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Abstract

High-load sliding components, including gun barrels, are susceptible to accelerated wear
and damage due to coupled thermal-mechanical stresses and reciprocating frictional con-
ditions. Therefore, enhancing their operational lifespan requires the application of wear-
resistant coatings with high melting points for effective surface protection. In this study,
Ta-10W alloy coatings were deposited on CrNi3MoVA steel substrates through electricspark
deposition, focusing on deposition voltage as a critical parameter. Experimental results indi-
cate that the Ta-10W coatings are primarily composed of o-Fe, x-TayOs, 8-TayOs, a-Ta(W),
and Fe-W intermetallic phases. An increase in deposition voltage facilitates enhanced
melting and mass transfer, thereby promoting solid solution and oxidation strengthening,
which results in improved hardness. However, higher voltages also induce defects such as
porosity and microcracks. Hardness measurements and friction-wear tests demonstrate
that coatings deposited at 80 V exhibit optimal performance, attaining the highest hardness
(~753 HV) and a friction coefficient similar to that at 60 V. Conversely, the friction coefficient
increases at 100 V due to defects and coating spalling. The wear mechanism transitions
from adhesive wear at 60 V to adhesive wear with minor plastic deformation at 80 V and ul-
timately to spalling wear at 100 V. Finite element thermomechanical simulations reveal that
increasing voltage significantly elevates the equivalent interfacial stress (600-1150 MPa),
thus correlating with the propensity for microcracks to propagate into longitudinal semi-
penetrating cracks at elevated voltages. This study establishes a theoretical foundation for
optimizing electricspark deposition process parameters and contributes to the reliability
design of Ta-W alloy coatings.

Keywords: deposition voltage; electricspark deposition; Ta-10W coating; wear mechanism;
finite element simulation

1. Introduction

The durability of inner artillery barrels has become a significant concern due to ad-
vances in artillery technology, particularly in increased range, firepower, and firing rate.
The synergistic effects of high-temperature and high-pressure gas erosion, particulate abra-
sion, and intense friction between the ammunition belt and rifling render these components
susceptible to ablation and wear. More specifically, gun-barrel inner surfaces experience a
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combined thermo-chemical-mechanical environment during firing. Reported peak propel-
lant gas pressures can reach approximately 400 MPa for artillery guns and up to 700 MPa
for tank guns, while propellant flame temperatures are commonly around 3000-3500 K.
The bore-wall temperature may reach about 1800 K within a few milliseconds after firing
and then rapidly decrease as the projectile travels through the barrel [1]. Recent vented-
vessel tests on Ta-coated rifled tubes also reported gunpowder explosion pressures of
approximately 320 MPa and showed that alpha-Ta coatings could maintain good adhesion
after repeated firings [2]. Such degradation critically limits the service life and operational
performance of artillery barrels [3,4]. Although conventional surface engineering methods
can enhance wear resistance, these techniques often involve complex procedures and high
thermal input and face considerable difficulties in ensuring reliable adhesion between
coatings and substrates [5-7]. Electricspark deposition is a pulsed micro-welding surface
deposition technique, characterized by localized melting, rapid solidification, and metallur-
gical bonding, that offers significant advantages for surface strengthening and repair of
components exposed to severe service conditions [8-10].

The Ta-10W composition was selected because Ta-based refractory alloys have long
been considered promising candidates for gun-bore protection. Tantalum and its alloys are
distinguished by their high melting points and excellent resistance to high-temperature
corrosion and ablation, while tungsten provides high-temperature strength and low thermal
expansion. Tungsten readily forms Ta(W) solid solutions within tantalum matrices, leading
to solid-solution strengthening [11,12]. Ta-10W liners and coatings have been reported
for gun-barrel erosion reduction; for example, NASA reports and earlier gun-barrel liner
studies have described the use of Ta or Ta-10W liners/coatings to reduce bore erosion in
high-speed gun systems [13]. Recent reviews further indicate that Ta-W alloy coatings are
attractive for anti-erosion and anti-ablation applications owing to their high melting point,
chemical stability and compatibility with refractory surface engineering [14].

However, the electricspark deposition process inherently involves localized high
temperatures and minor oxygen incorporation, promoting the formation of oxide phases
such as Ta;Os. Although these oxides enhance hardness, they also increase susceptibility
to crack formation. Consequently, a critical scientific challenge in the engineering of Ta-W
coatings involves achieving an optimal balance among strengthening, defect formation,
and residual stress through precise control of process parameters, particularly deposition
voltage [15-17].

Accordingly, this work differs from prior electricspark deposition studies on single-
element Ta, W, self-lubricating and high-entropy-alloy coating systems by focusing on
Ta-10W coatings on CrNi3MoVA artillery steel [18,19]. The present study examines Ta-10W
coatings deposited on CrNi3MoVA artillery steel surfaces at three distinct voltages: 60 V,
80V, and 100 V. This study examines the microstructural evolution of the Ta-W coatings at
different deposition voltages and explores the relationships between microstructure and
both mechanical and tribological properties. Furthermore, the mechanical mechanisms
underlying the sequence of “voltage—thermal stress—crack formation” are elucidated
through finite element numerical simulations of the thermo-mechanical coupling within
the coatings.

2. Experimental Procedure
2.1. Preparation of Experimental Materials

In this study, CrNi3MoVA steel was employed as the substrate material, with its
precise chemical composition detailed in Table 1. Rectangular specimens with a length
of 20 mm, a width of 10 mm, and a height of 5 mm were fabricated using wire electrical
discharge machining (WEDM). The Ta-10W electrode (diameter: 4 mm; length: 50 mm)
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was fabricated via powder metallurgy. Specifically, tantalum powder (99.9% purity) and
tungsten powder (99.5% purity) were combined at a mass ratio of 9:1 and subsequently
sintered at 1500 °C under a pressure of 30 MPa for 2 h. Figure 1 depicts the overall
preparation procedure. Both the substrate and the electrode surfaces were polished before
deposition using 1000-grit abrasive paper and subjected to ultrasonic cleaning to eliminate
any surface contaminants.

Table 1. Chemical composition of CrNi3MoVA steel (wt.%).

C Mn Si Cr Ni Mo \" S P
0.40 0.41 0.25 1.28 3.14 0.37 0.20 0.001 0.012
Choose the powder and Add binding agents or
measure its weight lubricants e . Sintering
Ball milling Dry and sift

Mechanical Alloying

Ta and W
powders

VA 2 -
SR

Spark Plasma Sintering

. 4

Wire Cutting ESD

CrNi3MoVA Steel

Figure 1. Preparation procedure of the Ta-10W electrode.

The nominal room-temperature mechanical properties of the CrNi3MoVA artillery-
steel substrate used in this study: tensile strength > 980 MPa, yield strength > 885 MPa,
elongation > 10%, elastic modulus approximately 200-210 GPa, Poisson’s ratio 0.28-0.30
and hardness approximately 260-330 HB, depending on heat-treatment state. These values
indicate that the substrate provides load support for the thin electricspark deposition
coating, while its surface still requires protection against adhesive wear, thermo-chemical
erosion and thermal softening under bore-service conditions [1].

2.2. Electricalspark Deposition Process

The deposition process was conducted in an argon atmosphere with oxygen concentra-
tion kept below 200 ppm, using the DJ-electricspark deposition 2000 apparatus (Shanghai
Kangbei Mechanical and Electrical Equipment Co., Ltd., Jiading District, Shanghai, China).
The voltage window was determined from preliminary deposition trials and from the
known relationship between pulse voltage, stored discharge energy and heat input in
electricspark deposition. At 60 V, a continuous coating could be obtained with limited
splashing, representing the lower stable-deposition bound. At 100 V, the deposition process
remained possible but exhibited obvious molten-droplet ejection and defect generation,
representing the upper practical bound beyond which severe spalling and overheating
were likely. Thus, 80 V was selected as an intermediate condition to evaluate the trade-off
between material transfer and defect formation [18,19].

The process parameters were set as follows: deposition voltages of 60 V, 80 V, and
100 V, corresponding to deposition powers of 800 W, 1200 W, and 1500 W, respectively;
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an argon gas flow rate fixed at 1 L/min; an electrode rotation speed of 2500 rpm; and a
deposition duration of 1 min/cm?. Figure 2 presents the schematic representation of the
electricalspark deposition process.

\\\ Mixing zone

Transition region

Figure 2. Schematic representation of the electricalspark deposition process: (a) before electrode
contact; (b) embryo deposit; (c) settle for a period of time.

2.3. Material Characterization and Performance Evaluation

The surface and cross-sectional morphologies, along with the chemical compositions
of the coatings, were examined using field emission scanning electron microscopy (FESEM,
Gemini360, CarlZeissAG, Oberkochen, Germany). Phase identification before and after
wear testing was conducted using X-ray diffraction (XRD, D8 Advance, Bruker, Karlsruhe,
Germany) with Cu-Ka radiation. Surface hardness measurements were performed using a
Vickers microhardness tester (FM-300, Future-Tech Corp., Kawasaki, Japan) under a load of
500 gf with a dwell time of 15 s. Ten indentations were performed for each sample to obtain
the average microhardness value (HVj5). The elastic modulus (E), nano-hardness (H), and
the ratios H/E and H?/E? of the coatings were determined using nanoindentation testing
(Hysitron TI 950, Bruker, Germany). The tribological performance, which includes friction
and wear behavior, was assessed using a reciprocating friction tester (HSR-2M, Lanzhou
Zhongke Kaihua Technology Development Co., Lanzhou, China). Figure 3 displays the
fundamental principle of the experiment. The friction pair consisted of a 304 stainless steel
ball (diameter: 6 mm) subjected to a 6 N normal load, with a stroke length of 5 mm, an
oscillation frequency of 2 Hz, and a total duration of 300 s. The wear loss was quantified
using a precision electronic balance with an accuracy of 0.01 mg.

Friction pair

Friction mark

Electricspark deposition
wear-resistant coating

Figure 3. Fundamental principle of friction and wear.
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3. Results and Discussion
3.1. SEM Analysis of Coating Surface Morphology

Figure 4 presents the SEM surface morphologies and corresponding area scan ele-
mental distributions of Ta-10W coatings fabricated at deposition voltages of 60 V, 80 V,
and 100 V. As shown in the figure, the surface characteristics and defect profiles of the
coatings vary significantly with increasing voltage. Notably, all samples exhibit splatter
marks on the coating surfaces, resulting from short-circuit events arising from direct contact
between the electrode and substrate. These events trigger the instantaneous discharge of
capacitor energy. The resultant current pulse generates a plasma arc with temperatures
ranging from approximately 5000 K to 25,000 K over an extremely brief duration. This rapid
thermal spike induces the formation of molten metal droplets at the electrode tip, which
are subsequently ejected at high velocity onto the substrate surface. As the deposition
voltage increases, the surface morphology transitions from a relatively smooth surface with
minimal splattered particles at 60 V to the emergence of discernible pores and microcracks
at 80 V.

Figure 4. SEM surface morphologies of Ta-10W coatings deposited via electricspark deposition at
(a,b) 60 V; (c,d) 80 V; and (e,f) 100 V.

Finally, a pronounced network of holes and cracks is formed at 100 V. This progression
is primarily attributed to the correlation between higher voltage and increased discharge
energy and heat input, intensifying droplet splashing and metal vaporization. The en-
trapment of gas within evaporation cavities contributes to elevated porosity, while steep
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temperature gradients and mismatches in thermal expansion during rapid solidification
generate residual tensile stresses that facilitate crack initiation and propagation [20,21].
It should be noted that crack-free islands were also observed locally, especially at 60 V
and 80 V; however, the high-magnification panels in Figure 4b,d,f were deliberately se-
lected to display typical crack features so that voltage-dependent defect evolution could
be compared. The coexistence of crack-free and cracked areas reflects the inherent spatial
heterogeneity of electricspark deposition coatings. To obtain coatings with fewer defects,
lower single-pulse energy, multi-pass deposition with reduced overlap heat accumulation,
optimized argon shielding, moderate substrate preheating to decrease thermal gradients,
and post-deposition surface remelting /polishing may be considered.

Figure 5 illustrates the surface morphology and the associated elemental distribution
of Ta-10W coatings deposited under varying voltage conditions. Table 2 summarizes the
quantitative elemental composition obtained from electricspark deposition, providing in-
sight into the influence of voltage on material migration throughout the deposition process.
The data indicate a general decrease in tantalum (Ta) content on the coating surface with
increasing voltage, accompanied by increases in iron (Fe) and tungsten (W) concentrations.
This pattern implies that higher voltages promote more intense localized melting and
elemental intermixing, thereby amplifying substrate dilution effects. The molten pool
depth and volume increase at higher voltages, enhancing the impact of discharge energy
and facilitating greater mass transfer of substrate material into the coating. This process
promotes local interactions between Fe and W or Ta, resulting in compositional gradients.
Such elemental intermixing and gradients modify local mechanical properties, including
elastic modulus, thermal expansion coefficients, and phase stability, thereby exacerbating
interfacial stress concentrations and increasing susceptibility to crack formation [22,23].

Figure 5. Surface morphology and the associated elemental distribution (c,£,i) of Ta-10W coatings
deposited under varying voltage conditions: (a—c) 60 V; (d-f) 80 V; (g—i) 100 V.
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Table 2. Electricspark deposition quantitative results covering the whole surface (Figure 5) at different
deposition voltage (At. %).

Voltage/V Ta Content (At. %) W Content (At. %) Fe Content (At. %)
60 86.63 2.17 11.19
80 79.06 3.40 17.54
100 79.03 3.26 17.71

3.2. SEM Analysis of Coating Cross-Sectional Morphology

Figure 6 presents cross-sectional SEM micrographs of Ta-10W coatings deposited
at different voltages, enabling comparative evaluation of coating thickness uniformity,
porosity, crack distribution, and interfacial bonding quality. The cross-sections show a
progressive defect evolution: isolated pores and short cracks are present at 60 V (Figure 6a),
more internal pores and microcracks appear at 80 V (Figure 6b), and the most severe
semi-penetrating cracks and local interfacial delamination occur at 100 V (Figure 6c). These
phenomena are attributed to the substantial mismatch in thermal expansion coefficients
between the Ta-10W coating, which has a relatively lower coefficient, and the steel substrate.
The rapid thermal cycling induced by discharge pulses generates significant thermal strain
mismatches. When pre-existing defects, such as pores or oxide inclusions, serve as crack
initiation sites, the resulting thermal tensile stresses more readily drive crack propagation
along structurally weak paths [24,25].
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Figure 6. Cross-sectional SEM images of Ta-10W coatings deposited by electricspark deposition at
(a) 60V, (b) 80V, and (c) 100 V.
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3.3. XRD Analysis of the Coatings

Figure 7 illustrates the XRD patterns of the Ta-10W electrode material alongside
Ta-10W coatings deposited at varying voltages. These patterns were used to determine
the principal phase composition of the coatings. As shown in Figure 7a—d, the coatings
are primarily composed of a-Ta(W) solid solution diffraction peaks, accompanied by o-
TayOs5 and 8-TapO5 oxides, as well as «-Fe and Fe-W intermetallic compounds. The phase
identification was carried out by matching the measured patterns with standard powder-
diffraction reference data. The main reference cards considered were «-Ta (bcc, PDF#
04-0788), «-Fe (bcc, PDF# 06-0696), orthorhombic Ta,Os (PDF# 25-0922), tetragonal -
TayOs (PDF# 21-1199), hexagonal 6-Tap;Os (PDF# 00-019-1299) and Fe-W intermetallic phase
(PDF# 42-1209). Because the electricspark deposition coatings contain rapidly solidified
and stressed phases with broad and partly overlapping peaks, the XRD data are used
for qualitative phase identification in this work. Notably, the principal peak of the o-
Ta(W) solid solution shifts relative to the standard Ta(110) diffraction peak shown in
Figure 7a, indicating the incorporation of W atoms into the Ta lattice to form the «-Ta(W)

solid solution.

Intensity /a.u.

| —Fe-W intermetallics
1—Ta
(a) 22— W (b) 2—a-Ta,0;
3 3—38-Ta,05
2 4——long-range solid solution of Ta-10W
5—a-Fe

Intensity /a.u.

Intensity /a.u.

50 60 70 80 90 20

30 40
26 /degree 26 /degree
| — Fe-W intermetallics 1—Fe-W intermetallics
(C 2—a-Ta,O; (d) 2—a-Ta,0q
3—358-Ta,05 3 3—©5-Ta,05
2 4——long-range solid solution of Ta-10W 2 4—— long-range solid solution of Ta-10W
5—a-Fe 5—a-Fe
3
g
2 = 2
b
N
=
(]
-
=

20/ degree 20 / degree

Figure 7. XRD patterns of electrode material of (a) and Ta-10W coatings at 60 V (b), 80 V (c), and
100 V (d).

The formation mechanism of this solid solution can be described as follows. First, the
localized transient high temperatures generated by the electricspark deposition discharge
facilitate the melting and intermixing of Ta and W. This is followed by an extremely rapid
cooling process, which favors the retention of the solid solution by suppressing equilibrium
phase separation. Second, trace amounts of oxygen may still be present despite the use of
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argon protection. Notably, Ta tends to oxidize under the combined influence of elevated
temperature and high surface activity of the newly formed products, leading to the forma-
tion of oxide inclusions during droplet solidification. The EDS analysis in Table 2 supports
the presence and redistribution of Ta, W, Fe and O elements, the phase assignments of
a-Ta(W), a-TapOs, 6-TapOs and «-Fe are based on XRD peak matching. This phase con-
stitution explains the simultaneous presence of strengthening and embrittlement effects.
The strengthening effect of x-Ta(W) is attributed to substitutional W atoms in the Ta lattice,
which cause lattice distortion and impede dislocation motion, while hard oxide phases
such as TayOs contribute to dispersion/oxide strengthening. However, oxides and Fe-W in-
termetallic particles can also act as brittle inclusions and stress concentrators when they are
located near pores or cracks. Therefore, this phase constitution can simultaneously increase
hardness and reduce damage tolerance, which explains why a moderate voltage improves
hardness whereas excessive voltage promotes crack-assisted degradation [14,26,27].
Figure 8 presents the Ta-W binary phase diagram [28]. During the electricspark
deposition of Ta-10W alloy coatings, temperatures exceed 3000 °C, enabling the formation
of Ta-10W solid solution microstructures under rapid solidification conditions. The thermal
cycling inherent to electricspark deposition is characterized by a “high peak temperature,
extremely short dwell time, and ultra-fast cooling rate,” representing a distinctly non-
equilibrium process even though phase composition and solubility under equilibrium
conditions depend on temperature. This facilitates uniform mixing of molten Ta and
W and the subsequent formation of the Ta(W) solid solution upon solidification. The
dissolution of W atoms into the Ta lattice induces lattice distortion and solid solution
strengthening, increasing resistance to dislocation movement and enhancing the local
load-bearing capacity. Consequently, this improves the coating’s ability to withstand plastic
shear and plowing under frictional contact. The integration of these findings with the XRD
analysis in Figure 7 shows that the Ta(W) solid solution is the primary strengthening phase
responsible for the enhanced strength and wear resistance of the coating. This directly
supports the observation that peak hardness is achieved at moderate voltages (e.g., 80 V).

W content (wt.%)
0 10 20 30 40 50 60 70 80 90 100
T/ T T T T T T T T T
e _7]3422°C
3400 =4
L i
3300 <
. QQJ Pid
W 7 /
X N o
A) o
3200 N\
AT |@aW)
3100 7/ e
3000 420@

0 10 20 30 40 50 60 70 80 90 100
Ta W content (wt.%) W

Figure 8. Ta-W binary phase diagram [28].
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Figure 9 illustrates the variation in Gibbs free energy for oxides of Fe, Ta, and W at
different temperatures [29]. As shown in Figure 9, Ta oxides exhibit the lowest Gibbs free
energy. Therefore, oxide phases such as Ta;Os are still detected during the preparation
of Ta-10W coatings despite argon protection. Notably, oxidation is governed not only by
the Gibbs free energy change (AG) but also by kinetic factors. According to electricspark
deposition principles, the pulse energy and heat input increase with output voltage and
capacitance. Therefore, higher voltages generally enhance electrode material transfer
and coating growth but also increase molten-droplet spattering, metal vaporization, pore
formation and thermal-stress cracking [18,19]. This mechanism supports the observed
transition from relatively compact coatings at 60-80 V to a more defective morphology at
100 V. Table 3 summarizes the principal chemical reactions involving the elements during
the coating preparation process. Thermodynamically, the Gibbs free energy (AG) values for
Ta oxides are substantially lower than those for other oxides, indicating that their formation
is a spontaneous reaction. This observation validates the presence of Ta oxide phases
identified in Figure 7 and establishes a thermodynamic basis for their formation.

1500 —&—FeO
—o—Fe 0,
1000 - —a—Fe,0,
500 F —v—Ta0,
L —&— Ta,0;

oF —4— WO,

- —— WO,
ol :W
- - « : —
1000 |- — B e —

bﬂ\‘\\‘\‘—\

—1500

Gibbs free energy/(KJ-mol™)

—2000

—2500

_3000 | " | L | L 1 L | L 1 L |
400 600 800 1000 1200 1400 1600

Temperature/K

Figure 9. Gibbs free energy changes in Ta, W, and Fe oxides at various temperatures [29].

Table 3. Principal chemical reactions occurring in the Ta-10W coating during electricspark deposition.

Ta Fe A4l
2Ta + 502 = 2T3205 2Fe + Oz =FeO 2W + Oz B 2W02
Ta + 02 = Ta02 4Fe + 302 = 2F6203 2W + 302 = 2WO3

6Fe + 02 = 2F6304

3.4. Hardness Evaluation of the Coatings

Figure 10 presents the microhardness measurements of Ta-10W coatings and the
cannon steel substrate subjected to varying deposition voltages. This enables evaluation
of the influence of voltage on the coatings’ macroscopic load-bearing capacity. The data
reveal substantially higher hardness in the coatings than in the substrate. The hardness
varies non-linearly with voltage, increasing from approximately 530 HV at 60 V to a peak
of around 753 HV at 80 V, followed by a decline to roughly 556 HV at 100 V. Based on
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the integration of these findings with the SEM analyses of surface and cross-sectional
morphologies depicted in Figures 4 and 6, it is inferred that the hardness enhancement
from 60 V to 80 V primarily results from work hardening induced by Ta(W) solid solution
strengthening and the formation of hard oxide phases. These mechanisms collectively
improve resistance to plastic deformation under contact loading. Conversely, Figure 6¢
confirms that the 100 V coating contains the highest density of pores, microcracks and semi-
penetrating cracks. These structural discontinuities interrupt the effective load-bearing
path during Vickers indentation and reduce the apparent hardness, even though the higher
voltage promotes melting, dilution and oxide/solid-solution formation. These observations
suggest that a deposition voltage of 80 V optimally balances the “strengthening effect” and
“structural integrity,” providing critical guidance for process parameter optimization.

900

~

] (N

800

555
600 529

| 429 % I 7
I

N

(=3

(=]
I

Microhardness (HV,,)
\\\:

V,
400 7

N

% % 7,
CrNi3MoVA steel 60V 80V 100V

Figure 10. Surface microhardness of Ta-10W coatings and CrNi3MoVA steel.

During nanoindentation, the indents were selected from compact regions away from
obvious pores and cracks as far as possible. Table 4 summarizes the elastic modulus (E)
and nano-hardness (H) obtained from nanoindentation, along with the derived H/E and
H3/E? ratios for the various coatings. The H/E ratio is commonly used as an elastic
strain or ductility index, while H?/E? has been widely used as a plastic deformation
resistance index. These parameters serve as indicators of the coatings’ potential wear
resistance, as they reflect their elastic strain tolerance and resistance to plastic deformation.
Overall, the coatings exhibit higher H/E and H3/E? values compared to the substrate,
indicating an enhanced ability to accommodate elastic strain and greater resistance to
plastic shear or yielding during frictional wear, which is typically associated with improved
wear performance, although they should not be treated as universal substitutes for direct
fracture-toughness measurements [30-32]. The 60 V and 80 V coatings show comparable
H/E values (0.025 and 0.024), indicating similar elastic accommodation capacity. The
H3/E? value of the 80 V coating (0.0024) is slightly lower than that of the 60 V coating
(0.0025) but remains higher than that of the 100 V coating (0.0020); therefore, the superior
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engineering performance of the 80 V coating should be understood as a balance among
high hardness, acceptable elastic/plastic indices and lower defect severity. Meanwhile, the
performance deteriorates at 100 V due to structural defects.

Table 4. Nano-mechanical properties of Ta-10W coatings and CrNi3MoVA steel.

Sample E/GPa H/GPa H/E H3/E?

60 V Ta-10W 168.3 4.15 0.025 0.0025
80 V Ta-10W 182.7 4.31 0.024 0.0024
100 V Ta-10W 163.4 3.76 0.023 0.002
CrNi3MoVA Steel 262.8 4.68 0.018 0.0015

3.5. Tribological Performance and Wear Mechanisms of the Coatings

Figure 11 illustrates the friction and wear test results for the Ta-10W coatings and
CrNi3MoVA steel substrate. Figure 11a depicts the friction coefficient as a function of
time under a 6 N reciprocating load for the different samples. Figure 11b presents a
comparison of the wear volumes of the coatings and the substrate across varying deposition
voltages, elucidating the overall impact of voltage on tribological behavior. The substrate
exhibits the highest friction coefficient, which ranges from 0.7 to 0.81, whereas the Ta-10W
coatings significantly reduce friction. While friction coefficients remain comparable at
60 V and 80 V (0.55-0.58), the coefficient at 100 V increases significantly to approximately
0.63. As demonstrated in Figure 11b, the Ta-10W coatings enhance the wear resistance of
CrNi3MoVA steel. Analyses indicate that the coatings deposited at 60-80 V exhibit more
stable load-bearing continuity and minimal spallation. Consequently, friction processes
favor the formation of relatively stable transfer films, leading to consistent friction levels
with minimal fluctuations. In contrast, the coating deposited at 100 V, which is characterized
by increased crack density and porosity, is more prone to debris generation and flake
spallation under reciprocating loads, resulting in elevated friction coefficients. Overall,
these results confirm that all coatings significantly improve wear resistance. Considering
hardness enhancement, frictional behavior, and crack resistance, the 80 V deposition voltage
is the optimal parameter for overall engineering performance.

3

—— CrNi3MoVA steel

— 60V Ta-10W (b)

—80V Ta-10W 2.5
100V Ta-10W

Wear weight loss/mg

I
IS

. . . 0
2 3 4 5 CrNi3MoVA 60V 80V 100V
Time/min

Figure 11. Friction and wear test results of Ta-10W coatings and CrNi3MoVA steel: (a) coefficient of
friction; (b) wear volume.

Figure 12 presents SEM micrographs of wear scars on coatings deposited at different
voltages, highlighting wear morphology and dominant wear mechanisms. Figure 12a
illustrates that the wear surface of the 60 V coating exhibits sparse adhesive wear spots,
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indicating adhesive wear as the primary mechanism at this voltage. The wear scars of the
80 V coating show pronounced adhesive regions alongside localized plastic deformation
features (Figure 12c), while the 100 V coating reveals extensive spallation pits and flake-like
delamination zones, signifying a transition from adhesive wear to crack-assisted spallation.
When considered alongside the surface morphology data in Figure 4, higher voltages are
associated with heightened coating defects (porosity, microcracks, compositional gradients)
and elevated residual tensile stresses. These promote stress concentration at crack tips
under reciprocating shear loads, facilitating crack propagation and flake spallation. The
resultant spallation debris and oxide wear particles collectively generate a rough and

unstable tribological interface, exacerbating friction and wear [33,34].

®
Yz

2

Figure 12. SEM wear morphology of Ta-10W coatings: 60 V (a,b); 80 V (¢,d); 100 V (e f).

To monitor material transfer, oxidation, and substrate exposure during wear, EDS
analyses were conducted on rectangular regions of the wear scars depicted in Figure 12b,d f.
The corresponding EDS data are presented in Table 5. Comparative analysis reveals
significant enrichment of Fe and O in all wear scar regions, indicating that oxidized debris
and transfer films originating from the stainless steel counterface contribute to friction
interface formation. Furthermore, the coatings deposited at higher voltages show elevated
Fe content, suggesting increased substrate exposure or participation in wear processes
following localized coating spallation. The frictional heat generated during reciprocating
wear accelerates oxidation of wear debris, and the resulting oxide particles, combined
with coating spallation fragments, form complex multi-component tribological products.
When these products are stable, they suppress wear by mitigating direct metal-to-metal
contact. At 100 V, however, frequent crack-induced spallation causes rapid renewal and
coarsening of these products, promoting severe plowing wear morphology, increased
friction coefficients, and aggravated wear [35,36].
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Table 5. EDS results of wear at different positions of the Ta-10W coating.
Area Ta (At%) W (At%) Fe (At%) O (At%)
A 28.29 3.64 42.19 25.88
B 86.55 5.06 7.96 0.43
C 221 0.57 71.06 26.16
D 7.21 1.53 62.53 28.73
E 77.22 427 16.57 1.94
F 1.77 0.49 71.55 26.19
G 32.52 4.79 48.63 14.06

Table 5 presents the EDS results for wear at various locations on the Ta-10W coating.
A detailed examination of these data elucidates the relationship between the wear mecha-
nisms and the hardness of the coating. The coating deposited at 60 V demonstrates relatively
low hardness (530 HV) with a high hardness-to-elastic modulus ratio (H/E = 0.025), sug-
gesting a comparatively elevated elastic limit. The contact stress remains beneath the
yield strength of the coating under frictional conditions, resulting in wear predominantly
governed by adhesive mechanisms (Figure 12a). At this stage, minor material transfer
occurs between a 304 stainless steel ball counterface and the coating surface, forming
localized adhesive regions; EDS analysis reveals an iron (Fe) content of 42.19% in area A. In
contrast, the 80 V coating exhibits an increased hardness of 753 HV. However, the H/E ratio
slightly decreases to 0.024, suggesting a diminished elastic limit. The elevated hardness
concentrates frictional contact stresses in localized zones, inducing severe adhesive wear
accompanied by plastic deformation (Figure 12c). The corresponding data indicate an Fe
content of 62.53% in area D, suggesting substrate exposure due to localized spalling of
the coating. The 100 V coating is characterized by the presence of delamination cracks
that create structural discontinuities; the crack tips act as stress concentration sites under
cyclic loading, culminating in fatigue-induced spalling (Figure 12e). The extensive spalled
regions on the worn surface, with an Fe content of 71.55% in area F, indicate inadequate
bonding strength between the coating and substrate, consistent with the coating’s lowest
H3/E? value of 0.002.

3.6. Crack Formation Mechanism and Finite Element Stress Analysis

The electricspark deposition process entails rapid melting followed by rapid solidifica-
tion. During this process, energy is absorbed by both the electrode material and a portion
of the substrate. This energy is converted into heat that melts these materials to form a
molten pool. Most of the thermal energy is concentrated within the molten pool and the
adjacent substrate, generating a pronounced temperature gradient that induces thermal
stresses in both the coating and the substrate near the molten pool. These thermal stresses
arise from two main sources: mismatch in material properties, such as elastic modulus
and thermal expansion coefficient, between the Ta-10W alloy and the steel substrate, and
heterogeneous solidification shrinkage within the molten pool itself.

Table 6 details the material properties of CrNi3MoVA steel and the Ta-10W coating.
These data are effective parameters used for the thermo-mechanical simulation. The density,
specific heat, thermal conductivity and thermal expansion coefficients were taken from
literature /material-handbook values for CrNi3MoVA steel and Ta-10W alloy, whereas the
coating elastic modulus was cross-checked with the nanoindentation results in Table 4.
Thus, the values should be regarded as effective model inputs rather than direct bulk
measurements for every local phase within the coating.
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Table 6. Material properties of the CrNi3MoVA steel and Ta-10W coating.
. Density Young's Poisson’s Higher Specific Therm.al. Coefficient of
Materials (ke/m®) Modulus Ratio Heat (J/kgK) Conductivity Thermal
& (MPa) & (W/m-K) Expansion («/K—1)
CrNi3MoVA Steel 7.9 x 10° 2 x 10° 0.28 48 x 102 20 12x107°
Ta-10W Coating 1.65 x 10* 22 x 10° 0.32 1.5 x 102 55 6 x 1070

During electricspark deposition, the instantaneous contact between the electrode and
substrate generates a high-energy plasma arc in the temperature range of 5000-25,000 K,
thereby producing a substantial temperature gradient at the coating-substrate interface.
The disparity in thermal expansion coefficients 6 x 107¢ K~! for the Ta-10W coating and
12 x 107® K~ for the CrNi3MoVA steel substrate-causes the coating to contract less than
the substrate upon cooling. This differential contraction induces tensile stress (o) at the
interface. The quantification of this stress can be derived using the thermoelastic mechanics
Equation (1) as follows:

E
or = m'(“couting — Asupstrate) DT 1)

In Equation (1), or denotes the thermal stress, acoting and agypstrate cOrrespond to the
thermal expansion coefficients of the electrode and substrate materials, respectively; AT
represents the temperature differential between the coating solidification temperature
(approximately 800 °C) and ambient room temperature (25 °C); E and v signify the Young's
modulus and Poisson’s ratio of the electrode material, respectively.

The thermal stress o7 for the 100 V coating is estimated to be approximately 1150 MPa
by inputting the material parameters (E = 220 GPa, v = 0.32) into the equation. This
substantially surpasses the yield strength of the Ta-10W coating (555 MPa). This ten-
sile stress initiates microcracks within the coating, which subsequently propagate along
grain boundaries or pre-existing defects under cyclic thermal shocks caused by repeated
deposition pulses.

Figure 13 presents finite element simulation contour maps depicting the distribution
of the deposition stress field in Ta-10W coatings fabricated at varying deposition voltages,
which quantitatively validate crack evolution. As the voltage increases from 60 V to 80V,
the maximum equivalent stress within the coating cross-section escalates sharply from
600 MPa to 800 MPa. Despite approaching the coating’s yield strength, the maximum
stress does not induce delamination cracks. However, as the voltage increases further from
80 V to 100 V, the maximum equivalent stress at the coating-substrate interface rises from
800 MPa to 1150 MPa. This value significantly exceeds the yield strength of the Ta-10W
coating, leading to fracture and crack formation proximal to the interface. This behavior is
consistent with the experimentally observed increase in crack density as voltage increases.

Fundamentally, higher deposition voltages correspond to elevated heat fluxes and
steeper temperature gradients, intensifying thermal strain mismatches and generating
stress concentration zones near the interface. When the equivalent stress surpasses the
coating’s effective strength or fracture toughness threshold, cracks initiate at pores or oxide
inclusions and propagate toward the interface, promoting delamination and spalling wear.
The simulation results underscore the substantial influence of deposition voltage on the
integrity of Ta-10W coatings produced via electricspark deposition. The thermal stress in
the 100 V coating exceeds the yield limit when combined with thermoelastic mechanics
calculations (Equation (1)), facilitating crack propagation along the deposited layer (as
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depicted in Figure 14). This phenomenon aligns with Griffith’s fracture mechanics theory,
which defines the critical condition for crack propagation as follows:

o> |22 @
ma
In Equation (2), v denotes the surface energy, while a corresponds to the half-length of
the crack. The combined influence of thermal stress (¢) and the size of coating defects (a)

synergistically accelerates the failure of the coating at elevated voltage conditions.

(a) ‘|| (b) e

Figure 13. Cloud map depicting the distribution of the deposition stress field within the Ta-10W
coatings at varying deposition voltages of (a) 60 V, (b) 80 V, and (c) 100 V.

Figure 14. Formation and propagation mechanisms of cracks: (a) longitudinal cracks and (b) trans-
verse cracks.

4. Conclusions

In conclusion, this study successfully fabricated Ta-10W coatings on CrNi3MoVA steel
substrates via the electricspark deposition technique. Furthermore, a systematic analysis
was conducted to elucidate the effect of deposition voltage on coating performance, yielding
the following principal conclusions:

(1) According to SEM and XRD analyses, the coating microstructure consists of x-Fe,
«-TapOs, 8-TapOs, «-Ta(W), and Fe-W intermetallic phases. An increase in deposition
voltage from 60 V to 100 V enhanced the coating thickness; however, this was accom-
panied by a higher incidence of pores and cracks. Notably, the coating deposited at
100 V exhibited through-thickness delamination cracks due to accumulated thermal
stress reaching 1150 MPa, substantially undermining its structural integrity.

(2) Microhardness and nanohardness measurements indicated that the coating deposited
at 80V attained the highest hardness value of 753 HV. Its H3 /E? ratio of 0.0024 signifies
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superior resistance to plastic deformation. In contrast, the hardness of the 100 V
coating decreased significantly to 556 HV, a decline attributed to crack propagation.
(3) The coating deposited at 60 V predominantly underwent adhesive wear, exhibiting
the lowest wear loss of 0.5 mg. In contrast, the 100 V coating experienced spalling
wear caused by structural defects, resulting in an increased wear loss of 0.63 mg.
(4) Process optimization identified 80 V as the optimal deposition voltage, effectively
balancing enhanced hardness with a manageable defect density.
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