 s. An area was selected 
and prepared for the microstructural observation as 
per the procedure reported in Ref. [13]. The 
amorphous colloidal silica polishing suspension 
(MasterMet2) was used to polish the surface using a 
vibration polishing machine (Buehler VibroMet 2). 
The microstructure of titanium matrix composites 
was observed using backscattering scanning 
electron microscopy (BSEM, FEI Quanta 250), 
electron backscatter diffraction (EBSD), and 
transmission electron microscopy (TEM, Tecnai G2 
F20S). Based on the results of EBSD, the density of 
dislocations (ρ) can be roughly estimated using  
Eq. (1) [21]: 

 
ρ=κ/b                                  (1) 

 
where κ is the lattice curvature, b is the Burgers 
vector, and the value is 2.95×10−10 for α phase. 
 
3 Results and discussion 
 
3.1 Stress−strain curve during hot compression 

As shown in Fig. 1, the microstructure analysis 
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confirms the presence of TiB whisker, residual β 
phase, and primary α phase. Defects such as casting 
shrinkage cavities are observed in the matrix which 
are shown by the arrows. 
 

 
Fig. 1 As-cast microstructure of titanium matrix 
composite 
 

The stress−strain curves of titanium matrix 
composites under different strains (0.04, 0.40, 0.70 
and 1.00) shown in Fig. 2 assist in understanding 
the trend in stress change during the hot 
compression test. The four stress−strain curves 
under different strains depict a similar trend, 
indicating that the observation of microstructural 
evolution by the semi-in-situ route is reliable. 
Before the strain reaches 0.04 (Fig. 2(a)), the stress 
increases gradually to 128.93 MPa along with the 
strain due to the work hardening effect. Once the 
stress reaches the maximum, the dynamic softening 
rate becomes higher than the machine hardening 
rate, and thus, stress is reduced (Figs. 2(b−d)). 
When the strain reaches about 0.70 (Fig. 2(c)), the 
stress−strain curve attains dynamic equilibrium. 
Above this point, the stress does not change 
significantly with the increase in strain (Fig. 2(d)). 
 

 
Fig. 2 Stress−strain curves at various strains: (a) 0.04;  
(b) 0.40; (c) 0.70; (d) 1.00 

3.2 Microstructural evolution 
The microstructures of the control group after 

heat treatment are shown in Fig. 3. After heat 
treatment for 400 s, the content of the primary α 
phase decreases, and silicide is mainly distributed at 
the interface between the primary α phase and 
residual β phase. During the rapid cooling process 
after the heat treatment, the silicide adheres to the 
interface of the primary α phase instead of 
competing with the β phase [22]. With the increase 
of the heat treatment time, the morphology and 
content of the primary α phase vary slightly, and the 
morphology of some silicides at the termination 
position evolves from granular to thin shells. The 
high chemical potential energy and element 
diffusion rate at the termination position may be 
responsible for the formation of thin shell silicide. 
 

 
Fig. 3 Microstructure of titanium matrix composite after 
heat treatment for 400 s (a) and 420 s (b) 
 

The microstructures of titanium matrix 
composite under different strains are presented in 
Fig. 4. It is found that the content of the primary α 
phase decreases, and also, silicide precipitates 
mainly settle at the boundary of the primary α phase. 
Due to the good plasticity of the matrix at 950 °C, 
the crushing degree of TiB whiskers increases 
slightly with the increase in applied strain. Also, it 
is noted that the increased residual β phase 
developed during hot compression is retained after 
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Fig. 4 Microstructures of titanium matrix composite subjected to various strains: (a) 0.04; (b) 0.40; (c) 0.70; (d) 1.00 
 
the water quenching process. As the content of the  
β phase becomes higher, the processability of 
titanium matrix composites is improved [23]    
and provides favorable conditions for silicide 
precipitation [24,25]. The stress approaches the 
peak value when the strain is 0.04 (Fig. 4(a)), and 
the recrystallization degree is relatively low. The 
lamellar primary α phase is retained in the matrix. 
Most TiB whiskers are intact, and some voids are 
present due to a few broken TiB junctions. Further, 
the β phase is transformed into the α phase in the 
subsequent cooling process. When the strain is 0.40, 
the primary α phase recrystallizes. Still, due to the 
limited deformation when the strain is 0.40, only a 
small quantity of the equiaxed α phase is observed 
in Fig. 4(b). The interface of the primary α phase is 
curved in the magnified image (Fig. 4(b)), and   
the serrated α phase boundary produced by the 
grain boundary migration provides a nucleation  
position [26], which can accelerate the recrystalli- 
zation process [27]. The mechanism of this 
recrystallization is referred to as strain-induced 
grain boundary migration [28]. 

Although the degree of deflection and 
fragmentation of TiB whiskers are increased 
compared to Fig. 4(a), it is not completely 
perpendicular to the compression axis. From 
Fig. 4(c), some lamellar primary α phases can be 

observed when the stress is stable (ε=0.70), and 
there is an apparent increase in the number of 
equiaxed α phases. The broken TiB whisker is 
perpendicular to the compression axis. With further 
increase of strain to 1.00, the primary α phase is 
further equiaxed; only a very small amount of 
lamellar primary α phase is observed in the matrix. 
In the magnified image (Fig. 4(d)), a part of the 
equiaxed α phase at the interface of TiB whiskers 
displays that the second phase can promote 
recrystallization. This mechanism is termed as 
particle stimulated nucleation [29,30]. It should be 
noted that the stress can be related to the orientation 
of TiB whiskers in the matrix when the stress 
reaches stability (Fig. 2), the orientation of TiB 
whiskers no longer changes (Fig. 4). Compared to 
the microstructure after heat treatment (control 
group), the thin shell silicide at the α phase 
boundary disappears during deformation. With the 
progress of deformation, the gradual decrease in the 
content of the primary α phase indicates that the 
temperature of the material increases [31]. It is 
reported that the increase in temperature leads to the 
spheroidization of thin shell silicide [22]. Therefore, 
the lack of timely loss of heat generated during 
deformation may be the main reason for the 
disappearance of thin shell silicide. 

To further observe the evolution of the 
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microstructure and sub-structure during the 
deformation, titanium matrix composites are 
characterized using EBSD. Under thermal stress, 
the β grains are refined, and the size of α clusters is 
decreased. The inverse pole figure (IPF, Fig. 5(a)) 
displays that the orientation of the secondary α 
phase in the same α cluster is consistent, and a 
disorder exists between different α clusters and 
compression axis. No dense peaks could be 
observed in the corresponding pole figure (PF) 
(Fig. 5(b)). When the strain increases to 0.4, the 
primary α phase begins to recrystallize (Fig. 5(c)). 
The peak intensity of the Position A decreases 
(Fig. 5(b)). Some high-intensity peaks appear along 
the direction of RD (Fig. 5(d)), indicating the 
preferred orientation in the matrix. Figures 5(e) and 
(g) demonstrate IPFs at strains 0.70 and 1.00, 
respectively. With the progress of compression, α 
cluster size further decreases and is identified as a 
grain at the position illustrated in the ellipsoid. The 
preferred orientation is not further expanded or 
even slightly reduced (Figs. 5(f) and (h)), which 
might be related to the recrystallization of the 
lamellar primary α phase. 

The cumulative misorientations along the long 
axis of the lamellar α phase are shown in Fig. 6. 

The cumulative misorientations are counted along 
the arrow direction in all the illustrations, and the 
left endpoint is the starting point. It can be seen 
from Fig. 6(a) that when the strain is 0.04, the 
cumulative misorientations of the lamellar α phase 
are less than 2°, while all adjacent misorientations 
are also less than 2°. CHEN et al [32] proposed that 
the orientation deviation of less than 2° could be 
attributed to the formation of low angle grain 
boundaries (LAGBs) caused by the accumulation of 
dislocations. Hence, it can be concluded that the 
lamellar α phase is relatively stable when the strain 
is low, and therefore, the softer β phase’s 
dislocations are difficult to spread in the α phase to 
produce effective deformation [33]. When the strain 
increases to 0.40, the cumulative orientation 
deviation along the L2 line gradually increases in 
the lamellar α phase, as shown in Fig. 6(b). Several 
small directional jumps (no more than 5°) are 
recorded which imply the proliferation of many 
dislocations. A continuous increase in the 
cumulative misorientations shows that the sub-grain 
boundaries continuously capture the dislocations 
with increased strain. The sub-grain boundary 
inside the lamellar α phase gradually becomes 
active. It can be deduced from Fig. 6(c) that when  

 

 
Fig. 5 EBSD maps together with pole figures of α phase at different strains: (a, b) 0.04; (c, d) 0.40; (e, f) 0.70;       
(g, h) 1.00; (a, c, e, g) IPF; (b, d, f, h) PF 
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Fig. 6 Evolution of misorientation gradient along straight lines in lamellar α phase at different strains: (a) 0.04; (b) 0.40; 
(c) 0.70; (d) 1.00 
 
the strain is 0.70, the orientation difference between 
the adjacent grains is large, and the point-to-point 
orientation difference reaches 35°, which is 
significantly more than 15°. However, the 
orientation difference is relatively stable within the 
sub-grain. This is consistent with the results of 
HUANG and LOG [34] that the formation of new 
sub-grains is due to the transformation from 
LAGBs to high angle grain boundaries (HAGBs). 
At a strain of 1.00, very few lamellar α phases exist 
in the matrix. From the grain analysis shown in 
Fig. 6(d), it is clear that the lamellar α phase is 
divided into multiple segments. According to the 
cumulative orientation difference, it can be 
substantiated that the new recrystallized α phase is 
formed in the lamellar α phase. It is noticeable from 
the variation trend of cumulative misorientations 
that the strain promotes the formation of    
HAGBs, which is an important feature of the 
recrystallization process. This process of forming 
complete recrystallized grains is called as 
continuous dynamic recrystallization (CDRX) [35]. 
In the hot compression test, the CDRX is mainly 

responsible for the refinement of the α phase in the 
titanium matrix composites. 

It can be inferred from Fig. 6 that the 
recrystallization of the lamellar α phase occurs 
during hot compression, characterized by gradual 
rotation of sub-grain orientation. Figure 7 displays 
the variation in the dislocation density of titanium 
matrix composites calculated under different strains 
using Eq. (1). The dislocation density increases 
with an increase in strain, and the rate of increase is 
higher in the strain range of 0.40−0.70. Combined 
with the stress−strain curve (Fig. 2), the dynamic 
recrystallization rate is most significant in this 
range. As a result, with the accumulation of 
dislocations during hot compression, the sub-grain 
orientation in the lamellar α phase changes and 
gradually evolves into recrystallized grains. 

As shown in Fig. 8(a), except for the 
interfacial bending of a few lamellar α phases, the 
micromorphology of α clusters is not deformed, 
indicating that the recrystallization in titanium 
matrix composites is very limited at a strain of 0.04. 
It is worth noting that when the strain increases to  
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Fig. 7 Effect of strain on dislocation density 
 
0.40, the lamellar α phase is cut into two parts by 
silicide (from the selected area electron diffraction 
(SAED) results) or other oriented α phases 
(Fig. 8(b)). Also, it is inferred that the second phase 
like silicide easily becomes the nucleation particles 
for recrystallized grains, which accelerates the 
recrystallization process. With progress in 
deformation, the coarse lamellar α phase is refined 
into fine equiaxed grains, as indicated in the dotted 
line in Fig. 8(c). In the deformation process, 
dislocations gather at the α phase boundary, leading 
to new sub-grains and eventually evolving into new 
recrystallized grains. With a continuous increase in 
the strain to 1.00 (Fig. 8(d)), the recrystallized 
grains completely replace the lamellar α phase. 

3.3 Precipitation behavior of silicide 
The solubility of silicon near the primary α 

phase can be expressed by the Thompson- 
Freundlich equation (Eq. (2)) as follows [36]: 

 
ln(Cr/C∞)=2Mpγ/(RTρr)                    (2) 

 
where Cr represents the equilibrium solubility of 
silicon, C∞ represents the solubility at the end of the 
primary α phase, Mp is the molar mass, γ is the 
interface energy, R is the gas constant, T is the 
thermodynamic temperature, ρ is the density, and r 
is the radius of curvature at the termination. With 
the increase in heat treatment time, the primary α 
phase in the as-cast structure gradually declines. 
The increase of r leads to the increase of the 
potential energy of silicon at the end of the α phase, 
which accelerates the diffusion of solute atoms, 
leading to the formation of high chemical potential 
at the end of the α phase. Therefore, thin shell 
silicide is easier to form at the terminal ends during 
heat treatment. Figure 9 shows the elemental 
distribution obtained by line scanning of EDS at the 
α/β phase boundary and the terminal end of the 
primary α phase. As shown by the dotted line in 
Fig. 9(c), the peaks of Si, Nb, and Mo elements near 
silicide appear simultaneously. This phenomenon is 
more apparent near the thin shell silicide at the 
terminal end of the primary α phase. During the 
heat treatment, α phase transforms into β phase,  
and Nb and Mo as β stable elements diffuse to α 

 

 
Fig. 8 TEM micrographs of lamellar α phase at different strains: (a) 0.04; (b) 0.40; (c) 0.70; (d) 1.00 
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Fig. 9 Line scan positions of titanium matrix composites after heat treatment at 400 s (a) and 420 s (b), and line scan 
results at 400 s (c) and 420 s (d) 
 
interface, providing favorable conditions for  
silicide precipitation. On the other hand, the phase 
transition occurs easily near the terminal end of the 
α phase, and therefore, thin shell silicide first forms 
near the terminal end. 

Besides precipitating at the interface of the 
primary α phase, silicide could also be observed at 
the interface of the TiB whiskers, especially at the 
termination of the whisker during hot compression. 
Taking titanium matrix composites subjected to a 
strain of 0.7 (Fig. 2(c)) as an example, the 
precipitation behavior of nano-silicide near TiB is 
observed using TEM. As displayed in Fig. 10(a), 
silicide shows an average size of 400 nm at the 
interface of TiB whiskers. Corresponding to this 
position, it is evident from HRTEM (Fig. 10(b)) 
that there is a ledge with a height of about 10 nm in 
the direction of the {010} plane of TiB, indicating 
that the in-situ TiB whiskers grow by the ledge 
mechanism. The ledge at the TiB interface can 
provide more nucleation particles, making it easier 
for silicide to nucleate and grow along the ledge. 
Moreover, due to the stress introduced by hot 
compression, stress stripes (Fig. 10(b)) are 
produced at the interface between TiB whisker and 
silicide, which is consistent with the direction of the 
{010} crystal face of TiB. The magnified image 

(Fig. 10(c)) clearly shows that the lattice distortion 
produced by TiB whiskers during hot compression 
and the introduction of dislocation on the ledges 
can be retained by water quenching. The 
composition supercooling of interstitial Si atom, 
which easily spreads and aggregates along 
dislocations is another important reason for silicide 
precipitation at the interface of TiB whiskers. Thus, 
the ledge at the interface of TiB whiskers and    
the stress during compression accelerate the 
precipitation behavior of silicide. Lattice distortion 
of TiB is caused by stress, and the dislocation is 
introduced to the ledge at the phase boundary of 
TiB. The silicon element diffuses and accumulates 
rapidly along the dislocations at the phase boundary 
and causes supercooling. 

The protruding phase boundary ledges 
facilitate the precipitation of silicide, making it 
easier to nucleate and grow. The crystal face 
spacings D1 and D2 of TiB whiskers measured 
from Fig. 10(c) are 0.200 and 0.217 nm, 
respectively, and the crystal face spacings of silicide 
are 0.219 and 0.237 nm, respectively. Based on this, 
the mismatches between the silicide and {010} 
crystal face and the {100} crystal face of the TiB 
whisker are estimated to be 9.5% and 9.2%, 
respectively. The large degree of mismatch 
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indicates that the crystal plane between them is 
non-coherent. Figure 10(d) is the fast Fourier 
transform (FFT) image of Fig. 10(c). The satellite 
spots around the reflection of the TiB whisker 
crystal face from the interference between the 
silicide {1101} and {0112}  crystal faces and the 
TiB {010} and {100} crystal faces also imply that 
the interface between them is incoherent. Combined 

with the EDS energy spectrum (Fig. 10(e)) and 
existing reports [37], it is further confirmed that the 
type of silicide precipitated is Ti6Si3. 

According to the microstructure evolution of 
titanium matrix composites during hot compression, 
the schematic for the recrystallization process is 
depicted, as shown in Fig. 11. In the initial state 
(Fig. 11(a)), the matrix structure consists of the 

 

 
Fig. 10 TEM image (a) and HRTEM images of interface (b, c), fast Fourier transform image (d), and EDS energy 
spectrum of silicide (e) 
 

 
Fig. 11 Schematic diagram of recrystallization: (a) Original microstructure; (b) Dislocation generation; (c) Dislocation 
multiplication; (d) Dislocation accumulation; (e) Dislocation wall; (f) Subgrain formation 
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primary α phase, β phase, and the silicide produced 
in the heat preservation. At the beginning of hot 
compression (Fig. 11(b)), a part of the TiB 
strengthening phase is broken under the applied 
load, the lamellar α phase deflects, and the 
dislocations accumulate at the α phase boundary, 
silicide, and TiB. With the increase in strain 
(Figs. 11(c, d)), dislocations accumulate in the 
lamellar α phase to form sub-grains, the 
misorientation gradient between the adjacent 
sub-grains increases, and silicide precipitates at the 
α phase boundary and TIB. As the strain increases 
continuously (Fig. 11(e)), the dislocation wall forms 
in the original primary α phase, the silicide size 
becomes larger, and the TiB distributes along the 
direction perpendicular to the compression axis. 
Finally, the accumulated dislocations form a phase 
boundary, as shown in Fig. 11(f). The dynamic 
recrystallization reduces the dislocation density and 
transforms the lamellar α phase into an equiaxed α 
phase. 
 
4 Conclusions 
 

(1) With an increase in strain, the silicide 
content precipitated at the boundary between TiB 
whisker and α phase changes slightly, while the 
recrystallization degree of the primary α phase 
increases. The mechanism of continuous dynamic 
recrystallization can be classified as strain-  
induced grain boundary migration of the α phase 
and particle-stimulated nucleation by TiB whisker. 

(2) The recrystallization of the α phase results 
in a decrease in texture strength and preferred 
orientation. Recrystallization during the hot 
compression is mainly responsible for grain 
refinement. The cumulative misorientations display 
that the formation of recrystallized grains results 
from the transformation of LAGBs to HAGBs. 

(3) Element diffusion is the main reason for 
silicide precipitation, and the interface between TiB 
and Ti6Si3 silicide is incoherent. The dislocation 
deposited near the TiB whiskers accelerates silicon 
diffusion, and the ledge at the interface provides 
nucleation particles, offering favorable conditions 
for silicide precipitation. 
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摘  要：为了研究 TiB 增强钛基复合材料在高温变形过程中的组织演变和硅化物析出行为，950 °C 时在应变速率

为 0.05 s−1，应变分别为 0.04、0.40、0.70 和 1.00 的工况下对其进行等温热压缩试验。研究发现：随着应变的增加，

初生 α相含量降低及其发生的连续动态再结晶和 TiB 增强相沿垂直压缩轴方向的定向分布导致应力趋于稳定，同

时连续动态再结晶导致初生 α相的取向差减小，从而削弱基体的织构强度。动态再结晶的机制主要是应变诱导晶

界迁移以及 TiB 增强相诱导晶粒形核。元素扩散促进硅化物的析出，析出的 Ti6Si3型硅化物主要分布在 TiB 及 α

相的界面上，TiB 增强相通过阻碍位错的运动和提供形核质点加速硅化物的析出行为。 
关键词：钛基复合材料；动态再结晶；硅化物析出；热压缩 
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