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Abstract: To enhance the wear resistance of artillery barrels in harsh environments, TaC and Ta/TaC
coatings were prepared on 30CrNi2MoVA steel using double-glow plasma surface metallurgy technol-
ogy. These coatings, of which their surfaces consisted of almost pure TaC phases, showed defect-free
interfaces with the substrate. The Ta/TaC coating demonstrated excellent integration, forming a
nearly homogeneous structure. The coatings exhibited a gradient cross-sectional hardness, affecting a
depth of approximately 20 µm. The Ta transition layer significantly enhanced the microhardness and
adhesive strength of the TaC coating, with about 16.7% and 68.5% increases in the Ta/TaC coating,
respectively. Both coatings markedly improved the wear resistance, showing slight wear at room
temperature and minor oxidative wear at high temperatures. The Ta/TaC coating had more stable
friction coefficient curves and a lower specific wear rate, with an 11.4% wear rate of the substrate
at 500 ◦C. Thermal mismatch and stress concentration under wear loads caused extensive cracks
and edge chipping in the TaC coating. In contrast, the good compatibility between the Ta transition
layer and the TaC layer allowed for cooperative deformation with the substrate, creating a plastic
deformation zone that reduced internal stresses and stress concentration, maintaining the intact
structure. This study provides insights into applying Ta/TaC coatings for artillery barrel protection
and broadens the possible application scenarios of the preparation technology.

Keywords: double-glow plasma surface metallurgy technology; TaC coating; wear; 30CrNi2MoVA

1. Introduction

Artillery, as one of the most extensively equipped and widely used types of weapons,
faces severe thermal–mechanical–chemical coupling environments during service, includ-
ing high temperatures, high pressure, ablation, wear, and carbon buildup [1–3]. These
harsh conditions can rapidly degrade the material structure of the inner wall of the barrel,
significantly reducing its service life. The barrel is a key component of the artillery, and its
lifespan can even determine the overall service life of the artillery system.

Over the years, protective coatings have been widely explored by scholars as an eco-
nomical and effective means of enhancing the durability of artillery barrels. The most
crucial characteristic of artillery protective coatings is their excellent anti-ablation perfor-
mances. Additionally, the wear damage caused by particles and oxides generated during
ammunition firing under the impact of gas flow on the inner wall of the barrel cannot be
ignored. Currently, protective coatings primarily include refractory metals and their alloys,
such as Ta, Cr, and Re [4–6], as well as ceramics and cermets, such as CrN, Si3N4, and
WC-Co [7–9].
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Research suggests that factors such as projectile rotational friction with the coating
and electroplating defects can adversely affect the firing accuracy and lifespan of artillery
barrels [10]. To address the issue of adhesive damage to the barrel caused by the pure
copper rotating band on projectile shells, a study reported that aluminum bronze coatings
significantly improved the friction performance and effectively reduced the adhesive
deformation behavior [11]. While electroplated Cr coatings can no longer meet the demands
of modern high-performance equipment, their well-established process and economic
viability continue to attract scholarly attention. An environmentaly friendly trivalent Cr
bath was used for electroplating Cr-YSZ-CNT coatings [5], which exhibited better crack
propagation resistance than Cr coatings. The presence of CNTs also helped seal potential
cracks and pores, overall providing good friction performance. In addition to electroplating,
Li et al. [12] produced Cr coatings on the surface of PCrNi3MoVA by multi-arc ion plating
technology. Isothermal oxidation and thermal shock tests demonstrated superior high-
temperature performance, confirming the potential application value of this technology.
Furthermore, the Cr/CrN coating could effectively reduce interface temperature and stress
concentration, further enhancing the protective capability of the coating [13].

Compared to metallic Cr coatings, Ta coatings, with their higher melting point, offer a
superior protective performance [14]. Multiple research teams [15,16] have demonstrated
that sputter-deposited pure Ta coatings on the inner barrel wall exhibit excellent anti-
spallation and anti-ablation capabilities. The Ta10W coating also proved to be an ideal
barrel protective coating. Bell Labs, in the United States, successfully used Ta10W as a liner
material for the full-length M242 barrel, showcasing its feasibility [17]. Beyond refractory
metal coatings, ceramic coatings are favored by scholars for their higher thermal stability
and mechanical properties. An American company [18] found that the high hardness and
low friction coefficient of titanium carbonitride (TiCN) coatings significantly enhance the
service life of the barrel when applied to the inner wall, making it an ideal liner material.
To achieve better mechanical performance, scholars also extensively researched cermet
coatings. Men et al. [19] prepared Cr3C2-NiCr coatings on PCrNi3MoVA steel using high-
velocity oxygen fuel (HVOF) spraying. Under high-temperature, high-velocity gas erosion,
the coatings exhibited only surface oxidation, demonstrating excellent protective perfor-
mance. To achieve better adhesion between the coating and the substrate, one study [20]
used chemical deposition to apply Ta coatings on the steel surface, followed by diffu-
sion bonding at 1440 ◦C and autofrettage at 357 ◦C, resulting in a diffusion–metallurgical
bonding coating with improved adhesion. Among many ceramics, TaC ceramics, with
an extremely high melting point (3880 ◦C), excellent mechanical properties, and chemical
stability, are ideal for environments with thermal–mechanical–chemical coupling effects.

However, research on TaC as a barrel protective coating is limited, primarily due to
challenges in coating preparation. PVD techniques, such as magnetron sputtering, face
issues of target and coating uniformity when applied to large workpieces like artillery
barrels. Additionally, maintaining the required vacuum level in large equipment is a
complex task. To ensure uniformity on large workpieces, TaC coatings are commonly
produced using CVD methods. However, this approach requires high temperatures and
long processing times, which can cause deformation of large workpieces and gas corrosion
of the steel substrate. The preparation technique in this study allows for the flexible design
or modular assembly of multiple targets according to the shape of the workpiece, ensuring
coating uniformity. The working pressure is in the range of tens of pascals, which reduces
the demands on the vacuum system of large equipment. Moreover, the process does not
involve corrosive gases, is highly efficient and environmentally friendly, and contributes to
energy savings and emission reductions.

In this study, TaC and Ta/TaC coatings were prepared on 30CrNi2MoVA steel using
double-glow plasma surface metallurgy technology (Xu-Tec Process) [21]. This technique
leverages the phenomenon of double-glow discharge to accelerate the sputtering and depo-
sition of solid targets, gases, or a mixture of solid targets and gases onto the substrate sur-
face, forming a gradient structure that significantly enhances bonding strength. The study
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focused on the structures, mechanical properties, and high-temperature wear behaviors
of the two coatings, analyzing their wear mechanisms to provide theoretical and practical
insights for the application of this coating system in the protection of artillery barrels.

2. Materials and Methods
2.1. Materials

In this study, 30CrNi2MoVA steel with dimensions of 15 mm × 15 mm × 5 mm was
used as the substate, and the chemical composition (wt.%) of this material is shown in
Table 1. All samples were polished using sandpaper with #240, #600, #1000, and #2000 SiC
emery paper (Hengyu, Jinhua, China) until no obvious scratches were observed; then, they
were ultrasonically cleaned with anhydrous ethanol for 20 min and dried for subsequent
use. The TaC target was formed by powder pressing, with a TaC powder purity of over
99.9%, and the Ta target was prepared by the vacuum melting method, with a purity
of 99.99%.

Table 1. The chemical composition (wt.%) of the 30CrNi2MoVA steel material.

Element C Cr Ni Mo V Mn Si Fe

Content 0.32 0.90 2.27 0.25 0.19 0.46 0.25 Bal.

2.2. Preparation of Coatings

Both the Ta and TaC coatings were prepared by Xu-Tec process with two cathodes
at a distance of 21 mm and an argon pressure of 38 Pa. More details on the parameters
used in the preparation of the Ta layer and TaC coating are listed in Table 2, and the
composite Ta/TaC coating was prepared stepwise with the two processes’ parameters
shown in the table.

Table 2. The parameters to prepare the Ta and TaC coatings.

Sample
Cathode (V)

Sample
Current (A)

Target
Cathode (V)

Target
Current (A)

Process
Time (h)

Ta coating 510~520 2.20~2.30 800~820 0.90~1.00 2.0
TaC coating 510~520 2.20~2.30 900~920 1.20~1.30 4.0

2.3. Mechanical Tests and Surface Characterization

The microhardness of the specimens was assessed using a micro Vickers tester (HXS-
1000AY, Shanghai Optical Instrument Co., Ltd., Shanghai, and China) with an applied
load of 200 g and a dwelling time of 15 s. The coating adhesion was measured by a
micron scratch tester (MCT, CSM, and Switzerland), using maximum load of 30N, stroke
length of 5 mm, and loading speed of 30 N·min−1. The tribological tests were performed
using a high-temperature friction and wear instrument (HT-500, Lanzhou Zhongke Kaihua
Technology Development, Co., Ltd., Lanzhou, and China) with a load of 7.3 N, rotating
speed of 392 r·min−1, rotating radius of 4 mm, test time of 15 min, and temperatures of
25 ◦C, 300 ◦C, and 500 ◦C, respectively. In addition, Al2O3 balls (Φ 5 mm) were used as
friction pairs. The inner wall of an artillery tube primarily experiences wear from the
shells of projectiles and other chemical particles. The projectile casing, made of soft copper,
causes significantly less wear on a barrel’s inner wall over its service life compared to the
Al2O3 balls used in this study. X-ray diffraction (XRD) tests were conducted to analyze the
phases of samples using an Empyrean diffractometer, manufactured by Malvern Panalytical,
equipped with Cu Kα (λ = 0.154 nm) radiation at a speed of 4◦/min from 20 to ~90◦. The
morphologies and elemental distributions were acquired by scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS) using a QUANTAX 200 with XFlash
equipment, FEI, California, and USA.
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3. Results and Discussion
3.1. Morphologies and Structures of the Coatings

Figure 1 shows the surfaces and cross-sectional SEM morphologies of the TaC and
Ta/TaC composite coatings. The TaC coating’s surface exhibited numerous randomly
distributed raised cellular structures with diameters ranging from 10 to 20 µm, but no
other microdefects were observed, and the surface’s Ta to C elemental ratio was close to 1:1.
From the cross-sectional image of the TaC coating in Figure 1b, the overall coating thickness
was approximately 10 µm, with a slightly wavy surface. Only slight burr structures were
observed at the interface, with no pores, cracks, or other defects, indicating good adhesion
to the substrate. A triangular microvoid was present 5 µm from the surface, with a crack
extending parallel to the sample’s surface, likely due to internal stress within the film. The
surface morphology of the Ta/TaC composite coating, as shown in Figure 1c, indicates
a higher quality compared to the TaC coating. The surface is smooth and uniform, with
some faintly distributed flake-like structures. The surface Ta content is slightly higher
than the C content, possibly due to the outward diffusion of Ta from the interior [22,23].
The surface scan results show that there was no elemental bias, and the difference in
morphologies was mainly due to the different deposition processes of the coatings caused
by the different substrates, and the collected signals are partially masked by the Ta signals
due to the large difference in the relative atomic weights of the C element and Ta, resulting
in the color lining of reaction C being much smaller than that of Ta. The cross-sectional
morphology and elemental line scan results show that the Ta/TaC composite coating
exhibited a bilayer structure, consisting of a 12 µm TaC top layer and an approximately
5 µm Ta transition layer. Despite being composed of two layers, the coating appeared almost
seamless internally, with no micro-defects and an indistinct interface between the layers,
demonstrating excellent compatibility. Moreover, the interface between the internal Ta
transition layer and the steel also showed good bonding, with no micro-defects, effectively
merging with the substrate.

Coatings 2024, 14, x FOR PEER REVIEW  4  of  15 
 

 

microscopy (SEM) and energy‐dispersive X‐ray spectroscopy (EDS) using a QUANTAX 

200 with XFlash equipment, FEI, California, and USA. 

3. Results and Discussion 

3.1. Morphologies and Structures of the Coatings 

Figure 1 shows the surfaces and cross‐sectional SEM morphologies of the TaC and 

Ta/TaC composite coatings. The TaC coating’s surface exhibited numerous randomly dis‐

tributed raised cellular structures with diameters ranging from 10 to 20 μm, but no other 

microdefects were observed, and the surface’s Ta to C elemental ratio was close to 1:1. 

From the cross‐sectional image of the TaC coating in Figure 1b, the overall coating thick‐

ness was approximately 10 μm, with a slightly wavy surface. Only slight burr structures 

were observed at the  interface, with no pores, cracks, or other defects,  indicating good 

adhesion to the substrate. A triangular microvoid was present 5 μm from the surface, with 

a crack extending parallel to the sample’s surface, likely due to internal stress within the 

film. The surface morphology of the Ta/TaC composite coating, as shown  in Figure 1c, 

indicates a higher quality compared to the TaC coating. The surface is smooth and uni‐

form, with some faintly distributed flake‐like structures. The surface Ta content is slightly 

higher than the C content, possibly due to the outward diffusion of Ta from the interior 

[22,23]. The surface scan results show that there was no elemental bias, and the difference 

in morphologies was mainly due  to  the different deposition processes of  the  coatings 

caused by the different substrates, and the collected signals are partially masked by the 

Ta signals due to the large difference in the relative atomic weights of the C element and 

Ta, resulting in the color lining of reaction C being much smaller than that of Ta. The cross‐

sectional morphology and elemental  line scan  results show  that  the Ta/TaC composite 

coating exhibited a bilayer structure, consisting of a 12 μm TaC top layer and an approxi‐

mately 5 μm Ta transition layer. Despite being composed of two layers, the coating ap‐

peared almost seamless internally, with no micro‐defects and an indistinct interface be‐

tween the layers, demonstrating excellent compatibility. Moreover, the interface between 

the internal Ta transition layer and the steel also showed good bonding, with no micro‐

defects, effectively merging with the substrate. 

 

Figure 1. SEM micrographs of the surfaces and cross‐sections of the Ta/TaC coatings: (a) surface and 

EDS mappings of TaC; (b) cross‐section and (c) EDS linescan of TaC; (d) surface and EDS mappings 

of Ta/TaC; (e) cross‐section and (f) EDS linescan of Ta/TaC. 

Figure 2 shows the XRD patterns of the TaC and Ta/TaC coatings. Both coatings were 

primarily composed of the TaC phase, with the four common crystal planes of TaC all 

appearing without showing significant preferential orientation, which  is  related  to  the 

random cellular growth mode characteristic of the Xu‐Tec process [24]. However, in the 

Figure 1. SEM micrographs of the surfaces and cross-sections of the Ta/TaC coatings: (a) surface and
EDS mappings of TaC; (b) cross-section and (c) EDS linescan of TaC; (d) surface and EDS mappings
of Ta/TaC; (e) cross-section and (f) EDS linescan of Ta/TaC.

Figure 2 shows the XRD patterns of the TaC and Ta/TaC coatings. Both coatings
were primarily composed of the TaC phase, with the four common crystal planes of TaC
all appearing without showing significant preferential orientation, which is related to
the random cellular growth mode characteristic of the Xu-Tec process [24]. However, in
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the composite coating, the surface TaC layer showed a relative decrease in the TaC (111)
face and an increase in the TaC (220) face, likely due to the different growth substrates.
Additionally, the Ta/TaC coating exhibited a weak Ta2C peak at around 32◦, consistent
with the higher Ta content observed on the surface, as shown in Figure 1c. This is attributed
to the diffusion of Ta within the coating during growth, contributing to the appearance of
an almost homogeneous structure and providing better adhesion.

Figure 2. XRD patterns of the TaC and Ta/TaC coatings.

3.2. Hardness and Scratch Tests Analysis

Figure 3 presents the microhardness of the steel matrix, Ta coating, TaC, and
Ta/TaC coatings. The average surface microhardness values of the four samples were
251.46 ± 25.68 HV0.2, 533.88 ± 71.64 HV0.2, 1546.38 ± 90.86 HV0.2, and 1804.38 ± 55.82 HV0.2,
respectively. The introduction of the Ta transition layer not only significantly enhanced
the surface microhardness of the composite coating but also resulted in a more uniform
hardness distribution, reflecting the improved uniformity of the coating consistent with
the surface morphology’s structure. The cross-sectional hardness variation with depth
(Figure 3b) showed a gradient distribution, with a hardness affected depth of about 20 µm.
The hardness of the Ta/TaC coating was consistently higher than that of the TaC coating up
to a depth of 20 µm. This is mainly due to the increase in thickness of the composite Ta/TaC
coating, whereby the Ta layer (more than twice the hardness of the substrate) contributes
to the higher hardness of the Ta/TaC-coated sample compared to the TaC-coated sample,
thereby enhancing the hardness in the first 20 µm. This gradual change in structure avoids
abrupt variations in physical properties between the coating and the substrate, significantly
reducing stress concentration damage to the coating and minimizing the potential for
coating delamination during wear.

Figure 3. The microhardness of steel and coatings: (a) surface; (b) cross-sectional hardness varying
with the depths of the coatings.
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Given that the tribology experiments were carried out at the same load and with the
same wear bodies, the contact stress can be evaluated. According to sphere-on-flat Hertzian
contact analysis, the maximum Hertzian contact stress, Pmax, is given by the following [25]:

Pmax =
1
π

(
6NE2

R2

) 1
3

≈ 0.578
(

NE2

R2

) 1
3

(1)

where R is the radius of the friction sphere (Al2O3 ball, 5 mm), E is the elastic modulus of
the Al2O3 ball (about 350 GPa), and N is the normal load on the rigid, flat surface (7.3 N).
The value of Pmax was calculated to be approximately 1.90 GPa.

In the case of rigid contact at different depths, the stress is not absorbed and is
transmitted uniformly from the surface to the underside and, thus, considered invariable.
At different angles (angle of the load with horizon) [26], the stress is Pα = Pmax·sinα
= 1.9·sinα GPa.

The coating adhesion scratch test results are shown in Figure 4. In the initial stage,
because of the high hardness of the TaC, the scratch signal was not significant under
low pressure. When the load reached 2.5 N, the signal began to increase, indicating that
the coating had begun to experience slight damage, with scratch marks appearing in the
region. At a press load of 16 N, the scratch signal suddenly decreased, revealing the bright
substrate as the coating was penetrated. The brittle nature of the TaC coating [27,28] caused
extensive chipping and spalling along the scratch edges, irregularly distributed on both
sides of the scratch, and the edge chipping increased the lateral force on the indenter,
causing the scratch trajectory to deviate from a straight line. With the introduction of the
Ta transition layer, the adhesion of the composite coating significantly improved. The
scratch signal only started to increase at around 5 N, and as the pressure increased, the
signal continued to grow, with the scratch width and depth increasing accordingly. At
approximately 27 N, the scratch signal sharply dropped, but an examination revealed that
the coating was not penetrated, only minor spalling occurred at the scratch edges. Even at
the maximum test pressure of 30 N, the coating remained intact, fully covering the sample
surface, demonstrating remarkable adhesion. The introduction of the Ta transition layer
resulted in a gradual change in the physical properties of the coating in the depth direction,
forming an ideal gradient structure that greatly alleviated stress in the composite coating
and improved adhesion to the substrate.

Figure 4. Acoustic emission (AE) signals and optical images of scratches: (a) TaC coating;
(b) Ta/TaC coating.

3.3. Tribology Performance

Figure 5 shows the friction coefficient curves of the substrate and the coatings at
different temperatures. Generally, during the initial stage of friction and wear, both contact
surfaces underwent a running-in period in which the friction coefficient increased. As wear
debris was produced, the wear process transitioned from two-body contact to three-body
contact, causing the friction coefficient to decrease and stabilize [29]. For the steel substrate,
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the friction coefficient curve exhibited minor fluctuations, with a slight decrease during
the mid-wear period at room temperature. At high temperatures, the friction coefficient
rapidly rose and stabilized at around 0.9, indicating a relatively simple wear process. For
the coated samples, the friction coefficients of the Ta/TaC coatings were slightly lower than
those of the TaC coatings. At room temperature, after passing the running-in period, the
friction curves for both coatings begin to decline and stabilize at approximately 0.4. At
high temperatures, the friction coefficients exhibited more noticeable fluctuations, skipping
the running-in period and directly entering the normal wear stage. At 300 ◦C, the friction
coefficients for the Ta and Ta/TaC coatings fluctuated around 1.0 and 0.9, respectively. At
a higher temperature of 500 ◦C, the friction curves for both coatings oscillated around
1.1 and 1.2, with greater amplitude. Unlike at room temperature, the wear process between
the Al2O3 balls and coatings was more complex at high temperatures. Nevertheless,
there were no signs of significant coating damage or failure throughout the wear process.
In general, the coefficient of friction decreased with increasing temperature due to the
lubricating effect of oxides [30,31]. However, in this paper, the friction coefficient of the
coating tended to increase with an increase in temperature. The main reason is that the TaC
coating had excellent antioxidant properties at the test temperature. The coating surface
did not spontaneously form oxides, but because of the low fracture toughness, KIC, of about
2.7–3.4 MPa·m1/2 [32], the coating was easily broken during friction at high temperatures,
resulting in increases in the friction coefficient instability [33]. In addition, from the later
analysis, it is observed that the abrasion mark morphology of the TaC coating increased
the friction contact area at elevated temperatures when the particles on the surface of the
coating were flattened, while the Ta/TaC surface became rough and the friction resistance
increased, which together led to the increase in the friction coefficient.

Figure 5. Friction coefficient curves of the samples: (a) 25 ◦C; (b) 300 ◦C; (c) 500 ◦C.

Figure 6 shows the wear profile curves of the substrate and coatings at different
temperatures, clearly indicating that the substrate exhibited significantly higher wear loss
compared to the two coatings, especially at high temperatures. At 300 ◦C and 500 ◦C,
the wear depth of the substrate approached 10 µm, and the profile depth of the Ta/TaC
coating was slightly better than that of the TaC coating but did not exceed 2 µm. The main
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reason for the minimal difference in wear profiles between the two coatings is likely that
the applied test load did not cause any damage to the TaC coatings, remaining within the
load-bearing capacity of the coatings.
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Figure 6. Wear profiles of the samples at (a) 25 ◦C, (b) 300 ◦C, and (c) 500 ◦C; (d) specific wear rates
of the samples.

For the tribological test, the wear rates were calculated with Equation (2), as follows:

K = V/FL (2)

where K is the wear rate (mm3·N−1·m−1), V is the wear volume (mm3), F is the normal load
(N), and L is the total sliding distance (m). The results are shown in Figure 6d. The specific
wear rates of the substrate at different temperatures were 22.06 × 10−6 mm3·N−1·m−1,
63.17 × 10−6 mm3·N−1·m−1, and 67.47 × 10−6 mm3·N−1·m−1, respectively. For the
Ta/TaC-coated samples, the specific wear rates were 4.55 × 10−6 mm3·N−1·m−1,
6.27 × 10−6 mm3·N−1·m−1, and 7.66 × 10−6 mm3·N−1·m−1, which are 20.6% (25 ◦C),
9.9% (300 ◦C), and 11.4% (500 ◦C) of the substrates. The protective effect of the coatings
was more pronounced at high temperatures, which may be attributed to the oxidation of
the substrates in an atmospheric environment, leading to more serious material loss.

3.4. Wear Surface and Mechanism

The wear surfaces and cross-sectional morphologies of the substrate and coatings at
25 ◦C, 300 ◦C, and 500 ◦C are displayed in Figures 7–9, respectively, and the corresponding
EDS analysis of the wear surfaces are listed in Table 3.
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Figure 7. SEM micrographs of the wear surfaces and cross-sections of samples at 25 ◦C: (a) substrate;
(b) TaC coating; (c) Ta/TaC coating. (a2,b2,c2) and (a3,b3,c3) are high-resolution and cross-sectional
SEM images of the corresponding regions (marked in red rectangle) in (a1,b1,c1).

Figure 8. SEM micrographs of the wear surfaces and cross-sections of samples at 300 ◦C: (a) substrate;
(b) TaC coating; (c) Ta/TaC coating. (a2,b2,c2) and (a3,b3,c3) are high-resolution and cross-sectional
SEM images of the corresponding regions (marked in red rectangle) in (a1,b1,c1).
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Figure 9. SEM micrographs of the wear surfaces and cross-sections of the samples at 500 ◦C: (a) sub-
strate; (b) TaC coating; (c) Ta/TaC coating. (a2,b2,c2) and (a3,b3,c3) are high-resolution and cross-
sectional SEM images of the corresponding regions (marked in red rectangle) in (a1,b1,c1).

Table 3. EDS analysis of the wear surfaces in Figures 7–9.

Analyzed Spot Temperature
(◦C)

Sample
Element Contents (at %) Ta-C Composition

RatioFe O Al Ta C

1

25

Steel 59.01 29.20 -- -- 10.99 --
2 Steel 77.63 7.40 -- -- 13.58 --
3 TaC 2.21 -- -- 34.78 63.01 36%–64%
4 TaC 3.79 32.95 -- 37.21 26.05 59%–41%
5 Ta/TaC -- -- -- 45.06 54.94 45%–55%
6 Ta/TaC -- -- -- 47.45 52.55 47%–53%

7

300

Steel 37.49 55.54 -- -- 6.97 --
8 Steel 72.93 10.58 -- -- 16.49 --
9 TaC 2.23 42.39 5.28 24.11 25.99 48%–52%

10 TaC 3.82 11.03 -- 37.43 47.72 44%–56%
11 Ta/TaC -- 38.19 -- 30.82 30.99 50%–50%

12

500

Steel 33.96 57.76 2.73 -- 5.55 --
13 Steel 32.37 58.76 1.91 -- 6.96 --
14 TaC 1.56 53.85 20.03 10.81 13.74 44%–56%
15 TaC 1.77 54.22 14.43 13.67 15.91 46%–54%
16 TaC 2.87 31.06 6.18 30.81 29.08 51%–49%
17 Ta/TaC -- 11.24 -- 39.16 49.60 44%–56%
18 Ta/TaC 1.56 55.68 24.66 6.52 11.58 36%–64%

Figure 7a shows the substrate with a wear width exceeding 500 µm. The magnified
morphology reveals numerous elongated spalling areas with a few wear debris particles
present in the spalling regions. Because of the significantly higher hardness of the Al2O3
ball compared to the steel substrate, the wear process primarily resulted in adhesive wear
and some spalling, with the Al2O3 ball itself experiencing virtually no wear loss. For
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the TaC-coated sample (Figure 7b), huge amounts of raised particles were observed on
the surface. In the initial stage of wear, these particles created greater resistance, which
gradually stabilized as the particles were worn down (Figure 7(b2)), consistent with the
friction coefficient curve changes in Figure 5a. The Ta/TaC-coated sample showed less
pronounced wear marks on the surface, and magnification revealed a smoother wear area
with minor extruded wear debris accumulation at the edges. The EDS analyses of the
wear regions for the three samples are presented in Table 3. The adhesive region of the
substrate (spot 2) and the raised area of the TaC coating (spot 4) showed higher oxygen
contents, primarily due to increased oxidation from the heat accumulation in these areas
during wear contact with the Al2O3 ball. The Ta/TaC coating surface demonstrated a more
uniform wear process with a flat wear area. The Ta and C elemental contents remained
approximately 1:1 at the two tested points, indicating no change in the surface phase
composition of the coating. From the Ta-C composition ratio in Table 3, the significant
increase in the percentage of C content in spot 3 may be due to the contamination of the
samples during the preservation period while waiting for the test process; the increase in
the percentage of Ta content in spot 4 may be due to the oxidation of the coating surface
at high temperatures, as well as the release of the C element in the form of a gas, which
led to an increase in the percentage of residual Ta. Further observation and analysis of the
wear cross-sections revealed that the steel substrate’s surface had a layer of wear debris
and some spalling, resulting in an uneven surface. The cross-sectional morphologies of the
single and composite coatings were largely consistent, with only minor depressions in the
center of the wear areas, remaining intact and exhibiting excellent wear resistances.

Figure 8a shows that the wear surface morphology of the substrate at 300 ◦C was
similar to that at room temperature; however, at high magnification (Figure 8(a2)) it showed
a quite different morphology. Unlike the adhesive wear observed at room temperature,
this wear region contained numerous furrows and dark areas resembling an adhesive wear
morphology. EDS analysis (spot 7) indicates that the oxygen content in dark areas was
significantly higher than in the furrowed regions (spot 8), exhibiting oxidative wear. The
oxidation layer partially spalled off, forming areas of wear debris accumulation, and the
substrate was mainly characterized by abrasive wear and slight oxidation wear mechanism.
The cross-sectional morphology of the wear area (Figure 8(a3)) shows severe fragmentations,
with numerous particles and fragments accumulating to form a thicker wear layer. The
TaC-coated sample also suffered more severe wear, with some spalling areas appearing in
the wear region, and the raised areas nearly worn flat and partially connected, exhibiting
slight adhesive wear. According to the EDS results in Table 3, the previously raised particles
on the coating experience severe oxidation, with small amounts of Al transferred from the
Al2O3 ball detected. The flatter areas of the original surface also showed slight oxidation
but no Al transfer. At this temperature, the Ta/TaC-coated sample still showed only minor
wear marks, with some dark particulate matter appearing in the wear region. The EDS
results (spot 11) reveal that these particles were primarily oxide accumulations, with no
Al transfer detected. The cross-sectional morphology of the TaC and Ta/TaC coatings
shows that they both maintained good coating structures, providing excellent protection
for the substrate material. Additionally, the composite coating demonstrated superior wear
resistance, with less pronounced wear marks compared to the single-layer TaC coating.
This is mainly due to the smooth surface morphology of the composite coating, which
provides a larger area to support the wear load, significantly reducing the damage to the
coating from the Al2O3 ball.

At the testing temperature of 500 ◦C (Figure 9), the oxidation of the substrate surface
intensified, leading to significant changes in the wear area’s morphology. The surface
exhibited a substantial oxidation layer, with numerous oxides participating in the wear
process. These oxides contributed to adhesion and spalling when interacting with the
Al2O3 balls, forming several spallation areas. Simultaneously, harder oxide particles were
engaged in abrasive wear with the substrate, exacerbating material damage. The EDS
analysis revealed that the presence of hard oxides on the material surface facilitated the
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transfer of trace amounts of Al elements. The cross-sectional image shows a thick and
continuous wear layer, which is more prone to substantial spalling. Notably, the TaC-coated
samples also exhibited severe damage, with significant abrasive accumulation on the inner
side of the wear tracks. On the outer side, a higher linear velocity led to brittle flaking of
the coating. The wear of spot 14 experienced more intense wear compared to flat areas
(spot 15), with increased transfers of O and Al contents compared to the edge spallation
site (spot 16). Further observation of the wear cross-section revealed that although the
TaC coating remained attached to the substrate’s surface, numerous cracks and severe
edge fractures were present within the coating. This is primarily due to the inherent
brittleness of the TaC coating and its mismatch with the physical properties of the substrate,
leading to stress concentration. However, with the addition of a Ta transition layer, the
wear performance of the Ta/TaC coating improved significantly. The EDS results and
analysis, as presented in Figure 9c, show only minor dark oxidation regions (spot 18) at the
middle position of the wear area, with only slight wear in other areas. In addition, spot
18 exhibited a phenomenon (high C content) similar to spot 3 from the Ta-C composition
ratio. The Ta/TaC coating remained intact in the cross-sectional image, with no internal
cracks or fractures. In summary, the Ta/TaC composite coating maintained good adhesion
to the substrate at high temperatures, effectively protecting the internal substrate and
demonstrating excellent high-temperature wear resistance.

Figure 10 illustrates the wear mechanisms of the TaC and Ta/TaC coatings at high
temperatures. Under the load of the wear ball, the surface asperities of the single-layer
TaC coating were rapidly worn down, generating an oxide layer. The oxide layer breaks
off from the bottom of the TaC coating during subsequent wear, forming broken oxide
particles. Some of these oxide particles accumulate at the edges of the wear track, while
others, along with the Al2O3 ball, further damage the coating. At higher temperatures,
the steel material undergoes slight softening. Because of the thermal mismatch between
the substrate and the TaC coating, combined with external loading, the coating cannot
accommodate the deformation, resulting in numerous internal cracks. On the side of the
wear track with higher linear velocity, the edge of the TaC coating experiences severe
stress concentration, leading to fracture structures that can no longer effectively protect
the underlying substrate. In contrast, the introduction of the Ta transition layer, with
excellent plastic deformation ability [34], exhibits improved compatibility with the TaC
layer, allowing for better absorption of the deformation energy of the surface TaC layer.
This enables the coating to deform synergistically with the substrate, creating a zone of
plastic deformation that significantly reduces internal stress and stress concentration within
the coating [35]. Consequently, only minor debris accumulation and wear oxide layers
are observed at the edges and middle positions of the wear area, respectively. The overall
integrity of the coating remains intact and well-adhered to the substrate, thereby providing
excellent protection for the underlying material.

Figure 10. Schematic diagram of the wear mechanism of the (a) TaC and (b) Ta/TaC coatings at
high temperature.
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4. Conclusions

In this study, TaC and Ta/TaC coatings with excellent high-temperature wear resistance
were successfully designed and deposited on 30CrNi2MoVA steel, which is used for artillery
barrels, using double-glow plasma surface alloying technology. The main conclusions of
this study are as follows:

1. The prepared TaC and Ta/TaC coatings had thicknesses of approximately 10 µm
and 17 µm, respectively. Both coatings exhibited dense internal structures with no
microdefects at the interface with the substrate. The composite two-layer coating was
almost seamless, forming a single entity with better surface smoothness. The XRD
results indicate that the surface of the TaC coating was a pure TaC phase, while the
composite coating showed a slight formation of the Ta2C phase due to the outward
diffusion of Ta elements.

2. Benefiting from the excellent mechanical properties of the TaC ceramic, the surface
microhardnesses of the TaC and Ta/TaC-coated samples increased by approximately
five times and six times, respectively, compared to the substrate. The cross-sectional
hardnesses of both coatings exhibited a gradient distribution, affecting a depth of
about 30 µm. The scratch test results demonstrate that the introduction of the Ta
transition layer significantly enhanced the coating toughness, with the Ta/TaC coating
exhibiting a scratch adhesion strength exceeding 30 N, more than double that of the
TaC coating.

3. The wear results show that both the TaC and Ta/TaC coatings significantly improved
the wear resistance of the material, especially at high temperatures. The Ta/TaC
coating displayed more stable friction coefficient curves, indicating a more stable
wear performance, and a lower specific wear rate, approximately 11.4% of that of the
substrate at 500 ◦C.

4. As the wear temperature increased, the wear mechanism of the substrate transitioned
from adhesive wear to abrasive and oxidation wear, forming an easily spallable wear
layer on the surface. Both coatings exhibited only slight wear at room temperature,
and showed slight oxidation wear at high temperatures. At 500 ◦C, although the
single-layer TaC coating remained adhered to the substrate, thermal mismatch, as
well as wear load-induced stress concentration, led to numerous internal cracks
and edge fractures in the wear track. In contrast, the good compatibility between
the Ta transition layer and TaC layer allowed for cooperative deformation with the
substrate, creating a plastic deformation zone that reduced internal stresses and the
stress concentration, maintaining an intact structure.
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