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Abstract: To assess the high-temperature creep properties of titanium matrix composites for aircraft skin, the TA15 
alloy, TiB/TA15 and TiB/(TA15−Si) composites with network structure were fabricated using low-energy milling and 
vacuum hot pressing sintering techniques. The results show that introducing TiB and Si can reduce the steady-state 
creep rate by an order of magnitude at 600 °C compared to the alloy. However, the beneficial effect of Si can be 
maintained at 700 °C while the positive effect of TiB gradually diminishes due to the pores near TiB and interface 
debonding. The creep deformation mechanism of the as-sintered TiB/(TA15−Si) composite is primarily governed by 
dislocation climbing. The high creep resistance at 600 °C can be mainly attributed to the absence of grain boundary α 
phases, load transfer by TiB whisker, and the hindrance of dislocation movement by silicides. The low steady-state 
creep rate at 700 °C is mainly resulted from the elimination of grain boundary α phases as well as increased dynamic 
precipitation of silicides and α2. 
Key words: discontinueously reinforced titanium matrix composite; TiB whisker; network structure; silicides; creep 
properties 
                                                                                                             

 
 
1 Introduction 
 

Discontinuously reinforced titanium matrix 
composites (DRTMCs) have attracted considerable 
attention due to the potential to meet the increasing 
demand for high-temperature properties, which can 
be challenging to achieve with a single titanium 
alloy [1−5]. In particular, HUANG et al [6] 
proposed a network structure design and successfully 
fabricated a series of quasi-continuous network- 
structured TMCs using a combination of the 
Hashin−Shtrikman (H−S) theory, low-energy ball 
milling and hot-pressing sintering. This approach 
enabled the control of the spatial distribution of TiB 

whiskers within the matrix, transitioning from a 
conventional uniform distribution to a network 
distribution. This transformation greatly improved 
the ductility of DRTMCs [1,7−9]. Subsequently, 
introducing silicides into phase boundaries has 
further improved the high-temperature properties of 
these composites, leading to the development of 
two-scale network TMCs, such as (TiB+Ti5Si3)/ 
Ti6Al4V and TiB/(TA15−Si) composites [7,10−12]. 

It is worth emphasizing that the creep 
properties play a vital role in assessing the thermal 
stability of structural assemblies made of TMCs 
during prolonged service periods [13]. Creep 
deformation is generally characterized as a slow 
plastic deformation occurring at high temperatures 
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(typically above 0.3Tm) and under stresses lower 
than the yield strength [14]. The typical creep curve 
follows the three-stage theory, a most used creep 
theory until now. This theory includes the stages of 
deceleration creep, steady-state creep (where work 
hardening and thermal activation softening are 
balanced) and acceleration creep (characterized by 
the formation of micro defects and accumulation of 
damage). 

The creep performance of TMCs is influenced 
by various factors. Apart from creep temperature 
and stress, the characteristics of the matrix, 
reinforcement and their interface also play a 
significant role in determining the creep properties. 
Studies have shown that TC4 alloys exhibited 
superior creep resistance compared to commercially 
pure titanium (CP-Ti) and even TiB/CP-Ti 
composites [15]. This can be attributed to the 
presence of the α/β phase boundary in TC4   
alloys, which impeded the slip of dislocations   
and grain boundaries. The mesh-basket or lamellar 
microstructure generally exhibited better creep 
resistance compared to bimodal and equiaxed 
microstructures in titanium alloys. Regarding the 
effect of reinforcement on creep performance, 
XIAO et al [16] investigated the creep behavior   
of (TiB+TiC+La2O3)/Ti composites and found a 
significant improvement in creep performance. 
BOEHLERT [17] discovered that TC4−1B (wt.%) 
produced via powder metallurgy can exhibit 
remarkable enhancements in creep resistance 
compared to TC4 alloy. During in-situ creep testing 
conducted at 455 °C and 450 MPa, preferential 
fracture of TiB whiskers can be observed within  
the composite. PRASAD et al [18] also reported 
enhanced creep resistance in IMI834 alloy after the 
introduction of 0.2 wt.% B and highlighted the load 
transfer strengthening effect of TiB whiskers. In 
addition, Si also played a crucial role in the creep 
properties of titanium alloys and TMCs. XU et al 
[19] and ZHENG et al [20,21] prepared hybrid 
reinforced (TiB+TiC+Y2O3)/Ti−6Al−4Sn−8Zr− 
0.8Mo−1W−1Nb−0.25Si composites through 
induction melting and extensively investigated the 
evolution of silicides. They found that silicides can 
hinder dislocation movement and pin the α/β phase 
boundary, thereby improving the creep resistance of 
the composites. However, there is limited research 
on the creep behavior of near-α high-temperature 
titanium alloys with the addition of TiB and Si, and 

the corresponding creep deformation and creep- 
resistant mechanisms are not yet fully understood. 

In the present work, the high-temperature 
creep behavior of TiB/(TA15−Si) composites   
with network structure was investigated in detail 
compared to TA15 alloy and TiB/TA15 composite. 
This study aimed to explore the mechanisms of 
creep deformation and resistance to creep, which 
can provide valuable insights for the long-term 
high-temperature applications of TMCs and other 
metal matrix composites. 
 
2 Experimental 
 

The fabrication processes of the as-sintered 
TiB/(TA15−Si) composite mainly included low- 
energy ball milling and vacuum hot pressing 
sintering, which has been detailed in the previous 
work [11]. The spherical TA15 (Ti−6.5Al−2Zr− 
1Mo−1V) alloy powders with a large size range of 
90−150 μm were raw materials as the matrix. TiB2 
powders (1−8 μm) and Si powders (2−3 μm) were 
raw materials as the reinforcement. According to 
the previously optimized compositions [11], the 
contents of TiB2 and Si powders were set at    
2 wt.% (equivalent to 3.5 vol.% TiB) and 0.3 wt.%, 
respectively. All the matrix and reinforcement 
powders were first mixed, and then subjected to 
low-energy ball-milling (160 r/min, 5 h, 5꞉1, Ar 
atmosphere) and sintering (1300 °C, 2 h, 20 MPa, 
vacuum degree of 10−2 Pa) in sequence. For 
comparison, the same preparation processes were 
used to fabricate the monolithic TA15 alloy and 
3.5 vol.% TiB/TA15 composite. 

The microstructural characteristics were 
analyzed using optical microscopy, scanning 
electron microscopy (SEM, ZEISS SUPRA 55 
SAPPHIRE) and transmission electron microscopy 
(TEM, FEI Talos F200x). Metallographic samples 
were prepared by grinding, mechanical polishing 
and etching using Kroll’s solution (5 vol.% HF + 
15 vol.% HNO3 + 85 vol.% H2O). TEM samples 
were thinned by grinding and ion-milling to 
produce 3 mm-diameter discs with an electron 
transparent region. High-temperature creep tests 
were carried out on the RWS50 testing machine 
equipped with load and displacement sensors. The 
creep behavior of the alloy and composites was 
evaluated at temperatures of 600 and 700 °C. 
Specifically, the applied creep stresses were 150, 
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200 and 250 MPa at 600 °C as well as 100, 110, 
120 and 140 MPa at 700 °C. The relevant gauge 
dimensions of the samples were 10 mm × 5 mm × 
2 mm, and the creep data were recorded with an 
interval of 20 s. It is worth noting that the creep 
tests were designed to be interrupted if the samples 
did not fracture within 100 h of testing. 
 
3 Results and discussion 
 
3.1 Microstructure characteristics 

The microstructural characteristics of the 
as-sintered TA15 alloy, 3.5vol.%TiB/TA15 and 
3.5vol.%TiB/(TA15−Si) composites are shown   
in Fig. 1. The TA15 alloy exhibits a typical 
Widmannstatten microstructure, with continuous 
and brittle grain boundary α phases ranging in 
width from 3 to 10 μm as shown in Figs. 1(a, b). 

This microstructural feature is known to be 
detrimental to the ductility and toughness of 
titanium alloys and composites [22]. The α colonies 
in the TA15 alloy consist of fine lamellar α and 
residual β phases. In contrast, the introduction of 
TiB reinforcement in the as-sintered 3.5vol.%TiB/ 
TA15 composite leads to the formation of ceramic 
TiB phases at the prior β grain boundaries, as 
shown in Figs. 1(c, d). This microstructural 
evolution helps to eliminate the coarse 
Widmannstatten microstructure and continuous 
grain boundary α phase, which is consistent with 
previous reports in the literature [23]. Additionally, 
the quasi-continuous network-structured TiB can 
refine the prior β phase. This special microstructure 
constructs a bi-connectivity of the matrix−matrix 
and whisker−whisker phases, providing an 
increased space for dislocation movement. Further  

 

 
Fig. 1 Microstructures of as-sintered TA15 alloy (a, b), 3.5vol.%TiB/TA15 (c, d) and 3.5vol.%TiB/(TA15−Si) (e, f) 
composites: (a) Low-magnification Widmannstatten structure; (b) High-magnification Widmannstatten structure;   
(c, e) Network structure; (d) Matrix inside network; (f) Matrix and silicides inside network 
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addition of Si in the as-sintered TiB/(TA15−Si) 
composite mainly promotes the precipitation of 
silicides along the α/β phase boundaries, as shown 
in Figs. 1(e, f). During the hot-pressing sintering 
process, the formation of sub-micro silicides 
involves complex processes, including in-situ 
reaction, high-temperature solid solution and 
diffusion, as well as heterogeneous nucleation and 
reprecipitation [24]. Notably, little addition of Si 
element does not significantly affect the network 
size of TiB or the grain size of lamellar α. 
 
3.2 Creep properties 

To evaluate the thermal stability of as-sintered 
TMCs, creep tests were conducted and analyzed. 
Figure 2 shows the creep strain−time curves of as- 
sintered TA15 alloy and as-sintered TiB/(TA15−Si) 
composite at a creep temperature of 600 °C, along 
with a comparison of various materials. The 
corresponding creep performance indices are listed 
in Table 1. Under a creep stress of 150 MPa, the 
as-sintered alloy remains in the steady-state creep 
stage after 100 h, as shown in Fig. 2(a), with a 
steady-state creep rate of 9.49×10−8 s−1. However, 
when the creep stress is increased to 200 MPa, the 
as-sintered alloy exhibits a significant decrease in 
creep property. The creep rupture life decreases to 
only 70.36 h, and the steady-state creep rate 
increases to 3.25×10−7 s−1. Furthermore, when the 
creep stress is increased to 250 MPa, the steady- 
state creep rate of the as-sintered alloy directly 
increases by an order of magnitude to 1.49×10−6 s−1. 
As a result, the creep rupture life is sharply reduced 
to 12.16 h, and the duration of the steady-state 
creep stage is considerably shortened, indicating   
a high susceptibility of the as-sintered alloy to 
high-stress conditions. In contrast, the as-sintered 
TiB/(TA15−Si) composite exhibits superior creep 
performance. As shown in Fig. 2(b), when the creep 
stress is 150 MPa, the steady-state creep rate of the 
composite is 2.07×10−8 s−1, an order of magnitude 
lower than that of the as-sintered alloy. As the creep 
stress increases to 200 MPa, the steady-state creep 
rate of the composite only increases to 4.93×10−8 s−1, 
which is still an order of magnitude lower than that 
of the as-sintered alloy. When the creep stress 
increases to 250 MPa, the as-sintered composite 
exhibits a creep rupture life of 84.17 h, which is 6 
times higher than that of the as-sintered alloy,    
as shown in Fig. 2(c). The steady-state creep rate is 

 

 
Fig. 2 Creep strain−time curves of as-sintered TA15 
alloy (a) and TiB/(TA15−Si) composites (b) under 
condition of 600 °C and 150−250 MPa; Creep strain− 
time curves of various alloy and composites under 
condition of 600 °C and 250 MPa (c) 
 
2.13×10−7 s−1, still an order of magnitude lower than 
that of the alloy. Notably, the creep performance of 
the as-sintered composite at 250 MPa is slightly 
higher than that of the alloys at 200 MPa, 
suggesting that the addition of TiB and silicides can 
significantly improve the creep performance of 
TA15 near-α high-temperature titanium alloy. 
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Table 1 Creep properties of as-sintered alloy and 
composites under condition of 600 °C and 150−250 MPa 

Material Stress/ 
MPa 

Steady creep 
rate/s−1 Time/h Strain 

As-sintered 
TA15 alloy 

150 9.49×10−8 >100 0.066 

200 3.25×10−7 70.36 0.174 

250 1.49×10−6 12.16 0.144 
As-sintered 
TiB/TA15 
composite 

250 5.02×10−7 42.18 0.192 

As-sintered 
TiB/(TA15−Si) 

composite 

150 2.07×10−8 >100 0.036 

200 4.93×10−8 >100 0.050 

250 2.13×10−7 84.17 0.147 

 
To analyze the roles of TiB and silicide 

individually, the as-sintered TiB/TA15 composite 
was obtained by the same fabrication process   
and tested at the creep condition of 600 °C and 
250 MPa, as shown in Fig. 2(c). Obviously, the 
introduction of TiB can improve the creep 
performance of the as-sintered alloy and lead     
to a more prolonged steady-state creep stage. 
Specifically, the creep rupture life of 42.18 h is 2.5 
times higher than that of the as-sintered alloy, and 
the steady-state creep rate of 5.02×10−7 s−1 is 0.5 
order of magnitude lower than that of the alloy. 
After introducing the Si, the creep property is 
further improved on the basis of TiB/TA15 
composite. The as-sintered TiB/(TA15−Si) 
composite with the highest creep rupture life at 
600 °C and 250 MPa also corresponds to the lowest 
steady-state creep rate (2.13×10−7 s−1), which is  
0.5 order of magnitude lower than that of the 
as-sintered TiB/TA15 composite and one order of 
magnitude lower than that of the as-sintered alloy. 
Additionally, the commercially forged TA15 alloy 
is also added for a comparison. Under the creep 
condition of 600 °C and 250 MPa, the forged TA15 
alloy exhibits the lowest creep rupture life (6.17 h), 
the highest steady-state creep rate (7.05×10−6 s−1) 
and the highest creep strain (0.62), as shown in 
Fig. 2(c). This indicates a low resistance to creep 
deformation and the steady-state creep stage cannot 
be significantly observed, suggesting that the creep 
parameters are already considered dangerous 
temperature and stress conditions for the forged 
alloy. As mentioned above, the creep rupture lives 
of both as-sintered alloy and composites decrease 
monotonically at 600 °C as the creep stress 

increases. The steady-state creep rate also increases 
monotonically. This can be attributed to the fact that 
higher creep stress can promote dislocation slip, 
leading to increased creep deformation. 

The creep properties of the alloy and 
composites at 700 °C are shown in Fig. 3 and 
Table 2. As presented in Fig. 3(a), the commercially 
forged alloy exhibits the lowest creep rupture life 
(2.24 h) and the highest steady-state creep rate 
(6.57×10−5 s−1). In comparison, the as-sintered  
alloy possesses a creep rupture life of 20.44 h   
and a steady-state creep rate of 1.80×10−6 s−1.   
The as-sintered TiB/TA15 composite shows a    
similar creep performance, with a creep rupture  
life of 20.38 h and a steady-state creep rate of 
2.15×10−6 s−1. This indicates that the introduction of 
TiB no longer improves the creep rupture life or 
reduce the steady-state creep rate of the alloy under 
the creep condition of 700 °C and 100 MPa. In 
contrast, the as-sintered TiB/(TA15−Si) composite 
exhibits superior creep performance at 700 °C. The 
creep rupture life is 109.32 h, which is 4.3 times 
 

 
Fig. 3 Creep strain−time curves at 700 °C: (a) Various 
alloy and composites under creep stress of 100 MPa;   
(b) As-sintered TiB/(TA15−Si) composites under 
different creep stresses 
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Table 2 Creep properties of as-sintered alloy and 
composites at 700 °C 

Material Stress/ 
MPa 

Steady creep 
rate/s−1 Time/h Creep 

strain 

As-sintered 
 TA15 alloy 100 1.80×10−6 20.44 0.325 

As-sintered 
TiB/TA15 
composite 

100 2.15×10−6 20.38 0.322 

As-sintered 
TiB/(TA15−Si) 

composite 

100 2.78×10−7 109.32 0.261 

110 4.79×10−7 63.32 0.217 

120 8.07×10−7 37.47 0.244 

140 1.71×10−6 16.28 0.202 

 
higher than that of the alloy. And the steady-state 
creep rate is 2.78×10−7 s−1, approximately an order 
of magnitude lower than that of the alloy. This 
suggests that the introduction of Si can continue to 
play a significant role in strengthening at 700 °C. 
As shown in Fig. 3(b), as the creep stress increases, 
the steady-state creep rate of as-sintered composites 
increases rapidly and the creep rupture life 
decreases rapidly. Under a creep stress of 140 MPa, 
the composite exhibits a steady-state creep rate of 
1.71×10−6 s−1 and a creep rupture life of 16.28 h, 
indicating that the creep properties of the 
composites at elevated temperatures are highly 
sensitive to stress. This behavior is mainly due to 
the increased thermal activation of atoms at higher 
temperatures, which reduces the resistance to 
dislocation motion within the crystal lattice. 
 
3.3 Creep-resistant mechanisms 

In the study of creep behavior of materials, the 
creep constitutive equation is a crucial relationship, 
which is expressed in Eq. (1):  

[ ]exp /( )nAσ Q RTε = −
 

                   (1) 
 
where ε  is the steady-state creep rate, A is the 
constant, σ is the creep stress, n is the creep stress 
exponent, Q is the creep activation energy, R is the 
molar gas constant and T is the creep temperature. 

Taking the logarithm of both sides of this 
equation, the variant formula can be written in 
Eq. (2):  

ln =ln ln QA n σ
RT

ε − +                     (2) 

When the temperature is fixed, ln ε is linearly 
related to ln σ and the slope (that is to creep stress 

exponent) can be obtained through linear fitting 
[25]. Then, the dominant creep deformation 
mechanism of the material can be inferred from the 
stress exponent. For simple alloys, when n is 1, the 
creep deformation belongs to the diffusion creep   
or Harper−Dom (H−D) creep. In this case, the 
diffusion creep can be further classified into Coble 
creep and Nabarro−Herring (N−H) creep. When n 
reaches 2, it indicates that grain boundary slip 
begins to play a role in the creep deformation of the 
material or serves as a part of the creep mechanism. 
When dislocation creep dominates in pure metals 
and some alloys, the creep stress exponent typically 
ranges from 3 to 5. 

As mentioned above, the creep stress exponent 
can be obtained by fitting the creep constitutive 
equation, which indicates the growth rate of the 
steady-state creep rate with increasing creep stress 
(at a fixed creep temperature). A higher stress 
exponent implies a faster growth of steady-state 
creep rate, suggesting a more pronounced effect of 
stress on the creep rate. Therefore, the creep stress 
exponent can be used to determine the dominant 
creep deformation mechanism of the material. 
Figure 4 shows the steady-state creep rate−stress 
curves of as-sintered TA15 alloy and TiB/(TA15−Si) 
composites at different creep temperatures. All 
stress exponents are between 3 and 6, which 
indicates that the creep deformation mechanism is 
mainly the dislocation creep mechanism [16]. When 
the dislocation slip is blocked, the edge-type 
dislocations can be thermally activated to climb  
into the neighboring glide plane to continue to slip. 
This climbing process can relieve the stress 
concentration generated by the dislocation pile-up, 
 

 
Fig. 4 Steady-state creep rate−creep stress curves of 
as-sintered TA15 alloy and TiB/(TA15−Si) composites at 
different creep temperatures 
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including the cancellation of positive and negative 
edge dislocation. Specifically, the creep stress 
exponents of as-sintered TA15 alloy and 
TiB/(TA15−Si) composite are 5.33 and 4.74 when 
the creep temperature is 600 °C. After increasing 
the creep temperature to 700 °C, the creep stress 
exponent reaches 5.41. Overall, the creep stress 
exponents and stress sensitivities of the composite 
show an increasing trend with increasing creep 
temperature. 

Figure 5 shows the post-creep microstructure 
of the as-sintered alloy and as-sintered TiB/ 
(TA15−Si) composite under a creep condition of 
600 °C and 250 MPa. As shown in Fig. 5(a), some 
microcracks tend to appear at the grain boundaries 
in the as-sintered alloy, which is mainly due to grain 
boundary cracking caused by the uncoordinated 
deformation and stress concentration at a higher 
stress. Figures 5(b−d) show the post-creep 
microstructures of the as-sintered composite. The 
cracks mainly appear in the TiB whiskers, 
indicating that the TiB reinforcement can still 
effectively transfer the load during the creep 
process. Moreover, under this stress and 
temperature condition, some pores also occur near 
the TiB whiskers due to interface debonding 
phenomena. GE et al [26] pointed out that the 
interface between the borides and matrix is usually 
prone to becoming a nucleation location for creep 

cracks. Figure 5(d) shows the silicides at the α/β 
phase boundaries in the as-sintered composite, 
which are capable of hindering dislocation motion 
during the creep process. Figure 6 shows the creep 
microstructures of as-sintered alloy and composite 
under a creep condition of 700 °C and 100 MPa.  
As shown in Fig. 6(a), the as-sintered alloy still 
exhibits pores at the grain boundaries due to stress 
concentration. These defects can grow and even 
lead to fracture of the material when the pores 
exceed the critical size in the subsequent process.  
In the as-sintered TiB/(TA15−Si) composite, the 
fracture phenomenon of the TiB whisker is no 
longer obvious, indicating a significant decline in 
load transfer strengthening. Furthermore, more 
creep pores begin to form at the TiB/Ti interfaces, 
as shown in Fig. 6(b), due to more severe 
deformation incongruity between the TiB and 
matrix at a higher temperature. LIU et al [27] and 
XU et al [28] also found this phenomenon in the 
creep deformation research of TMCs. Therefore, it 
is difficult for the TiB whiskers to play an effective 
strengthening role at a creep temperature of 700 °C. 
Meanwhile, the number of silicides at the α/β-phase 
interface increases significantly, as shown in 
Figs. 6(c, d), which is attributed to the sufficient 
thermal activation and creep time. The increased 
silicides can further hinder the dislocation motion 
and improve the creep resistance of the composites. 

 

 
Fig. 5 Creep microstructures of as-sintered TA15 alloy (a) and TiB/(TA15−Si) composite (b−d) under condition of 
600 °C and 250 MPa 
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Fig. 6 Creep microstructures of as-sintered TA15 alloy (a) and TiB/(TA15−Si) composite (b−d) under condition of 
700 °C and 100 MPa 
 

By combining the characteristics of creep 
curves with creep microstructure, the creep-resistant 
mechanisms of the composites can be analyzed. For 
the as-sintered TA15 alloy, the microcracks are 
prone to preferentially nucleating at the brittle 
continuous grain boundary α phase and expand 
under intense stress concentration, which ultimately 
leads to the creep fracture of the alloy. To improve 
the creep performance, TiB reinforcement is 
introduced into the TA15 alloy via powder 
metallurgy, resulting in a network-structured 
TiB/TA15 composite with a refined microstructure. 
Under a creep condition of 600 °C and 250 MPa, 
the as-sintered TiB/TA15 composite demonstrates 
superior creep performance compared to the 
as-sintered alloy. This is attributed to the effective 
load transfer strengthening by TiB reinforcement  
at this temperature. However, when the creep 
temperature is further elevated to 700 °C, both the 
composite and the alloy exhibit a similar level of 
creep resistance. At the higher temperature of 
700 °C, the significant matrix softening leads     
to uncoordinated deformation and debonding at  
the TiB/Ti interface, thereby weakening the 
strengthening effect of the TiB reinforcement in the 
composite to the level of the as-sintered alloy. To 
further enhance the creep resistance, Si is added  
to the TiB/TA15 composite, resulting in the 

TiB/(TA15−Si) composite. The silicides introduced 
at the α/β phase interfaces can provide a significant 
strengthening. Especially, the strengthening effect 
of Si addition can be maintained at 700 °C, 
presenting high thermal stability for the creep 
performance of TiB/(TA15−Si) composite. The 
strengthening mechanisms of the Si-containing 
composite can be attributed to the dual effects of 
the solid solution Si atoms and the precipitated 
silicides. The solid solution Si atoms can impede 
the dislocation motion by pinning the dislocations 
through the strong interaction, while the silicide 
particles can act as a secondary phase to hinder the 
dislocation motion. ZHENG et al [21] also pointed 
out that the reinforcements such as TiB, silicides 
and La2O3 can improve the creep performance of 
near-α titanium matrix composites by hindering 
dislocation motion. Additionally, the silicide/matrix 
interface is more stable compared to the TiB/Ti 
interface, which makes it difficult to form obvious 
microcracks during the creep process. 

The TEM microstructure of the as-sintered 
TiB/(TA15−Si) composite after creep fracture under 
condition of 700 °C and 100 MPa is shown in Fig. 7. 
The EDS mapping of Mo, Si and Zr elements    
in Fig. 7(a) reveals that silicides begin to precipitate 
in the α phases during the prolonged creep process. 
As shown in Figs. 7(b−d), obvious ordered α2 solid 
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Fig. 7 Post-creep TEM morphologies of as-sintered TiB/(TA15−Si) composite under creep condition of 700 °C and 
100 MPa: (a) HAADF and EDS mapping of silicides; (b) Bright-field image of (a); (c) HRTEM image of α phase in (b); 
(d) FFT of (c); (e) HAADF and EDS mapping of increased silicides; (f) Bright-field image of (e); (g) HRTEM image of 
α phase in (f); (h) FFT of (g) 
 
solution phases are observed to precipitate within  
a part of the α phases, as evidenced by the 
bright-field, high-resolution TEM and FFT results. 
Furthermore, a large number of new silicides are 
observed to precipitate along the phase interfaces 
during the creep process, as shown in Fig. 7(e) and 
the magnified image in Fig. 7(f). The distinctive 
needle-like silicides are consistent with the 
previously reported creep microstructure. The 
significant precipitation of α2 is also observed, as 
shown in the high-resolution TEM and FFT results 

in Figs. 7(g, h). The excellent creep performance of 
the as-sintered TiB/(TA15−Si) composite below 
700 °C is mainly attributed to the combined effects 
of the silicides, load transfer of TiB and eliminated 
grain boundary α phases. However, under the  
creep condition of 700 °C and 100 MPa, the TiB 
reinforcement is no longer able to provide effective 
strengthening. Instead, the increased precipitation 
of silicides and α2 phase becomes the dominant 
factor contributing to the creep resistance. The 
newly precipitated second-phase particles, 
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including the silicides and α2, can provide a 
dynamic hindrance to the dislocation motion, 
thereby enhancing the creep performance of the 
as-sintered TiB/(TA15−Si) composite at the higher 
temperature of 700 °C. In summary, the absence of 
grain boundary α phases and precipitation of more 
silicides and α2 are the key microstructural factors 
responsible for the excellent creep performance of 
the as-sintered TiB/(TA15−Si) composite at 700 °C. 
 
4 Conclusions 
 

(1) The introduction of TiB and Si can both 
significantly improve the creep performance of the 
as-sintered TA15 alloy under a condition of 600 °C 
and 250 MPa. The addition of TiB leads to a 
0.5-order-of-magnitude reduction in the steady-state 
creep rate compared to the alloy. Furthermore, the 
simultaneous addition of TiB and Si results in a 
one-order-of-magnitude reduction in the creep rate. 

(2) As the creep temperature increases to 
700 °C, the load transfer of TiB whiskers declines 
due to interface debonding caused by matrix 
softening and uncoordinated deformation. However, 
the presence of silicides maintains a relatively 
stable improvement in creep performance within 
the temperature range of 600−700 °C. 

(3) According to the creep constitutive model, 
the dominant creep deformation mechanism in  
both as-sintered TA15 alloy and TiB/(TA15−Si) 
composites is dislocation creep at 600−700 °C. The 
as-sintered TiB/(TA15−Si) composite exhibits a 
significantly low steady-state creep rate, which can 
be mainly attributed to several key factors: the 
elimination of grain boundary α phases, load 
transfer of TiB, and hindrance of dislocation 
movement by dynamic precipitation of silicides  
and α2. 
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网状结构 TiB/(TA15−Si)复合材料抗蠕变性能提升及内在机理 
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摘  要：为评估飞机蒙皮用钛基复合材料的高温蠕变性能，采用低能球磨和真空热压烧结技术制备了 TA15 合金

以及具有网状结构的 TiB/TA15 和 TiB/(TA15−Si)复合材料。结果表明，引入 TiB 和 Si 可使合金 600 ℃稳态蠕变率

降低 1 个数量级。Si 在 700 ℃时可保持有益效果，而 TiB 的积极作用则由于其附近的孔隙和界面脱粘而减弱。烧

结态 TiB/(TA15−Si)复合材料的蠕变变形由位错攀移主导，600 ℃时的高蠕变抗力主要归因于晶界 α 相的消除、  

TiB 晶须的载荷传递以及硅化物对位错运动的阻碍，其在 700 ℃时的低稳态蠕变速率主要来源于晶界 α相的消除

以及更多硅化物和 α2 的动态析出。 

关键词：非连续增强钛基复合材料；TiB 晶须；网状结构；硅化物；蠕变性能 
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