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1 Introduction
Titanium matrix composites (TMCs) have become 
increasingly popular in critical component applications 
in the aerospace, automotive, and defense industries 
due to their many advantages, including higher specific 
strength and stiffness than titanium alloys, as well 
as excellent corrosion resistance, high-temperature 
resistance, and wear resistance [1-6]. These materials 
are subject to stringent requirements for both structure 
and mechanical properties, as they must be able to 
withstand heavy loads and severe friction conditions [7-9].
To improve the strength and wear resistance of 
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Effect of heat treatment on microstructure, 
mechanical and tribological properties of in-situ 
(TiC+TiB)/TC4 composites by casting

TMCs, most research focuses on selecting suitable 
reinforcements and determining the optimal amount of 
reinforcement to add [10-12]. However, these composites 
still exhibit sacrificial ductility, which can make 
subsequent processing more challenging. To address this 
issue, heat treatment has emerged as an effective way to 
optimize the performance of TMCs by regulating their 
phase transition behavior and microstructure, thereby 
enhancing their strength without sacrificing plasticity.

In discontinuously reinforced TMCs, in-situ TiB 
whiskers and TiC particles are highly regarded as ideal 
reinforcements due to their exceptional modulus and 
thermal stability. Furthermore, their nearly identical 
density and expansion coefficient to Ti make them a 
desirable choice for creating these composites [13-16].
The (TiC+TiB)/TC4 composites are prepared using the in-
situ casting method, due to that TC4 (a Ti-6Al-4V series 
titanium alloy) exhibits excellent comprehensive properties 
and suitability for heat treatment strengthening [17-19]. 
Conventional heat treatment methods for titanium alloys 
include β heat treatment and α/β heat treatment, which 
are effective at enhancing creep properties but may result 
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in reduced ductility [20-22]. However, a novel heat treatment 
process known as the TRIPLEX heat treatment has emerged [22]. 
This process involves solution treatment at both the β phase 
region and (α+β) phase region, followed by aging treatment. The 
TRIPLEX heat treatment is considered an effective method for 
improving both strength and plasticity [23]. Research indicates 
that TRIPLEX heat treatment can yield a dense basketweave 
microstructure in TMCs [24]. This microstructure can enhance 
not only tensile strength but also fracture toughness, fatigue 
crack propagation resistance, and creep resistance [25-27]. 
However, few studies have investigated the impact of 
TRIPLEX heat treatment on microstructure evolution and the 
resulting mechanical and tribological properties of TMCs. 
Thus, it is crucial to have a better understanding of the 
relationship between microstructure, mechanical properties, 
tribological characteristics, and various heat treatment 
processes, particularly for using TMCs in diverse working 
conditions, which demand high strength and wear resistance.

In this study, the conventional β heat treatment process 
and two types of TRIPLEX heat treatment processes were 
performed to evaluate their impacts on the microstructure, 
mechanical properties, and tribological properties of the 
(TiC+TiB)/TC4 composites. 

2 Experimental procedures
2.1 Sample preparation
The experimental raw materials included commercial 
TC4 alloy, B4C powder (98% purity, with an average particle 
size of 50 μm), and C powders (99.8% purity, with an average 
particle size of 5-7 μm). The 6vol.% (TiB+TiC) reinforced TC4 
composites were prepared using a vacuum non-consumable 
arc melting furnace with argon protection, and the ratio of 
TiB to TiC is 1:1. To prevent splashing, the C powders and 
B4C powders were wrapped in aluminum foil and placed 
in the crucible inside the furnace with the experimental 
materials before melting. To ensure material structure 
uniformity, all the prepared samples need to be melted for 5 
times, and cooled in a water-cooled copper crucible to form 
a button ingot weighing around 30 g. The following in-situ 
reactions occurred in the melts [28]: 5Ti+B4C =4TiB+TiC and 
Ti+C=TiC.

2.2 Determination of heat treatment 
process

A theoretical calculation method was used to determine the 
β transition temperature of the (TiC+TiB)/TC4 composites 
accounting for the influence of various elements. The 
calculation equation is as follows: 

in Table 1. The chemical composition of the TC4 alloy was detected 
by X-ray fluorescence spectrometer (ARL PERFORM' X), as shown 
in Table 2. Based on Eq. (1), the β phase transition point of the 
(TiC+TiB)/TC4 composites designed in this study was calculated to 
be 1,030 °C.

The grain size and nucleation quantity of TC4 alloy are inflluenced 
by the β heat treatment temperature, and the heat treatment 
temperature in the α+β region is approximately 100 °C below the 
phase transition point [30]. The aging process of TC4 alloy involves 
heating to around 500-600 °C, followed by holding for 4-12 h [31]. 
Therefore, based on the measured β phase transition point, the two 
β heat treatment temperatures of 1,050 °C and 1,150 °C were set 
to study the effect of solution temperature on microstructure and 
properties. The heat treatment temperature in the α+β region was set 
to 950 °C, and the aging temperature was set at 500 °C. The detailed 
heat treatment processes of the conventional β heat treatment and 
two β-three stages heat treatments are displayed in Table 3. To 
ensure a high-vacuum environment during the heat treatment, the 
samples were sealed in a quartz tube.

2.3 Mechanical properties and friction tests
The compression properties were tested using an MTS810 
electronic universal testing machine at a strain rate of 1.38×10-4 s-1

at room temperature. The samples measured Φ3 mm×6 mm in size. 

Ac3 =885 °C+ΣEi×Δt  (1)

Table 1: Effect of element on phase transition point of 
titanium alloy [29]

Element 
type Element

Element 
content 
(wt.%)

Change in phase 
transition point/Element 

amount

α stable 
element

Al
0-2 +14.5 °C/1.0wt.%

2-7 +23.0 °C/1.0wt.%

C
0-0.15 +2.0 °C/0.01wt.%

0.15-0.5 +0.15 °C/0.01wt.%

B
0-0.05 +1 °C/0.01wt.%

0.05-0.5 +0.025 °C/0.01wt.%

O 0-1.0 +2.0 °C/0.01wt.%

N 0-0.50 +5.5 °C/0.01wt.%

β stable 
element

V 0-10 -14.0 °C/1.0wt.%

Mo 0-5 -5.5 °C/1.0wt.%

Nb 0-10 -8.5 °C/1.0wt.%

Si 0.45-1 -3.5 °C/0.1wt.%

H 0-0.50 -5.5 °C/0.01wt.%

Fe 0-15.0 -16.5 °C/1.0wt.%

Neutral 
element Zr 0-10 -2.0 °C/1.0wt.%

Table 2: Composition of TC4 alloy (wt.%) 

Al V Fe Si Ti

6.1 4.2 0.05 0.08 Bal.

where Ac3 is the β transition temperature of TMCs, and 885 °C
is the β transition temperature of pure titanium; Ei refers to 
element content, Δt is the change in phase transition point 
caused by corresponding element. The effect of each element 
on the phase transformation point of the titanium alloy is listed 
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Table 3: Heat treatment processes for (TiC+TiB)/TC4 composites

Heat treatment 
process β region α+β region Aging

HT1 1,050 °C/3 h+AC - 500 °C/4 h+AC

HT2 1,050 °C/1 h+AC 950 °C/1 h+AC 500 °C/4 h+AC

HT3 1,150 °C/1 h+AC 950 °C/1 h+AC 500 °C/4 h+AC

The results were the average of at least three measurements. The hardness of 
the composites was measured using an HR-150A-type Rockwell hardness tester 
under a 1,000 g load holding for 15 s. The final hardness value was determined 
by taking the average of the five indentation points.

The MMU-5G friction tester was used to conduct the dry friction testing 
in a pin-on-disc contact configuration with a sliding mode. The testing was 
performed with a load of 150 N and a sliding speed of 0.55 m·s-1 for 10 min. 
As the counter-abrasive pair, Cr12MoV steel (58-60HRC) was selected. 
The samples were machined to cylindrical pins measuring Φ4 mm×15 mm. 
All friction tests were conducted a minimum of three times, and the final 
specific wear rate was calculated as the average value of these tests. To ensure 
accuracy, an ultrasonic cleaning machine was used to clean all samples in 
acetone and remove any residual debris on worn surfaces. The specific wear 
rate of the samples was then determined using the following equation:

(2)

where W is the specific wear rate, V is the wear volume of pins (mm3), S is 
the sliding distance (m), and F is the normal load (N).

2.4 Microstructure characterization
XRD analysis was performed using a Shimadzu XRD-7000 type X-ray 
diffractometer. The microstructure of the composites were observed using 
a S-3400N scanning electron microscope. The microstructure and element 
distribution of the worn surface of the composites were detected using 
a thermal field emission scanning electron microscope (ZEISS, Gemini 
SEM 300). Laser scanning confocal microscopy (LSCM, OLS4100, Japan) 
was used to obtain the image of worn surface topography. Meanwhile, an 
accurate numerical description of the three-dimensional (3D) worn surface 
was obtained.

To obtain crystallographic information such as grain boundary distribution, 
grain size and orientation of the composites, the microstructure was 
characterized by electron backscattered diffraction (EBSD) with a step size 
of 0.5 μm. The EBSD data was analyzed using the Channel 5 HKL software 
from Oxford Instruments Inc., UK. Before analysis, the EBSD samples were 
mechanically ground and then electropolished in a solution consisting of 6% 
HCLO4, 34% CH3(CH2)3OH, and 60% CH3OH. The polishing process was 
conducted at around -25 °C with an applied potential of 30 V for 20 s.

3 Results and discussion
3.1 Microstructure
Figure 1 shows the X-ray diffraction patterns of (TiC+TiB)/TC4 
composites under different states. It indicates the presence of TiC and TiB 
phases in addition to Ti base. Compared with as-cast composites, the β-Ti 
peaks of the composites with HT1 and HT3 decrease significantly at 38.48° 
and 76.68°, while the β-Ti peaks of the composites with HT2 increase, 

which is attributed to the transition from β-Ti to 
α-Ti after heat treatment. Compared with HT2, 
HT1 has a longer solid solution time, and HT3 has 
a higher solid solution temperature. Consequently, 
the Ti peaks of HT1 and HT3 composites undergo 
a more thoroughly transition from β-Ti to α-Ti, 
resulting in a significant decrease in β-Ti peaks.

Figure 2 shows the microstructures of the 
composites under different states. The microstructure 
analysis of the as-cast composites [Fig. 2(a)] 
reveals that the α-grains are lamellar in shape, 
and the needle-like TiB and nearly granulated TiC 
particles are uniformly distributed near the β-grain 
boundaries. Following the HT1 heat treatment, it is 
observed that the α-grains become nearly equiaxed. 
This can be attributed to the diffusion and diffusion-
controlled phase transitions. The diffusion process 
is accelerated during the heat treatment, which 
reduces the anisotropy of diffusion in the α-grains, 
thereby facilitating the equiaxation of the α-grain. 
The α-phase precipitation process is a process of 
nucleation and growth [32]. The nucleation site, 
number of nuclei, and growth rate are dependent on 
the composition and cooling conditions of the alloy. 
The rapid air-cooling rate during the cooling stage 
results in an increase in both nucleation site and 
number of nuclei. Meanwhile, the α-phase nucleates 
within the grain and then grows into independent 
lamellae due to the rapid air-cooling rate. The 
lamellae restrict each other, preventing them from 
growing into coarse grains [33]. Furthermore, the β 
to α transformation is not complete, resulting in a 
small amount of transformed β distributed among 
the α phase, forming a basketweave structure with 
a uniform distribution of α and transformed β 
phases. This structure is beneficial for enhancing 
the fracture toughness and preventing fatigue 
crack extension of TMCs [34]. After HT1 heat 
treatment, the morphology of TiB remains basically 
unchanged, while TiC gradually granulates. 
Additionally, some of the TiC particles dissolve in 
the matrix [Fig. 2(b)].

Fig. 1: XRD patterns of the composites under 
different states
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Fig. 2: SEM images of (TiC+TiB)/TC4 composites under different states: (a) as-cast; (b) HT1; (c) HT2; and (d) HT3

Regarding the (TiC+TiB)/TC4 composites after HT2 heat 
treatment, the phase transformation occurs in three stages. In the 
first stage, the transformation is β→α+sub-stable β. In the second 
stage, the transformation is sub-stable β→α+β during heating 
and β→α+sub-stable β during air cooling. In the third stage, the 
transformation is also sub-stable β→α+β. Compared with HT1, 
the number of reinforcements after HT2 [Fig. 2(c)] is slightly 
increases due to the shorter solid solution time than HT1. 

The solid solution temperature in the first stage of HT3 is 
1,150 °C, which is 100 °C higher than that of HT2. The 
basketweave structure shown in Fig. 2(d) consists of α phases 
and a small amount of transformed β. TiC undergoes a change in 
morphology from short rod to granule mainly due to the varying 
radii or positions between adjacent TiC particles. This produces 
a chemical potential difference, which generates a driving force 
that promotes solute atoms to diffuse from a smaller radius 
curvature to a larger radius. As a result, the morphology of TiC 
gradually changes to granular due to the diffusion of C atoms[35]. 
Thus, the higher solid solution temperature in the first stage 
accelerates the diffusion process and promotes the granulation 
of TiC. After heat treatment, the morphology of TiB remains 
basically unchanged. This is because heat treatment can change 
the morphology of TiB precipitates formed by solid-state 
reaction, but, it has no effect on the morphology of TiB whiskers 
formed during solidification [36].

To further investigate the microstructure evolution of the 
matrix and reinforcements, the EBSD images are shown in Fig. 3.
The low angle grain boundaries (LAGBs) (2-15°) are marked 
in red, and high angle grain boundaries (HAGBs) (>15°) are 
marked in blue [Figs. 3(a1)-(d1)]. For as-cast composites, the 
proportion of [0001] oriented grains is high, the distribution of 
the  and [0001] oriented grains is relatively uniform, and 
only a few  oriented grains can be found [Fig. 3(a2)]. The 
average size of the α-grains is about 12 μm, with approximately 
26.33% of the grains measuring less than 5 μm, and 45.91% 
of the grains measuring between 5 μm and 10 μm [Fig. 3(a3)]. 

Additionally, the proportion of LAGBs is relatively low, while 
the proportion of HAGBs is high [Fig. 3(a4)].

After HT1 heat treatment, the proportion of ,  
and [0001] oriented grains is relatively uniform without a 
preferential orientation [Fig. 3(b2)]. The average size of α-grains 
is decreased to 5.355 μm, and the ratio of α-grains below 5 μm 
increases to 65.10% [Fig. 3(b3)]. The proportion of LAGBs 
is 10.9%, while that of HAGBs is 70.6% [Fig. 3(b4)]. This 
indicates that the grain orientation distribution becomes more 
uniform and the grain is refined after HT1 heat treatment. 

For the composites with HT2 heat treatment, the proportion of 
 oriented grains is higher, and the grains grown along the 

[0001] and  orientations are well-distributed [Fig. 3(c2)]. 
Similarly, the average grain size is decreased to 5.406 μm, of which 
approximately 51.76% are α-grains below 5 μm, and 36.89% are 
between 5 μm and 10 μm [Fig. 3(c3)]. Compared with HT1, the 
solution time of HT2 is shorter. As a result, the equiaxed particles 
formed by TiC melting are less, and the effect of TiC dispersion 
on grain refinement is smaller. Therefore, the grain size after HT2 
heat treatment is larger than that after HT1 heat treatment. In 
addition, compared with as-cast and HT1, the content of HAGBs is 
increased, accounting for 80.8%, while the proportion of LAGBs 
is decreased, accounting for 11.8% [Fig. 3(c4)].

After HT3 heat treatment, the distribution of  , [0001] and 
 oriented grains appear to be more evenly distributed than 

the other treatments. Additionally, the average size of the α-grain 
is the smallest at 4.976 μm. There is also a higher percentage of 
HAGBs in comparison to the as-cast, HT1, and HT2 treatments, 
reaching a percentage of 81.6% [Figs. 3(d3) and (d4)]. Overall, 
HT3 heat treatment is considered to have the most ideal 
refinement effect.

The phase fractions of composites under different states were 
also analyzed by EBSD analysis software, as listed in Table 4. It can 
be found that after heat treatment, the content of α phase increases, 
while that of the β phase slightly decreases. The content of TiC 
also decreases. While, the content of TiB is basically unchanged.

(b)(a)

(d)(c)
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Fig. 3: EBSD analysis of (TiC+TiB)/TC4 composites under different states: (a1-d1) grain boundary (GB) maps; 
(a2-d2) inversed pole figure (IPF); (a3-d3) grain size distributions; (a4-d4) grain misorientation

3.2 Mechanical properties of (TiC+TiB)/TC4 
composites under different states

Figure 4 shows the Rockwell hardness of the (TiC+TiB)/TC4 
composites under various heat treatment processes. The 
hardness of the (TiB+TiC)/TC4 as-cast and after HT1, HT2, 
and HT3 heat treatments are 52.8, 53.4, 53.8, and 53.9 HRC, 
respectively. The hardness of the composites is increased by 
heat treatments.

Figure 5 shows the compression curve of the (TiC+TiB)/TC4 
composites under different states. It can be seen that the 
strength and plasticity of the composites after heat treatment 
are improved compared with the as-cast one, except for the 
composites with HT2. The composites with HT3 have the 
best compression strength and compression plasticity. After 

heat treatment, the grain size of the composites decreases to 
a certain extent. Based on the Hall-Petch formula, the crystal 
interface is the obstacle of dislocation movement, thus the 
smaller the grains, the more the grain boundaries there are, 
the more the dislocation is anchored, and then the higher the 
strength of the composites [37]. In addition, during compressive 
deformation, the deformation can be dispersed to more grains, 
producing more uniform deformation without local stress 
concentration. This leads to an increase in compressive plasticity. 
For HT1 and HT3, the higher heat treatment temperature in 
the β-phase zone of HT3 or the longer holding time of HT1 
compared to HT 2 results in the stronger diffusion ability of C 

Table 4: Fraction of different phases in (TiC+TiB)/TC4 
composites under different states

State α phase (%) β phase (%) TiC (%) TiB (%)

As-cast 93.53 0.38 3.15 2.94

HT1 94.03 0.27 2.77 2.93

HT2 93.83 0.33 2.88 2.96

HT3 94.28 0.21 2.62 2.89

Fig. 4: Hardness of (TiC+TiB)/TC4 composites under 
different states
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Fig. 5: Compression curves of (TiC+TiB)/TC4 
composites under different states

atoms, thus TiC can quickly achieve granulation. After 
granulation, TiC can bear high stress and blunt the 
crack tip, thereby preventing premature fracture during 
compression and improving mechanical properties. 
HT2 has a shorter heat treatment time in the β-phase 
zone compared to HT1, and a lower heat treatment 
temperature in the β-phase zone compared with HT3. 
This results in a lower degree of TiC granulation, and 
thus a lower compressive plasticity.

Figure 6 illustrates the fracture morphology of the 
(TiC+TiB)/TC4 composites under different states 
after the compression testing. The number of dimples 
on the fracture surface of the composites after heat 
treatment is significantly more than that of as-cast 
one [Fig. 6(a)], indicating that the composites after 
heat treatment have better compression plasticity. 
In addition, it can be seen from Figs. 6(b) to (d) that 
many large and shallow dimples appear on the fracture 
surface along with some narrow and deep pits. During 
deformation, the formation of these deeper pits on the 
fracture surface is usually accompanied by the fracture 
of the brittle second phase [38, 39]. The relatively hard 
reinforced phase with strong interface adhesion 
deforms with the matrix. However, due to the 
brittleness of the reinforced phases, they may break 
and form pits as the matrix continues to deform. Due 
to the strong interfacial binding force, the cavities 
formed by the fracture of the reinforced phase grow 
through plastic deformation, forming small and 
deep pits. The strong interfacial binding force of the 
reinforced phase indicates their stable bond with the 
matrix, thus ensuring the effective transfer of load.

3.3 Tribological properties of 
 (TiC+TiB)/TC4 composites under 

different states
Figure 7 shows the coefficient of friction (COF) of 
the (TiC+TiB)/TC4 composites under different states. 
The COF curves go through two stages: the run-in 
stage and the stable stage. After a short run-in stage, 
all of the samples quickly enter the stable stage. The 
average COFs of the (TiC+TiB)/TC4 composites 

before and after the heat treatments are 0.264, 0.259, 0.258 and 0.262, 
respectively. After heat treatment, the COF is reduced due to the higher 
strength and surface hardness. This accords with the Archard theory [40].

Figure 8 shows the specific wear rate of the (TiC+TiB)/TC4 
composites under different states. Heat treatment decreases the specific 
wear rate and improves the wear resistance of the composites, but the 
extent of improvement in wear resistance varies slightly with different 
heat treatments, which should be related to the microstructure and worn 
surface state of the composites.

Fig. 6: Compressive fracture fractographs of (TiC+TiB)/TC4 
composites under different states: (a) as-cast; (b) HT1; 
(c) HT2; and (d) HT3

Fig. 7: Coefficient of friction of (TiC+TiB)/TC4 composites under 
different states

(b)

(a)

(d)

(c)
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To analyze the effect of heat treatment on worn surfaces, 3D 
surface morphology was conducted by laser scanning confocal 
microscopy to determine the wear tracks on the composites 
under different states, as displayed in Fig. 9. It can be found that 
different degrees of wear tracks exist on the worn surface of the 
as-cast composites. Some deep furrows are seen on the worn 
surface, which has a maximum surface roughness (Sa) of 4.03 μm
[Fig. 9(a)]. Compared with the as-cast composites, the wear tracks 
decrease to different degrees after heat treatment. After HT1 
heat treatment, Sa of the furrow decreases to 2.05 μm [Fig. 9(b)].
The Sa of the composites after HT2 heat treatment is 2.73 μm 
[Fig. 9(c)]. Moreover, only small scratches and furrows are 
detected on the worn surface of the composites after HT3 heat 
treatment, and the Sa is further decreased to 2.25 μm [Fig. 9(d)].

Fig. 8: Specific wear rate of (TiC+TiB)/TC4 composites 
under different states

Figure 10 shows the worn morphology and element 
distribution of the (TiC+TiB)/TC4 composites under different 
states. A large delamination and deep furrow are detected on 
the worn surface of the as-cast composites [Fig. 10(a)]. They 
are significantly reduced after HT1 heat treatment, indicating 
improvement in wear resistance [Fig. 10(b)]. After HT2 heat 
treatment, the amount of furrow and delamination on the worn 
surface is slightly higher than that of HT1 and as-cast ones 
[Fig. 10(c)]. Only a few minor delaminations and furrows 
are observed on the worn surface after HT3 heat treatment 
[Fig. 10(d)]. After heat treatment, the surface strength and 
hardness are higher, the shear resistance is improved, and large 

Fig. 9: 3D wear track of (TiC+TiB)/TC4 composites 
under different states: (a) as-cast; (b) HT1; 
(c) HT2; and (d) HT3

Fig. 10: Worn morphology analysis of (TiC+TiB)/TC4 composites under different states: (a) as-cast; (b) HT1; (c) HT2; and (d) HT3

(b)

(a)

(d)

(c)

2.74

2.45 2.48 2.46
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peeling less likely to occur [41]. The wear mechanism of the 
(TiC+TiB)/TC4 composites after heat treatment is abrasive 
wear, among which the wear resistance after HT1 heat 
treatment is the optimum, followed by HT3, and then HT2. 
All the composites shows better wear resistance than the as-
cast one. According to EDS analysis, the Fe and O elements 
are found on the worn surface, which indicates that a certain 
amount of friction oxide is formed on the worn surface during 
the friction process. From surface scanning, it can be seen that 
the oxide distributed on the worn surface increases after heat 
treatment. The plow marks and a small amount of peeling and 
oxidation wear marks along the sliding direction can be clearly 
observed on the worn surface of the as-cast composites. In 
addition, the content of Fe on the worn surface is low, and 
no dense tribo-layer exists on the worn surface. Compared 
with the as-cast worn surface, more Fe is transferred from the 
counter pair to the worn surface after heat treatment. They 

are combined with the matrix to form a continuous and dense 
tribo-layer to protect the matrix.

Figure 11 indicates the cross-sectional morphology and EDS line 
analysis of worn surfaces of the (TiC+TiB)/TC4 composites before 
and after heat treatment. It can be found that a continuous dense 
tribo-layer with a thickness of about 20 μm exists on the worn 
surface, along with a small plastic deformation zone on the worn 
sub-surface of as-cast composites [Fig. 11(a)]. The presence of Fe 
oxides is detected on the tribo-layer according to the EDS line scan 
analysis of the HT1 composites [Fig. 11(b)]. A tribo-layer about 
15 μm thick is formed on the worn surface, and a larger plastic 
deformation zone exists on the sub-surface. Similarly, Fe oxides 
are found on the tribo-layer of the HT2 composites [Fig. 11(c)]. 
For the HT3 composites, it can be found that there is a tribo-
layer about 8 μm thick on the worn surface, and a small plastic 
deformation zone on the worn sub-surface. The EDS result also 
indicates the existence of oxides [Fig. 11(d)].

Fig. 11: EDS analysis for worn cross-sectional surfaces of (TiC+TiB)/TC4 composites under different states: (a) as-cast; 
(b) HT1; (c) HT2; and (d) HT3

The formation of a tribo-layer on a worn surface is closely 
related to the generation of wear debris. During sliding wear, 
high temperature, heavy load, and friction shear contribute to 
the production of wear debris. Some of the debris is expelled 
from the friction system due to centrifugal force, while the 
rest accumulates on the worn surface and becomes compacted, 
eventually forming a tribo-layer that contains a high 
concentration of oxygen. The tribo-layer formed on the worn 
surface plays the role of protecting the matrix, thus reducing 
wear rate [42]. In addition, the TiC and TiB reinforcements with 
high hardness and high thermal conductivity can effectively 
improve the heat resistance and thermal conductivity of the 
composites [43]. The friction heat generated by the worn surface 
can be rapidly released to prevent the matrix from softening 
due to high surface temperature. This helps to inhibit sub-

surface deformation caused by frictional shear stress, thereby 
reducing damage to worn surfaces and minimizing the 
reduction of COF [44].

Figure 12 exhibits the XRD patterns of the worn surfaces 
of the (TiC+TiB)/TC4 composites under different states. The 
worn surface mainly contains the Ti matrix, TiB, TiC, TiO2, 
FeO, and Fe2O3 oxides. Element Fe is not present in any of the 
composites, but only in the counter-abrasive disc. This suggests 
that the transfer of Fe element occurs during friction. With the 
increase of the temperature of the worn surface, the Ti and Fe 
elements on the surface are easily oxidized to form oxides. The 
presence of TiO2, FeO, and Fe2O3 oxides in the dense tribo-
layer is conducive to preventing direct interaction of the contact 
surfaces and forming three-body wear [45]. This helps to improve 
the wear resistance of the composites.

(b)(a)

(d)(c)
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3.4 Strengthening and toughening mechanisms
Figure 13(a) shows a schematic diagram of the microstructure 
evolution of the (TiC+TiB)/TC4 composites after different heat 
treatments, and the illustrations of crack propagation caused 
by compression. Compared with the conventional solution 
of HT1, the HT2 heat treatment undergoes a second stage 
of solution in the α+β region. This double high-temperature 
solution causes the α phase to continuously grow, resulting in 
an increase of the length-diameter ratio of the α grain [46, 47]. 
The content and size of the α phase during the TRIPLEX heat 
treatment process depend mainly on the solution temperature 
of the first and second stages. If the solution temperature of 
the first stage is low, a part of the α phase may not convert into 
the β phase. During the subsequent heat treatment and aging 
process, the α phase and metastable β phase obtained during 
the cooling process at the first stage will decompose, grow, 
and merge, forming relatively coarse α lamellae. In addition, if 
the solution temperature at the first stage increases, the thermal 
activation energy rises, which promotes the transformation of 
α → β. This leads to a decrease in the content of the large size 
α phase. In the second solution stage, the α phase continues to 
change into the β phase. During the cooling process below the 
β transition temperature, the α phases nucleate at the β grain 

boundaries, as well as at sites provided by TiB and TiC [48]. As 
a result, the α phases continue to grow until they encounter 
other α lamellae. The combination of a smaller β grain size 
and additional nucleation sites leads to a significant reduction 
in the α size. Therefore, for the HT3 heat treatment, the higher 
solution temperature in the first stage causes more α phase to 
change into the β phase. During the second stage of solution, 
the α phase continues to transform into the β phase, resulting 
in a finer α phase after air cooling. Subsequently, the fine α 
phase and transformed β phase interlace during aging, forming 
a basketweave microstructure.

In order to analyze the synergistic reinforced mechanism 
of the (TiC+TiB)/TC4 composites, the illustrations of crack 
propagation during compression deformation are displayed in 
Fig. 13(b). The low plasticity of as-cast composites is mainly 
due to the formation of a large-sized α phase and the uneven 
distribution of reinforced phases [49]. It is well known that the 
α phase (hcp) possesses a higher strength but lower ductility 
compared with β phase (bcc). Therefore, the distribution and 
size of the α phase have an important influence on the fracture 
behavior of the composites [50]. After HT3 heat treatment, the 
denser basketweave microstructure and higher interweaving of 
α phase lead to more dislocation tangles, resulting in increased 
fracture toughness and resistance to crack propagation [51]. The 
blunting of cracks delays the compression fracture process, 
and the boundary crack caused by the aggregation of TiB/TiC
is one of the reasons for the cracking of the composites. 
The uneven distribution and local aggregation of reinforced 
phases in the as-cast composites can cause debonding during 
deformation, introducing vacancies and other defects that 
lead to crack initiation and propagation [52]. After HT3 heat 
treatment, the distribution of reinforced phases is more 
uniform, the crack initiation and propagation caused by local 
aggregation of reinforced phases are reduced. In addition, for a 
period of crack propagation, the TiB whiskers can bridge and 
change the direction of crack propagation, preventing crack 
propagation [53]. The spherical TiC particles can effectively 
bear the load during compression, reducing crack nucleation 
and propagation so that the composites can obtain higher 
strength and fracture toughness [54].

Fig. 12: XRD analysis for worn surface of (TiC+TiB)/TC4 
composites under different states

Fig. 13: Schematic diagram of microstructure evolution (a) and crack propagation (b) after different heat treatments

(b)

(a)
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4 Conclusions
(1) Compared with the as-cast (TiC+TiB)/TC4 composites, 

the α grains of the composites after heat treatments are refined 
in different degrees, and the proportion of HAGBs increases. 
Among the three heat treatments, the grain refinement efficiency 
of the composite with HT3 (solution treated at 1,150 °C 
for 1 h, followed by solution treated at 950 °C for 1 h, and 
aged at 500 °C for 4 h) is the most obvious. As the solid 
solution temperature increases, the TiC particles become more 
granulated. However, the TiB particles do not show significant 
changes and maintain good bonding with the matrix.

(2) After heat treatment, the hardness of the (TiC+TiB)/TC4 
composites slightly increases. The compressive strength also 
shows a significant increase from 1,821.90 MPa in the as-cast 
condition to 2,262.06 MPa in the HT3 condition. Additionally, 
heat treatment improves the compressive plasticity of the 
composites, except for HT2 where there is a slight decrease.

(3) The friction coefficient and specific wear rate of the 
(TiC+TiB)/TC4 composites are reduced to different degrees 
after different heat treatments, the average friction coefficient 
decreases from 0.264 to 0.259, 0.258, and 0.262, and the 
specific wear rate decreases from 2.74×10-7 to 2.45×10-7, 
2.48×10-7, and 2.46×10-7 mm3·N-1·mm-1, respectively.

(4) After heat treatment, the wear degree of the worn 
surface is reduced, and only a small amount of furrow and 
delamination exist on the worn surface. The wear mechanism 
after heat treatment is slight abrasive wear and oxidation wear.

(5) Coordinated deformation occurs among the α phase, 
β phase, TiB whiskers, and TiC particles. The formation 
of a basketweave microstructure can effectively improve 
deformation ability and delay fracture of the composites. 
Furthermore, the uniformly distributed reinforced phases can 
play a significant positive role in enhancing the bear capacity 
and strengthen the composites.
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