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Abstract: The synthesis of carbide coatings on graphite substrates using molten salt synthesis (MSS), has garnered significant interest due
to its cost-effective nature. This study investigates the reaction process and growth kinetics involved in MSS, shedding light on key as-
pects of the process. The involvement of Ti powder through liquid-phase mass transfer is revealed, where the diffusion distance and
quantity of Ti powder play a crucial role in determining the reaction rate by influencing the C content gradient on both sides of the
carbide. Furthermore, the growth kinetics of the carbide coating are predominantly governed by the diffusion behavior of C within the
carbide layer, rather than the chemical reaction rate. To analyze the kinetics, the thickness of the carbide layer is measured with respect to
heat treatment time and temperature, unveiling a parabolic relationship within the temperature range of 700—-1300°C. The estimated activ-
ation energy for the reaction is determined to be 179283 J-mol'. These findings offer valuable insights into the synthesis of carbide coat-
ings via MSS, facilitating their optimization and enhancing our understanding of their growth mechanisms and properties for various ap-
plications.

Keywords: titanium carbide; graphite; molten salt; kinetic analysis

1. Introduction

Carbon-based materials, such as carbon fiber (C;), dia-
mond, and graphite, are renowned for their low density and
high mechanical strength at elevated temperatures, rendering
them suitable for the applications in extreme environments
and ultra-high-temperature [1-8]. However, their susceptib-
ility to oxidation poses a challenge, necessitating protective
measures in harsh conditions is thus required [9-12]. To mit-
igate this concern, surface modification coatings based on re-
fractory carbides have been extensively employed for car-
bon-based materials. These carbides exhibit exceptional
chemical compatibility with carbon and possess remarkably
high melting points, thereby effectively enhancing the oxida-
tion resistance of carbon-based materials [13-16].

Traditional coating preparation techniques, such as chem-
ical vapor deposition (CVD) and physical vapor deposition
(PVD), require high vacuum levels, controlled reaction gases,
and complex, expensive equipment [17-25]. Consequently,
the cost of producing carbide coatings using these methods is
substantial. An alternative approach is molten salt synthesis
(MSS). The MSS process involves the diffusion of refractory
metal atoms within a liquid phase and chemical reaction
between these atoms and the surface of carbon materials. As
a result, it may offer a faster, simpler, and more cost-effect-
ive method for synthesizing refractory carbides. MSS has
been successfully utilized to coat various refractory carbides,
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including TiC, ZrC, SiC, and TaC, onto carbon materials
[26-32]. Extensive researches have demonstrated that
carbides synthesized via MSS exhibit favorable mechanical
properties and enhance the oxidation resistance of carbon-
based materials. For instance, Constantin et al. [33] reported
the spontaneous formation of multi-layered carbide coatings
on carbon fiber surfaces using MSS, which displayed excep-
tional resistance to harsh environments. Behboudi ef al. [34]
reported the in-situ synthesis of TiC coatings on graphite sur-
faces via MSS, leading to improved oxidation resistance of
graphite flakes. These studies emphasize the potential of
MSS as a straightforward and cost-effective method for syn-
thesizing refractory carbide coatings [35-36].

The quantitative analysis of factors influencing the growth
kinetics of carbide coatings in the MSS reaction remains
largely unexplored. Specifically, in the case of widely stud-
ied TiC coatings, the growth kinetics of carbide layers are
commonly attributed to the rate of carbon (C) diffusion, as C
exhibits a significantly higher diffusion coefficient in titani-
um carbide (TiC) than in titanium. However, other re-
searches have reported large discrepancies regarding the ef-
fective diffusion growth coefficients of TiC. Constantin et al.
[33] and Behboudi et al. [34] found that the effective diffu-
sion growth coefficients of TiC is smaller than the diffusion
coefficient of C in TiC. These results suggested that other
factors may be involved in the growth kinetics of carbide
coatings. Given that growth kinetics dictate the synthesis of
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carbide coatings, a comprehensive study on the reaction kin-
etics of MSS synthesized carbides is essential to facilitate the
rational design of carbide coatings with desirable properties.

This study aims to investigate the MSS of TiC as a repres-
entative case for carbide synthesis. Initially, a well-defined
and uniform TiC coating was synthesized on the surface of a
graphite block using the MSS process. The specific role and
impact of titanium particles presented in the molten salt me-
dium on the growth of the carbide coating were thoroughly
examined. Subsequently, a diffusion theory model was de-
veloped to comprehensively elucidate the growth kinetics of
TiC layers during the MSS process. These investigations are
conducted to achieve a deeper understanding of the underly-
ing mechanisms governing MSS carbide synthesis. This, in
turn, enables improved control and optimization of carbide
coating properties.

2. Methodology

Isostatic graphite sheets, with a thickness of 2 mm and a
purity exceeding 99%, were chosen as the substrate material
for synthesizing TiC coatings. The molten salt medium used
in the process consisted of high-purity chloride salts, namely
KCl (>99.5% purity) and NaCl (>99.5% purity). The mass
ratio of Ti to NaCl to KCl was adjusted within the range of
Ti : NaCl : KCI = (0.25-4):20:25. To initiate the synthesis,
the fine titanium powder and the chloride salts were thor-
oughly mixed to achieve a homogeneous distribution. The
mixture was then placed in an alumina crucible. Careful em-
bedding of the graphite sheet into the mixture was performed
to ensure proper contact between the graphite sheet and the
mixture components. The entire assembly was subjected to
heat treatment in a tube furnace at a temperature range of
700-1000°C under an argon atmosphere. The heating and
cooling rates were maintained at approximately 5°C/min to
ensure controlled thermal conditions. After the completion of
the heat treatment, the assembly was allowed to cool natur-
ally to room temperature. To remove the molten salt, the
graphite sheet was extracted from the assembly and treated
with water to dissolve the salt. The extracted graphite sheet
was labeled to distinguish between the top and bottom sides
and then thoroughly rinsed with distilled water to eliminate
any remaining salt residues.

X-ray diffraction (XRD) analysis was conducted on a
Rigaku Mini Flex 600 instrument to determine the phase
composition of both the graphite sheet and the synthesized
coating. XRD measurements were carried out in the 26 range
of 20°-80° using monochromatic Cu K, radiation at 40 kV
and 15 mA. The obtained XRD data provided valuable in-
sights into the crystalline structure of the samples. To ana-
lyze the microstructure and composition, samples were ex-
amined using a RISE-MAGNA scanning electron micro-
scope (SEM) equipped with an energy-dispersive X-ray
spectrometer (EDS). This combination allowed for the char-
acterization of the sample’s surface morphology, as well as
the elemental composition analysis. Cross-sectional views of

the coated graphite were obtained by longitudinally fractur-
ing the graphite sheets under compressive forces, providing a
detailed view of the coating structure. These characterization
techniques provided a comprehensive understanding of the
microstructure, phase composition, and elemental distribu-
tion of the synthesized TiC coatings on isostatic graphite
sheets. This facilitated further analysis and evaluation of the
coating’s properties.

3. Results and discussion
3.1. Growth of TiC coating

The growth of TiC coatings on graphite surfaces was in-
vestigated by heat treatment at 700, 750, 850, and 950°C for
30 min. XRD analysis of the graphite sample after molten
salt treatment revealed only the presence of the graphite mat-
rix phase and the TiC coating, with no detection of other
phases such as Ti or TiO, (Fig. 1(a)). The relative peak in-
tensity of the TiC phase increased with increasing temperat-
ure, indicating that temperature is a significant factor affect-
ing the synthesis rate of TiC. A higher peak intensity also
suggested that the generated TiC was thicker. Fig. 1(b) shows
a cross-sectional view of the fracture surface of graphite after
molten salt treatment at 850°C. EDS analysis confirmed the
distribution of Ti and C in these regions. Plan-view observa-
tions (Fig. 1(c)—(f)) revealed a uniform distribution of Ti and
C elements with no aggregation or exposed areas. Statistical
analysis of the atomic ratio of Ti to C indicated an average
phase composition of approximately TiCys. These results
suggest that the generated TiC phase exhibits a certain de-
gree of content variation, consistent with previous experi-
mental findings reported by Constantin ef al. [33] and Be-
hboudi et al. [34]. Overall, these results demonstrate that the
TiC coating grown on graphite surfaces via molten salt treat-
ment is uniform and free of voids and cracks.

To further elucidate the reaction process underlying the
synthesis of TiC in molten salt, residual Ti powder was ob-
tained by cleaning the original and post-treatment mixtures.
Fig. 2(a) shows the morphology of Ti powder before and
after heat treatment at temperature ranging from 700 to
950°C. The original Ti powder exhibited sharp edges and
corners and a dense polyhedral morphology. In contrast, heat
treatment in molten salt resulted in the gradual disappearance
of these features and the emergence of dissolution holes in
the previously dense block body. The obtained results sup-
port the conclusion that titanium powder exhibits a reaction
and dissolution behavior in molten salt. Through the diffu-
sion of titanium in the liquid phase, the growth of TiC coat-
ings is facilitated. Straumanis et al. [37] found that titanium
will react with chloride salts to form low-valent chlorides of
titanium at high temperatures. These low-valent chlorides can
dissolve in chloride salts, enabling the diffusion of titanium
in the liquid phase. Experimental observations revealed that
the color of the mixed chloride salts changed from white to
green after treatment with titanium powder. Additionally, gas
generation and the production of a strongly reductive sub-
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and EDS surface scan images.
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Fig. 2. Influence of temperature and diffusion distance on the reaction process: (a) partial solubility of Ti powder in molten salt; (b)
schematic representation of titanium powder reaction; (c¢) inhibition of TiC growth with increasing diffusion distance; (d) impact of

Ti powder distance on mass transfer.

stance were observed when the green salt came into contact
with water. These experimental phenomena indicate the pres-
ence of a green titanium compound in the treated chloride
salt, which acts as a highly reducing agent.

The overall reaction process is depicted in Fig. 2(b): Ti
powder reacts with the mixed chloride salts, resulting in the
formation of low-valent titanium compounds. These com-
pounds then diffuse to the graphite surface within the liquid
molten salt and react with C, ultimately leading to the forma-
tion of TiC coatings. To investigate the potential influence of

the reaction distance between graphite and titanium powder
on the rate of TiC formation, a comparison was made
between the two sides of graphite sheets under the effects of
gravity segregation. The XRD results of the treated graphite
sheets, following heat treatment at 750 and 850°C for 30 min,
are depicted in Fig. 2(c). The XRD results for the bottom side
of the graphite sheet are labeled as 750°C-B and 850°C-B,
represented by red lines, while the top side results are repres-
ented by black lines. Notably, distinct TiC diffraction peaks
are observed on the top side of the graphite, while no such
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peaks are observed on the bottom side. During the experi-
mental process, gravity segregation led to an increase in the
distance between the titanium powder and the bottom side of
the graphite (less than 3 mm), as illustrated in Fig. 2(d).
These findings suggest that even a slight increase in distance
between Ti and graphite can significantly impact the reaction
rate of TiC formation.

3.2. Growth Kinetics of titanium carbide

A schematic diagram illustrating the diffusion analysis in
the reaction system containing TiC is presented in Fig. 3(a)
and (b). In this molten salt system, C does not exhibit dissol-
ution or diffusion behavior and TiC grows on the surface of
graphite. Therefore, the main research object of the diffusion
model is the carbide layer. The reaction between molten salt
and TiC occurs on the Ti-rich side, where Ti atoms diffuse
through the existing TiC layer towards the graphite substrate.
On the carbon-rich side, C atoms diffuse through TiC to-
wards its surface. Generally, C atoms have a significantly
higher diffusion coefficient (D) in TiC than Ti atoms due to
their interstitial diffusion mechanism. Therefore, the growth
rate of the carbide layer is primarily determined by the speed
of C diffusion through TiC towards the graphite surface,
and the contribution from Ti atoms diffusion can be neg-
lected [38].

The diffusion process of C through the carbide layer to-
wards its surface can be described using solid-state diffusion
theory. Assuming a constant C content in TiC on the molten
salt side, the growth of TiC on the graphite surface can be
considered as a diffusion process in a semi-infinite model.
The C content curve for the system is depicted in Fig. 3(b).
At the interfaces on both sides of TiC, the C content refers to
the C solubility in the binary phase diagram for Ti—C. The
TiC in contact with graphite has the highest C content (o),
which is close to that of pure TiC. On the molten salt contact
side, the C content (p,) in TiC may remain constant within
the range of TiC to TiC,s. For a typical semi-infinite diffu-
sion couple, the solution of the diffusion equation for C con-
tent and diffusion time can be obtained:

pO_p(x’ t) ( X )
PP D _ (2 )= a 1
PP P )

where D is the diffusion coefficient (cm*s™), ¢ is the diffu-
sion time (s), and x is the diffusion distance (cm). By taking

o0~
0

Q
&
=
[=3
]
O
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the approximation of Eq. (1), we obtain a simplified equa-
tion:
X
Ax 2)
(2 x/ﬁt)
Combining Egs. (1) and (2), we obtain expression for
thickness of carbide coating as Eq. (3),

x=2A(p)VDt, 0.5 A(p,)>0 (3)

Assuming that C content p, on molten salt contact side for
carbides is a function of proportion of titanium powder in
salt:

os=f(Cx)  (po>p, 2 Pric,s) 4)
where Cr; represents the content of titanium in the molten
salt. Thus, we obtain expression relating proportion variable
for titanium to thickness of carbides:

x=2A(Cr) VDi ©)
where A (Cry) is a function related to Cr.

In the experimental verification of the A (Cr;) section, we
utilized molten salts with varying proportions of titanium
powder (mass ratio of Ti : NaCl : KCI = (0.25-4):20:25) for
the heat treatment of graphite at 850°C. In order to exclude
the influence of the distance between the reactants, we car-
ried out a kinetic analysis of the TiC thickness on the top side
of the graphite sheet. As depicted in Fig. 4(a)—(e), the data
suggests a significant correlation between the proportion of
Ti and the thickness of the carbide layer. To ensure sufficient
consumption of titanium powder and avoid significant differ-
ences in coating thickness, we observed the remaining
amount of titanium powder in the molten salt after growth.
The results revealed the presence of residual titanium powder
in all proportions of the molten salt, indicating an adequate
quantity of titanium powder. The titanium powder influences
the carbide thickness by affecting the C content on the
carbide surface. Fig. 4(f) clearly illustrates the dependence of
carbide thickness on the proportion of titanium powder in the
molten salt. It is evident that when the titanium proportion is
low, an increase in the proportion of titanium leads to a rapid
increase in carbide thickness. This can be attributed to the
consumption of C atoms on the carbide surface as the titani-
um proportion increases, resulting in a higher C content
gradient on both sides and facilitating carbide growth.
However, when the C content on the carbide surface ap-

Mass content of C

Molten salt

Fig. 3. Diffusion reaction kinetics model of coating: (a) schematic diagram of coating diffusion model; (b) C content distribution in

reaction diffusion model.
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proaches its limit value (close to TiC,s), further increases in
the titanium proportion do not alter the C content gradient on
both sides and therefore cannot affect the carbide thickness.

For the growth of carbide coatings, it is important to en-
sure a sufficient proportion of Ti to achieve the maximum
difference in C content gradient on both sides of the carbide
coating. Under this circumstance, A (Cr;) = 0.5. We can ob-
tain the relationship between coating thickness and diffusion
coefficient and time:

x= VDt (©)

where x represents the coating thickness (cm), D represents

the diffusion coefficient and/or growth rate constant (cm?s ™),
and ¢ represents the heat treatment time (s). Fig. 5(a) and (b)
shows the fitting results of layer thickness versus treatment
time at different temperatures using linear and parabolic
equations, respectively. The correlation coefficient (R*) for
parabolic fitting is 0.99, which is significantly higher than
that for linear fitting at 0.89. This result indicates that there is
a parabolic relationship between layer thickness and heat
treatment time, which is in good agreement with the relation-
ship shown by the equation. This further confirms that
carbide growth is controlled by C diffusion.
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Fig. 5. Diffusion kinetics of C atoms in coatings: (a) linear fitting and (b) parabolic fitting equations for the relationship between

TiC coating thickness and time; (c) comparison of diffusion coefficients of C in different studies.

According to the Eq. (6), the diffusion coefficient of C is
calculated. At 700, 900, and 950°C, the diffusion coefficient
of C (D¢) in TiC was found to be 8.40 x 107", 1.16 x 107"},
and 8.56 x 107" cm*s ™, respectively. In addition, the correl-
ation between diffusion coefficient (D) and process temper-
ature (7') is shown in Fig. 5(c). Studies have been conducted
on the diffusion growth kinetics of carbon during the diffu-
sion bonding of titanium alloy with steel [38—-39] and carbon
graphite [40]. Our findings are consistent with the reported
data on the diffusion coefficient of carbon, which is signific-
antly larger than the growth coefficient of TiC obtained

through Constantin’s molten salt method [33]. This may be
due to the fact that in Constantin’s MSS research [33], the re-
action ratio of Ti to C; was relatively small, resulting in an
insufficient C content gradient on both sides of the carbide
(A(Cr;) <0.5), thus exhibiting a parabolic growth relation-
ship but with a smaller apparent diffusion coefficient. The re-
lationships among D, activation energy (Q), and the process
temperature (7') could be expressed as an Arrhenius equa-
tion [40],

D= Doexp( - 1%) (7)
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where D, is the pre-exponential constant and R is the gas
constant equal to 8.314 J-mol “K™'. Eq. (8) could be ex-
pressed in the form of a natural logarithm as follows,

0
InD =InD, — RT ®)
By fitting the experimental results using the Eq. (8), we
obtained a diffusion activation energy of 179.283 kJ/mol and
Dy =0.003254 m*-s". The relationship between carbide lay-
er thickness and processing temperature and time can then be

expressed as follows:

X = 4 fDoexp( - %)t ©)

Eq. (9) can be used to predict the carbide thickness at dif-
ferent processing temperatures and times (when Ti is suffi-
cient). To further verify its accuracy and applicability at oth-
er temperatures, heat treatment was performed at 1100 and
1300°C for 240 min. The predicted thicknesses were 26.2
and 72.2 um, respectively, while the corresponding experi-
mental values were 28.6 and 63.4 um. The deviations
between predicted values and experimental values were 9.2%
and 12.2%, indicating that thickness can be accurately pre-
dicted by temperature and time within the range of
700—-1300°C. From these results, we can conclude that (1) the
growth kinetics of carbides is controlled by C diffusion; (2)
carbide thickness follows a typical parabolic relationship
with time; (3) the diffusion coefficient also follows an Arrhe-
nius equation with temperature.

4. Conclusion

In conclusion, a dense and uniform carbide coating was
successfully grown on a graphite substrate using the MSS
method. The presence of Ti powder played a crucial role in
facilitating the liquid-phase mass transfer of Ti atoms, result-
ing in the formation of TiC. The growth rate of TiC was
primarily controlled by the diffusion of C atoms driven by the
difference in C content gradient on both sides of the carbide.
The Ti content ratio influenced the carbide growth rate by af-
fecting the C content on the carbide surface. The experiment-
al results confirmed the diffusion parabolic kinetics of TiC
growth, with diffusion coefficients and activation energies
consistent with values reported in other systems. These find-
ings provide valuable insights into the growth mechanisms of
carbide coatings synthesized via the molten salt method.
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