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Abstract: In this paper, the synthesis of TiC-coated carbon fibers (TiC-CFs) with varying
thicknesses is achieved through the manipulation of the molten salt reaction, along with the
fabrication of TiC-coated carbon fiber-reinforced aluminum matrix (TiC-CF/Al) composites
via the vacuum pressure infiltration technique. The results show that modulating the
holding time of the molten salt reaction significantly enhances the wettability between the
carbon fiber (CF) and the aluminum, thereby augmenting the mechanical integrity of the
composite materials. Should the holding time be excessively short, the coating on the CF
surface develops an uneven distribution, and its efficacy in obstructing the direct interaction
with the aluminum is inadequate. As the holding time prolongs, the TiC coating thickens,
achieving a comprehensive coverage after 2 h of holding. The presence of a pristine TiC
coating on the CF surface not only optimizes the wettability with the aluminum melt but
also mitigates the reaction between the CF and aluminum. However, an excessively thick
coating not only reduces the strength of the fibers, due to excessive reactions, but also
makes the coating prone to detachment during the preparation process due to stress. At a
holding time of 3 h, the tensile strength of the CF/Al composite material reaches its highest
value, with a tensile strength of 103.93 MPa and an impressive 72.35% enhancement over
that of the aluminum.

Keywords: carbon fiber; TiC coating; CF/Al composite material; molten salt reaction;
infiltrative; mechanical property

1. Introduction
Metal-based composite materials have become key materials required in many in-

dustries due to their excellent performance [1]. Among numerous metal-based composite
materials, Al-based composite materials [2] have developed rapidly due to their lightweight,
high specific strength, low thermal expansion coefficient, good wear resistance, and corro-
sion resistance and are widely used in key parts of automobiles such as roofs, doors, and
floorboards due to their excellent lightweight and high-strength characteristics. Similarly,
this material is widely used in the skin, wing beams, wing boxes, and other structures of
aircraft [3,4]. In addition, in the field of precision component manufacturing for electrical
equipment and medical devices [5], carbon fiber aluminum-based composite materials
have also demonstrated their unique advantages. Their lightweight and high-strength
characteristics not only significantly reduce the weight of the shell, but also greatly increase
the effective load of the system [6]. The reinforcing phases in Al-based composite materials
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are mostly hard ceramic particles, whiskers, or fibers. Compared to whisker- or particle-
reinforced aluminum matrix composites, carbon fiber-reinforced aluminum matrix (CF/Al)
composites have a series of excellent properties, such as high specific strength, high specific
modulus, and good dimensional stability, making them an important direction for the
research and development of aluminum matrix composites [7–9]. However, during the
preparation process of composite materials, it was found that there is a significant wetting
angle between the carbon fiber (CF) and aluminum alloy [10]. At higher temperatures,
although there is some improvement in wettability, carbon fibers react with aluminum to
form brittle phase Al4C3, which will affect the formability and properties of the composite
material [11,12]. Through the research of many scholars, it has been found that metal
coatings on the surface of carbon fibers can not only effectively improve the wettability of
the fibers, but also suppress interfacial reactions [13,14]. Hajjari et al. [15] found that the
presence of a Ni coating on CF significantly improves the tensile strength of composite
materials. However, the interface bonding between the CF and Ni coating is not strong
enough [16] and is unable to maintain continuity under a high pressure, resulting in coating
separation. Rohatgi et al. [17] found that Ni coatings belong to mechanical bonding, and the
coefficient of the thermal expansion between Ni coatings and fibers varies greatly, resulting
in weak bonding and easy coating detachment. Zhou et al. [18] confirmed the effectiveness
of Cu-coated carbon fibers in improving the surface properties of metal substrates. How-
ever, the reaction between copper and aluminum forms the Cu2Al brittle phase, which
significantly damages the mechanical properties of the composite material [19]. In the
preparation process of CF/Al composites, metal coatings, such as nickel and copper, will
diffuse into the Al melt in a solid solution form, which will affect the chemical composition
of the substrate [20]. Tang et al. [21] conducted extensive research on the interface bond-
ing between carbon materials and metal substrates and found that coating the surface of
carbon materials with metal elements that can react with carbon elements to form stable
carbides can greatly improve the interface bonding strength between carbon fibers and
metal substrates. Si et al. [22] used a diffusion model to investigate the interfacial stability
between Ni-coated, Cu-coated, and TiC-coated carbon fibers and the matrix. Only the
decomposition of the outermost TiC coating was observed in CF/Al composites prepared
using TiC coatings formed by the reaction between Ti and CF. The result showed that,
compared to Ni and Cu coatings, the TiC interface may have a higher chemical bond-
ing strength and thermal stability, so only the outermost TiC coating decomposes during
preparation, while the inner coating remains stable. The bonding strength between the
carbon fiber and matrix is moderate, which will be beneficial for improving the mechanical
properties of TiC-coated carbon fiber Al-based composites. Among numerous coating
materials, TiC coatings prepared by the reaction between a Ti element and carbon fiber
have the advantages of a high melting point, high strength, high hardness, good thermal
expansion coefficient, and chemical stability [23]. Dong et al. [24] found that TiC has good
chemical compatibility with the Al matrix, and a TiC coating can improve the wettability
between the CF and Al matrix. Park et al. [25] found that there is a strong bonding force
between TiC and carbon fiber, and a TiC coating can serve as a diffusion barrier layer
between the carbon fiber and aluminum matrix, effectively preventing the occurrence of
interfacial chemical reactions, inhibiting the formation of the brittle Al4C3 phase.

In summary, in order to better apply TiC coatings to enhance Al-based composite
materials (TiC-CF/Al), this study used the molten salt reaction method to prepare TiC
coatings of different thicknesses by adjusting the holding time and achieved the optimal
infiltration state in CF/Al composite materials. Meanwhile, the influence of the TiC coating
thickness on the microstructure and properties of CF/Al composites was analyzed to
optimize the quality control of TiC coatings.



Metals 2025, 15, 459 3 of 13

2. Materials and Methods
2.1. Preparation of Coatings and Composite Materials

The molten salt used in this study is KCl. The particle size of titanium powder is
300 mesh, with a purity of over 95%. The carbon fiber used is developed and produced by
Japan’s Toray Corporation, and its model is TR30S3L carbon fiber. Each bundle of fibers
consists of 3000 single filaments. The titanium powder is produced by China Nangong
Sharp Alloy Welding Alloy Materials Co., Ltd. (purity ≥ 99.5%), with a particle size of
300 mesh (Xingtai, China).

Due to the non-self-catalytic ability of the low carbon fiber surface with low activity,
it is necessary to perform a delamination and roughening treatment on CF. The specific
composition of the solution is shown in Table 1. After the fiber surface is debonded, the
original resin matrix can be removed, and the surface of the exposed carbon fiber will be
roughened to facilitate the penetration and infiltration of the TiC coating. We then weigh
the molten salt and Ti powder in a ratio of 3:1 and use ball milling to select 3 mm zirconia
balls to mix KCl molten salt. The rotation speed is set to 200 r/min, and the mixture is
kept for more than 10 min to achieve uniform mixing. Then, CF is cleaned and dried and
evenly spread in a mixture of molten salt and titanium powder. Under the protection of
high-purity argon gas (99.999%), we then maintain the crucible at 1073 K for 1 h, 2 h, 3 h,
and 4 h. After cooling to room temperature in the furnace, TiC-CF is obtained by washing
and drying with distilled water. The function of cleaning is to remove residual molten salt,
and the function of drying is to remove the moisture produced during cleaning.

Table 1. Chemical composition of pretreatment solution.

Process Solution Composition

Degum 20 g/L NaOH + 25 g/L Na2CO3 + 20 g/L Na3PO4 +
5 mL/L monoglyceride

Roughening treatment 20 g/L K2CrO7 + 10 mL/L H2SO4

TiC-CF/Al composite materials were prepared by vacuum pressure infiltration method
in a vacuum quenching furnace, and commercial aluminum blocks with a purity higher
than 99% (provided by Southwest Aluminum Corporation of Chongqing, China) were
selected as the Al matrix. The TiC CF/Al composite material prepared in this article has a
CF content of 3%. Firstly, vacuum the quartz tube containing Al block and CF, and start
heating it when the vacuum degree is less than 60 Pa. Heat the furnace to 1073 K at a
heating rate of 14.7 ◦C/s. After reaching the preparation temperature, keep it in the furnace
for 40 min. Stop vacuuming after the holding is completed. At this time, quickly fill it
with high-purity argon gas, with a purity greater than 99.99%, and maintain the pressure
at 0.25 MPa to achieve sufficient contact and infiltration between molten aluminum and
fibers. After the pressurization process is completed, water quenching treatment is carried
out to complete the preparation of TiC-CF/Al composite materials. During this process,
due to the reaction between the quartz tube and aluminum, a small amount of silicon melts
into the aluminum substrate. However, due to the same preparation process parameters,
this article ignores the influence of a small amount of silicon. The process diagram for
manufacturing TiC-CF/Al composite materials of this experiment is shown in Figure 1.
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2.2. Examination of Microstructure
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using a scanning electron microscope (SU8010, Hitachi High Tech Company, Tokyo, Ja-
pan), the thickness measurement is obtained by randomly selecting ten TiC-CFs and tak-
ing the average value after measurement. The interface composition was analyzed by 
EDS. The matrix and interface characteristics of TiC-CF/Al composite materials were ob-
served by scanning electron microscopy (Gemini3030, Carl Zeiss GmbH, Oberkochen, 
Germany).

2.3. Testing of Mechanical Properties of Composite Materials

The size of the tensile specimen is shown in Figure 2. The universal testing machine 
(MTS E45, MTS Corporation, Eden Prairie, MN, USA) is used to test the tensile strength 
of the specimen at room temperature, with a crosshead separation rate of 1 mm/min. Fi-
nally, the tensile fracture morphology of the sample was observed and analyzed using a 
scanning electron microscope (GeminiSEM300, Carl Zeiss GmbH, Oberkochen, Ger-
many). The mechanical properties of TiC CF/Al composites with different thicknesses 
were studied by tensile testing at room temperature.

Figure 2. Shape and size of tensile specimen (Unit: mm).

3. Results
3.1. Microstructure of TiC Coating

As shown in Figure 3, the CF cross-sectional morphology of TiC coatings prepared 
by molten salt reaction with holding times of 1, 2, 3, and 4 h is presented. Figure 3a shows 
that after 1 h of holding time, the TiC coating has not completely covered the CF surface, 
and small TiC particles and island-shaped TiC coatings have formed on the CF surface, 
indicating that the molten salt reaction time is still too short. As the reaction time prolongs, 
the TiC coating gradually distributes uniformly on the CF surface. After 2 h of holding 
time, the CF surface showed rough features, and the coating showed integrity and uni-
formity, as shown in Figure 3b. However, the surface of the CF has just undergone the 
initial reaction stage, and the coating thickness is insufficient, which may result in insuffi-
cient density. When the holding time reaches 3 h, as shown in Figure 3c, with the increase 
in coating thickness, the surface roughness increases, and the material exhibits a better 

Figure 1. Process diagram for manufacturing TiC-CF/Al composite materials.

2.2. Examination of Microstructure

In this experiment, the thickness and morphology of TiC-CF coating were observed
using a scanning electron microscope (SU8010, Hitachi High Tech Company, Tokyo, Japan),
the thickness measurement is obtained by randomly selecting ten TiC-CFs and taking the
average value after measurement. The interface composition was analyzed by EDS. The
matrix and interface characteristics of TiC-CF/Al composite materials were observed by
scanning electron microscopy (Gemini3030, Carl Zeiss GmbH, Oberkochen, Germany).

2.3. Testing of Mechanical Properties of Composite Materials

The size of the tensile specimen is shown in Figure 2. The universal testing machine
(MTS E45, MTS Corporation, Eden Prairie, MN, USA) is used to test the tensile strength of
the specimen at room temperature, with a crosshead separation rate of 1 mm/min. Finally,
the tensile fracture morphology of the sample was observed and analyzed using a scanning
electron microscope (GeminiSEM300, Carl Zeiss GmbH, Oberkochen, Germany). The
mechanical properties of TiC CF/Al composites with different thicknesses were studied by
tensile testing at room temperature.
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3. Results
3.1. Microstructure of TiC Coating

As shown in Figure 3, the CF cross-sectional morphology of TiC coatings prepared
by molten salt reaction with holding times of 1, 2, 3, and 4 h is presented. Figure 3a
shows that after 1 h of holding time, the TiC coating has not completely covered the CF
surface, and small TiC particles and island-shaped TiC coatings have formed on the CF
surface, indicating that the molten salt reaction time is still too short. As the reaction time
prolongs, the TiC coating gradually distributes uniformly on the CF surface. After 2 h of
holding time, the CF surface showed rough features, and the coating showed integrity
and uniformity, as shown in Figure 3b. However, the surface of the CF has just undergone
the initial reaction stage, and the coating thickness is insufficient, which may result in
insufficient density. When the holding time reaches 3 h, as shown in Figure 3c, with the
increase in coating thickness, the surface roughness increases, and the material exhibits a
better uniformity and extremely high density. Further increasing the holding time to 4 h,
as shown in Figure 3d, the flocculent crystals on the surface become denser. These grains
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are larger and have a relatively loose structure. This is consistent with the surface state
of the graphite particles uniformly coated with TiC studied by Faraji et al. [26]. In order
to investigate the effect of the holding time of the molten salt reaction on TiC coatings,
the Rosin–Rammler mathematical model analysis method [27] was used to measure the
average thickness of four TiC coatings. The holding time was extended from 1 h to 4 h, and
the coating thickness continued to increase (0.093 µm, 0.287 µm, 0.623 µm, and 1.131 µm).
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In order to better explore the variation law of coating thickness and holding time,
this article establishes a mathematical theoretical model based on the actual relationship
between the coating thickness and time, which can be expressed as follows:

D = 0.1t2 − 0.15t + 0.15 (1)

In the formula, D is the thickness of the coating and t is the holding time. As shown in
Figure 4, the variation law of coating thickness between calculated and measured values
of the TiC-CF coating with holding times can be observed. It can be found that with the
extension of the holding time, the growth rate of the coating thickness on the surface of the
CF gradually increases and follows a quadratic function. By comparing the theoretical and
measured values, it was found that the calculated values fully conform to the variation law
of the coating over time, and the theoretical and measured values are within the error range.
The establishment of this formula will be convenient for later research on the relationship
between coating thickness and time.

During the process of coating TiC on the surface of the CF, the formation of TiC
is accompanied by significant volume changes and crystal phase transformations, thus
exhibiting brittle characteristics. This leads to a stress concentration at the interface between
the coating and the CF substrate [28]. Therefore, increasing the thickness of the coating
will lead to a decrease in the bonding strength between the coating and the substrate.
Meanwhile, thermal stress is one of the key factors affecting the performance of the TiC-
CF. The thermal expansion coefficient of the CF is 4.0 × 10−6/◦C, while that of TiC is
7.4 × 10−6/◦C, indicating a significant difference between the two [29]. During the cooling
process, this difference leads to a more significant shrinkage trend of TiC and creates a



Metals 2025, 15, 459 6 of 13

mutual constraint effect at the interface [30]. After ignoring the strain of the carbon fiber
matrix, the thermal stress of the coating can be derived [31]:

σf ∝
∫ Ef(αs − αf)L

1 − υf
dT (2)
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In the formula, σf is the stress experienced by the coating, Ef is the elastic modulus of
TiC, υf is the Poisson’s ratio of TiC, αs is the thermal expansion coefficient of CF, αf is the
thermal expansion coefficient of the aluminum alloy substrate, T is the difference between
the coating synthesis temperature and the ambient temperature, and L is the axial length
under stress.

Based on the above equation, there is a positive correlation between σf and (αs − αf).
It can be concluded that the greater the difference in the thermal expansion coefficient
between the two materials, the thicker the coating thickness and the greater the thermal
stress on the coating. When the holding time reaches 3 h, the coating thickness has already
reached 0.623 µm. Continuing to increase the holding time will result in excessive thermal
stress between the CF and Ti powder, which will damage the mechanical properties of
the CF.

In order to further investigate the bonding strength between the TiC coating and CF,
Figure 5 shows the EDS scan images of TiC-CF cross-sections after holding for 2 h and 3 h.
After 2 h of holding, Ti is uniformly distributed on the surface of the CF. Based on Figure 3,
there is no separation or layering at the joint, and the interface is clear, forming a core–shell
structure. It can be observed that Ti penetrates into the interior of the interface layer,
resulting in a blurred distribution of the Ti and C interfaces. Combined with Figure 3, this
indicates good interface bonding between the TiC coating and CF. According to Figure 5k,
it can be seen that KCl, as the medium for the molten salt reaction, accounts for less than
1% of the particles attached to the coating surface. This indicates that water washing is an
effective method for removing KCl from TiC-CF materials that have been maintained for
2 h. After 3 h of holding, a small amount of flocculent structures appeared on the surface of
the TiC-CF. Based on Figure 5h, it can be confirmed that these flocs contain unreacted Ti.
Due to the increased roughness of the TiC surface and the appearance of flocs, the molten
salt medium tends to solidify in the pits on the coating surface, with the proportions of K
and Cl atoms reaching 3.61% and 8.38%, respectively (as shown in Figure 5l).



Metals 2025, 15, 459 7 of 13

Metals 2025, 15, x FOR PEER REVIEW 7 of 13

less than 1% of the particles attached to the coating surface. This indicates that water wash-
ing is an effective method for removing KCl from TiC-CF materials that have been main-
tained for 2 h. After 3 h of holding, a small amount of flocculent structures appeared on 
the surface of the TiC-CF. Based on Figure 5h, it can be confirmed that these flocs contain 
unreacted Ti. Due to the increased roughness of the TiC surface and the appearance of 
flocs, the molten salt medium tends to solidify in the pits on the coating surface, with the 
proportions of K and Cl atoms reaching 3.61% and 8.38%, respectively (as shown in Figure 
5l).

Figure 5. Distribution of elements and surface composition analysis of TiC-CF cross-section: (a–e) 
holding for 2 h; (f–j) holding for 3 h; (k) surface composition analysis after 2 h of holding; and (l) 
surface composition analysis after 3 h of holding. The yellow box indicates the scanning range of 
EDS.

According to the above experimental results, the growth mechanism of TiC synthe-
sized by the molten salt method on the CF surface is shown in Figure 6. At a temperature 
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providing a liquid phase reaction environment for the titanium powder and CF. Titanium 
atoms migrate and diffuse from the molten salt to the surface of the CF and then slowly 
penetrate into the internal structure of the CF, where they react with the outwardly mov-
ing carbon atoms to form TiC grains. These grains are interconnected to form a coating, 
and as the holding time of the molten salt reaction increases, their rate accelerates, which 
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According to the above experimental results, the growth mechanism of TiC synthesized
by the molten salt method on the CF surface is shown in Figure 6. At a temperature of
1073 K, the molten KCl salt promotes the dissolution and free movement of metal ions,
providing a liquid phase reaction environment for the titanium powder and CF. Titanium
atoms migrate and diffuse from the molten salt to the surface of the CF and then slowly
penetrate into the internal structure of the CF, where they react with the outwardly moving
carbon atoms to form TiC grains. These grains are interconnected to form a coating, and as
the holding time of the molten salt reaction increases, their rate accelerates, which in turn
has an adverse effect on the roughness and controllability of the TiC coating surface. A
small amount of flocculent material appears on the surface of the coating, which is mixed
with Ti particles and adheres to the TiC surface. These flocculent materials will intensify
with the prolongation of the holding time.
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EDS.

According to the above experimental results, the growth mechanism of TiC synthe-
sized by the molten salt method on the CF surface is shown in Figure 6. At a temperature 
of 1073 K, the molten KCl salt promotes the dissolution and free movement of metal ions, 
providing a liquid phase reaction environment for the titanium powder and CF. Titanium 
atoms migrate and diffuse from the molten salt to the surface of the CF and then slowly 
penetrate into the internal structure of the CF, where they react with the outwardly mov-
ing carbon atoms to form TiC grains. These grains are interconnected to form a coating, 
and as the holding time of the molten salt reaction increases, their rate accelerates, which 
in turn has an adverse effect on the roughness and controllability of the TiC coating sur-
face. A small amount of flocculent material appears on the surface of the coating, which 
is mixed with Ti particles and adheres to the TiC surface. These flocculent materials will 
intensify with the prolongation of the holding time.

Figure 6. Growth mechanism of TiC on CF surface.

3.2. Microstructure and Analysis of TiC-CF/Al Composite Materials

When the holding time during the molten salt reaction is only 1 h, TiC fails to com-
pletely encapsulate the CF, which is not conducive to the performance strengthening of
TiC-CF/Al composite materials. The microstructure of TiC-CF/Al composite materials
prepared by the vacuum pressure infiltration method using TiC-CF prepared under holding
times of 2 h, 3 h, and 4 h is shown in Figure 7. The vacuum pressure infiltration technology
ensures the effective dispersion of TiC-CF in the matrix [32]. The holding time for the
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molten salt reaction was extended from 2 h to 4 h, and the CF in the composite matrix
was evenly distributed. However, due to the dissolution of residual Ti particles on the
coating surface in the Al matrix, the aggregation of white, block-shaped Ti particles in the
TiC-CF/Al composite matrix increased, and a dark-white Al-Ti intermetallic phase was
formed [33].
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Figure 7. Morphology of TiC-CF/Al composite materials prepared using coatings of different
thicknesses: (a) holding for 2 h; (b) holding for 3 h; and (c) holding for 4 h.

As shown in Figure 8a, when the holding time of the molten salt reaction is 2 h, there
is no significant gap at the junction between the TiC-hhhCF and Al matrix, indicating that
the wettability between the CF and Al matrix has been enhanced. However, local damage
occurred to the TiC coating, resulting in an incomplete surface morphology of the CF and
a blurred interface at the direct contact with the Al substrate. The interface reaction may
have generated Al4C3 [34]. This indicates that although the coating obtained after 2 h of
holding significantly improves the wettability of the CF, its strength is affected due to the
thin coating, and coating damage limits the optimization of its overall performance. When
the holding time of the molten salt reaction reaches 3 h, the CF distribution inside the
composite material is uniform. And the CF maintains its original shape, at which point
the interface reaction has significantly weakened. In the preparation process of CF/Al
composite materials, due to the high melting point of the Ti element, its diffusion ability in
the Al melt is limited during the rapid preparation process. As a result, the Ti element is
often concentrated near the CF surface in the composite material, forming a rich Ti phase, as
shown in Figure 9. The Ti element that segregates near the CF in the matrix will supplement
the detached coating, thereby suppressing the formation of the Al4C3 compound [35]. This
constitutes the second protective barrier against the CF. However, when the holding time of
the molten salt reaction was increased to 4 h, significant differences in the thickness of TiC
coatings on different fiber surfaces were observed, and an uneven coating was observed on
the surface of the same CF, with local damage, resulting in gaps in the CF.
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pure Al substrate. When the holding time for the molten salt reaction is 4 h, the excessive 
reaction of the CF leads to a decrease in its own stiffness, and the contribution of the dam-
aged CF to the adhesive strength is relatively limited, resulting in weak bonding between 
the CF and TiC. The tensile strength of the composite material is 94.50 MPa, which is about 
56.7% higher than that of the pure Al matrix.

Table 2. Tensile strength of TiC-CF/Al composite materials.

Tensile Strength of TiC-CF/Al Composite Materials (MPa)
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Holding time 4 h 101.86 104.35 1105.58 103.93
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Figure 8. Morphology of TiC CF/Al composites prepared using coatings of different thicknesses at
high magnification: (a) holding for 2 h; (b) holding for 3 h; and (c) holding for 4 h.



Metals 2025, 15, 459 9 of 13

Metals 2025, 15, x FOR PEER REVIEW 9 of 13

Figure 8. Morphology of TiC CF/Al composites prepared using coatings of different thicknesses at 
high magnification: (a) holding for 2 h; (b) holding for 3 h; and (c) holding for 4 h.

Figure 9. Energy spectrum analysis of TiC-CF/Al composite material with holding time of 3 h. (a) 
SEM (b) Al (c) C (d) Ti. The orange box indicates the scanning range of EDS.

3.3. Mechanical Properties of TiC-CF/Al Composite Materials

Table 2 and Figure 10 show the stress–strain curves of the pure aluminum matrix and 
TiC-CF/Al composite material. After retaining three valid values for each group, we took 
the average and plotted the tensile strength curve. Pure Al exhibits a high toughness, low 
tensile strength, and good elongation. The measured tensile strength of pure Al is 60.30 
MPa.

In TiC CF/Al composites prepared by the molten salt reaction, the retention time of 
the coating prepared by the molten salt reaction method is 2 h; the interfacial bonding 
strength was improved due to the introduction of TiC, resulting in a significant increase 
in tensile strength, reaching 88.21 MPa. Compared with the pure Al matrix, the strength 
was increased by about 46.28%. The holding time for the molten salt reaction is 3 h, and 
an appropriate increase in the coating thickness promotes the bonding between the coat-
ing, CF, and substrate. The tensile strength of this composite material reaches its highest 
value, with a tensile strength of 103.93 MPa, which is about 72.35% higher than that of the 
pure Al substrate. When the holding time for the molten salt reaction is 4 h, the excessive 
reaction of the CF leads to a decrease in its own stiffness, and the contribution of the dam-
aged CF to the adhesive strength is relatively limited, resulting in weak bonding between 
the CF and TiC. The tensile strength of the composite material is 94.50 MPa, which is about 
56.7% higher than that of the pure Al matrix.

Table 2. Tensile strength of TiC-CF/Al composite materials.

Tensile Strength of TiC-CF/Al Composite Materials (MPa)
Experiment Experiment 1 Experiment 2 Experiment 3 Average

Holding time 2 h 60.32 62.67 57.91 60.30
Holding time 3 h 89.32 88.13 87.18 88.21
Holding time 4 h 101.86 104.35 1105.58 103.93

Pure Al 94.60 96.32 92.58 94.50

gaps in the CF

TiC coating

Al

Damage

Figure 9. Energy spectrum analysis of TiC-CF/Al composite material with holding time of 3 h.
(a) SEM (b) Al (c) C (d) Ti. The orange box indicates the scanning range of EDS.

3.3. Mechanical Properties of TiC-CF/Al Composite Materials

Table 2 and Figure 10 show the stress–strain curves of the pure aluminum matrix
and TiC-CF/Al composite material. After retaining three valid values for each group, we
took the average and plotted the tensile strength curve. Pure Al exhibits a high toughness,
low tensile strength, and good elongation. The measured tensile strength of pure Al is
60.30 MPa.

Table 2. Tensile strength of TiC-CF/Al composite materials.

Tensile Strength of TiC-CF/Al Composite Materials (MPa)

Experiment Experiment 1 Experiment 2 Experiment 3 Average

Holding time 2 h 60.32 62.67 57.91 60.30
Holding time 3 h 89.32 88.13 87.18 88.21
Holding time 4 h 101.86 104.35 1105.58 103.93

Pure Al 94.60 96.32 92.58 94.50
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In TiC CF/Al composites prepared by the molten salt reaction, the retention time of
the coating prepared by the molten salt reaction method is 2 h; the interfacial bonding
strength was improved due to the introduction of TiC, resulting in a significant increase
in tensile strength, reaching 88.21 MPa. Compared with the pure Al matrix, the strength
was increased by about 46.28%. The holding time for the molten salt reaction is 3 h, and an
appropriate increase in the coating thickness promotes the bonding between the coating,
CF, and substrate. The tensile strength of this composite material reaches its highest value,
with a tensile strength of 103.93 MPa, which is about 72.35% higher than that of the pure Al
substrate. When the holding time for the molten salt reaction is 4 h, the excessive reaction
of the CF leads to a decrease in its own stiffness, and the contribution of the damaged CF
to the adhesive strength is relatively limited, resulting in weak bonding between the CF
and TiC. The tensile strength of the composite material is 94.50 MPa, which is about 56.7%
higher than that of the pure Al matrix.

Figure 11 shows the fracture morphology of Ti-CF/Al specimens prepared using the
CF with different coating thicknesses. As shown in Figure 11a, the CFs with coating damage
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were observed in the fracture surface of the TiC-CF/Al composite material prepared by
coating with a holding time of 2 h. Due to the unevenness of the coating surface, the
bonding strength between the CF and Al substrate is insufficient. Meanwhile, when the Al
melt comes into direct contact with the CF, it is prone to the formation of brittle-phase Al4C3,
which seriously damages the CF interface and becomes a crack source [36,37]. In the TiC-
CF/Al composite material prepared by coating with a holding of 3 h, the bonding strength
between the CF and Al matrix is high, and the overall composite exhibits a short pull-out
fracture morphology. The formation of tearing ridges around the short pulled out fibers is
consistent with the mechanisms of fiber debonding and fiber pull-out fracture [38]. The
strength of the TiC-CF bonding interface exceeds the tensile strength that the TiC coating
can withstand. In the process of resisting tensile deformation in composite materials,
when the TiC-CF structure exhibits a core–shell structure, the crack source starts from
the coating and leads to fracture, and the CF inside the shell will also fracture in weak
areas. When TiC-CF achieves effective bonding, the shear effect at the coating interface
can be effectively transmitted to the carbon fiber reinforcement [39,40]. In addition, CF
reinforcements typically have a high stiffness, resulting in shear fracture when subjected to
tensile failure [41,42].
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Figure 11. Fracture morphology of TiC-CF/Al composite materials prepared with coatings of different
thicknesses: (a) holding for 2 h; (b) holding for 3 h; and (c) holding for 4 h.

The TiC-CF/Al composite material prepared by coating obtained after 4 h of holding
treatment mainly exhibits shear fracture characteristics as a whole. As shown in Figure 11c,
the prolonged molten salt reaction time of the CF leads to damage to its matrix, which in
turn causes a decrease in the stiffness of the monofilament. In addition, the thickness of the
TiC coating is relatively large, resulting in a relatively weak bonding force at the TiC-CF
interface. Therefore, during the stretching process, the CF is more prone to shear fracture,
leading to the overall shear fracture of the composite material [43], and it also triggers shear
fracture between the CF and the coating.

The introduction of CF leads to brittle fracture characteristics in CF/Al composites,
which is fundamentally due to the significant mismatch in mechanical properties between
the high elastic modulus of the CF and the low elastic modulus of Al. This mismatch makes
it difficult for CF/Al composite materials to absorb energy through plastic deformation
under stress, resulting in a decrease in their toughness. And in TiC CF/Al, the interface
combination may be relatively strong at the macro level, but at the micro level it may form
stress concentration points, which can easily become the origin of cracks when the material
is subjected to tensile stress, thereby limiting the material’s ductility. If sufficient interface
bonding is formed between the CF and Al matrix, the interface can effectively disperse
stress, thereby enabling the CF to resist tensile deformation under stress. During the molten
salt reaction process, when the CF holding time is 3 h, the TiC-CF interface bonding strength
is higher, and the fracture surface tends to be a short fiber pull-out fracture, significantly
improving the tensile strength of TiC-CF/Al composite materials.
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4. Conclusions
This article explores, in detail, the influence of adjusting the holding time during the

molten salt reaction process on the interface thickness of TiC-CF and the microstructure
and properties of TiC-CF/Al composites. The conclusions of this study are as follows:

(1) As the holding time of the molten salt reaction increases from 1 h to 4 h, the thickness
of the TiC coating increases and the morphology gradually becomes rougher, and
this trend is positively correlated with the increase in the holding time. The coating
reaches a fully coated state on the surface after 2 h of holding.

(2) The presence of the intact TiC coating on the surface of the CF can not only effectively
improve the wettability between the CF and aluminum melt but also suppress the
reaction between the CF and aluminum. However, an excessively thick coating not
only reduces the strength of the fibers, due to excessive reactions, but also makes the
coating prone to detachment during the preparation process due to stress.

(3) When the holding time is 3 h, the strength of the TiC-CF bonding interface exceeds
the tensile strength that the TiC coating can withstand, effectively transferring the
load during deformation. The tensile strength reached 103.93 MPa, which is 72.35%
higher than the tensile strength of the pure aluminum matrix.

This paper did not delve deeply into the bonding mechanism of the TiC-CF interface,
and future research directions can start from the perspective of exploring chemical bonding
and mechanical interlocking. It can also explore the changes in the interfacial bonding
strength under different insulation times, as well as the impact of changes in the interfacial
structure on the properties of composite materials.
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