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Refractory materials hold great promise to develop functional
multilayer coating for extreme environments and temperature
applications but require high temperature and complex synthesis
to overcome their strong atomic bonding and form a multilayer
structure. Here, a spontaneous reaction producing sophisticated
multilayer refractory carbide coatings on carbon fiber (CF) is reported.
This approach utilizes a relatively low-temperature (950 °C) molten-
salt process for forming refractory carbides. The reaction of titanium
(Ti), chromium (Cr), and CF yields a complex, high-quality multilayer
carbide coating composed of 1) Cr carbide (CrsG,), 2) Ti carbide, and 3)
Cr3C; layers. The layered sequence arises from a difference in metal
dissolutions, reactions, and diffusion rates in the salt media. The
multilayer-coated CFs act as a permeable oxidation barrier with
no crystalline degradation of the CFs after extreme temperature
(1,200 °C) and environment (oxyacetylene flame) exposure. The
synthesis of high-quality multilayer refractory coating in a fast,
efficient, easy, and clean manner may answer the need for indus-
trial applications that develop cheap and reliable extreme environ-
ment protection barriers.

molten salt synthesis | oxidation barrier | multilayer coating |
refractory carbide | carbon fibers

Carbon fibers (CFs) are strong, lightweight, and have the
unique capability to hold their mechanical properties at el-
evated temperatures (up to 2,500 °C) (1, 2). These unmatched
properties have drawn significant interest for extreme environ-
mental and temperature applications (3-5). However, the weak
oxidation/fire resistance of CFs (~400 °C) requires protection
against harsh environments (6). Since the late 1930s, extensive
research efforts have been undertaken to develop an inexpensive
and reliable oxidation barrier made of refractory oxides, nitrides,
and carbides (5, 7, 8). Among them, refractory carbides have
gained consideration because of their spontaneous reaction with
C, high melting point, and excellent oxygen permeability (9-11).
Substantial evidence suggests that materials coated in multiple
carbide layers possess superior resistance to oxidation and ablation
than traditional single-layer carbide coatings (12-14). Combining
different carbides into a multilayer forms a passive layer on the
coating surface, enhancing the overall oxidation resistance (15).
Nevertheless, the synthesis of a multilayer carbide coating needs
elevated temperatures to overcome the strong atomic bonding of
the carbide and requires complex and costly synthesis methods for
forming a multilayer structure (16).

Unlike conventional solid- and liquid-state synthesis, molten
salt synthesis (MSS) offers a fast, easy, and affordable method of
synthesizing refractory materials (17). When heated above the
melting point, the ionic nature of the molten salt destabilizes the
atomic bonds, facilitating the chemical reactions and lowering
the reactional temperature (18). Acting as a solvent, the molten
salt enhances the transport and diffusion of dissolved species,
leading to the fast synthesis of refractory materials. In addition,
the aqueous solubility of the salt ensures easy removal of the
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solid solvent at the end of the reaction and recovery of the final
product, making the MSS process clean and scalable (11). To
date, a wide range of refractory carbides have been coated on
carbon materials via MSS, including TiC, ZrC, SiC, and TaC
(19-22). It was reported that refractory carbides synthesized by
an MSS process possess high purity with tribological and me-
chanical properties like those obtained by conventional chemical
vapor deposition (23, 24). MSS processes have therefore proven
to be easy, cost-effective, and clean methods of synthesizing
single-layer coatings of refractory carbides and could in a similar
fashion be used to produce multilayer carbide coatings.

Here, we present a spontaneous and low-temperature reaction
using a single-step molten salt process to form a multilayer re-
fractory carbides coating on CFs. Our study focused on TiC and
Cr;C, due to their excellent wear, oxidation, and erosion resis-
tance (25). Analyses of the microstructure and chemical prop-
erties of the synthesized multilayer carbides revealed three
distinct layers composed of Cr3C,-TiC-Cr;C, To better un-
derstand the reaction involves in the formation of the complex
multilayer coating, rapid quenching of the molten salt and ki-
netic analyses of TiC and Cr;C, single layers were performed. It
is shown that the coatings undergo a kinetic control during the
first minutes of the process that enables the formation of a
complex sequence. Finally, the multilayer-coated CFs showed
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extreme temperature and environment resistance when sub-
jected to an oxyacetylene flame as compared to the single-coated
CFs. MSS enables, thus, the formation of a complex and high-
quality multilayer refractory coating in a rapid, efficient, and
clean manner, holding great promise to produce low-cost and
reliable environmental barriers.

Results and Discussion

KCI has the ability to dissolve both Cr and Ti metallic powders
(26, 27). Therefore, KCl was used as the reaction media in this
work at 950 °C for 5 h. Note a temperature of 950 °C is con-
sidered relatively low due to elevated temperatures (>1,000 °C)
required to synthesize Ti and Cr carbides (28-30). After the MSS
process, the salt was washed away in boiling water (SI Appendix,
Fig. S1). Then, the surface microstructure of the CFs was ob-
served by scanning electron microscopy (SEM) with a back-
scattered electron (BSE) mode to enhance the contrast between
the CFs and the coated layers.

Fig. 14 and SI Appendix, Fig. S2 show the fibers coated using
metal (M) = Ti, M = Cr, and M = Ti + Cr and reveals ho-
mogenous layers on all CFs throughout the anisotropic structure
of about 600 nm. The coating obtained with M = Ti and M = Cr
was a monocontrasted layer, implying a single-phase formation,
as shown in Fig. 1B. The deposition of single-carbide coating is
confirmed in the X-ray diffractograms (Fig. 1C). When M = Tj,
the diffractogram shows peaks at 26 = 35.9, 41.7, 60.4, 72.3, and
76.1°, corresponding to the (111), (200), (220), (311), and (222)
planes of cubic phase, suggesting the formation of TiC (powder
diffraction file [PDF] card 31-1400). Then, when M = Cr, the
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pattern shows peaks at 20 = 32.6, 35.2, 36.0, 39.0, 40.2, 42.6, 45.5,
46.6, 47.4, 48.6, 50.1, 51.2, 66.0, and 76.3° attributing to the
(011), (140), (220), (121), (230), (150), (240), (211), (060), (221),
(310), (051), (002), and (181) planes of orthorhombic phase,
adumbrate the formation of Cr;C, (PDF card 14-406).

In opposition, when M = Ti + Cr, two contrasted layers were
observed, suggesting the formation of two phases, as illustrated
in Fig. 1B. The diffractogram displays peaks attributed to both
Cr;C; and TiC, indicating the formation of a multilayer carbide
coating. We then analyzed the multilayer coating’s elemental and
chemical composition by Auger electron spectroscopy (AES)
depth profiling to get more insight into the coating sequence, as
shown in Fig. 1D. The atomic concentrations of Cr, Ti, and C
match the formation of three distinct layers; 1) Cr;C,, 2) TiC,
and 3) Cr;C; and corroborates the BSE and X-ray diffraction
observations. Additionally, the AES depth profile reveals that
the TiC layer has a stichometry comprise between TiCyg and
TiCy gs5. At the same time, Cr3Cr, (~66 AT% C) is the only Cr
carbide presents in the multilayer coating, as shown in Fig. 1D.
Also, no trace of Cr was detected in the TiC layer and vice versa,
suggesting that no diffusion of Cr in the TiC occurred at 950 °C,
regardless of the nonnegligible solubility of CrzC, in TiC at high
temperatures (>1,300 °C) (31, 32). These results indicate that
complex multilayer carbide coatings can be formed using a
single-step molten salt process at a low temperature (950 °C).

Next, to understand how the layer sequence is formed in
molten KCI, we froze the liquid salt containing Ti + Cr — CFs at
a different stage of the MSS process by air quenching. Fig. 24
shows a SEM micrograph of the salt quenched in the early stage
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Fig. 1. SEM micrographs of Ti, Cr, and Ti + Cr coatings on CFs after the MSS: (A) cross-sectional views; (B) schematic illustrations of the coatings with M = Ti,
Cr, and Cr+Ti; (C) XRD diffraction patterns of TiC, CrsCy, and TiC + Cr3C, coatings; and (D) AES depth profiles of the CFs coated in a Ti + Cr salt solution.
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Fig. 2. Steps to form the multilayer coating: (A and B) SEM micrographs
after salt quenching at different times of 0 and 10 min with illustrations, (C)
EDX analysis of the salt quenched at 10 min, and (D and E) SEM micrographs
after salt quenching at different times of 20 and 30 min with illustrations.

of the coating process. As can be observed, submicrometer Ti
and Cr particles formed within a few seconds, suggesting their
dissolution in the molten salt. An X-ray diffraction (XRD)
analysis of the coated fibers (SI Appendix, Fig. S3) showed peaks
corresponding to both Cr;C, and TiC phases, indicating that the
salt bath significantly reduced the reaction time, similar to an
analysis reported by Tohru Arai et al. (33).

After 10 min (Fig. 24), the number of Ti particles decreased as
they transformed into TiC. However, it can also be observed that
a shell surrounding the Cr particles was formed. To define the
chemical compositions of this shell encapsulating the Cr parti-
cles, we analyzed three positions by energy-dispersive X-ray
spectroscopy (EDX): 1) the Cr particle, 2) the Ti particle, and
3) the envelope as shown in Fig. 2C. The EDX spectrum of Point
1 shows the peaks corresponding to Cr. The analysis of Point 2
identifies the presence of Ti and a small amount of Cr. Finally,
Point 3 indicates the presence of both Ti and Cr with a com-
position of about 45 AT% Ti and 55 AT% Cr. These observa-
tions suggest that while Ti reacts with the CFs to form TiC, it
simultaneously reacts with Cr to form the Ti—Cr shell around the
Cr particles. The Ti—Cr system binary phase diagram shows that
at a molar fraction of about 0.55 Cr and 0.45 Ti, two phases can
be obtained; temperatures below 1,272 °C yield both Cr,Ti and
Ti phases, and temperatures above 1,272 °C lead to Ti-Cr solid
solutions (34). The XRD diffractogram obtained after 10 min of
coating (SI Appendix, Fig. S3) shows peaks corresponding to Ti
and Cr metals with traces of oxides due to the air quenching but
no trace of Cr,Ti. Reaction via a molten salt is well known to
lower the synthesis temperature, and thus a coating temperature
of 950 °C could suffice to form a Ti—Cr solid solution. Fig. 2D
shows the salt mixture quenched after 20 min. The Ti particles
and the shells around the Cr particles were no longer observable,
suggesting their complete reaction. After 30 min, Cr powders
dissolved in the salt, forming the outer Cr;C; layer (Fig. 2F).

To clarify the formation of the first Cr;C, layer during the
early stage of the coating, we studied the kinetic growth of single-
carbide coatings (i.e., M = Ti and M = Cr) at different tem-
peratures and times. The kinetic analysis details can be found in
SI Appendix, section S2 and S3 and Figs. S4-S6). Fig. 34 shows
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the measured D, for TiC and Cr3C,; as a function of the coating
temperature. At 950 °C, D, was measured to be 1.3 x 107'% and
4.4 x 1072 cm?s for TiC and Cr;C,, respectively. Both values
agreed well with C diffusion in TiC and Cr,C; reported by both
Himbeault et al. and Koyama et al., respectively (35, 36).
Therefore, C diffuses three times faster in Cr;C, at 950 °C than
in TiC, which can explain why Cr;C, formed first, as illustrated in
Fig. 3B.

The counter diffusion of C in TiC and in Cr;C, was then
qualitatively observed based on the Kirkendall-induced porosity
effect. This effect is a well-known phenomenon in which pores
form near the reactional interface to counteract the unequal flow
created by two materials with different diffusion rates (37). As
illustrated in Fig. 3C, once pores formed, the surface diffusion
became the driving force and led to channels (38). To observe
the Kirkendall-induced porosity effect, we grew TiC and Cr;C,
layers for 7 h at 950 °C via a MSS process containing a large
excess of metal. Fig. 3D shows that in the case of a TiC layer,
pores formed at the TiC/CF interface with a remaining CF di-
ameter of 7 pm (~10 pm initially). In contrast, in the Cr;C,
situation, channels formed near the Cr;C,/CF interface, and the
CF diameter was reduced to 5 pm (Fig. 3E). These observations
indicate that C has faster reaction and diffusion in Cr3C, when
produced by the MSS process than in TiC, thus supporting our
kinetic analyses.

After synthesizing single and multilayer carbide coatings via an
MSS process, we tested their extreme environmental resistance
using an oxyacetylene flame. The coated CFs (M = Ti, Cr, and
Ti+Cr) having a coating thickness of about 600 nm were glued
onto a WC substrate and subjected to an oxyacetylene flame
at 10 mm from the inner cone (Tcps ~1,200 °C) for 60 s, as
illustrated in Fig. 44.

As shown in Fig. 4B, after the MSS process, the TiC coating
surface (i.e., M = Ti) was smooth and dense. However, once
subjected to the flame, particle-like features appeared on the
TiC layer’s surface, indicating TiC oxidation in TiO, (SI Appendix,
Figs. S74 and S8). A cross-section of the coated fibers showed that
the CFs were not completely vaporized but delaminated at the
TiC/CF interface. In a similar manner, the initially smooth surface
of the Cr;C, layer (i.e., M = Cr) became porous after the oxida-
tion test, leading to complete decomposition of the CFs (Fig. 4C
and SI Appendix, Figs. S7TB and S9). On the contrary, the multi-
layer carbide coating, M = Ti + Cr, showed only a partial erosion
of the outer Cr;C, after the oxyacetylene flame oxidation (Fig. 4D
and SI Appendix, Fig. STC). The CFs remained unchanged with an
intimate CF—coating interface, as shown in SI Appendix, Fig. S10.
The outer Cr3C, layer partially oxidized, creating a passive layer,
thus allowing the TiC layer and the inner Cr;C, layer to protect
the CFs from the extreme environment. Next, we evaluated the
graphite crystallinity of the CFs before and after being subjected
to the flame to further characterize the protective efficiency of
the multilayer coating. The graphitization was measured based on
the D- (~1,350 cm™, related to defects and disorder in the carbon
structure) and G-band (~1,580 cm™, results from the ordered
graphitic structure) ratio (Ip/Ig) (SI Appendix, Fig. S11) (39). It
was found that Ip/Ig was ~0.90 for the original and after fire ex-
posure of the CFs, implying conservation of the graphite crystallinity
of the CFs.

Conclusion. In summary, an MSS process allows the synthesis of a
complex multilayer coating of refractory carbides on carbon mate-
rials via a spontaneous and low-temperature reaction. The coating
sequence results from differences in the dissolution, transport, dif-
fusion, and reaction of metals in the molten salt and CFs. The
resulting complex multilayer coating shows an extreme temperature
and environmental resistance, which is superior to a single-carbide
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Fig. 3. Calculations and observations of C diffusion in Ti and Cr: (A) C diffusion coefficients in both Ti and Cr as functions of the coating temperature, (B) a schematic
illustration of the C diffusion, and (C) a schematic illustration of the Kirkendall effect and coatings at 950 °C for 7 h with ny = nc for M = (D) Ti and (E) Cr, respectively.

coating and confirms the advantage of a multilayer oxidation bar-
rier. We hope the efficiency, simplicity, and affordability of the MSS
process will open new avenues to producing functional oxidation
barriers coating for a wide spray used in extreme environmental
applications.

Materials and Methods

Preparation of Single and Complex Multilayer Carbide Coatings. Short poly-
acrylonitrile CFs with an average length of 200 um and a diameter of 10 um
(Mitsubishi Chemical DIALEAD K223HM) were used to coat carbide layers
using a molten salt process. S/ Appendix, Fig. S1 is a schematic illustration of
the different steps involved in a molten salt coating process. First, the salt
(KCl), GPR Rectapur 99%) and the metal (Ti, 99.5%, mean diameter 40 pm,
Cr, 99.5%, mean diameter 45 pm, or Cr + Ti) were homogeneously mixed
using an agate mortar. A molar ratio of C:KCl = 1:0.6 was used in all ex-
periments. The molar ratios for Ti, Cr, and Ti + Cr carbide coatings were
CTi = 1:0.12, C:Cr = 1:0.12, and C:.Cr:Ti = 1:0.06:0.06, respectively. The CFs
were then introduced into the salt/metal mixture and manually shaken.
Subsequently, the mixture was deposited on an alumina crucible, as shown
in Step 1. The crucible was placed in a tubular furnace under an argon flux at
a temperature ranging from 800 to 950 °C for different time periods,
ranging from 0.5 to 5 h, as illustrated in Step 2. The heating and cooling
rates were about 7 and 15 °C/min, respectively. When the oven cooled down,
the salt was dissolved in boiling water. The coated CFs were recovered by
filtration, as illustrated in Steps 3 and 4. Finally, the coated CFs were dried in
an oven at 60 °C for 1 h.

Formation of Multilayer Coatings. The process to form multilayer carbide
coatings was followed by air quenching the crucible at 950 °C at various times
ranging from 0 to 30 min. A piece of KCI/Ti-Cr/CFs was embedded in a
polyphenolic resin, which was polished and analyzed using SEM. The growth
kinetic of TiC and Cr3C, on CFs was studied using the ratios of C:Ti = 1:0.24
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and Cr:C = 1:0.24. The coating temperatures and times varied from 800 to
950 °C and 1 to 5 h, respectively. The thickness variation of the coated layers
was measured based on the cross-sectional views of the CFs. The Kirkendall

a Coated - CFs
T~1200°C

Inner cone s
Outer flame

;o

WC substrate

Surface after  Original

Cross-

Fig. 4. Extreme environment performance of single and multilayer coatings
on CFs: (A) a schematic illustration of the high velocity and temperature gas
erosion. SEM micrographs before and after testing for (B) TiC, (C) Cr3C,, and
(D) Cr3Cy/TiC/Cr3C, coatings.
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effect was studied by producing a thick coating with an equimolar mixture
of metal and carbon (i.e., C:Ti = 1:1 and C:Cr = 1:1) at 950 °C for 7 h.

Erosion/Oxidation under an Oxyacetylene Flame. A combustion torch with a
1.5 mm orifice was used to produce the flame. The precursor gases were a
mixture of 99.6% acetylene (C;H,) and 99.9% oxygen (O,) with flow rates of
1,780 and 1,800 sccm, respectively. Coated CFs were glued onto a WC sub-
strate containing 6% of cobalt (Co) (dimensions: 12.5 x 12.5 x 1.6 mm?3).
Samples were placed on a water-cooled brass stage 10 mm beneath the
tip of the flame for 60 s. The temperature was evaluated by a noncontact
pyrometer (0S3752, Omega Engineering, Inc.) and measured to be 1,200 °C.

Sample Characterization. Compositions of the coatings were characterized by
XRD (PANalytical X'pert PRO MPD, ) = 1.5405 A), EDX (Apollo X, EDAX Inc.),
and AES (Auger VG Microlab 310 F). Surface and cross-sectional views of the
CFs with different carbide coatings were analyzed by SEM using the BSE
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