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Abstract

TaC/amorphous-carbon (TaC/a-C) composite coatings with varied a-C contents were de-
posited on graphite by dual-target magnetron sputtering to mitigate the thermal-expansion
mismatch that commonly triggers cracking and spallation in TaC coatings on carbon sub-
strates during rapid thermal cycling. However, existing TaC–C (often termed “free carbon”)
approaches rarely identify the carbon’s structural state and spatial distribution explicitly,
and a clear correlation between carbon fraction, thermal-shock-driven microstructural
evolution, and cyclic damage remains insufficiently established. Increasing the a-C fraction
progressively refines the TaC grain structure and introduces an a-C phase along grain
boundaries, thereby lowering the effective coefficient of thermal expansion (CTE) and
improving compatibility with the graphite substrate. Under laser thermal cycling, coatings
with higher a-C contents exhibit markedly enhanced resistance to cracking and spalla-
tion. After 15 cycles, the high-a-C (~28.99 at.%) coating remains free of through-thickness
cracks, maintains its thickness, and retains a single-phase TaC structure without detectable
Ta2C, whereas the low-a-C coating shows severe thinning, through-cracks, and partial
TaC → Ta2C transformation. Microstructural observations indicate that the a-C phase
forms a compliant, stress-relaxing boundary network and promotes a porous, mechanically
interlocked TaC architecture, synergistically redistributing thermal stresses and deflecting
crack propagation.

Keywords: TaC coatings on graphite; amorphous carbon (a-C); thermal shock resistance

1. Introduction
Graphite and carbon–carbon (C/C) composites possess high specific strength, excellent

high-temperature stability, and favorable thermal properties. As a result, they are widely
used in critical components—such as hypersonic-vehicle leading edges, rocket nozzles,
and throat liners—operating in extreme environments [1–3]. However, graphite oxidizes
rapidly and undergoes mass loss at temperatures above approximately 420 ◦C, leading to a
degradation of mechanical performance. Accordingly, extending the service life of graphite
necessitates the implementation of ablation protection for which coating technologies are
widely recognized as a particularly effective strategy in practice [4,5].

Among the available protective approaches, ultra-high-temperature ceramics (UHTCs)
have emerged as premier coating materials for graphite and C/C components; their ex-
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ceptional thermochemical stability, high melting points, and resistance to oxidation and
ablation collectively enable reliable service in severe thermochemical and aero-heating
environments [6]. Among UHTCs, tantalum carbide (TaC) is widely regarded as a leading
candidate phase for ablation-protective coatings due to its exceptionally high melting
point, excellent thermal stability, and outstanding ablation resistance [7,8]. Wang et al. [9]
fabricated dense TaC coatings on graphite by isothermal chemical vapor deposition (CVD)
and systematically examined the residual stresses and the ablation behavior under an
oxy-acetylene flame; the coatings exhibited excellent ablation resistance. Xiong et al. [10]
generated in situ TaC coatings on graphite via thermo-reaction deposition/diffusion (TRD),
which demonstrated robust stability and resistance to chemical attack at elevated tem-
peratures. Despite their high-temperature merits, TaC coatings on graphite frequently
exhibit through-thickness cracking and interfacial delamination during service because the
pronounced coefficient-of-thermal-expansion mismatch between TaC (α ≈ 6.3 × 10−6 K−1)
and graphite induces large thermally generated stresses that are widely regarded as a
primary factor governing coating failure [11,12]. Even with optimized composition and
deposition processes aimed at improving the coating microstructure, the CTE mismatch
remains the dominant factor governing crack initiation and propagation under thermal
shock cycling. This mismatch significantly compromises the structural integrity and ser-
vice life of TaC ablation-resistant coatings [2]. Enhancing the thermal shock resistance
of TaC coatings is therefore crucial to fully harness their ablation-protective capabilities;
accordingly, further investigation into the thermal shock performance of TaC coatings is
clearly warranted.

To mitigate the thermal-expansion mismatch and improve interfacial bonding, a
multilayer architecture is commonly adopted: a SiC transition layer is first applied on
the carbon substrate, which is followed by a TaC-based UHTC topcoat. Li et al. [11]
demonstrated that introducing an SiC bonding layer on C/C composites (via supersonic
plasma spraying) prior to a TaC topcoat markedly improves adhesion and thermal-shock
resistance. In addition, tailoring the SiC interlayer surface morphology/roughness or
introducing a compositional gradient between the interlayer and the topcoat can reduce
local thermal-stress concentration and enhance interfacial stability [13]. More broadly, the
optimization of substrate surface topography has also been reported to influence deposi-
tion efficiency and interfacial bonding in coating systems [14]. Nevertheless, although a
SiC interlayer can partially bridge the coefficient-of-thermal-expansion (CTE) mismatch
between graphite and TaC, SiC becomes susceptible to thermal decomposition at temper-
atures above ~2200 ◦C [15]. Moreover, after high-temperature exposure, interdiffusion at
Ta-containing coating/SiC interfaces can form brittle silicide phases (e.g., TaSi2 and Ta5Si3),
which degrade interfacial integrity and adhesion [16]. These limitations restrict the use of
SiC-interlayer coating systems in extreme environments. To overcome these issues, it is
necessary to reconsider both interlayer material selection and coating architecture. A practi-
cal strategy is to employ a TaC interlayer that is compositionally identical to the outer TaC
topcoat, thereby suppressing heterogeneous interfacial reactions and high-temperature in-
stabilities at the source. Meanwhile, stress accommodation can be achieved by structurally
tuning the TaC interlayer, leading to improved thermal-shock resistance. Kong et al. [17]
used chemical vapor deposition to construct a columnar-grained TaC interlayer between a
TaC topcoat and a C/C substrate; crack deflection and architectural stabilization alleviated
thermal stresses and markedly improved thermal-shock resistance. In a related study [18],
laser chemical vapor deposition (LCVD) was used to fabricate a porous TaC buffer layer on
graphite, where a branched columnar architecture accommodated thermal mismatch via
pore deformation and effectively suppressed crack propagation. Collectively, these studies
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demonstrate that enhanced thermal-shock resistance can be achieved through structural
design within a single-material (Ta–C) system.

However, conventional TaC transition layers—typically dense columnar coatings or
highly porous TaC layers deposited by high-temperature CVD/LCVD—retain the high
stiffness and coefficient of thermal expansion (CTE) of bulk TaC. They therefore rely
mainly on geometric compliance to relax thermal stresses, which limits durability under
cyclic thermal loading. To overcome this limitation, TaC–C architectures (often described
as TaC–“free carbon”) have been explored. Introducing a carbon phase can reduce the
effective CTE and alleviate thermal-expansion mismatch with carbon substrates [13,19]
while maintaining chemical compatibility within a single Ta–C system. Nevertheless, in
many TaC–C studies, the carbon phase is referred to only as “free carbon”, and its role is
primarily interpreted using rule-of-mixtures arguments. Direct evidence for the carbon’s
structural state and spatial distribution is often lacking, which obscures the underlying
stress-accommodation pathways. Moreover, systematic control of the carbon fraction and
a quantitative correlation between carbon content and cyclic thermal-shock damage (e.g.,
cracking, spallation, and thickness loss) have not been well established. Here, we identify
an amorphous-carbon (a-C) phase and establish a carbon-content-dependent correlation
with cyclic thermal-shock damage.

The objective of this paper is to develop and systematically evaluate TaC/a-C compos-
ite transition layers to improve the cyclic thermal-shock resistance of TaC-based coatings
on graphite substrates. By incorporating an intrinsically compliant amorphous-carbon
(a-C) phase with low CTE and low elastic modulus into a chemically compatible Ta–C
system, this architecture enables the simultaneous regulation of thermophysical properties
and microstructural compliance. TaC/a-C transition layers with different a-C contents
were deposited on graphite by magnetron sputtering. We then investigated how the a-C
fraction affects thermal-shock-induced microstructural evolution (including the formation
of an interconnected porous network and the emergence of platelet-like features) and how
these changes correlate with cracking and spallation. These results clarify the mechanisms
by which a-C incorporation improves thermal compatibility and enhances cyclic dam-
age tolerance. Overall, this paper systematically clarifies how the a-C fraction governs
thermal-shock-driven microstructural evolution and its linkage to cyclic damage tolerance.

2. Materials and Methods
2.1. Sample Preparation

Graphite substrates were polished with 2000-grit SiC paper, ultrasonically cleaned in
anhydrous ethanol for 30 min, and dried at 353 K for 2 h. TaCx coatings were deposited
onto the substrates by dual-target DC magnetron sputtering using 99.99% Ta and graphite
targets (both targets: Φ50.8 mm × 5 mm; effective erosion area: 10.13 cm2) with a fixed
target–substrate distance of 40 mm. Before deposition, the chamber was evacuated to
a base pressure of ~1 × 10−4 Pa. The substrates were then Ar-plasma pre-etched for
20 min to remove surface contaminants, and both targets were pre-sputtered for 10 min
to eliminate surface impurities. During deposition, the substrate temperature was main-
tained at 500 ◦C with no applied substrate bias; the Ar flow rate and working pressure
were held at 1 × 10−6 m3·s−1 and 0.5 Pa, respectively. The power on the Ta target was
fixed at 150 W (14.81 W·cm−2), while the graphite-target power was varied from 20 to
150 W (1.98–14.81 W·cm−2) to produce TaCx coatings with different stoichiometries (x)
and amorphous-carbon (a-C) contents with a deposition time of 5 h. For each sputtering
condition, up to eight graphite substrates could be coated in a single deposition run. Unless
otherwise specified, three independently prepared coated specimens (n = 3) were used for
statistical analysis and subsequent characterization/performance evaluation.
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2.2. Characterization and Measurements

The phase composition of the coatings was analyzed by X-ray diffraction (XRD,
Empyrean, PANalytical, Almelo, The Netherlands) using Cu Kα radiation (40 kV, 40 mA)
with a scanning rate of 4◦·min−1 and a step size of 0.02◦. The bonding states and free-carbon
content were evaluated by Raman spectroscopy (LabRAM HR Evolution, HORIBA, Kyoto,
Japan) with a 514 nm excitation laser, using a 100× objective and a laser power of 2 mW.
The chemical states and elemental compositions were characterized by X-ray photoelectron
spectroscopy (XPS, K-Alpha, Thermo Scientific, Waltham, MA, USA) with all binding
energies calibrated by referencing the C 1s peak to 284.8 eV. Surface and cross-sectional
morphologies were examined by field-emission scanning electron microscopy (FESEM,
Quanta 250, FEI, Hillsboro, OR, USA). The coefficients of thermal expansion (CTEs) were
measured by push-rod dilatometry (DIL 402 SE, NETZSCH, Selb, Germany) under flowing
Ar at a constant heating rate of 5 ◦C·min−1 using coated graphite specimens (bilayer:
coating + substrate). Considering the micrometer-scale thickness of the sputtered coating,
the measured values are reported as the effective/apparent CTE of the coated specimens
for comparative analysis of the a-C-content-dependent trend rather than as the intrinsic
CTE of the coating alone. Prior to the measurement, graphite substrates were polished
under identical conditions (same abrasive sequence and polishing time/load/speed) to
minimize thickness variation, achieving a comparable sub-millimeter thickness (hundreds-
of-micrometers level). The thickness was checked at multiple positions using a digital
caliper/micrometer (and the variation among specimens was within the measurement
resolution). Nanoindentation measurements were performed to determine the hardness
and elastic modulus of the TaC-based coatings using a Bruker Hysitron TI 980 nanoinden-
ter (Bruker, Ettlingen, Germany). Indents were carried out in the static load-controlled
mode. The maximum load was fixed such that the indentation depth did not exceed 10% of
the coating thickness, thereby minimizing substrate effects. To reduce random error and
ensure representativeness, measurements were conducted at five different locations on
each coating, and the reported values were obtained from the averaged results.

2.3. Thermal Shock Test

Thermal-shock resistance was evaluated using a custom-built laser-heating apparatus
adapted from a laser chemical vapor deposition (LCVD) system (Figure 1). Under flowing
Ar, specimens were rapidly heated by laser irradiation to a peak surface temperature of
~1300 ◦C by adjusting the laser driving current, held at the peak temperature for 5 s, and
subsequently quenched to near-ambient temperature within ~30 s using a copper cooling
plate. To ensure full laser coverage, square specimens (10 mm × 10 mm) were employed.
The laser beam was configured into a ring-shaped spot with an outer diameter of ~10 mm,
enabling quasi-uniform annular heating and minimizing localized overheating. Through-
out each cycle, the surface temperature was monitored in real time using an infrared
pyrometer, and the laser current was dynamically adjusted via temperature feedback to
maintain consistent thermal loading across all specimens. The heating–holding–quenching
sequence defined one thermal-shock cycle, simulating severe transient conditions encoun-
tered in extreme service environments. Cycling continued until the onset of coating failure,
which was defined as the appearance of through-thickness cracks and/or coating discon-
tinuity due to local delamination/spallation. For repeatability, three specimens from the
same deposition batch were tested under identical conditions (n = 3).
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Figure 1. Schematic diagram of the thermal-shock test setup.

3. Results and Discussion
3.1. Phase and Microstructure of TaCx Coating

Figure 2a shows the XRD patterns of TaCx coatings deposited at different graphite-
target powers; the peaks between 40◦ and 55◦ originate from the graphite substrate. At
20–40 W, an asymmetric broad feature appears at ~35–40◦, which is attributed to the
overlap of a Ta-related metallic phase and the Ta2C (101) reflection at 38.07◦. When the
graphite-target power is increased to 80 W, the coating evolves from a Ta/Ta2C mixture
toward an assemblage dominated by fcc-TaC, and the lattice-distortion-induced asymmetry
disappears [20]. Meanwhile, increasing carbon incorporation in TaCx expands the lattice
and shifts the diffraction maxima toward lower 2θ; residual tensile stress in the coating
can also contribute to a low-angle shift [21,22]. In this intermediate regime, reflections at
33.29◦, 34.86◦, 38.07◦, and 40.46◦ can be indexed to Ta2C (100), TaC (111), Ta2C (101), and
TaC (200), respectively. At 100 W, the Ta2C peaks vanish and a single-phase TaC pattern is
obtained. At still higher powers, only TaC (111) and TaC (200) remain with no additional
peaks observed.

Notably, the substrate peak appears to shift toward higher 2θ after deposition, sug-
gesting the introduction of residual stresses during processing. During cooling, thermal-
expansion mismatch constrains the coating/substrate contraction, which may impose
compressive strain in the near-surface region of the substrate and shift its peaks to higher
2θ. In addition, the crystallite size of fcc-TaC was estimated from the peak broadening
of the TaC (111) and (200) reflections and is reported as the mean ± SD from three inde-
pendent XRD measurements (error bars shown in Figure 2c). The crystallite size exhibits
a non-monotonic dependence on graphite-target power: it increases initially, reaches a
maximum at ~120 W, and then decreases at higher power. This trend suggests that in
the intermediate-power regime, the higher plasma energy density enhances the surface
mobility of arriving species, promoting Ta–C reactions and lattice ordering and thus facil-
itating crystallite growth. At higher power, intensified energetic-particle bombardment
and enhanced re-sputtering can suppress the growth of coherent diffracting domains,
broaden diffraction peaks, and lead to an apparent reduction in crystallite size. Consis-
tently, Raman spectroscopy (Figure 2b) indicates an increasing contribution from highly
disordered a-C with increasing graphite-target power. Excess a-C may segregate at grain
boundaries, partially encapsulate TaCx crystallites, and hinder intergranular coalescence,
thereby contributing to the reduced coherent domain size at high power [23].
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Figure 2. (a) X-ray diffraction (XRD) patterns of TaCx coatings deposited at graphite-target powers
of 20–140 W; (b) Raman spectra of TaCx coatings deposited at graphite-target powers of 80–140 W;
(c) TaC crystallite size as a function of graphite-target power (80–140 W) estimated from XRD using
the Scherrer equation.

To further elucidate the carbon state and phase evolution at higher graphite-target
powers, Raman spectroscopy was performed on TaCx coatings deposited at 80, 100, 120,
and 140 W. As shown in Figure 2b, pronounced D and G bands are observed; with increas-
ing power, both bands intensify and slightly broaden. Meanwhile, the intensity minimum
between the D and G bands progressively increases (i.e., an elevated D–G valley), suggest-
ing an increasing contribution from highly disordered a-C components overlapping with
the D/G envelope. According to the Ferrari–Robertson model [24–26], these features may
indicate a higher fraction of amorphous carbon. The increasing ID/IG ratio may reflect
the progressive enrichment of sp2 carbon clusters, whereas the persistently broadened
D/G bands and the elevated D–G valley suggest that the carbon phase remains highly
disordered and predominantly amorphous rather than graphitic. With a further power
increase, the interstitial carbon in fcc-TaCx approaches saturation; excess carbon therefore
may segregate as an a-C boundary phase. This Raman-inferred a-C enrichment is consistent
with the high-power reduction in the coherent diffracting domain size inferred from XRD
(Figure 2c).

Figure 3 shows the high-resolution XPS C 1s spectra of TaCx coatings deposited at
different graphite-target powers. The C 1s envelope is deconvoluted into a Ta–C component
centered at ~282.8 eV and a C–C (graphitic or adventitious carbon) component at 284.8 eV.
Table 1 lists the Ta and C atomic fractions and bonding ratios derived from the relative
areas of these fitted components. From these data, the amorphous-carbon content (a-C)
and the stoichiometric ratio x in TaCx are calculated as follows [20,27]:

aC =
ACP(C − C)

100
(1)
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x =
ACP(Ta − C)

100ATa
(2)

where ATa and AC are the Ta and C atomic fractions, and P(Ta–C) and P(C–C) are the
fractions of total carbon present in Ta–C and C–C bonds, respectively. Here, the reported ‘a-
C content’ refers to the amorphous/free-carbon component in the TaC/a-C nanocomposite
coating, which was semi-quantified from the XPS C 1s peak-area ratio (C–C vs. Ta–C) and
corroborated by the Raman spectra (Figure 2b).

 

Figure 3. High-resolution XPS C 1s spectra of TaCx coatings deposited at different graphite-target
powers with a fixed Ta-target power of 150 W: (a) 80 W, (b) 100 W, (c) 120 W, and (d) 140 W.

Table 1. Ta and C atomic fractions, fractions of Ta–C and C–C bonding, a-C content, and stoichiometric
ratio x of the coatings as a function of target power. Values are reported as mean (SD), where the
numbers in parentheses denote the standard deviation.

Power of Ta Power of C
Composition (at.%) C1s Bonding (at.%)

a-C (at.%) Stoichiometric
Ratio x (TaCx)Ta C Ta–C C–C

150 40 63.35 (0.44) 36.65 (0.44) 54.85 (0.74) 45.15 (0.74) 16.55 (0.13) 0.32 (0.01)
150 80 57.08 (0.62) 42.92 (0.62) 69.18 (0.56) 30.82 (0.62) 13.23 (0.05) 0.52 (0.02)
150 100 46.65 (0.44) 53.35 (0.44) 61.95 (0.56) 38.05 (0.56) 20.30 (0.13) 0.71 (0.02)
150 120 43.15 (0.57) 56.85 (0.57) 56.32 (0.52) 43.68 (0.52) 24.83 (0.06) 0.74 (0.03)
150 140 41.35 (0.46) 58.65 (0.46) 50.56 (0.72) 49.44 (0.72) 28.99 (0.24) 0.72 (0.03)

As evidenced by Figure 3 and Table 1, the fraction of carbon in Ta–C bonds and the
overall a-C content evolve systematically with graphite-target power. At 40 W, the plasma
density is low and carbon adatoms arriving at the growth interface have limited kinetic
energy and surface mobility [28]. Consequently, carbon diffusion is restricted and does not

https://doi.org/10.3390/coatings16030345

https://doi.org/10.3390/coatings16030345


Coatings 2026, 16, 345 8 of 19

fully react with Ta [29], yielding a comparatively high a-C fraction together with an elevated
Ta/C atomic ratio. As the graphite-target power increases, the discharge plasma energy
density and degree of ionization rise in tandem. Carbon species arriving at the growth
interface thus attain higher surface mobility and react more completely with Ta, enabling
greater carbon incorporation into the rock-salt TaC lattice; accordingly, x in TaCx increases.
Notably, when the graphite-target power (PC) reaches ~100 W, x levers off at ≈0.72. Beyond
this point, further increases in carbon flux mainly raise the a-C content. This plateau arises
from (i) kinetic limitations and site-saturation constraints that impede additional carbon
dissolution into the octahedral interstices of the TaC lattice at the deposition temperature
and time scale [30,31] and (ii) an enhanced re-sputtering of surface carbon by energetic
particle bombardment at high power [20,32]. Consequently, once incorporation sites are
saturated, excess carbon no longer enters the lattice and instead accumulates as a-C. Since
the TaCx stoichiometry is nearly saturated above PC = 100 W, subsequent analyses focused
on coatings deposited at PC = 100, 120, and 140 W to isolate the effect of a-C content on
coating performance.

3.2. Morphology and Thermophysical Properties

Figure 4 shows the surface morphologies of TaCx coatings deposited at various
graphite-target powers (with a-C content increasing monotonically with power). All coat-
ings are dense and free of surface cracks, but changes in the a-C fraction give rise to distinct
morphological features. The deposition of TaC is consistent with the nucleation-barrier
model for physical vapor deposition (PVD) [33,34]:

∆G =
16πγ3Ω2

3(kTSln S) 2 (3)

r =
2γΩ

kTSlnS
(4)

where Ω denotes the atomic volume, γ is the interfacial energy at the film growth front, S is
the supersaturation (ratio), k is the Boltzmann constant, and Ts is the substrate temperature.

 

Figure 4. Surface and cross-section morphologies of TaCx coatings prepared by different carbon
target powers: (a1,a2) 100 W, (b1,b2) 120 W, and (c1,c2) 140 W.
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As the sputtering power increases, the deposition flux—and thus the surface super-
saturation S—rises. According to nucleation theory, a higher supersaturation lowers the
nucleation free-energy barrier and reduces the critical nucleus radius r (i.e., r decreases as S
increases). Consequently, the nucleation density is elevated at higher power. In accordance
with this model, our coatings exhibit grain refinement and a denser surface morphology
as the power (and hence supersaturation) is increased. Table 2 summarizes the coating
thickness and deposition rate obtained under different deposition conditions. With increas-
ing graphite-target power, the deposition rate first increases and then decreases, owing to
enhanced re-sputtering and ion-bombardment-induced densification at high power.

Table 2. Coating thickness and deposition rate under different processing conditions.

Power of Ta (W) Power of C (W) Coating Thickness (µm) Deposition Rate (µm/h)

150 100 6.39 ± 0.21 1.28 ± 0.04
150 120 6.72 ± 0.14 1.34 ± 0.03
150 140 5.71 ± 0.16 1.14 ± 0.03

Figure 5a shows the temperature-dependent coefficient of thermal expansion (CTE)
of TaCx coatings with different a-C contents. For all coatings, the CTE increases with
temperature. The increase is modest at low temperatures, accelerates markedly between
~650 and 800 ◦C, and then transitions to a more gradual rise above ~800 ◦C where the
curves approach a quasi-steady trend. Clear differences are observed among coatings with
different a-C contents. In the 650–800 ◦C interval, higher a-C content leads to an earlier
and steeper increase in CTE, which is followed by a faster tendency toward saturation.
In contrast, the low-a-C coating shows a more gradual increase that extends to higher
temperatures. In the quasi-steady regime above ~800 ◦C, the high-a-C coating consistently
exhibits the lowest CTE, indicating that increasing a-C content reduces the effective thermal
expansion in the relevant high-temperature range. The pronounced CTE change in the
intermediate-temperature window is mainly associated with structural relaxation of the
a-C phase. Alam et al. [35] reported significant relaxation in Ta–C coatings upon heating
to ~600 ◦C, which was accompanied by the partial release of residual stresses and local
volumetric contraction. With further heating, the activation of sp 3→ sp2 rehybridization
in the carbon phase becomes more pronounced [36,37], which can account for the rapid
CTE increase between ~650 and 800 ◦C. Once this relaxation window is exceeded, the
thermal-expansion response is largely governed by the TaC matrix, whereas the remaining
a-C acts as a compliant, low-CTE constituent that buffers expansion and mitigates CTE
mismatch with the carbon substrate.

Figure 5b presents the temperature-dependent CTE of the same coatings after
15 thermal-shock cycles. The CTE curves remain smooth and continuous over the tested
range, suggesting that the coatings preserve stable thermophysical behavior after cycling.
Notably, the relative differences among coatings are retained: samples with higher initial
a-C content still exhibit lower CTE values at elevated temperatures. This behavior is consis-
tent with the thermally induced structural stabilization of the carbon phase during cycling,
as also reflected by post-shock Raman analysis (discussed later). Consequently, a higher
fraction of the stabilized carbon phase can more effectively buffer the expansion of the
TaC matrix, thereby alleviating thermal mismatch with the substrate and contributing to
improved thermal-shock resistance and interfacial integrity.
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Figure 5. Coefficient of thermal expansion (CTE) of TaCx coatings with varying amorphous carbon
(a-C) contents: (a) as-deposited coatings; (b) coatings after 15 thermal shock cycles.

3.3. Thermal Shock Resistance

To investigate the influence of a-C content on the thermal-shock resistance of TaCx coat-
ings, laser thermal-shock cycling tests were performed on three coated graphite specimens
with low (20.03 at.%), medium (24.83 at.%), and high (28.99 at.%) a-C fractions. Figure 6
summarizes the post-cycling surface and cross-sectional morphologies together with the
corresponding XRD patterns. Unless otherwise noted, comparisons are presented up to
15 cycles because the coatings remain sufficiently continuous at this stage to allow represen-
tative cross-sectional analysis. Compared with the as-deposited state, the post-cycling XRD
patterns show sharper TaC reflections, indicating enhanced crystallinity. Notably, the Ta2C
reflections weaken and eventually disappear, leaving only TaC peaks. This trend suggests
that a higher a-C fraction increases the effective carbon availability/activity in the coating,
thereby suppressing the reduction of TaC to the carbon-deficient Ta2C phase [21,38] and
helping to preserve the TaC-dominated phase constitution after thermal shock. In addition,
weak Ta2O5 reflections are observed in all three specimens after cycling and can be indexed
to the orthorhombic low-temperature phase (L-Ta2O5), while no clear peaks of the tetrago-
nal high-temperature phase (H-Ta2O5) are detected. It should be noted that XRD is sensitive
to trace crystalline surface products, and peak intensity alone cannot be used to quantify ox-
ide thickness or assess whether a continuous scale has formed. Consistently, cross-sectional
SEM shows no distinct continuous oxide layer, implying that any oxide present is extremely
thin and/or discontinuous under the present conditions. Given the rapid heating with
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a short dwell followed by fast quenching, transient high-temperature Ta2O5 may have
insufficient time to develop any long-range order and would transform back to L-Ta2O5

upon cooling [39,40], which is consistent with the observed XRD signatures.

Figure 6. Post-shock surface and cross-sectional morphologies and post-cycling phase composition
(XRD patterns) of TaCx coatings with low (20.03 at.%), medium (24.83 at.%), and high (28.99 at.%)
a-C fractions after 15 thermal-shock cycles: (a–a2) low-a-C, (b–b2) medium-a-C, (c–c2) high-a-C.

Cross-sectional SEM reveals that with increasing a-C content, the coating microstruc-
ture evolves from fully dense to a mixed dense-porous architecture and finally to a highly
porous network. This porosity development is highly sensitive to the a-C fraction. Naka-
mura et al. [41] found that excess free carbon can weaken inter-particle contacts and hinder
densification in ceramics. In the present system, the a-C phase encapsulates TaC grains,
forming a composite microstructure with carbon-enriched grain boundaries. Under thermal
shock, the grain-boundary a-C undergoes sp2 relaxation (stress relief due to graphitization)
and contracts locally under the constraint of the surrounding TaC framework [24] while
simultaneously reacting with residual oxygen in the environment. This carbon-removal-
induced void formation is analogous to the Si-vapor-corrosion-driven pore formation
reported by Wei et al. [12]. The combined effects of a-C structural shrinkage and carbon
depletion at grain boundaries generate initial nanoscale voids, which, upon subsequent
thermal cycles, coalesce and interconnect, resulting in a progressive transition from a dense
to a porous morphology at the macroscale.

Moreover, the coating thickness loss after thermal shock is closely associated with
thermomechanically driven interfacial debonding and subsequent spallation, as evidenced
by cross-sectional SEM showing interfacial cracking/debonding and locally spalled regions.
During rapid thermal cycling, the thermal-expansion mismatch between the substrate and
the coating is expected to generate interfacial stresses, which can promote the initiation
and propagation of interfacial cracks and, in severe cases, local delamination. Subsequent
sheet-like or block-like spallation removes portions of the coating, manifesting as a reduced
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residual thickness in cross-section. The low-a-C coating, which shows a higher effective
CTE (Figure 5), tends to exhibit a larger mismatch with graphite and correspondingly
more pronounced interfacial cracking/spallation. By contrast, increasing the a-C fraction is
expected to reduce the effective CTE mismatch and to introduce a more compliant/porous
architecture; both factors can increase crack-path tortuosity and hinder through-thickness
crack penetration, thereby mitigating catastrophic spallation. In addition, top-view SEM
qualitatively suggests a smoother surface for the high-a-C coating, which may reduce the
asperity-induced local stress concentration and boundary-condition heterogeneity during
rapid heating/cooling, thereby further suppressing crack nucleation. As a result, the
high-a-C architecture retains a larger residual thickness and shows improved thermal-
shock tolerance.

To further elucidate the structural evolution responsible for the superior thermal-
shock resistance of the high-a-C coating, the specimen containing 28.99 at.% a-C was
subjected to 5, 10, and 15 consecutive thermal-shock cycles. After each set of cycles, the
morphological evolution was examined by SEM, and the corresponding changes in the
a-C bonding structure were tracked by Raman spectroscopy. Prior to thermal shock, the
coating consists of a close-packed assembly of nanoscale spherical particles. As shown in
Figure 7, Raman spectroscopy was performed on samples subjected to different numbers
of thermal-shock cycles. The as-received (0-cycle) sample exhibits the characteristic a-C
double-band features in the 1200–1700 cm−1 range, which was dominated by the D band
(~1350 cm−1) and G band (~1580–1600 cm−1). With increasing thermal-shock cycles (5
and 10), both the D and G bands become progressively sharper, and their full widths at
half maximum (FWHM) decrease. Meanwhile, the intensity minimum between the D
and G bands decreases markedly and approaches the baseline after 10 cycles, suggesting
that the structural relaxation and short-time annealing may dominate at the early stage of
thermal-shock exposure. Specifically, the bond-angle disorder at sp2 sites and local residual
stresses within the a-C network could be partially relieved, while the sp2 configuration
could undergo rearrangement and clustering, resulting in a more concentrated distribution
of vibrational environments. In addition, the G band shifts toward higher wavenumbers
(blue shift). Such a G-band blue shift has been widely reported during the annealing of
amorphous carbon, further suggesting an increase in the ordering of the sp2 network.
After 15 thermal-shock cycles, the FWHM of both bands decreases further, whereas the
relative intensity of the D band drops significantly, leading to a pronounced reduction in
ID/IG. Considering the oxide-related signals in the XRD patterns and the porous surface
morphology observed after 15 cycles, this stage is consistent with the preferential oxidation
of the a-C phase: defect-rich and chemically more reactive carbon (primarily associated
with the D band) may be preferentially oxidized and consumed, whereas the more stable
and ordered sp2 backbone is relatively retained. Consequently, the Raman spectra show
sharper D and G bands accompanied by a lower ID/IG ratio.

After five cycles, the higher curvature (and thus higher chemical potential) of the
smaller particles [42] is expected to promote mass transport via the Gibbs–Thomson effect,
resulting in coarsening that is manifested by the aggregation/coalescence and growth of
these particles. Larger particles, benefiting from their size and favorable crystallographic
orientation, may undergo preferential grain growth along certain crystallographic directions
within the steep temperature gradient and cyclic stress field [42]. This growth is consistent
with the development of a columnar morphology that develops in the surface. Because the
thermal-shock exposure is extremely brief, mass transport is governed primarily by surface
and interfacial diffusion with bulk diffusion remaining limited; consequently, columnar
grains are mainly confined in the near-surface region, while the underlying layer retains a
nanostructured particle-stacked morphology.
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Figure 7. Raman spectra of TaCx coatings with high a-C content after different thermal shock cycles
(0–15 cycles).

After ten thermal-shock cycles, the surface grains continue to coarsen. Meanwhile, the
two effects noted above—volumetric contraction of the a-C phase and its local removal—
advance further. As a result, extensive voided regions become apparent at the surface
with a higher void density and larger cavities toward the center of the laser spot (consis-
tent with the Gaussian laser energy profile). Cross-sectional observations reveal a more
pronounced layered structure. The outermost layer has densified via grain-boundary-
diffusion-controlled sintering, whereas the underlying layer, driven by thermal stresses
and the action of a-C, has evolved into a highly interconnected porous network.

After fifteen thermal-shock cycles, the surface grains have coarsened significantly
under repeated high-temperature impingement, progressively filling in the a-C–derived
voids and producing a recrystallized dense surface layer. Concurrently, numerous plate-like
crystallites precipitate at the surface and become embedded within the TaC matrix, forming
a mechanically interlocked architecture. We attribute the formation of these platelets to
a directional evolution of the TaC microstructure under thermal shock. During the early
stages of cycling, the high-a-C grain-boundary phase relaxes and decarbonizes, generating
micro-voids along boundaries that introduce free surfaces and markedly lower the barrier
for heterogeneous TaC nucleation [43,44]. These sites provide favorable nuclei for the
growth of plate-like TaC. With continued cycling at an elevated carbon potential, further
TaC precipitation is promoted [20], while the steep thermal gradient amplifies anisotropy
in interface mobility among different crystallographic orientations [45]. This drives the
oriented growth of TaC platelets along specific low-energy crystallographic planes, causing
them to emanate from the interior and become embedded within the coating.

The emergent network of TaC platelets in the high-a-C specimen functions as an energy-
dissipating microstructure. The in-plane alignment of the platelets and their a-C—rich
interface layers deflect propagating cracks and increase the tortuosity of crack paths, thereby
enhancing the macroscopic thermal shock resistance. Moreover, such lamellar architectures
are known to improve fracture toughness in ceramics through crack deflection and crack-
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bridging mechanisms [46]. Consistent with this toughening mechanism, post-cycling
images (after fifteen shocks) show that cracks are blunted or arrested upon encountering the
platelet-rich regions, and many cracks ultimately terminate within these regions (Figure 8).

 
Figure 8. Morphology of the high-a-C sample after (a1–a3) 5, (b1–b3) 10, and (c1–c3) 15 laser
thermal-shock cycles.

3.4. Thermal Shock Mechanism

As shown in Figure 9, the nanoindentation-derived mechanical properties of the
TaC/a-C coatings (prior to thermal shock) exhibit a clear non-monotonic dependence on
the a-C content. As the a-C fraction increases, both the hardness (H) and elastic modulus
(E) increase initially and reach a maximum at ~25 at.% a-C (H = 36.2 GPa and E = 338 GPa),
which is followed by a gradual decrease at higher a-C contents. The initial enhancement in
H and E can be rationalized by a nanocomposite strengthening mechanism: the introduction
of an appropriate amount of amorphous carbon promotes the formation of a TaC/a-C
nanocomposite architecture and suppresses TaC grain growth, leading to grain refinement
and a strengthened grain-boundary constraint, which collectively increase the resistance
to indentation. When the a-C content further increases, the growing contribution of the
compliant amorphous phase (and the associated reduction in the load-bearing fraction
of the TaC skeleton) becomes dominant, thereby lowering the effective hardness and
modulus. Figure 9b summarizes the derived indices H/E and H3/E2 calculated from
the measured H and E values. Notably, both H/E and H3/E2 increase monotonically
with increasing a-C content despite the non-monotonic trends of H and E. These ratios
are widely used to assess the elastic strain accommodation capability (H/E) and the
resistance to localized plastic deformation under contact loading (H3/E2). Therefore,
their simultaneous increase can indirectly indicate an improvement in the toughness-
related damage tolerance of the coatings, i.e., a reduced tendency for crack initiation and
propagation during indentation/contact deformation.
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Figure 9. (a) Hardness (H) and elastic modulus (E) of TaC/a-C coatings as a function of a-C content.
(b) Variation in the H/E and H3/E2 index with a-C content for the TaC/a-C coatings. Error bars
represent the standard deviation from multiple nanoindentation measurements.

Thermally induced stresses are a primary factor governing the thermal-shock dura-
bility of coating/substrate systems. To interpret the improved resistance observed for the
porous, high-a-C coatings, we adopt a simplified thermo-elastic shear-lag framework to
describe the trend of stress transfer along the coating/graphite interface. As schematically
illustrated in Figure 10a, interfacial bonding constrains the free thermal expansion of the
coating and substrate; consequently, a thermal-mismatch strain is ∆α∆T generated during
rapid heating/cooling and is accommodated through interfacial load transfer. Under a
two-dimensional edge-affected formulation (variation only along the in-plane coordinate x
and linear elasticity assumed), the interfacial shear traction τ(x) can be expressed as [47]:

τ(x) =
∆α∆T

Kkcosh(Kl)
sinh(Kx) (5)

where ∆α is the difference in the coefficients of thermal expansion (CTEs) between the
substrate and the coating; ∆T is the temperature change; k is the effective interfacial shear
compliance per unit area (a load-transfer parameter); K is the shear-lag parameter; l is the
half-length of the specimen; and x is the distance measured from the free edge. According
to the above expression, τ(x) increases from the free edge (τ = 0 at x = 0) toward the interior
and reaches its maximum at x = l, i.e.,

τmax = τ(l) =
∆α∆T

Kkcosh(Kl)
sinh(Kl) (6)

It should be emphasized that this shear-lag treatment is intended as a semi-quantitative
framework to rationalize the experimentally observed trends rather than a quantitative
prediction of absolute interfacial stresses.

Figure 10b illustrates the thermal-shock response of a TaC-coated graphite substrate.
During rapid heating and cooling cycles, the mismatch in CTE between the graphite
substrate and the TaCx coating generates thermal stresses that can drive coating cracking or
delamination. In the shear-lag description, as noted above, the interfacial shear stress τ(x)
increases with the distance from the free edge. However, the characteristic load-transfer
length over which stress is transmitted in a dense, fully bonded interface is much larger
than that in a porous, compliant interface (see Figure 10c,d). This means that in a dense
architecture, stresses can build up over a larger distance, leading to higher peak stresses,
whereas in a porous architecture, the effective stress transfer length is shorter, resulting in
lower peak stresses. Additionally, the presence of voids in the porous coating subdivides
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the load-transfer length and increases the interfacial compliance [48–50]. This effectively
reduces the magnitude of x involved in stress transfer and thus lowers the peak τ(x).

 

Figure 10. (a) conceptual model of residual thermal stress; (b) schematic illustration of the thermal-
shock behavior of the TaC coating; (c) cross-sectional SEM image of the dense coating after thermal
shock; and (d) cross-sectional SEM image of the porous coating after thermal shock.

For a semi-quantitative comparison, Table 3 summarizes the estimated parameters
for the low-a-C (dense) and high-a-C (porous) coatings. The effective CTE mismatch
(∆α) and elastic modulus (E) were taken from the experimental results reported above.
In the porous architecture, the effective stress build-up length l is typically on the sub-
micrometer/nanometer scale, whereas in the dense architecture, stresses can accumulate
over a longer distance and l is on the micrometer scale. Under these conditions, the
dimensionless parameter Kl remains smaller than unity (Kl < 1), so that tanhKl ≈ Kl can
be used as a first-order approximation. Accordingly, the interfacial shear compliance per
unit area can be expressed as:

k ≈ he f f
2(1 + υ)

E
(7)

and the peak interfacial shear stress is simplified to

τmax ≈ ∆α∆T
E

2(1 + υ)

l
he f f

(8)

where E is the elastic modulus, υ is the Poisson’s ratio, and heff is the effective thickness of
the interfacial/near-interfacial shear-deformation zone. For the dense coating, the interface
is relatively continuous with few voids; therefore, shear deformation is mainly confined to
a thin transition/microcrack band near the interface, giving heff ≈ 0.2–0.5 µm. In contrast,
for the porous high-a-C coating, pores and microcracks produce a thicker segmented-
contact/damaged zone near the interface, leading to a larger heff ≈ 0.5–1 µm. Substituting
the estimated parameters into Equation (8) yields τporous/τdense ≈ 0.247, indicating that
the peak interfacial shear stress in the porous coating is reduced by approximately 75%. In
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summary, the porous microstructure redistributes and relaxes thermal stresses much more
effectively than a dense one, which helps rationalize the thermal-shock resistance observed
in the high-a-C (porous) TaCx coatings.

Table 3. Estimated parameters used in the thermo-elastic shear-lag analysis for TaC/a-C coatings
with different a-C contents.

a-C Content (at.%) ∆α (1/K × 10−6) E (GPa) L (µm) heff (µm)

20 6 319.6 0.4 0.2–0.5
30 5.5 295.5 1 0.5–1

4. Conclusions
By increasing the carbon-target power in dual-target DC magnetron sputtering, the

coatings evolve toward a single-phase TaC matrix in which the stoichiometry plateaus near
(x ≈ 0.72), while the a-C fraction rises from ~16.6 to 28.99 at.% and the surface morphology
becomes finer-grained with a-C–rich boundaries that accommodate stress and participate
in CTE relaxation. Under rapid laser thermal cycling to 1300 ◦C, the high-a-C coating
(~28.99 at.%) retains greater residual thickness, exhibits no obvious through-thickness
cracks after 15 cycles, and suppresses the TaC → Ta2C reduction. In contrast, the low
a-C counterpart thins markedly, shows Ta2C signatures, and permits crack penetration;
post-cycling oxides index solely to the low-temperature L-Ta2O5 polymorph. The thermal
shock resistance enhancement arises from the synergistic effects of intrinsic thermophysical
regulation by the a-C phase (lower effective CTE) and extrinsic microstructural toughening
via a porous, platelet-reinforced TaC architecture. These results indicate that an a-C-enabled
porous, compliant architecture that shortens the load-transfer length and lowers interfa-
cial shear, together with an in situ platelet-reinforced TaC network that promotes crack
deflection and bridging, renders TaC/a-C an effective chemically compatible, mechanically
compliant transition layer that mitigates CTE mismatch and enhances the cyclic durability
of TaC-based coatings on carbon substrates. This strategy provides a feasible pathway for
designing chemically compatible, thermally compliant transition layers for UHTC coatings
on carbon-based components operating under extreme thermal-shock environments.
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