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Abstract: The lack of robust interphases between carbon mwdt metals prevent the
exploration of the full scope potential of carbasbd metal matrix composites. Here, we
demonstrated a scalable and straightforward wayaduce strong interphase between copper
(Cu) and carbon fibers (CFs) by designing a tagldianium oxide-carbide coating (T§&iCy)

on CFs in a molten salt process. The oxide-carbaaposition in the graded layer strongly
depends on the coating temperature (800-950 °Chating with a high TiQcontent obtained at
a low coating temperature (800 °C) contributesdtieb molten-Cu wetting and strong adhesion
energy between CFs and Cu during a subsequentumepats1200 °C. The Cu wetting angle for
the TiQ-TiCx-CF sample obtained at 800 °C was ~80° + 5° wiflu surface coverage of ~50%
versus ~115° and ~10% for the THCF sample made at 950 °C. The kinetic analysithef
coating process step by step suggests a growthlimsited by the mass-transfer through the
coated layer. This method provides a novel appraacimprove the thermal conductivity of

Cu/C composite for thermal management applications.
1. INTRODUCTION

Metal matrix composites (MMC) need robust interg@satd enhance mechanical adhesion and
tailor the overall properties of the resultant cosife [1]. The formation of interphases is
particularly crucial in composites comprised of mieally and thermomechanically dissimilar
compositions [2,3]. Copper (Cu) reinforced carbitmerts (CFs) is an excellent example of MMC
with weak interfacial bonding. This MMC is of pauiar interest in thermal management, as a
next-generation heat sink material [4]. Solid Cenal is limited by fatigue failure due to cyclical
thermal stresses. Adding CFs to reinforce Cu offame advantage of combining the high
strength, low fatigue failure of CFs with the hitftermal conductivity of Cu (400 W-HK™).

Nevertheless, a simple Cu-CFs composite suffera fsoor Cu wettability on carbon (C) due to
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the lack of chemical affinity [5]. The lack of affty is more significant when molten metal is in
direct contact with the carbon reinforcement suglmagas pressure infiltration, squeeze casting,

stir casting, or more recently laser printing [6-8]

Extensive experimental and theoretical work haslmbsvoted on the interphase engineering to
improve CF-reinforced Cu matrix composite [9,10heCapproach has been to alloy the metal
with carbide-forming elements (e.qg., titanium (TZ);conium (Zr), chromium (Cr), and boron
(B)) [11-13]. However, the properties are seveddgraded due to inhomogeneous dispersion of
the alloying elements at the interface [14-16]. $Beond approach of considerable interest is to
coat the carbon reinforcement with carbides [17,T8{anium carbide (TiC) offers strong
oxidation resistance, high mechanical strengthekat chemical stability, and low density,
making it a right candidate as interphase [19]. Esv, it has been reported that TiC does not

wet thoroughly molten Cu (contact angle >115°)ultasg in poor adhesion to TiC surfaces [20].

This paper reports a third approach, which consistseating a graded titanium oxide - carbide
(TiOy-TiC,) coating on CFs using a molten-salt method twtaihe Cu — Carbon interphase.
Molten-salt synthesis provides a versatile anctiefit way to produce transition metal carbides
at relatively low temperatures in short time framéke salt acts as a solvent to dissolve the
metal powders and, therefore, enhance the Ti mrassport to the CF surfaces [21,22]. The
research results showed that the presence of diinouter layer on the TiCcoating improves
the wettability of molten CuRjgure 1). The interfacial wetting angle of Cu on the JHOC-
coated CFs reduced to be ~80°tthus offering a significant improvement over JT&lone. The
rate of elemental diffusion and the nature of theT@O, and Cu-TiG bonding were examined.
The influence of the coating temperature and timethee TiQ-TiC, microstructures and the

chemical compositions of the coatings were quadifiFinally, the process kinetics showed that
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the mass-transfer limits the rate of Ti@rmation through the coated layer; the effective

diffusivities governing the process were determined
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Figure 1. Schematic illustration of Cu wetting behavior measiby contact angles and droplet

coverage on CFs with different interphag@$:TiOy-TiCy, (b) TiCx, and(c) bare CF.

2. EXPERIMENTAL SECTION

2.1. Preparation of coatings on CFs.

The synthesis of the carbide coatings was carrigdby a molten-salt process, illustrated
schematically irfFigure 2. First, CFs (Mitsubishi ChemicaDIALEAD ™ K223HM) were mixed
with a potassium chloride (KCI) (GPR Rectdp@9%) salt and metallic Ti powder (Ti 99.5%,
mean diameter 40 um) at a molar ratio of KCI:C:T.64:1:0.125. The mixture was then placed
in alumina (AbO3) crucible and heated in a tube oven filled withwfing argon (Ar) gas. The
coating temperature varied from 800 to 95Gor times of up to 5 h. These coating conditions

were chosen based on Lefi al study [23]. After cooling down, the crucible wiasmersed in a



boiling distilled water (~100 °C) until the salt svlully dissolved. Finally, the coated CFs were
filtered from the solution, flushed with deioniz@al) water, and air-dried in an oven at 60 °C for

1 h. The filtration dissolution/filtering processas/repeated three times; the coated CF product

ATy (o Y
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T
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filtration

yield is ~95%.
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mixing salt process dissolution

Figure2. Schematic illustration of the molten-salt prociespreparing TiC-based coatings on

Ti

CFs.

2.2. Wettability analysis.
The wettability of molten Cu (melting point 1085)°@n the coated CFs was investigated using
an approximate equal-molar mixture of 0.2 g (~0.61) of coated CFs with 1.2 g (0.019 mol)
of dendritic Cu powder (35 um, ECKA Granules Gergpn@mbH). The mixture was placed in
an ALOs crucible with a carbon paper liner to prevent tieacbetween the Cu powder and the
crucible. The crucible was put into a tube oveledilwith flowing argon gas and heated to 1200
°C with a rate of 10 °C/min. The crucible was held i® min and then cooled to room

temperature at a rate of 15 °C/min. Contact angéd®een the CFs and the Cu droplets were



determined usingscanning electron microscopy (SEM) and cross-sectional image resin-
encased and polished CFs.

2.3. Quenching tests.

Rapid thermal quenching of the molten salt in thi@nt air was used to terminate the coating
process at intermediate stages. This enabled thdty sif the TiC formation, including Ti
dissolution, diffusion, and reaction with CFs. Tqeenching tests were performed by heating the
powder mixture to 800 and 93€ for 0.5 and 5 h, respectively. The hot cruciblesviiaen
rapidly quenched in the air at a cooling rate afulb00°C/min, resulting in KCI (rp = 770C)
solidification in less than 20 s. A piece of théidibed KCI-CFs-Ti sample was embedded in a

polyphenolic resin, and mechanically dry polishedSEM analyses.
2.4. The growth rate of the TiC layer.

The diffusivity and associated activation energyevmeasured by mixing KCI, CFs, and Ti with

a molar ratio of KCI.CFs: Ti = 0.642:1:0.238. Batbating times and temperatures were varied
between 1 to 5 h at processing temperatures of@0,900, and 950 °C, respectively. After the
reaction, the coated CFs were washed and drieéssilded earlier. The coated CFs were then

embedded in a polyphenolic resin and polished Evi&nalyses.
2.5. Characterization methods.

Morphological and microstructural characterizatiwas performed using an SEM (VEGA I
SBH, TESCAN). Crystal structures and chemical pbasere identified by X-ray diffraction
(XRD) (PANalytical X'pert PRO MPD) = 1.54058). The stoichiometry of Ticwas estimated
by calculating the lattice parameters from the X&firactograms via the Le-Bail method [24]

using the FullProf Suite. Auger electron spectrpsc@AES) (Auger VG Scientific Microlab



310F) and X-ray photoelectron spectroscopy (XPS, Thernextton K-alpha photoelectron
spectrometer, Al K excitation) were used to determine the elementadl @hemical

compositions. The AES sputtering time was conveitea depth profile by measuring the layer
removal depth using SEM. Grain morphology, orieotgt and size were evaluated using

electron backscatter diffraction (EBSD).

3. RESULTSAND DISCUSSION

3.1. Effect of temperature on TiC, coating composition and mor phology

(a) 800°C,5h 850°C, 5 (b) 15
A *, '.b‘ 3 g - —’-"’:’l{',. % "‘, 5‘
& 8’-. > w 14 +_ —+
Q T~a
613 {k
= ~
S 12
g 11 Diameter of CFs
£
10l : : :
PR MR S 7800 _ 850 900 950
B A B Temperature (°C)
900°C, 5 h
el (©) 0.4326 1.0
. E
S0.4324) A 02
S 7] s
£0.4322 -4\ <
g™ - - ~-pl0.7%
[+']
9 |
£043207500 850 900 950 O°

Temperature (°C)

Figure 3. Influence of the coating temperature, ranging fr860 to 950 °C, on the layer
morphology and compositiona) SEM micrographs,b) TiC,-CF diameter vs. coating

temperature, and) measured lattice constant and associated C/Ti at@tio vs. temperature.

The effects of reaction temperature on the coatingohology and structure are showrFigure
3. In this study, the reaction time was 5 h at teragees ranging from 800 to 950 °C. The SEM

micrographs of the coating&igure 3 (a)) display a dramatic change in the morphology with



different temperatures. Specifically, at 800 an® 8€, the surfaces appeared to be a porous
collection of patrticle-like features with open,artonnected porosity of more than 50% (pore
sizes from 300 to 1000 nm). This suggests the dromds from reactive C surface sites with
little consolidation by surface-diffusion-drivenngring. Both Xiaoguang Liet al. [23] and
Qian Liu et al [25] have observed similar porous coatings forrhgdli reaction with carbon
substrates at 750 °C in a potassium chloride:lithahnloride (KCI:LiCl) salt and at 900 °C in a

lithium chloride:potassium chloride:potassium fliger (LiCl:KCI:KF) salt, respectively.

In contrast, coatings at 900 and 950 °C have faef@and smaller pores and appear almost fully
consolidated. In these cases, the temperatureffisiantly high that localized differences in
surface reactivity become less critical for deteing the growth morphology. Moreover, the
possibility of sintering driven by surface diffusiovould be more significant. Both effects,
individually or combined, could explain the densating obtained at high temperatures. Others

have reported consolidated coatings at temperastlr@ge 900 °C in different salts [18,26].

Scanning electron micrographs show that the diaetethe reacted fibers.€., core CFs plus
coated layers) decreased as the temperature iedressplotted ifrigure 3 (b). In other words,
the growth of porous coatings at 800 and 850 °Gexhthe resulting diameter to increase from
~11 (.e.,original CFs) to 13 umi.g., coated CFs). In contrast, the layer obtained at°@@as
almost fully dense and increased the product diamy only ~0.5 um from the original CF
diameters. The coating porosity was estimated faomass balance of the reactants, as given in
the Supplementary Information (Sl), Section 2. Tl dense (0% porosity) coating thickness
was predicted to be 0.58n viathe mass balance calculation, suggesting an abtardiameter

of 11.45um. This is in reasonable agreement with the outemeter of 11.6um observed for

fibers reacted at 950 °Eigure 3 (b)) and supported the observations that the poreastylow



(<10%). Similarly, the coating prepared at 800 45 h measured outer diameter of ~181h

suggesting a porosity of ~65%, again in agreemdhttive observations.

In addition to the surface morphology, XRD was perfed at each processing temperature to
guantify the product phase compositidfigure S1 (c)). The relationships between the TiC
lattice parameters and the coating temperature determined from XRD data using the Le-
Bail method Figure 3 (¢)).[24] Further details from the analyses are prestich Figure S2. A
correlation between the TjQattice parameters and the chemical stoichiometxg @stablished

to determine the change in the coating stoichioynasr a function of the temperature [27-29].
The results show, within the experimental errohgt tthe stoichiometry is ~TiGs for the
product formed between 800 to 900 °C. On the dthed, the coating produced at 950 °C has a
higher carbon content with a stoichiometry of ~J4& One explanation for the change is that the
Ti and C diffusivities were both greater at highemperatures and thus tended to form a more
reacted coating. This explanation is supportedairt py the measurements of the self-diffusion
coefficients of C and Ti in TiC as a function otttemperature [30-32], as well as results from

the process kinetics, described later in this work.

3.2. Interphase elemental composition (TiC, vs. TiOy-TiCy)
In the previous section, it was shown that the lsath temperature influenced the morphology
and stoichiometry of the Ti@oating. This section describes how a combinatio8EM, AES,
and XPS was used to quantify the chemical compositof the coated layers produced at the
low (800 °C) and high (950 °C) temperatures. Thes Albmpositional mapping iRigure 4
shows the presence of not only Ti@n the CF surfaces but also an outer layer of,.Tihe
elemental analyses at different depths of the egatprepared at 800 °C showhan TiOy outer

layer that extends to a depth of ~20% of the cgattinckness. Based on the resultd=igure 4



(a), the width of the 800 °C coating is about 1.2 guggesting an outer partially oxidized layer

of 250 nm.

In contrast, the coatings prepared @t°@were significantly denser with a thickness

of ~0.30 um Eigure 4 (b)) and a TiQ outer layer of < 5 nm. In other words, the 950c®@ting

is essentially 100% TiC Supplementary details of the AES are provideligure S3.
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(&) 800 and(b) 950 °C, respectively; and AES depth profiles @& tlhated CFs prepared(d)

800 ande) 950 °C, respectively.

Additionally, XPS was used to quantify the influenaf the coating temperature on the graded

oxide-carbide ratioThe C-C peaks observed at the binding energy (BE284.6 eV in the C 1s

spectra, originated from the unreacted CFs. The Gpectrum shows an O=C peak (BE ~5 30
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eV) with an O-Ti shoulder (BE ~ 531 eV); and theZp spectra shows two types of bonding
configurations: Ti-C and Ti-O, respectivelyigure $S4). Standard spectral analysis procedures
were used to separate the XPS Tisppctra into contributions from TiGnd TiQ (Table 1).

The results display the same trend as the AEStsesthie distributions of surface Ti bonded as
Ti-C vs. Ti-O strongly depend on the coating temperaturea fE#sults demonstrate ~50% of the

surface Ti was bonded as Ti&t 800 °C with only ~10% at 950 °C.

Table1. XPS quantitative analyses using peak integration.

Sample Ciot (@t %)  Cric, (at%) Ty (at %)  Tiro (at %) | Tino, (%)  Tinc, (%)
TiO,-TiC,-CFs
1800 o) 70.8 7.3 14.6 7.3 50 50
TiC,-CFs
(950 °C) 70.8 13.2 14.5 15 10.3 89.7

The presence of TiQvas unexpected as the Ti + CF reaction was caouech a flowing Ar gas.
A possible explanation is that the Ti@rmed during boiling water (~100 °C) dissolutiointhe
KClI salt at the end of the process. Naturally,dffective oxidation depth (via both the AES and
XPS) would be larger for the highly porous coatiraggained at 800 °C simply due to the
enhanced water penetration. Also, the coatingsraxaat 800 °C have a more stoichiometrically
Ti-rich layer (TiG 73 see the previous section), suggesting more keaation-bonded Ti sites
that could be oxidized. In contrast, the highly smlidated and essentially pure Ti€oatings
formed at 950 °C (i.e., Tz would encounter much less water penetration #mas, less

oxidation.

3.3. Cu wettability and interphase surface energy
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To establish the role of a graded JiiO, coating to tailor the interfacial bonding betwe@n
and C, we prepared two types of CFs coated withgh Bnd a low concentration of oxide
content, respectively. The contact angles (weitgpibf Cu on coated CFs prepared at 800, and
950 °C were measured, and the well-known Young-Bwmuation was used to estimate the
adhesion energy:

Esy = yw (1 + cos 6), )
where Eg is the energy (work) of adhesion (mNYn W is the liquid/vapor surface energy

(tension) (mN.r1), which has been reported to g = 1257 — 0.2 (T — 1356) for Cu [33],
and@is the equilibrium contact angle. The results stioat Cu does not wet CFs due to the low
surface energy of the material (supplementaigure S5). This is in agreement with the prior
work reporting a contact angle of 145° [34]. Creatof a TiC coating on CFs has shown to
reduce the Cu contact angle to 115° [35], but thaig is stillnonwettingand is confirmed in
this study for acoating prepared at 950 °€Eigures 5 (a) and(c)). In contrast, the coated CFs
prepared at 800 °C, with TyQayer Figures 5 (b) and(c)), show a Cu wetting angle of ~80° (+
59 and thus is a good wetting surface. In otherdgjothere was sufficient oxide on the outer
surface to increase the coating surface energycémparison, data reported for a Cu wetting

angle of 80° on TiO is also includeigure 5 (c)) [36].

Recall that the TiQTiC, coatings prepared at 800 °C are highly poréuguie 5 (a)). However,
after heating at 1200 °C during the Cu wettingstetste surface fully consolidateBigure 5 (d)
and (f). The surface coverage by Cu droplets on the coatedbare CFsKigure S6) was
computed and compared with the fraction of Ti@ the coatings Kigure 5 (h)). The Cu
coverage was fivefold greater on TH#DIC, CFs compared to the TiCFs and. As expected, the
Cu coverage of the bare (unreacted) CFs was nelgligThe transition from low to high
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wettability correlates perfectly with the steadgrigase of TiQcontent in the TiCcoatings. The
improved Cu wettability achieved with the grade®yTiC, coatings developed in this work
suggests a rather simple processing pathway fadugiog robust interphase in metal-carbon
composites. The simplicity and cost-effectivenesa molten salt process have been extensively
used to prepare a TIiC interphase in Cu/C compos{@éten high coating temperature is
employed, resulting in the formation of a pure Tager [17,25]. As demonstrated previously,
TiC is known as anonwetting element on molten Cu with a contact angle of 119l
development of a tailored T{EXiCyenables the formation of strong interphase betvi@&emand

C in comparison to a pure TiC layer. The strongpriigicial bonding observed in this work
between the graded TjaiC, layer and Cu will indubitably enhance the interactbetween
molten Cu and coated-CFs during the composite daboin via gas infiltration, stir casting,

squeeze casting or more recently, selective laséimnyg [6,7].

3.4. Thekinetic analysis of the coating formation process
To further understand the formation process ofgtagled coating, the molten salt was rapidly
guenched at intermediate stages to "freeze" the efahe reaction to examine the intermediate
states Figure S7). Three steps mainly govern the growth process:odigation-driven
dissolution of Ti particles into the salt {To Ti""), [37,38] 2) diffusion mass transport of"'Tio
the surface of the CFs or the TiCF interphase, and 3) Ti and C mass transporugfirahe
TiCy interphase layer and reactidfigure 6 (a)). In the analyses below, the characteristic times
for the three process steps ¢, and §, respectively) are estimated and compared to mé@ter

which is the rate-limiting factor in the coatingopess.

Regarding Ti dissolution (Step 1), the intermedgitge of the Ti particles in the sample that was

heated at 800 °C for 0.5 h and then quenched wses\adl. The results show that the original 40

13



um Ti particles had not only begun to dissolve &lsb showed significant disintegration into
small sub-particles (presumably individual Ti gsgirfFigure 6 (b)). The computation in Sl

section 3 shows that the particular dissolutioretiior an isolated Ti particle in an infinite bath
of KCl is about ~ 4 min. Thus, it can be concludeat the Ti dissolution rate is fast and rapidly

saturates the small KCI volume used in these tests.
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Figure 5. Cu contact angle measured on CFs coated (@jtifiC, and(b) TiO, -TiCy prepared
at 800 and 9507, respectively(c) Adhesive (wetting) energy vs. contact angle mesasur this
work (e) compared to values reported by others for Cu Bn(} [34], TiC (#) [35], and TiO

(A) [36], SEM micrographs showing the wetting behavior ofdduthe coated CFs prepared at

14



(d), (e) 800 and(f), (g) 950(. (h) Measured Cu areal coverage with the equivalen Tadtent

and droplet diameter as functions of the wettingil@n

The specific timef,, governing the rate of diffusion mass transporfTof to the outer CFs
surface (Step 2) was controlled by the viscosityhef KC| and the mean distance between the
Ti° particles and the CFs. Assuming a statistical ayerdistribution of particles, the mean
interparticle distance was, conservatively, smalan 100 um. The approximate time fofTb
diffuse this distance,, can be estimated from:

<x>2

1)

tr~ :
2 2Dpme

Equation (1) gives an estimated time of € 10 s to diffuse the 10@m (mean TY/CF
interparticle distance). The conclusion from thenge analyses is that both the particle
dissolution (Step 1) and i diffusion mass transport (Step 2) are fast wittpS2 being the

faster one.

In contrast to the time scale of a few minutes amcbnds for Steps 1 and 2, respectively, the
time scale for the coating process is on the oofldrours. This leads to the logical conclusion
that the process step governing the rate of codbtingation is Step 3, the diffusion mass

transport of Ti, and likely counter diffusion of yough the interphase coating.

Semi-qualitative analyses of the XRD peak inteesibf coated CFs were used to follow step 3,
the TiG formation rate versus time at temperatures of&@@ 950 °C, as presentedrigures 6

(c) and(d), respectively. The integrated XRD peak intensitie8Q0 °C show the formation of
TiCx even after 0.5 h, but associated with noticeablee@ks Figure 6 (c)). The amount of Ti
continuously decreases with the coating time. ABtér of reaction, the Ti presents only in trace

amounts while none is observed after 5Figgre 6 (c)). At 950 °C, essentially complete Ti
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dissolution occurs after only 0.5 h, as evidencedhe absence of the Ti XRD peaks and the
high TiC, signal Figure 6 (d)). These results support the above conclusionmniaats transport
diffusion through the coating is the rate-limitipgocess and strongly depends on the coating
temperature. A slow diffusion and reaction rata kiw coating temperature favors the formation
of non-stoichiometric Ti¢ in which the reactive Ti sites can be easily @dd and

subsequently results in a graded JFHIIC, coating that contributes better wetting to mol@n
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Figure 6. (a) Schematic of the three main steps of a molten«adting processb) SEM
micrographs of rapidly quenched salt at 800 °@fbrh, XRD diffractograms of washed CFs for
coating times ranging from 0.5 to 5 h(eX 800 °C andd) 950 °C, ande) I+ /Itic XRD ratio as

functions of the coating timgf) Coating thickness as a function of the square obdime for
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different coating temperaturefg) schematic representation of the temperature etfacthe
graded TiQ-TiCy coated layer(h) Arrhenius plot of the natural log &f versus the inverse of

the coating temperature.

To evaluate the counter diffusion at different $ath temperature, the coating thickness versus
the coating time was monitored up to 5 h betweed & 95011. As shown in the cross-
sectional SEM images of the as-prepared coatingpp{ementalFigure S8), the coating
thickness increases as the coating time and tetoperacreases. Assuming the simplest case of
one-dimensional diffusion mass transport of redstéhi and C) through the coated layer, the
growth of the coating thickness can be described fasction of the square root of the coating
time, using the following equation [39] :

X = a\/m , 2
wherex is the carbide coating thickness (cm)is a unit-less proportionally constant (typically
set to 2)t is the coating time (s), arBkyis the effective diffusivity through the layer (&fs). As
shown inFigure 6 (f), the coating thicknedx) shows a linear increase with the square root of
the coating time in agreement with this simpletiremnt. The effective diffusivitie.s, at the
different temperatures can be retrieved from tbped of the curves. THa.¢ increased with the
coating temperature ranging from a value of 3.8%16 1.3x10'? m%s at 800 and 950 °C,
respectively. These values reasonably agree witresaeported by Koichiro Koyan&t al. for
the diffusion of C in TiC over a temperature ramsg@ailar to that used in this work [40]. The
evaluation oD shows a carbon diffusion more than three-fold loate800 °C than at 950 °C.
A slow C diffusion at a low coating temperature garoes a more Ti-rich coating with more
reactive non-bonded Ti sites, thus a higher oxidetent in the coated layer as illustrated in

Figure6 (g).
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TheDett is expected to show an Arrhenius temperature dkpere [41,42] :

~Qefr
Deff - Doe RT ) (3)

whereDy is the preexponential factdQeris the activation energy (J/mol) governing the aller
intra-coating diffusion process, aflis the gas constant (J/mol.K). TRes was determined to
be ~88 KJ/mol by linear regression to the dat&igure 6 (h). The activation energy is lower
than the one reported by Knuth Albertssgnal. for grain boundary diffusion of C in bulk TiC
below 1100 °C (174 kJ/mol) [43]; probably due he £nhancement grain boundary diffusion

between bulk and coated TiC [43}4].

4. CONCLUSION

In summary, tailor graded TieXiC coatings were synthesized on CFs. The,Tddmation was
observed after the dissolution of the molten sabailing water and is assumed to be the result
of oxidation of reactive Ti sites near the extegoated surface. The oxide-rich carbide coating
shows significantly improved wettability by molt€@u compared to the oxide-carbide rich layer.
Notably, the Cu wetting angle for the TiDiC,-CF sample prepared at 800 °C was ~80° + 5°
with a Cu surface coverage of ~50% versus ~115%ah@d% for the TiG-CF sample made at

950 °C. CFs alone show mostly no Cu coverage.

By varying the reaction temperature (800-950 °GJ #me (1-5 h) and using rapid thermal
guenching, the formation mechanism was investigafthd results indicate a three-step process:
1) A short induction period controlled by rapiddissolution in the molten salt, 2) rapid Ti mass
transport in the molten salt and fast reactiomatGFs surface, and 3) mass transport through the

layer that is controlled by a combination of titami and carbon counter-diffusion.
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Fabrication of a graded T{cXiCy coating on CF substrate via a molten slat prooéfgss a
simple way to tailor the properties of CFs. Thuslivetring an efficient route to optimize the

properties of metal-carbon interphase.
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