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Abstract: The present study aims to investigate the advantages of diamond-like carbon (DLC) films
in reducing friction and lubrication to address issues such as the low surface hardness, high friction
coefficients, and poor wear resistance of titanium alloys. Cr-doped DLC films were deposited by
high-power impulse magnetron sputtering (HiPIMS) in an atmosphere of a gas mixture of Ar and
C2H2. The energy of the deposited particles was controlled by adjusting the target powers, and
four sets of film samples with different powers (4 kW, 8 kW, 12 kW, and 16 kW) were fabricated.
The results showed that with an increase in target power, the Cr content increased from 3.73 at. %
to 22.65 at. %; meanwhile, the microstructure of the film evolved from an amorphous feature to a
nanocomposite structure, with carbide embedded in an amorphous carbon matrix. The sp2-C bond
content was also increased in films, suggesting an intensification of the film’s graphitization. The
hardness of films exhibited a trend of initially increasing and then decreasing, reaching the maximum
value at 12 kW. The friction coefficient and wear rate of films showed a reverse trend compared to
hardness variation, namely initially decreasing and then increasing. The friction coefficient reached
a minimum value of 0.14, and the wear rate was 2.50 × 10−7 (mm3)/(N·m), at 8 kW. The abrasive
wear was the primary wear mechanism for films deposited at a higher target power. Therefore, by
adjusting the target power parameter, it is possible to control the content of the metal and sp2/sp3

bonds in metal-doped DLC films, thereby regulating the mechanical and tribological properties of
the films and providing an effective approach for addressing surface issues in titanium alloys.

Keywords: HiPIMS; DLC films; Cr doping; microstructure; tribological property

1. Introduction

Titanium alloy materials, as lightweight materials with high strength and a strong
corrosion resistance, have broad application prospects [1,2]. For example, in the aerospace
field, titanium alloys are used for manufacturing the structural components of aircraft,
engine parts, etc., due to their high strength and low density, which can reduce the aircraft
weight and improve fuel efficiency [3–5]. In the automotive field, titanium alloys can be
used to manufacture high-performance automotive components, enhancing the perfor-
mance and safety of vehicles. In the medical device field, titanium alloys are widely used in
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the production of artificial joints, dental implants, etc., due to their excellent biocompatibil-
ity and corrosion resistance, reducing the harmful impact on the human body [6]. However,
titanium alloys still face challenges regarding their surface hardness and wear resistance,
limiting their use in certain applications. To overcome the shortcomings of the low surface
hardness and insufficient wear resistance of titanium alloys [7–9], Physical Vapor Deposi-
tion (PVD) technology, with its low temperature and environmentally friendly advantages,
can be an effective surface modification method. By depositing PVD films on the surface of
titanium alloys without affecting their overall excellent performance, a surface modification
treatment can impart high hardness, a low friction coefficient, and excellent wear resistance
to titanium alloys, effectively addressing their performance deficiencies [10].

Diamond-like carbon (DLC) films, commonly fabricated by the PVD method, are mainly
composed of a metastable structure consisting of sp3 and sp2 hybrid carbon bonds, exhibiting
good mechanical properties and anti-friction and wear characteristics [11,12]; they are widely
applied in the aerospace, hydrogen energy, and biomedical fields [13–17]. Regardless of the
type of DLC film, the effective control of process parameters and modifications to the film
structure can significantly enhance its anti-friction lubrication properties. This approach
effectively addresses the issues of low hardness and severe wear on the surface of titanium
alloys. However, pure DLC films have significant internal stress, making them prone to
delamination from the substrate. Doping films with metal elements can not only reduce
residual stress and improve film/substrate adhesion but also enhance their hardness and
frictional properties [18]. Moreover, doping DLC films with metal atoms can create a
special nanostructure, endowing the film with the exceptional mechanical and tribological
properties that pure DLC films lack. Researchers such as Ding et al. [19] have prepared
DLC films with different Nb contents using hybrid magnetron sputtering technology,
finding that the addition of metal Nb significantly reduces the internal stress of the film. By
adjusting the Nb content, the proportion of sp2/sp3 bonds in the film can be altered, thereby
regulating the film’s mechanical properties. Guo et al. [20] used HiPIMS technology to
prepare hydrogen-free Al-DLC films using AlC composite targets at different bias voltages.
The results showed that the hardness of the film was significantly varied by changing
the sp3-C bond content through bias voltage adjustments. Santiago et al. [21] found that
doping DLC films with 3 at. % Cr made it easier to form a carbon-containing layer on the
friction contact surface, leading to a superior high-temperature wear performance during
the friction process.

There are various PVD methods for preparing DLC films; among them, direct cur-
rent magnetron sputtering (DCMS) and arc ion plating (AIP) are the most common PVD
sputtering technologies. However, due to its low ionization rate during deposition, DCMS
technology may lead to poor film–substrate adhesion [22]. AIP technology tends to produce
large particles on a surface, resulting in poor surface qualities and tribological properties.
Compared to DC magnetron sputtering and arc ion plating, high-power impulse magnetron
sputtering (HiPIMS) technology exhibits higher ionization rates due to the application of
very high peak power densities for extremely short periods within a single pulse cycle,
significantly enhancing the bombardment and etching effects of deposited ions [23,24]. The
energy and density of the participating film-forming ions are higher, which results in a
higher film–substrate bonding strength and smoother, denser films with fewer defects and
large metal particles [25]. Meanwhile, the energy, flux, performance, and incident angle
of the bombarding ions also play a significant role in regulating the film’s microstructure
and mechanical properties during film growth. Kouznetsov et al. [26] also proposed an
enhancement of the target atom ionization rates by increasing the target power density,
thus improving the comprehensive performance of deposited films.

In this work, DLC films with different Cr contents, obtained by adjusting the target
power, were deposited using HiPIMS technology. The effects of power parameters on the
doping content, microstructure, and mechanical and tribological properties of the films
were investigated in detail. The relationship between the process parameters and film
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structure properties was established, achieving a controllable film structure and providing
a new method for the surface modification of titanium alloys.

2. Experiment Details

DLC films were deposited using an industrial-scale sputtering system with Q-Plex
coating equipment with the scale of 700 mm × 700 mm × 180 mm. The cylindrical Cr
target (φ 155 mm × 660 mm, 99.99% purity) was powered by an HiPIMS unit. Titanium
alloy (TC4) single-sided polished samples (φ 32 mm × 3 mm) and single-crystalline Si (100)
wafers were used as experimental substrates. To further remove some contamination on
the substrate, prior to deposition, the substrates underwent ultrasonic cleaning in acetone
and alcohol for 30 min. Initially, a Cr/CrN transition layer was deposited, followed by
the deposition of the Cr-DLC layer. The purpose of the transition layer is to enhance
the adhesion between the film and the substrate. The DLC layer deposition temperature
was 180 ◦C, with a substrate bias voltage of −100 V, maintaining a deposition pressure of
0.5 Pa and a deposition time of 90 min. The films were prepared under uniform conditions
with an Ar/C2H2 ratio of 1:2, and the HiPIMS power frequency was fixed at 4000 Hz. The
film structure was adjusted by varying the target power from 4 kW to 16 kW. The specific
deposition process parameters for the DLC layer and the transition layer are shown in
Table 1.

Table 1. Deposition parameters of Cr-DLC films.

Parameters Cr CrN Cr-DLC

Base pressure (Pa) 5.0 × 10−5 5.0 × 10−5 5.0 × 10−5

Working pressure
(Pa) 0.5 0.5 0.5

Bias voltage (V) −50 −50 −100
HiPIMS power (kW) 15 15 4, 8, 12, 16

Pulse length (μs) 100 100 70
Flow rate (sccm) Ar: 300 Ar/N2: 200/100 Ar/C2H2: 150/300

Deposition time (min) 15 60 90

A field emission scanning electron microscope (FE-SEM, FEI Nano430, Amsterdam,
The Netherlands) was used to observe the surface and cross-sectional morphologies of
films, measuring thickness and calculating the deposition rate of films. The X-ray energy-
dispersive spectrometer (EDS) attached to the FE-SEM was used to measure the elemental
content in Cr-DLC films. A surface profilometer was used to detect film surface roughness
(Sa), with a measurement range of 500 μm × 500 μm. A Raman spectrometer was used to
analyze the film bonding characteristics. For Raman testing, a wavelength of 532 nm was
selected, with wavenumbers ranging from 800 to 2200 cm−1 and a minimum spot diameter
of 1 μm.

The chemical bonding state was determined using X-ray photoelectron spectroscopy
(XPS, Escalab 250Xi, Waltham, MA, USA) using mono Al Kα (hv = 1486.6 eV) at 15 kV
and 15 mA. Prior to XPS signal acquisition, the surfaces of films were cleaned with Ar+ for
120 s. The C 1s binding energy of 284.88 ± 0.14 eV was used for the calibration. The
hardness (H) and elastic modulus (E) of films were tested using a nanoindenter. To ensure
reliable testing results were obtained, measurements were taken at ten areas on the film
surface, and the average value was recorded. The wear performance of films was evaluated
using a ball on disk tribometer. The test conditions included a 9Cr18 steel ball with a
diameter of 6.35 mm, a load of 5 N, a linear velocity of 30 cm/s, a rotation radius of 5 mm,
and a relative humidity of 40%~60%. After the wearing test, the films were observed using
a step profiler and an optical microscopy. Finally, the wear rate (W) was calculated based
on the Archard equation:

W = V/(N × L)

where V is volume loss, N is the normal load, and L is the total sliding distance.
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3. Results and Discussion

The composition of Cr-DLC films prepared at different powers is illustrated in Figure 1.
It can be observed that, as the target power increases from 4 kW to 16 kW, the Cr content
rises from 3.73 at. % to 22.65 at. %, while the C content exhibits the opposite trend,
decreasing from 94.28 at. % to 75.44 at. %. As the target power increases, the HiPIMS
peak power density also rises, enabling secondary electrons on the target surface to acquire
higher energy and speed. This increases the probability of collisions with the target material,
thereby enhancing the Cr ionization rate [27]. Throughout the whole deposition process,
the deposition state remains stable, with no apparent arcing on the target surface. This
is a significant advantage of the HiPIMS power source, effectively suppressing/delaying
arcing compared to traditional DC power sources. Therefore, by adjusting the target
power, it is possible to control the Cr doping content to range from trace amounts to
high levels. Additionally, an O content below 5 at. % was detected in all films; this
could be ascribed to the residual air in the vacuum chamber. The relationship between
the film thickness and deposition rate of the films with power variations is shown in
Figure 2. As the power increases, the film thickness grows from 1.40 μm to 2.06 μm, and
the corresponding deposition rate rises from 15.56 nm/min to 22.90 nm/min. This is due
to the increased power leading to higher ion sputtering rates on the target material [28],
thereby increasing the probability of collisions with C2H2 molecules and subsequently
improving the deposition rate of the film. Further increases in power do not significantly
alter the deposition rate. Although an excessive target power can improve the ionization
rate, increasing the negative potential of the target will attract the ionized target ions back
to the target material, which is the self-sputtering effect [29], meaning that there is little
change in the deposition rate after the power increases beyond 12 kW.

 
Figure 1. The chemical composition of the films as a function of power.

The surface and cross-sectional morphologies of the films with various target powers
were characterized using SEM, as shown in Figures 3 and 4. At 4 kW, the film surface
appears smooth and dense, with no significant defects except some particles. As for
8 kW, spherical precipitates are visible on the film surface and these small precipitates are
uniformly distributed. At 12 kW, a notable change in morphology occurs, with a transition
from cluster formations to fine scale-like structures. At the same time, the film’s surface
becomes denser, the solid solubility of Cr in the film reaches its limit, and the Cr-rich
phase begins to precipitate on the surface. Upon reaching 16 kW, the scale-like structures
merge into larger tissues, and the Cr content in the film also reaches the maximum. The
corresponding cross-sectional morphologies of films are depicted in Figure 4, showing
the films have a uniform growth distribution at all powers and good adhesion with the
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substrate interface. The transition layer and DLC layer exhibit an obvious layered structure.
As seen in Figure 4a–d, a prominent columnar crystal growth is observed in the transition
layer, which is adherent with the DLC layers. With the increase in target power, the
thickness of DLC layer increases and the structure shows no obvious changes. The three-
dimensional surface morphologies of films with different target powers are shown in
Figure 5. As the target power increases, the surface roughness (Sa) of the film decreases
from 312.0 nm at 4 kW to 48.3 nm at 8 kW, followed by a slight increase, but stabilizes
thereafter. This is attributed to the lower ion energy at lower target powers, which affects
the Cr atoms that are uniformly doped in films, leading to an uneven film growth and
increasing the probability of the formation of large particles [30]. At a relatively high target
power, Cr atoms can achieve sufficient energy for diffusion and migration on the surface of
the film, resulting in a smoother and denser film surface. However, with further increases
in the target powers, the Cr content in films reaches its solid solution limit, and thus the
precipitation of the Cr-rich phases increases the surface roughness. When the number
of precipitates increases and they aggregate together, the surface roughness is reduced.
Consequently, the Sa value decreases from 147.4 nm at 12 kW to 84.9 nm at 16 kW.

Figure 2. Deposition rate and thickness of the films under different target powers.

 

Figure 3. Surface images of films with various target powers: (a) 4 kW; (b) 8 kW; (c) 12 kW; and
(d) 16 kW.
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Figure 4. Cross-sectional images of films with various target powers: (a) 4 kW; (b) 8 kW; (c) 12 kW; and
(d) 16 kW.

Figure 5. Surface roughness of films with different target powers: (a) 4 kW; (b) 8 kW; (c) 12 kW; and
(d) 16 kW.

The Raman spectra of films with different target powers are shown in Figure 6. As the
power increases, the Raman spectrum signal intensity gradually diminishes, with smaller
and weaker peaks. This effect was also observed in previous studies when doping DLC
with other metals, such as V and Zr [21,31]. This can be ascribed to the reduction in the light
absorption capability of the DLC films when introducing metal dopants. Meanwhile, the
intensity of the decrease in the Raman spectra also suggests that the C content decreased
in films, which is consistent with the results of Figure 1. The common feature among
the four film groups is the appearance of an asymmetric broad peak in the range of
1000–1800 cm−1, with a minor shoulder peak in the low-wave-number region, typical of
amorphous DLC film Raman spectra. To further analyze the amorphous carbon bonding
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structure in the films, Gaussian fitting was employed to fit the Raman spectra into two
Gaussian peaks: the D−peak at around 1360 cm−1 due to the breathing vibration of sp2

atoms, which occurs only in rings, and the G−peak at around 1580 cm−1 due to the
vibrations of sp2 atoms in both rings and chains, as shown in Figure 6b,c. A high degree of
overlap between the fitting curve and the Raman spectrum curve was obtained, indicating
accurate and reliable fitting results. With an increase in target power, the Cr doping level
rises, leading to a larger D peak area relative to the G peak area. This signifies an increase in
the sp2/sp3 bond ratio [32]. This is due to Cr doping promoting an increase in the sp2−C
bond content and the degree of graphitization. Figure 6d presents the ID/IG ratios with
respect to the target power, where the ID/IG increases from 0.50 to 0.93. This indicates a
trend of an increase in the content of the sp2−C bond with an increase in power. The higher
Cr doping enhances the film’s disorderliness. Moreover, increasing the power enhances
the frequency of sputtering particle bombardment on the substrate surface, increasing
the film surface temperature and promoting the transition of metastable sp3−C bonds to
sp2−C bonds.

 
Figure 6. Representative Raman spectra of films under different target powers: (a) full Raman spectra,
(b) 8 kW Raman spectrum, (c) 16 kW Raman spectrum, and (d) the corresponding ID/IG ratio.

To investigate the influence of target power on the chemical bonding status of carbon
atoms in the films, C1s’ high-resolution fitting analyses were conducted for several film
groups, as shown in Figure 7. All films exhibit a main peak at around 284.6 eV and the
shoulder peaks at around 283.5 eV can be observed in films deposited at 8, 12, and 16 kW.
Especially, the film deposited at 16 kW shows that the intensity of the shoulder peak is
comparable to that of the main peak. The C1s peak could be deconvoluted into four peaks
at around 287.4 eV, 285.6 eV, 284.7 eV, and 283.1 eV, corresponding to C−O, sp3−C, sp2−C,
and Cr−C bonds, respectively. The absence of a Cr−C peak in the film deposited at 4 kW
is due to the low Cr content, as it primarily exists in a dispersed solid solution form within
the amorphous carbon network. Additionally, in Figure 7d, the film displays a low binding
energy peak at 282.8 eV, which was attributed to the Cr−C bond. According to previous
works, the Cr−C bonds at the binding energy peaks of 282.8 eV and 283.1 eV belong to
Cr7C3 and Cr2C3, respectively [21,33]. As the target power increases, the intensity of the
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Cr2C3 peaks gradually rises, indicating that the Cr content increases in films. At the highest
Cr content, as shown in Figure 7d, the Cr7C3 phase appears. As a carbide-forming element,
the Cr doped into the film forms carbides with C. Following an increase in Cr content due
to the higher Cr target power, the formation of carbides also increases. The presence of
C−O bonds may be attributed to the oxygen adsorption on the sample surface in ambient
air before XPS detection.

Figure 7. Typical C1s high-resolution XPS spectra of films with various target powers: (a) 4 kW,
(b) 8 kW, (c) 12 kW, and (d) 16 kW.

The hardness and elastic modulus of films deposited with different powers are shown
in Figure 8a. With an increase in power, the film’s hardness and elastic modulus exhibit
a trend of an initial increase followed by a decrease, reaching the maximum values at
12 kW, measuring at 11.44 GPa and 137.25 GPa, respectively. This is because, in cases with
a small amount of doping, the metal Cr is embedded in the three-dimensional network
film with different sizes of atomic clusters, which improves the hardness of the film and
maintains the toughness of the film. When the Cr doping content is excessive, the strong
plasticity becomes dominant, and the hardness and elastic modulus of the film decrease
significantly [34]. Throughout the doping process, the elastic modulus and hardness
of films demonstrate a trend of an initial increase followed by a decrease. In addition,
increasing the power enhances the Cr ionization rate, elevating the Cr content in the film,
and the formation of carbides reinforces the film hardness. The surface roughness (Sa)
of the film exhibited a decreasing trend, corresponding to the denser structure. This also
contributed to the hardness enhancement. With further increases in power, the Cr content
stabilizes, but the film’s surface temperature rises due to ion bombardment. This leads to
graphitization, an increase in sp2−C bonds, and a slight decrease in film hardness [35]. The
characteristic coefficient H3/E2, representing the resistance to plastic deformation of the
film, decreases with increasing power, as shown in Figure 8b. Typically, a lower H3/E2

value indicates a poorer wear resistance of the film [36]. At 4 kw, the plastic factor value is
the highest, indicating better resistance to plastic deformation, while at a 16 kW deposition
power, the plastic factor value is lowest, indicating poorer resistance to plastic deformation.
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Figure 8. Mechanical properties of films at different target powers: (a) hardness and elastic modulus;
(b) the ratio of H3/E2.

The variation in the friction coefficient of films under different target powers is de-
picted in Figure 9a. The films deposited at relatively low target powers (4 kW and 8 kW)
enter a stable friction coefficient (COF) stage after a brief running-in period. At the sta-
ble stage, the film deposited at 4 kW showed a COF at around 0.17 and that of the film
deposited at 8 kW remained around 0.14. The COFs of the films deposited at high target
powers exhibit significant fluctuations, with higher values at the onset of friction. The COF
of the film deposited at 16 kW reached 0.5. This is because when the ball and film first come
into contact, the ball surface does not form a lubricating transfer film, resulting in higher
friction coefficient values within the initial 10,000 cycles. As the number of friction cycles
increases, the films gradually enter a stable running-in period, and after 15,000 cycles, the
friction coefficients stabilize at around 0.25 and 0.31, respectively. The corresponding wear
rates of films are shown in Figure 9c. As the power increases from 4 kW to 16 kW, the
wear rate of the film rises from 1.28 × 10−7 mm3/N·m to 2.48 × 10−6 mm3/N·m. This is
attributed to the presence of hard carbide phases in the film at high doping levels, which
cause abrasive wear and result in greater wear depths, leading to an increase in the wear
rate [37]. The changing trend of wear rate described above is also consistent with the result
of H3/E2, shown in Figure 8b.

Figure 10 displays the 2D profile curves of films after the wearing test. At 4 kW
power, the film exhibits the shallowest wear scar, less than 0.4 μm deep, and the wear
width is around 220 μm. The corresponding wear rate is the lowest, as shown in Figure 9c,
indicating superior wear resistance. As the target power increases from 8 kW to 16 kW,
the width of the wear scar increases from 188 μm to 430 μm, and the depth increases from
0.5 μm to 2 μm. This is attributed to the higher Cr content resulting in the formation
of a large quantity of hard carbides, which act as wear debris, leading to an increase in
the friction coefficient. To investigate the reasons for the different performance of films
prepared at different powers under the same friction experiment conditions, the wear scars
were analyzed using Raman spectroscopy after the friction experiment. The results, as
shown in Figure 11, indicate that the ID/IG values of the wear scars for all films are higher
than the ID/IG values of the films themselves, suggesting the graphitization of the transfer
film during friction. This indicates that during high-speed friction between the ball and the
film, the generated heat and the interaction forces cause the sp3 bonds within the film to
transition to sp2 bonds. Previous work also proved that the sp3−C atoms could only be
short-lived and gradually transform into sp2−C atoms with the graphitization generated
on the wear surface of the films [38]. A graphite transfer film forms on the surface of
the ball, providing lubrication during the friction process. Therefore, with an increase in
friction time, the friction coefficients of the films decrease.
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Figure 9. (a) Friction coefficient curves, (b) average friction coefficient, and (c) wear rates of films
with various target powers.

Figure 10. Wear profile curves of films with various target powers: (a) 4 kW, (b) 8 kW, (c) 12 kW, and
(d) 16 kW.
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Figure 11. ID/IG values of films and wear scars.

4. Conclusions

In this work, to improve the comprehensive properties of titanium alloys, diamond-
like carbon films with Cr doping on the surfaces of titanium alloys were deposited via
high-power pulsed magnetron sputtering technology. The considerable properties of
titanium alloy substrates, including mechanical and tribological properties, were achieved.
The effect of target power on the microstructure and the mechanical and tribological
properties of the films was studied in detail. It was found that the Cr content in films could
be adjusted by varying the Cr target power, increasing from 3.73 at. % to 22.65 at. % with
an increase in target power. The microstructure of the film evolved from an amorphous
structure to the nanocomposite structure consisting of carbides embedded in an amorphous
carbon matrix. The ID/IG ratios linearly increased, implying that the sp2−C content in the
film could be governed by changing the target power. The hardness of the films increased
with an increase in power from 4 to 12 kW, and decreased slightly with a power of 16 kW.
The formed hard carbides were responsible for the hardness enhancement. Serious abrasive
wear occurred in the films deposited at a higher target power due to the excessive hard
particles. The wear rates showed the same changing trend as H3/E2 as the target power
rose from 4 kW to 16 kW. The lowest wear rate of 1.28 × 10−7 mm3/N·m was obtained for
the film deposited at 4 kW.
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Abstract: Metal foams and alloy foams are a novel class of engineering materials and have numerous
applications because of their properties such as high energy absorption, light weight and high
compressive strength. In the present study, the methodology adopted to develop a Ni-Cr alloy
foam is discussed. Polyurethane (PU) foam of 40PPI (parts per inch) pore density was used as
the precursor and coating techniques such as electroless nickel plating (ELN), ultrasonic-assisted
electroplating of nickel (UAEPN), and pack cementation or chromizing were used to develop the
Ni-Cr alloy foam. The surface morphology, strut thickness and minimum weight gain after each
coating stage were evaluated. It was observed from the results that the adopted coating techniques
did not damage the original ligament cross-section of the PU precursor. The minimum weight
gain and the coating thickness after the UAEPN process were observed to be 42 g and 40–60 μm,
respectively. The properties such as porosity percentage, permeability and compressive strength
were evaluated. Finally, the pressure drop through the developed foam was estimated and verified to
determine whether the developed foam can be used for filtering applications.

Keywords: Ni-Cr alloy foam; electroless nickel plating; ultrasonic-assisted; chromizing; porosity

1. Introduction

Porous materials such as alloy foams and metal foams have abundant engineering
applications due to their exceptional physical and mechanical properties. Basically, an
alloy or metal foam is a cellular structure that has a solid matrix made of an alloy or metal
with empty voids. If the voids are connected by means of open pores, then the foam is
described as an open-cell foam, and if the voids are not connected by open channels and are
disconnected by solid walls then the foam is said to be a closed-cell foam. Alloy foams offer
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significant performance gain in light and stiff structures for high energy absorption, better
thermal management and high compressive strength [1]. These foams are reproducible and
non-toxic. Thus, foams are one of the best lightweight materials that can be employed in
many functional and structural applications.

Most commercially existing metal foams are based on copper, nickel, zinc, aluminum,
titanium and their alloys. Aluminum alloy foams are mainly used in sound absorption,
thermal insulation and vibration control applications [2]. Nickel-based alloy foams such as
Ni-Cr foams combine good mechanical properties and better corrosion resistance at room
temperature as well as for high-temperature applications. Because of their low density,
high specific area and good ductility, Ni-Cr alloy foams can be used as sandwich-structure
core material and for mechanical damping applications [3]. These foams are also used to
produce near-net-shape complex components, and for filtering and separation applications,
due to their unique microstructure. Chao-Heng et al. [4] investigated a nickel foam for
photocatalytic filtering applications and concluded that the removal of formaldehyde from
indoor air is made better by incorporating the nickel foam in a standard air filter.

Several techniques such as slurry foaming [5,6], direct foaming with a blowing
agent [7,8], investment casting [9,10] and electrochemical deposition [11–13] are avail-
able to fabricate alloy foams. The microstructure and mechanical properties of the foam
greatly depends on the fabrication technique. To use the developed foam for filtering and
separation applications, maintaining the original porosity, ligament or strut structure is
necessary for better functional performance. Hence, in the present study, electrochemical
deposition techniques were used to develop Ni-Cr alloy foams. Duan et al. [14] developed
a Ni-Cr alloy foam using electrodeposition techniques and investigated the various process
parameters for optimization of the microstructure and higher electrical resistivity. Pang Qiu
et al. [15] synthesized Ni-Fe-Cr alloy foams employing gas-phase co-deposition techniques
and studied their compressive and energy absorption properties. They concluded that both
properties were increased with an increase in Cr content in the developed foam.

The mechanical properties of the cellular structures depend on the pore size, rela-
tive density, strut material and porosity percentage. Michailidis et al. [16] fabricated an
open-cell aluminum foam using a space holder technique and evaluated its compressive
strength. It was understood from their study that the stress–strain curve of the foam
depends on the pore size and that the compressive strength reduces with enhancement
of the porosity percentage. Kaplon et al. [17] used two different polyurethane (PU) foam
materials as precursor materials and developed open-porosity magnesium foam using an
investment-casting technique, and they examined its microstructure, corrosion resistance
and mechanical compressive strength. Zhang et al. [18] developed geopolymer foams
by employing aluminum and H2O2-sodium oleate as foaming agent and optimized the
pore structure. Chemical compositions and microstructure were analyzed using Fourier
transform infrared spectroscopy and X-ray diffraction (XRD) techniques and they measured
the permeability and flow properties using a permeameter.

From the literature survey, it can be summarized that a few studies [17,19,20] have used
aluminum, zinc, magnesium and copper metals as foams, while some other
studies [14,15,21] have used nickel alloys, aluminum alloys and titanium-based copper
alloys as foams. In a few works [7,8,10], melt foaming, direct foaming with a blowing
agent, and investment casting were used to fabricate metal or alloy foams. In a few other
works [19,22–24], electrodeposition techniques and powder metallurgy methods were used
to fabricate alloy foams. Some studies [25–27] investigated the microstructure, mechanical
properties and process parameters of the developed foams, and some other studies [28,29]
concentrated on the functional performance and optimum pore-size structure. Overall,
nickel-based and aluminum-based open-cell foams have been discussed without much
focus on the fluid flow characteristics and permeability calculations.

Because of new advancements in the aerospace, defense and automotive industries,
there is a large demand for lightweight structures which can be used as filtering media, as
well as structural components to increase fuel efficiency and functional performance. Thus,
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to satisfy these requirements, the development methodology for such a novel structural
material, a Ni-Cr alloy foam, is discussed in the present study. As per the knowledge of the
authors, there is no study available on Ni-Cr foams which addresses their process capability,
pressure drop and permeability calculations. Very limited studies are available on the
synthesis of Ni-Cr alloy foams using electrodeposition techniques. Thus, the objectives
of the present study are (i) to discuss the methodology adopted to develop a Ni-Cr alloy
foam and its process parameters’ optimization; (ii) to evaluate the process capability of the
various methods used to develop such a foam; and (iii) to determine its porosity percentage,
permeability, pressure drop and mechanical compressive strength.

2. Materials and Methods

2.1. Materials

Polyurethane foam having 40 PPI (parts per inch) pore density and a strut thickness of
100–110 μm was taken as precursor and purchased from Sheela foam Ltd., Noida, India. All
the reagents used in the electroless nickel plating (ELN), ultrasonic-assisted electroplating
of nickel (UAEPN) and pack chromizing were of analytical grade and purchased from
Alfa Aesar, Mumbai, India. Demineralized (DM) water was used to prepare different bath
compositions.

2.2. Synthesis of Ni-Cr Alloy Foam

Figure 1 shows a schematic representation of the Ni-Cr alloy foam development
methodology. The methodology adopted to develop the Ni-Cr foam was mainly elec-
trodeposition techniques and solid-state diffusion techniques. Initially, PU foam having
60 × 60 × 15 mm3 dimensions and 40 PPI was taken as a base material and metallized
using an electroless nickel-plating technique. The detailed bath composition and the ELN
procedure are described in Figure 2. As an output of the ELN process, a thin layer of
Ni atoms was deposited on the precursor foam. The optimized process parameters were
temperature: 90–95 ◦C, time: 50–60 min and pH: 4.5–5.5. In order to achieve uniform
deposition and the required thickness of Ni coating on the metallized foam, an ultrasonic-
assisted electroplating of nickel (UAEPN) technique was used. Table 1 represents the
bath composition and operating parameters used in the study. The process scheme of the
UAEPN technique is shown in Figure 3. The ELN-coated Ni foam was used as cathode,
while two nickel plates of size 80 × 80 × 15 mm3 were used as anodes during the UAEPN
process. Later, in order to remove the PU precursor from the developed Ni foam, sintering
was carried out at 1100 ◦C for 1 h. A resistance-heat furnace of 9 kW capacity and reducing
atmosphere (H2) was used during sintering. In the sintering process, the PU precursor was
burnt out at 450–500 ◦C and strengthening of the EPN foam was carried out by creating
bonding between the plated Ni particles.

 
Figure 1. Schematic illustration of Ni-Cr alloy foam development methodology.
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Figure 2. Process scheme of ELN technique.

Table 1. Bath composition and process parameters of UAEPN technique.

Process Bath Composition Operating Parameters

UAEPN

Ni salt (NiSO4·6H2O + NiCl2·6H2O): 350 g/L
Current: 7–8.5 A
Voltage: 10–12 V

pH: 4–5
Duration: 300–360 min

Boric acid: 20 g/L
Sodium sulphate: 15 g/L

Omni additive 992: 8 mL/L
Magnum brightener 437: 10 mL/L

 

Figure 3. Process scheme of UAEPN technique.

To deposit the chromium on the sintered Ni foam, a chromizing or pack-cementation
process was used. Chromizing is a solid-state diffusion process in which diffusion happens
through the difference in concentrations of the depositing material. To start with the
chromizing process, first, ball milling of the chrome pack was carried out. The chrome
pack consisted of 55 wt.% Cr powder, 15 wt.% NH4Cl (activator) and 30 wt.% Al2O3 (filler
material). The powders were carefully mixed using a mortar and pestle and underwent
high-energy ball milling for 5 h. Ball milling of the pack ensured uniform mixing (blending)
of powders and reduction in the powder particle size. Then, the entire pack composition
was collected and kept in an SS tray of size 65 × 70 × 15 mm3. Then, the tray was loaded
with sintered Ni foam and the pack composition and loaded in the resistance furnace and
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allowed to heat up to 1100 ◦C at a heating rate of 8 ◦C/min. Argon was used as a shielding
gas to avoid oxidation of the foam during chromizing. The sample was soaked for 6 h at
1100 ◦C and then allowed for furnace cooling.

2.3. Characterization Techniques

Different characterization techniques such as scanning electron microscopy (SEM), X-
ray diffraction (XRD), electron dispersive spectroscopy (EDS) (TESCAN ORSAY HOLDING,
Brno, Czech Republic) and compression tests were performed to evaluate the microstructure
and mechanical behavior of the developed alloy foam.

Strut thickness, morphology and elemental mapping of the developed foam were
examined using Vega 3 TESCAN SEM (TESCAN ORSAY HOLDING, Brno, Czech Republic)
at a working depth of 10–11 mm and 10 kV voltage.

In order to know the phase formations and alloys formed between the Ni and Cr, XRD
(Philips, Caerphilly, UK) analysis was used. The developed foam and a Ni 60 Cr 40 solid
sample were compared using XRD to confirm the bonding between the Ni and Cr elements.

The quasi-static compression behavior and the maximum compressive strength of
the developed foam were examined using a 50 kN load cell Universal Testing Machine
(UTM—Jin Ahn Testing, Suzhou, China). A cylindrical specimen of 12 mm diameter and
15 mm height was considered and tested according to the ASTM C365-05 standard. The
lowest possible dimension of the sample was selected, such that it should be at least seven
times the cell size to avoid size effects. Specimens were kept on the bottom ram of the UTM
machine and load was applied to the specimens when the top ram moved downwards at a
constant cross-head speed of 0.5 mm/min.

2.3.1. Measurement of Theoretical Porosity

The theoretical porosity of the developed foam was measured by using the water
displacement method and Equation (1).

Porosity(%) =
Pores volume (S − D)

Bulk volume (S − I)
(1)

where S, D and I indicate the weight of a saturated sample, a dry sample and a sample
immersed in water, respectively.

The weight of a saturated sample indicates the weight of the foam when its pores are
sealed with water. Thus, the weight of water in pore space = S − D and the weight of water
displaced = S − I.

Pores Volume
(
Vp

)
=

wWater(S − D)

densitywater
(2)

If we consider the density of water to be 1 g/cc, then the pores volume will be equal
to the weight of water in pore space. Similarly, the bulk volume can be expressed in terms
of the weight of water displaced.

2.3.2. Measurement of Permeability and Pressure Drop through Foam

The developed foam can have application as an oil–air separator; hence, to support its
functionality, the measurement of its permeability and pressure drop through it is necessary.
Permeability is a property of porous materials which indicates the ease of flow of fluids
through them. Since the porosity of foam varies at the different processing stages of the
foam, it is also necessary to evaluate permeability at those stages.

Tadrist et al. [30] derived the relationship between the pressure drop (dp), the porosity
(ε) of the medium and an average particle diameter (dP) using Equation (3).

dP
dX

= A
(
1−ε)2

ε3dP
2 μV + B

(1−ε)

ε3dP
ρV2 (3)
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A and B are the constants which differ according to the porous medium. For the Ni-Cr
foam porous medium, the values of A and B can be taken as 100 and 1.0, respectively. μ, V
indicates dynamic viscosity and velocity of the fluid, dX represents thickness of the foam
and ρ-density of the fluid.

The relationship between particle diameter (dp) and pore size (d) of the foam is given
by Equation (4).

dp= 1.5
1−ε

ε
d (4)

The relationship between permeability (K), theoretical porosity (ε) and particle diame-
ter (dp) is given by Equation (5).

K =
dp

2ε3

A(1−ε)2 (5)

3. Results and Discussion

3.1. Surface Morphology and Process Capability of ELN- and UAEPN-Coated PU Foams

In order to examine the ligament cross-section of the foam and to evaluate the coating
thickness, SEM analysis was used. Figure 4 shows the surface morphology and the strut
thickness of the ELN- and UAEPN-coated foams, and the process capability of the ELN
and UAEPN processes. It can be noted from the results that ELN-coated foam has strut
thickness in the range of 115–125 μm and that of the UAEPN-coated foam is in the range of
160–180 μm. As the strut thickness of the PU precursor was 100–110 μm, these morphology
results indicate that the thickness of the coating after the ELN process was around 15–25 μm
and after the UAEPN process it was around 40–60 μm. To evaluate the process capability of
the ELN and UAEPN processes, 10 different foam samples of the same size were considered
and coated using the same process parameters. It was observed from the results that the
minimum weight gain after the ELN process was around 2 g and after the UAEPN process
it was around 42 g. Thus, from this study, it can be concluded that the selected process
parameters can be treated as the ideal parameters.

 

Figure 4. (a) Actual sample and (b) strut thickness of ELN-coated foam; (d) actual sample and
(e) strut thickness of UAEPN-coated foam; process capability of (c) ELN process and (f) UAEPN
process.
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3.2. Surface Morphology and Process Capability of Chromized Foam

In order to confirm that the developed foam has good mechanical properties, it was
necessary to examine the strut integrity in all the stages of development. Figure 5 shows
the morphology and strut integrity of chromized foam. It was observed from the results
that the chromized foam did not have any strut disconnections or failures; hence, it was
confirmed that the chromizing process did not destroy the strut integrity. The chromized
foam had strut thickness of around 250–260 μm and a minimum weight gain of 6.75 g. All
the results evaluated for the process capability of the chromizing process showed consistent
and promising results. Hence, the chromizing process can be used to deposit the chromium
on the sintered Ni foam.

 

Figure 5. (a) Chromized foam and its (b) strut thickness and (c) process capability.

3.3. EDS and XRD Analysis of Ni-Cr Alloy Foam

To evaluate the bonding and the phase formations between the Ni and Cr elements,
EDS and XRD analyses were performed on the foam. Figure 6 shows the line scanning and
EDS spectrum of developed Ni-Cr alloy foam. It can be noted from the results that the Ni
and Cr elements were uniformly distributed throughout the foam and the weight% of Ni
was 71.56, Cr was 22.65 and oxygen was 2.17. This result indicated that, though the bonding
occurred between the Ni and Cr elements, oxidation of Cr also happened. This oxidation
phenomena can be attributed to an improper inert-gas flow during chromizing and can
be controlled by a thorough cleaning of the furnace and sample, and by maintaining the
argon gas flow rate at 2 bar. EDS analysis alone is not sufficient to confirm the bonding
between the Ni and Cr elements; hence, to confirm the bonding and to estimate the phase
formations, XRD analysis was used. The results were compared with reference patterns
in X’Pert HighScore and confirmed the formation of Ni2Cr and Ni2Cr4O7 compounds. In
addition, to support the results, the XRD spectrum of the developed foam was compared
with a Ni-Cr (60:40%) solid sample. It can be observed from the results that major peaks
of both spectrums were matching and, hence, it should be concluded that the developed
foam has good bonding between Ni and Cr. It can also be noted from the XRD results
that the Ni-Cr foam had body-centered cubic structure. Thus, the results confirmed the
complete diffusion of face-centered Cr elements into the body-centered Ni foam and the
bonding between them. Since the developed foam had a good amount of Cr, it can be used
for corrosion-resistance and electrical-resistance applications.
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Figure 6. (a) Line scanning of Ni-Cr foam along 2.5 mm length; a1-Chromium, a2-Nickel, a3-
Oxygen (b) elemental mapping; (c) XRD spectrum of developed foam; (d) comparison of foam with
solid sample.

3.4. Compressive Strength of Ni-Cr Alloy Foam

To study the non-linear compressive behavior of the developed foam, a uniaxial
compression test was carried out using a UTM. The deformation of the Ni-Cr foam can be
described using three stages. The first stage is called the linear elasticity portion, and in
this region the deformation behavior follows Hooke’s law. The second stage is called the
collapse plateau. Here, the plastic deformation and the fracture of cell walls progresses
simultaneously until a distinct peak followed by a small stress drop occurs. It can be
seen from Figure 7 that the stress generated in the foam is increased up to some plastic
deformation stress and then becomes constant. This region of constant stress is called the
crush plateau region and it defines the behavior of an ideal energy absorber.

The third stage of deformation is called the densification of the foam. Once the applied
stress exceeds the crush plateau region, the foam will start to compress at a constant stress
up to 35%–50% of strain. The densification region of the curve acts as a safety backup zone
in energy-absorption applications and it allows unexpected energy to be absorbed with an
increasing resistance to the impact loads. It is observed from the results that the maximum
compressive strength of the developed foam was 10.21 MPa at a maximum displacement of
0.8. Table 2 compares the compressive strength and porosity% of the developed foam with
other foams. It can be concluded that the developed Ni-Cr foam has better compressive
properties and porosity than the earlier developed foams and thus can have better potential
applications than the alternative materials.
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Figure 7. Stress–strain curve of Ni-Cr foam subjected to uniaxial compressive loads.

Table 2. Comparison of compressive strength and porosity with earlier studies.

Type of Foam
Max Compressive

Strength
Porosity% References

Ni-Cr alloy foam 10.21 MPa 91% Current study
Ni-Cr-Fe alloy foam 3.5 MPa 85% [15]
AZ91 Mg alloy foam 2.2 MPa 83% [17]

SS316L open-cell foam 3.0 MPa 80% [5]
Open-cell copper foam 0.7 MPa 93% [2]

3.5. Porosity of Foam at Different Processing Stages

In order to examine the effects of the coating techniques on the microstructure of the
PU precursor, the porosity% was calculated at different processing stages of the Ni-Cr alloy
foam. The theoretical porosity of the developed foam was determined by Equation (1)
and the water displacement method. It can be observed from Figure 8 that the porosity%
of the foam is decreased from the ELN stage to the UAEPN stage, and then again to
the chromizing stage. This change in porosity% can be attributed to an increase in strut
thickness from the ELN stage to the chromizing stage. During the sintering process, the
bonding between plated Ni particles happens and thus a negligible decrease in the porosity
% can be observed.

3.6. Permeability and Pressure Drop of Ni-Cr Alloy Foam

In order to estimate the ease of turbonycoil flow through the developed foam, per-
meability was calculated at different processing stages of the foam. It can be noted from
the results that the permeability decreased from the precursor foam to the UAEPN foam,
and then again to the chromized foam. This decrease can be attributed to a decrease in the
porosity% with the increase in strut thickness. It is observed from Figure 9 that the foam
had good permeability at all the stages of processing; hence, it can be concluded from the
study that the developed foam can be used for filtering applications.
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Figure 8. Porosity % of Ni-Cr foam at different processing stages.

Figure 9. Permeability of Ni-Cr foam at different processing stages.

Though the porosity% and permeability values are satisfactory, the pressure drop
through the filtering medium should also be satisfactory to be used in applications as an
oil–air separator or filtering media. Hence, the pressure drop through the developed Ni-Cr
alloy foam was calculated using Equation (3). For the calculations, turbonycoil dynamic
viscosity was considered as 2.544 × 10−5 poise. Turbonycoil was supplied to the foam from
a height of 220 mm with a velocity of 0.62 m/s and flow rate of 250 mL/s. It was observed
from the results that, for a porosity of 0.91, the pressure drop through the developed Ni-Cr
alloy foam was 0.0258%. This pressure drop is negligible; hence, it can be concluded from
the study that the developed foam can be used in applications as a filtering medium.

4. Conclusions

The methodology adopted to synthesize a Ni-Cr alloy foam was discussed. Coating
techniques such as electroless Ni coating, ultrasonic-assisted electroplating, polyurethane
burn-out and sintering, and pack-cementation techniques were discussed. The surface mor-
phology, coating thickness, theoretical porosity, permeability and pressure drop through
foam were analyzed. The following are some of the conclusions from the study.

The ELN technique was used to metallize the precursor and resulted in a minimum
weight gain of 2 g and a coating thickness of 15–20 μm.

23



Coatings 2023, 13, 1002

The UAEPN technique ensured the uniform deposition of Ni throughout the ELN-
coated foam and showed a minimum weight gain of 42 g and a coating thickness of
40–60 μm.

The chromizing process was evaluated for uniform deposition of Cr and resulted in a
minimum weight gain of 6.75 g.

The XRD spectrum confirmed the bonding between the Ni and Cr elements and the
phase formation of Ni2Cr.

The developed Ni-Cr foam had a porosity of 91% and a permeability of 1.0032 × 10−8 m2.
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Abstract: Dry hard-turning is a vital manufacturing method for machining hardened steel due to
its low cost, high machining efficiency, and green environmental protection. This study aims to
analyze the effect of various machining parameters on cutting forces and surface roughness by
employing RSM and ANOVA. In addition, multi-objective optimization (Grey Relation Analysis:
GRA) is performed to determine the optimum machining parameters. Dry hard-turning tests were
carried out on AISI 4140 steel (50 HRC) using coated carbide and CBN inserts with different nose
radii. The results show that the cutting force components are greatly affected by the cutting depth
and cutting speed for both cutting inserts. As the level of cutting depth and cutting speed rise, the
cutting forces also increase. However, the feed rate was the main factor in surface roughness. A low
feed rate and high cutting speed lead to good surface quality. According to the results, CBN inserts
exhibited better performance compared to carbide inserts in terms of minimum cutting forces and
surface roughness. The lowest radial force (Fx = 55.59 N), tangential force (Fy = 15.09 N), cutting
force (Fz = 30.49 N), and best surface quality (Ra = 0.28 μm, Rz = 1.8 μm) were obtained using a CBN
tool. Finally, based on the GRA, the (V = 120 m/min, f = 0.04 mm/rev, a = 0.06 mm, r = 0.8 mm)
have been chosen as optimum machining parameters to minimize all responses simultaneously in
the machining of AISI 4140 steel using both carbide and CBN inserts.

Keywords: dry hard-turning; surface roughness; cutting forces; optimization; grey relation analysis

1. Introduction

Many manufacturers aim to produce the maximum amount of product in the mini-
mum amount of time without compromising the quality of the product [1]. In this context,
environmentally friendly hard-turning, which provides significant benefits such as flex-
ibility in operation, lower setup and cycle times, lower operating costs, and less power
and energy consumption, is a selectable process. Hard-turning is performed on materials
having 40 to 65 HRC (Rockwell Hardness) [2]. The grinding process is an alternative to
hard turning. However, hard-turning is more popular than the grinding process due to its
high stock removal ability and capacity to produce complex geometries. In addition, it has
been shown to be an environmentally friendly process since no cutting fluid is used in dry
hard-turning [3–5].

Heat-treated steels have a wide range of applications in the aerospace and automotive
industries, but the finishing process for such steels is challenging and expensive. Nowadays,
the turning of hardened steel is possible thanks to advances in tool material and coating
technology. Hardened steel is carbon steel composed of approximately 2.1% carbon. In
addition, the hardened steel can be subjected to different heat treatment processes to achieve
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the desired hardness [6]. Hardened steels are widely used in the aerospace, automotive,
and machine tool manufacturing industries due to their excellent properties, such as high
wear resistance, corrosion resistance, and durability [7]. It is desired to produce machine
parts with high tolerances, high dimensional accuracy, and superior surface quality in the
aerospace and automotive industries [8]. The most widely used steel is quenched and
tempered AISI 4140 steel, used in the manufacturing and automotive industries. It is widely
used in the manufacture of mechanical parts such as shafts, gears, and balls [9]. Cubic
Boron Nitride (CBN) is a suitable cutting tool for machining hardened steels, exhibiting
high toughness, hardness, and a stable structure at high temperatures [10]. On the other
hand, high tool costs and machinability limitations are the problems that stand in the way
of the hard-turning process [11]. PCBN (Polycrystalline Cubic Boron Nitride) and diamond
inserts have high production costs and limited stocks. Therefore, it is necessary to choose a
good solution in terms of performance and quality.

Surface quality is one of the most crucial points of the hard-turning process. Recent
studies show that workpiece/cutting tool characteristics affect surface quality. Therefore,
it is imperative to investigate the relationship between workpiece/tool properties and
surface quality [12]. Another important factor influencing the hard-turning process is tool
geometry. Surface quality, tool wear, heat generation, chip formation, and cutting force are
greatly affected by tool geometry [13,14]. The most important step following the material
and cutting tool is the selection of proper machining parameters. Cutting speed, feed
rate, and cutting depth should be determined according to the material and cutting tool.
High temperatures and cutting forces are generated during hard turning [15]. Therefore,
reducing the cutting force is another critical point in hard turning. Recent studies on
turning AISI 4140 steel are presented below, and the results are analyzed comprehensively.
So far, no experimental study has been conducted to compare CBN and carbide tools in dry
hard-turning in terms of both cutting force and surface roughness. In the current study,
the effects of machining parameters, tool types (CBN and carbide), and geometries on the
cutting forces and surface roughness are investigated in hard-turning AISI 4140 steel.

Gürbüz and Gönülaçar [9] used carbide inserts in hard turning of AISI 4140 steel under
MQL and dry cutting conditions. They reported that Fc and Ra increased with increasing
feed rates, and Fc tended to decrease with increasing shear rates. MQL application reduced
Fc and Ra overall compared to dry machining, and Ra increased with increasing feed rate.
The minimum Ra is recorded as 1.090 μm for the MQL condition.

Schwalm et al. [14] examined the effect of different tool types, machining parameters,
and lubrication strategies on the resulting roughness and tool wear. Based on the results,
tool type has an influential effect on surface roughness. The type I PVD-coated carbide tool
results in a minimum surface roughness of 0.55 μm.

Tool life, cutting forces, and tool wear mechanisms were analyzed for surface rough-
ness in the Nikam et al. [16] study. The machining forces increased as the input variables
increased. Besides, increasing the feed rate augmented surface roughness. The minimum
surface roughness was measured at 0.518 μm.

Aouici et al. [17] compared different ceramic inserts, considering cutting force and
flank wear. The results revealed the dominant effect of cutting depth on the cutting force
components. Generally, CC650WG and CC650 ceramic inserts produce lower cutting forces
compared to others. The minimum cutting force (Fx) was recorded as 14.07 N for the
CC650WG insert.

According to many studies on AISI 4140 steel, the feed rate was the most signifi-
cant indicator of surface roughness. Increasing the feed rate sharply enhances surface
roughness [18–20].

Upadhyay [21] used Grey Relational Analysis to optimize surface roughness, cut-
ting force, and material removal rate (MRR) based on different machining parameters.
According to the results of GRA, the optimum machining parameter combination was
found to be 0.8 mm cutting depth, 180 m/min cutting speed, and 0.15 mm/rev feed rate.
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In addition, the feed rate was determined to be the most influential parameter on the
responses, followed by cutting speed. The minimum Rz was recorded as 0.359 μm.

Elbah et al. [22] studied the performances of the machining environments (dry, con-
ventional wet, and MQL technique) in terms of surface roughness and cutting force. It was
stated that the cutting force obtained with the MQL machining process improved signif-
icantly when compared to other machining processes. The minimum surface roughness
was obtained using dry machining (0.21), followed by MQL machining (0.23). However,
the mean surface roughness for all combinations of machining parameters in wet and MQL
machining is better than in dry machining.

Tiwari et al. [23] investigated the applicability of solid lubricants considering different
conditions, namely, dry, flood cooling, grease, and MoS2. The surface quality improved
when using solid lubricants such as grease and MoS2.

Sultana et al. [24] reported that the effects of process parameters on roughness, cut-
ting force, specific cutting energy requirements, and material removal rate (MRR) were
investigated using LN2-assisted cryogenic cooling. The performance of LN2-assisted cryo-
genic turning outperformed without coolant machining in terms of roughness, principal
force, and specific cutting energy. Generally, the feed rate was considered the most signifi-
cant factor in the responses. However, according to the Taguchi-linked GRA, the cutting
environment was the most dominant factor, followed by the feed rate.

Nicolodi et al. [25] presented the effect of tool wear on machining forces and surface
roughness. The findings show that a high feed rate and cutting speed significantly affect
both flank and crater tool wear, and the feed rate was the dominant parameter on surface
roughness and machining force.

Meddour et al. [26] studied the impact of tool nose radius, cutting depth, cutting
speed, and feed rate on surface roughness and cutting forces. A combination of a large nose
radius and a low feed rate results in good surface quality. However, the cutting forces (Fx,
Fy, and Fz) are significantly impacted by cutting depth. The minimum surface roughness is
measured as 0.24 μm and the minimum Fx is recorded as 17.94 N for a 0.8 mm nose radius.

Zahia et al. [27] also reported the same results regarding the impact of feed rate and
cutting depth on surface roughness and cutting forces, respectively.

According to most studies [28–31], it has been concluded that the most important
factor in surface roughness is feed rate. However, Akkuş [32] stated that the cutting depth
is the most important factor in Ra. On the other hand, Bagal et al. [33] stated that both
cutting speed and cutting depth were the most effective parameters for surface roughness,
while feed rate was the least effective.

By analyzing the literature, the lowest surface roughness (0.1 μm) is obtained with the
ceramic tool (V = 180 m/min, f = 0.08 mm/rev, a = 0.2 mm) [34], while the minimum Ra
values for CBN tools (0.17 μm) were obtained when using a 0.8 mm corner radius [35]. The
least surface roughness (0.2 μm) value for carbide inserts was obtained with a combination
of V = 190 m/min, f = 0.05 mm/rev, and a = 0.05 mm machining parameters [36]. In
the presented study, the performance of CBN and coated carbide inserts is compared in
terms of minimum surface roughness and cutting forces. The lowest surface roughness
for a CBN insert is (0.28 μm) and for a carbide insert is (0.35 μm) with a combination
of (V = 180 m/min, f = 0.04 mm/rev, a = 0.18 mm, r = 0.8 mm) which are close to the
obtained results in the literature survey. In the previous studies, the minimum cutting
force for carbide inserts was calculated as 15.33 N (V = 170 m/min, f = 0.08 mm/rev,
a = 0.3 mm) [37]. In this study, the cutting force values for carbide and CBN inserts were
calculated as 15.09 N and 25.06 N, respectively, which are in good agreement with the
literature survey. Generally, high cutting speed and low feed rate lead to minimum surface
roughness, while low cutting depth and cutting speed result in minimum cutting force.

2. Materials and Methods

In this study, AISI 4140 alloy steel was used as a material for the machining tests.
Appropriate heat treatments have been carried out to achieve a hardness of 50 HRC. The
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cylindrical material is 40 mm in diameter and 240 mm in length. A thermo-scientific X-ray
fluorescence spectrometer was used to determine the chemical composition of the test
workpiece. The chemical composition, thermal, and mechanical properties of AISI 4140
steel are given in Table 1.

Table 1. Chemical composition, mechanical, and thermal properties of AISI 4140 steel.

Chemical Composition (wt. %)

C Si Mn Cr Mo Fe

0.38–0.43 0.15–0.3 0.7–1 0.8–1.1 0.15–0.25 Balance

Mechanical and thermal properties

Density Young’s modulus
(at 25 ◦C)

Poisson’s ratio
(at 25 ◦C) Tensile strength Yield strength

Specific heat
(at 25 ◦C)

Thermal conductivity
(at 25 ◦C)

7850 kg/m3 198 GPa 0.3 729.5 MPa 379.2 MPa 470 j/kg◦C 42.7 W/m◦C

Hard-turning experiments were carried out on the GoodWay GS-260Y CNC lathe
using variable cutting speeds, feed, depths of cut, and tool nose radii. Since dry cutting
conditions are considered an environmentally friendly process, all experiments were per-
formed without the use of cutting fluid [2–5]. Dry cutting conditions are not only an
environmentally friendly process but also economically affordable by neglecting the costs
of purchasing and disposing of cutting fluids [38]. Hard-turning is usually performed
with PCBN or mixed ceramic tools that are even harder than the machined material and
can withstand the tribological conditions of the process [39]. Cubic boron nitride (CBN)
tool material, which exhibits high toughness, high hardness, and a stable structure at high
temperatures, is suitable for hardened steels. It has been stated that the CBN cutting tool
performs better than coated carbide tools in terms of tool wear and surface quality [40,41].
In this study, the performance of the coated carbide (CNMG120404-MK5 WKK10S) and
CBN (CNMA 433-2 WCB50) inserts was compared in addition to the effect of machin-
ing parameters and cutting conditions on the surface roughness and cutting forces. The
experimental setup is given in Figure 1.

Taguchi L9 experimental design was used to determine the effect of machining pa-
rameters shown in Table 2 on surface roughness and cutting forces. In this regard, nine
experiments were performed for each insert instead of 81 to evaluate the results. Response
surface methodology was used in MINITAB 20 software to analyze the effect ratios of
machining parameters. Besides, the percentage contribution of each machining param-
eter to the response variables was examined using ANOVA. Finally, regression analysis
established mathematical models for each cutting insert.

Table 2. Machining parameters for hard-turning AISI 4140 steel.

Factor Level 1 Level 2 Level 3

Cutting insert Carbide CBN -
Cutting speed (m/min) 120 150 180
Feed rate (mm/rev) 0.04 0.08 0.12
Cutting depth (mm) 0.06 0.12 0.18
Nose radius (mm) 0.4 0.8 1.2

The 9129AA-type Kistler force dynamometer was used to measure the force signals
during the cutting process. Ra and Rz roughness parameters were measured using the
Mitutoyo SJ-400 surface roughness tester. Average surface roughness was measured accord-
ing to the ISO-4288:2011 standard [42]. The arithmetic height means Ra is one of the most
widely accepted measurements for surface roughness. It is a good and practical indicator to
evaluate the surface quality. Ra is the mean of the absolute height deviation from the mean
line along the sampling length. The 10-point roughness parameter Rz was also used in the
present study, as it is more sensitive than Ra to the irregular heights or depths of peaks and
valleys. According to the international ISO standard, Rz is the difference between the five
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maximum peaks’ mean and the five minimum valleys along the measured length [43]. The
raw material’s surface roughness was measured at 3.07 μm.

Figure 1. Experimental setup of the turning process.

3. Results and Discussion

The experimental results during dry hard-turning of AISI 4140 steel using carbide
and CBN inserts are given in Table 3. This table presents the measured surface roughness
parameters (Ra and Rz) and the measured cutting force components (Fx, Fy, and Fz). Here
Fx is the radial force, Fy is the tangential force, and Fz is the cutting force.

The raw material’s surface roughness was measured at 3.07 μm. However, after the
hard-turning process, Ra for carbide inserts is recorded in the range of 0.35 μm and 0.63 μm,
while for CBN inserts it is 0.28 μm and 0.59 μm. Rz for carbide inserts varies between
2.4 μm and 4.4 μm, while for CBN inserts it varies between 1.8 μm and 3.8 μm. The cutting
force components for the carbide insert are 25.06–198.56 N, while for the CBN insert, they
are 15.09–94.36 N. The results showed that the cutting force components are very sensitive
to the cutting depth, whereas the surface roughness is greatly affected by feed rate. The
feed and cutting depth are functions of the chip cross-sectional area. Thus, as the feed
increases, the chip area (undeformed chip thickness) in the machining area augments,
which results in a higher cutting force and surface roughness [16].

Tool material is another important factor affecting cutting force. There was a significant
reduction in cutting forces using the CBN tool. In terms of radial force (Fx), tangential
force (Fy), and cutting force (Fz), the CBN insert presented, respectively, 103%, 62%, and
40% better performance (lower cutting forces) than the carbide inserts. In addition, it was
observed that the mean surface roughness for CBN inserts (0.427 μm) is 14% lower than
for carbide inserts (0.485 μm). The next important factor affecting the surface roughness is
the cutting speed. Cutting speed is one of the essential controlled machining parameters
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for hard turning [44]. Higher cutting speeds increase the cutting force components; on the
contrary, the surface roughness drops as the cutting speed rises.

The minimum cutting force components were determined with a CBN tool (V = 120 m/min,
f = 0.04 mm/rev, a = 0.06 mm, r = 0.4 mm). Generally, the radial force is greater than the
tangential and cutting forces for both cutting inserts. Nikam et al. [16] also stated that the
radial force is the highest force component. The possible reason behind the higher radial
force generation was the selection of a lower cutting depth than the insert nose radius [45].

Table 3. Cutting forces and surface roughness results for different machining parameters.

Carbide Insert

NO V (m/min) f (mm/rev) a (mm) r (mm) Fx (N) Fy (N) Fz (N) Ra (μm) Rz (μm)

1 120 0.04 0.06 0.4 111.36 25.06 43.39 0.44 3.1
2 120 0.08 0.12 0.8 129.79 42.98 55.49 0.52 3.6
3 120 0.12 0.18 1.2 151.88 57.25 71.32 0.63 4.4
4 150 0.04 0.12 1.2 150.52 50.67 63.49 0.39 2.7
5 150 0.08 0.18 0.4 174.02 66.69 80.88 0.49 3.5
6 150 0.12 0.06 0.8 126.89 29.46 50.55 0.58 4.1
7 180 0.04 0.18 0.8 198.56 75.97 91.28 0.35 2.4
8 180 0.08 0.06 1.2 141.63 35.69 58.23 0.45 3.1
9 180 0.12 0.12 0.4 172.39 59.78 72.98 0.52 3.6

CBN Insert

NO V (m/min) f (mm/rev) a (mm) r (mm) Fx (N) Fy (N) Fz (N) Ra (μm) Rz (μm)

1 120 0.04 0.06 0.4 55.59 15.09 30.49 0.39 2.6
2 120 0.08 0.12 0.8 63.78 25.76 38.69 0.46 3.0
3 120 0.12 0.18 1.2 73.59 34.67 50.28 0.59 3.8
4 150 0.04 0.12 1.2 76.09 32.69 45.68 0.33 2.1
5 150 0.08 0.18 0.4 84.67 37.79 65.19 0.44 2.9
6 150 0.12 0.06 0.8 62.87 19.67 36.66 0.51 3.3
7 180 0.04 0.18 0.8 94.36 48.89 61.59 0.28 1.8
8 180 0.08 0.06 1.2 70.56 23.49 41.49 0.40 2.6
9 180 0.12 0.12 0.4 86.01 35.79 50.89 0.45 2.9

3.1. Main Effects Plot and ANOVA Results

Main effect plots showing the effects of cutting speed, feed rate, cutting depth, and
tool nose radius on Fx and Ra are given in Figure 2 according to Taguchi’s “the lowest is the
best” approach. According to the main effects plot, cutting depth and cutting speed have a
dominant effect on the Fx, Fy, and Fz for both cutting inserts. As the value of cutting depth
and cutting speed augments, the responses also increase sharply due to the removal of large
amounts of material from the workpiece. Furthermore, feed rate has a superior impact
on Ra and Rz, followed by cutting speed. Increasing the feed rate sharply enhances the
surface roughness. In contrast, increasing the cutting speed reduces the surface roughness.
It was concluded that the cutting depth and nose radius have a negligible effect on the Ra.

The primary purpose of the analysis of variance is to show which independent variables
significantly affect the dependent variables. The ANOVA results for both cutting inserts
are given in Table 4, which shows the contribution effect of each machining parameter on
the responses. The machining parameters with a p-value lower than 0.05 are statistically
significant. Due to the negligible effect of factor interactions or squares, only the linear
resource is used in the ANOVA analysis. According to the ANOVA results for carbide inserts,
cutting depth, with 83.75%, 74.71%, and 58.65% contributions, is the most dominant factor on
the Fy, Fz, and Fx, respectively. It was followed by cutting speed with 40.10%, 24.50%, and
14.82% contributions on the Fx, Fz, and Fy, respectively. For a CBN insert, the contribution
effect of cutting depth on the Fy, Fz, and Fx is 76.47%, 74.32%, and 53.68%, respectively. It was
followed by cutting speed with 44.59%, 20.47%, and 18.91% contributions on the Fx, Fy, and
Fz, respectively. Increasing the cutting depth and cutting speed causes higher cutting forces
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due to removing a large amount of material. Therefore, a combination of low cutting depth
and cutting speed is preferable to reduce the cutting forces.

Figure 2. Main effects plot for carbide inserts and CBN inserts.
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Table 4. Analysis of variance for cutting forces and surface roughness.

Carbide Insert

Fx Fy Fz Ra Rz

Source p-Value Cont. p-Value Cont. p-Value Cont. p-Value Cont. p-Value Cont.

Linear 0.000 99.52% 0.000 99.19% 0.000 99.46% 0.000 99.38% 0.001 98.55%
V 0.000 40.10% 0.001 14.82% 0.000 24.50% 0.000 19.28% 0.002 20.52%
f 0.229 0.24% 0.388 0.19% 0.440 0.10% 0.000 80.00% 0.000 78.03%
a 0.000 58.65% 0.000 83.75% 0.000 74.71% 1.000 0.00% 1.000 0.00%
r 0.104 0.53% 0.216 0.44% 0.337 0.16% 0.454 0.11% 1.000 0.00%
Error 0.48% 0.81% 0.54% 0.62% 1.45%
Total 100.00% 100.00% 100.00% 100.00% 100.00%

CBN Insert

Fx Fy Fz Ra Rz

Source p-Value Cont. p-Value Cont. p-Value Cont. p-Value Cont. p-Value Cont.

Linear 0.000 98.92% 0.001 97.85% 0.009 94.55% 0.002 97.60% 0.003 96.62%
V 0.000 44.59% 0.003 20.47% 0.020 18.91% 0.003 23.43% 0.005 25.56%
f 0.473 0.17% 0.284 0.82% 0.994 0.00% 0.000 73.76% 0.001 71.00%
a 0.000 53.68% 0.000 76.47% 0.002 74.32% 0.850 0.02% 1.000 0.00%
r 0.252 0.48% 0.701 0.09% 0.381 1.32% 0.465 0.39% 0.806 0.06%
Error 1.08% 2.15% 5.45% 2.40% 3.38%
Total 100.00% 100.00% 100.00% 100.00% 100.00%

The feed rate is the dominant factor in the surface roughness of the carbide insert,
with 80% and 78.03% contribution effects for Ra and Rz, respectively. Cutting speed is also
a significant indicator of the surface roughness for carbide inserts, with contribution effects
of 19.28% and 20.52% for Ra and Rz, respectively. For the CBN insert, the impact of feed
rate on the Ra and Rz was 73.76% and 71%, respectively. However, the contribution effect
of cutting speed on Ra and Rz is 23.43% and 25.56%, respectively. Increasing the feed rate
enlarges the chip area in the turned workpiece, which leads to higher surface roughness. In
addition, low cutting speed causes the formation of built-up edges (BUE) on the cutting
tool that deteriorate surface quality. Therefore, a combination of a low feed rate and a high
cutting speed should be chosen to obtain good surface quality.

3.2. Surface Graphs

The 3D surface plot for carbide and CBN inserts considering the interaction of V-a,
which is dominant on the cutting force components, is presented in Figure 3, and the 3-D
surface plot for surface roughness based on the interaction of V-f is depicted in Figure 4.
The cutting force components increase significantly as the cutting depth level is augmented
using both cutting inserts. Cutting speed is the next influential factor in the cutting forces.
Similarly, as the cutting speed rises, the Fx, Fy, and Fz also enhance. Most of the researchers
obtained the same results, indicating the maximum impact of cutting depth on the cutting
forces [46,47].

Aouici et al. [17] reported the considerable effect of cutting depth on the cutting force com-
ponents in the hard-turning of AISI 4140 steel using different ceramic inserts. Tzotzis et al. [47]
stated that the dominant effect of cutting depth on the cutting force. İynen et al. [46] also
reported the dominant effect of cutting depth on the radial force. Zahia et al. [27] showed
the remarkable effect of cutting depth on cutting forces. Increasing the cutting depth sharply
enhances the cutting forces.

According to the 3-D surface graph, surface roughness increases using both cutting
inserts as the feed rate leads, whereas it decreases as the cutting speed rises. Especially with
a combination of low cutting speed and a high feed rate, Ra and Rz increase sharply. High
friction occurs between the cutting tool and workpiece at low cutting speeds, reducing
surface quality. The minimum surface roughness was obtained using high cutting speeds
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and a low feed rate. The higher cutting speed increases the cutting zone temperature,
which leads to the thermal softening of the material, and consequently, easy chip removal
from the workpiece results in good surface quality [16]. One of the most important tasks of
mass production is the safe and efficient removal of chips, which is difficult when chips are
constantly formed. The chip types are changed from continuous to serrated in hard-turning
as the cutting speed increases, which results in significant waviness and roughness of the
machined surface. The significant effect of the feed rate on the surface roughness was
presented in many studies [48,49].

Figure 3. 3-D Surface plot for cutting force components.

Figure 4. 3-D Surface plot for surface roughness.
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İynen et al. [28] stated the dominant effect of feed rate on Ra and Rz. As the feed rate
increases, the surface roughness also increases. Mohd et al. [48] reported that the minimum
surface roughness was obtained using a low feed rate and high cutting speed. Das [18] and
Paengchit [28] also obtained the same results, indicating a dominant effect of feed rate on the
surface roughness, followed by cutting speed. Zahia et al. [27] stated the dominant effect of
feed rate on surface roughness, followed by cutting speed. They reported that the surface
roughness drops as the feed rate decreases and the cutting speed increases. In the presented
study, nose radius and cutting depth did not considerably affect the surface quality.

3.3. Prediction Models Using Regression Equations

The multiple regression method was used in this study to develop second-order
experimental models at a 95% confidence level for a relationship between machining
parameters (V, f, a, r) and output parameters (Fx, Fy, Fz, Ra, Rz) for both cutting inserts.
The developed experimental models are given in Equations (1)–(10).

Tool Regression Equations R2 R2
(adj.)

Carbide Fx = 10.64 + 0.6642 V − 38.7 f + 401.6 a − 5.72 r (1) 99.52% 99.04%
CBN Fx = 7.86 + 0.3221 V − 14.9 f + 176.7 a − 2.51 r (2) 98.92% 97.84%
Carbide Fy = −21.37 + 0.2564 V − 21.7 f + 304.7 a − 3.30 r (3) 99.19% 98.38%
CBN Fy = −16.36 + 0.1814 V − 27.2 f + 175.3 a + 0.91 r (4) 97.85% 95.71%
Carbide Fz = −6.22 + 0.2905 V − 13.8 f + 253.6 a − 1.75 r (5) 99.46% 98.93%
CBN Fz = −1.78 + 0.1917 V + 0.3 f + 190.1 a − 3.80 r (6) 94.55% 89.09%
Carbide Ra = 0.5206 − 0.001500 V + 2.292 f + 0.000 a + 0.0083 r (7) 99.38% 98.77%
CBN Ra = 0.4861 − 0.001722 V + 2.292 f + 0.028 a + 0.0167 r (8) 97.60% 95.20%
Carbide Rz = 3.756 − 0.01111 V + 16.25 f + 0.00 a + 0.000 r (9) 98.55% 97.09%
CBN Rz = 3.328 − 0.01167 V + 14.58 f + 0.00 a + 0.042 r (10) 96.62% 93.24%

Experimental results and predicted results using the abovementioned equations for
cutting force components and surface roughness are presented in Table 5.

In addition, a graphical comparison of the experimental and predicted results is
depicted in Figure 5 for Fx and Ra using both cutting inserts. Clearly, the presented model
fits well with the experimental results since the values are very close.

Figure 5. Comparison of experimental and predicted results for Fx and Ra.
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Table 5. Experimental and predicted results.

Carbide Insert

No
Fx (N) Fy (N) Fz (N) Ra (μm) Rz (μm)

Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred.

1 111.36 110.61 25.06 25.49 43.39 42.61 0.44 0.435 3.1 3.08
2 129.79 130.86 42.98 41.59 55.49 56.57 0.52 0.531 3.6 3.73
3 151.88 151.13 57.25 57.68 71.32 70.53 0.63 0.625 4.4 4.38
4 150.52 150.05 50.67 48.82 63.49 65.13 0.39 0.397 2.7 2.74
5 174.02 177.17 66.69 68.88 80.88 81.20 0.49 0.483 3.5 3.39
6 126.89 125.14 29.46 30.13 50.55 49.52 0.58 0.577 4.1 4.04
7 198.56 196.36 75.97 76.12 91.28 89.77 0.35 0.349 2.4 2.41
8 141.63 144.33 35.69 37.37 58.23 58.09 0.45 0.444 3.1 3.06
9 172.39 171.46 59.78 57.42 72.98 74.15 0.52 0.529 3.6 3.71

CBN Insert

No
Fx (N) Fy (N) Fz (N) Ra (μm) Rz (μm)

Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred.

1 55.59 55.52 15.09 15.20 30.49 31.12 0.39 0.379 2.6 2.53
2 63.78 64.51 25.76 25.00 38.69 41.02 0.46 0.479 3.0 3.13
3 73.59 73.52 34.67 34.79 50.28 50.92 0.59 0.579 3.8 3.73
4 76.09 73.77 32.69 31.89 45.68 45.24 0.33 0.342 2.1 2.21
5 84.67 85.78 37.79 40.59 65.19 59.7 0.44 0.422 2.9 2.76
6 62.87 62.98 19.67 18.83 36.66 35.37 0.51 0.518 3.3 3.36
7 94.36 95.04 48.89 47.48 61.59 63.92 0.28 0.286 1.8 1.84
8 70.56 72.23 23.49 25.72 41.49 39.6 0.40 0.381 2.6 2.44
9 86.01 84.25 35.79 34.43 50.89 54.05 0.45 0.461 2.9 2.99

3.4. Multi-Response Optimization Using Grey Relation Analysis
3.4.1. Grey Relation Analysis Steps

Hard-turning is a multi-response process, and the relationship between the machin-
ing parameters and responses is intricate. Therefore, optimum machining parameters
based on the multiple response variables can be determined using Grey Relation Analysis
(GRA). Besides, the multi-response optimization drops to a single-response optimization
using GRA [50,51]. Many researchers used GRA in their studies to optimize multiple
responses [52–56]. The following steps should be performed for GRA:

Step 1: Normalization of response parameters
Since response parameter units are different (the cutting force components unit is

“N” and the surface roughness unit is “μm”), all responses should be normalized to avoid
different units and variability. Thus, all the response values were normalized between 0.00
and 1.00 based on their original values. In this case, the multi-responses can be compared
with each other.

In the machining process, responses such as surface roughness and cutting forces are
desired to be minimized; hence, the smaller-the-better characteristic is used for normaliza-
tion considering Equation (11).

x∗i (k) =
maxx0

i (k)− x0
i (k)

maxx0
i (k)− minx0

i (k)
(11)

where i = 1, 2, . . . , m, and k = 1, 2, . . . , n. m is the number of experimental data items, and
n is the number of output parameters. x0

i (k) is the original sequence, x∗i (k) is the sequence
after normalization, maxx0

i (k) is the highest value of x0
i (k), and minx0

i (k) is the lowest
value of x0

i (k).
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However, some responses, such as tool life, should be maximized. Therefore, the
higher-the-better is used to normalize the value using Equation (12).

x∗i (k) =
x0

i (k)− minx0
i (k)

maxx0
i (k)− minx0

i (k)
(12)

Step 2: Grey relation coefficient
Following the normalization, the grey relational coefficient is calculated to show the

relationship between the ideal and actual normalized experimental results. Thus, the grey
relational coefficient can be expressed mathematically as Equation (13),

ζi(k) =
Δmin + ζΔmax

Δ0i(k) + ζΔmax
(13)

where, Δ0i(k) is the deviation sequence of the reference sequence and the comparability
sequence. Δ0i(k) is calculated using Equation (14).

Δ0i(k) = ‖x∗0(k)− x∗i (k)‖ (14)

where, x∗0(k) shows the reference sequence and x∗i (k) shows the comparability sequence.
Δmax and Δmin are the maximum and minimum values of the absolute differences Δ0i(k) of
all comparing sequences. ζ is identification or distinguishing coefficient, which is in the
range of 0 to 1. However, generally ζ = 0.5 is used.

Step 3: Grey relation grades
According to Equation (15), the grey relational grade is calculated as the average of

the grey relational coefficient.

γi =
1
n

n

∑
k=1

ζi(k) (15)

where, γi is the required grey relational grade for ith test and n = number of outputs.
The multi-response optimization problem is converted into a single-response optimiza-

tion problem employing the grey relational analysis-based Taguchi method [55–57]. The GRG
shows the level of correlation between the reference sequence and the comparability sequence
and is the total demonstrative of all the quality characteristics. Next, the mean grade relation
grade is calculated for each level of the machining parameters. Thus, the optimum machining
parameters are determined considering the maximum grey relational grade.

Step 4: ANOVA for GRG values
The Taguchi method could not be used to determine the machining parameters’ effect

on the multi-responses. Therefore, the ANOVA is performed on the GRG values at a 95%
confidence level to determine the most significant factor in the multi-responses.

Step 5: Confirmation test
After determining the optimum machining parameters, it is needed to calculate the

grey relation grade to predict and confirm the improvement of the performance factors.
The grey relation grade prediction considering the optimum level of machining parameters
is calculated using Equation (16).

γpredicted = γm +
k

∑
i=1

(γi − γm) (16)

where γm is the total mean GRG, γi is the mean GRG at the optimum level of each machining
parameter, and k is the number of machining parameters that dominantly affect the multi-responses.

3.4.2. Implementation of Grey Relation Analysis

Firstly, experimental results are normalized for cutting force components and surface
roughness using Equation (14). The normalized value for carbide and CBN inserts is given
in Table 6.
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Table 6. Normalized values for cutting forces and surface roughness.

Carbide Insert

No Fx (N) Fy (N) Fz (N) Ra (μm) Rz (μm)

1 1.000 1.000 1.000 0.679 0.650
2 0.789 0.648 0.747 0.393 0.400
3 0.535 0.368 0.417 0.000 0.000
4 0.551 0.497 0.580 0.857 0.850
5 0.281 0.182 0.217 0.500 0.450
6 0.822 0.914 0.850 0.179 0.150
7 0.000 0.000 0.000 1.000 1.000
8 0.653 0.791 0.690 0.643 0.650
9 0.300 0.318 0.382 0.393 0.400

CBN Insert

No Fx (N) Fy (N) Fz (N) Ra (μm) Rz (μm)

1 1.000 1.000 1.000 0.645 0.600
2 0.789 0.684 0.764 0.419 0.400
3 0.536 0.421 0.430 0.000 0.000
4 0.471 0.479 0.562 0.839 0.850
5 0.250 0.328 0.000 0.484 0.450
6 0.812 0.864 0.822 0.258 0.250
7 0.000 0.000 0.104 1.000 1.000
8 0.614 0.751 0.683 0.613 0.600
9 0.215 0.388 0.412 0.452 0.450

Secondly, after computing the deviation sequence, grey relational coefficients are
calculated employing Equation (15) using 0.5 for the identification coefficient (ζ) based
on the normalized values presented in Table 6. Finally, grey relational grade (GRG) is
computed from the results of grey relational coefficients using Equation (15). The grey
relation coefficient, grade, and the order for optimum machining parameters considering
multi-responses are presented in Table 7.

Based on the ANOVA results, the feed rate is the dominant factor in the surface quality,
and the cutting depth is the primary parameter of the cutting force components. The mean
grey relation grades are calculated and presented in Table 8 for both cutting inserts. The
maximum value of the mean GRG means the minimum cutting force components and
surface roughness. As indicated in Table 8, the combination of V1-f1-a1-r2 machining
parameters (V = 120 m/min, f = 0.04 mm/rev, a = 0.06 mm, r = 0.8 mm) is selected as
the optimum machining parameters in both cutting inserts for the multiple-responses
considering the highest mean grey relation grade, which indicates a stronger correlation
to the reference sequence and better performance. The difference between the maximum
and minimum GRG shows the contribution effect of the machining parameter on the
multiple responses; a higher difference means a higher impact. According to Table 8, for
carbide and CBN inserts, cutting depth has the dominant effect on the multiple responses,
followed by feed rate. The cutting speed and nose radius have a negligible effect on the
multi-responses. The main effects plot for the mean grey relation grade is depicted in
Figure 6. The red squares show the optimum machining parameter levels for minimizing
the multiple responses.

ANOVA results for the GRG value are presented in Table 9. According to the results,
cutting depth is the most influential parameter in the multi-responses. It has a 46.93% and
43.36% contribution effect on the carbide and CBN inserts, respectively. It was followed by
feed rate, with 40.37% and 40.18% contribution effects, respectively.
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Table 7. Grey relation coefficient, grey relation grade, and the order for multi-responses.

Carbide Insert

Grey Relation Coefficient
GRG Order

No Fx (N) Fy (N) Fz (N) Ra (μm) Rz (μm)

1 1.000 1.000 1.000 0.609 0.588 0.699 1
2 0.703 0.587 0.664 0.452 0.455 0.477 6
3 0.518 0.442 0.462 0.333 0.333 0.348 9
4 0.527 0.498 0.544 0.778 0.769 0.519 2
5 0.410 0.379 0.390 0.500 0.476 0.359 8
6 0.737 0.853 0.770 0.378 0.370 0.518 3
7 0.333 0.333 0.333 1.000 1.000 0.500 5
8 0.590 0.705 0.617 0.583 0.588 0.514 4
9 0.417 0.423 0.447 0.452 0.455 0.366 7

CBN Insert

Grey relation coefficient
GRG Order

No Fx (N) Fy (N) Fz (N) Ra (μm) Rz (μm)

1 1.000 1.000 1.000 0.585 0.556 0.690 1
2 0.703 0.613 0.679 0.463 0.455 0.485 6
3 0.519 0.463 0.467 0.333 0.333 0.353 9
4 0.486 0.490 0.533 0.756 0.769 0.506 3
5 0.400 0.427 0.333 0.492 0.476 0.355 8
6 0.727 0.787 0.738 0.403 0.400 0.509 2
7 0.333 0.333 0.358 1.000 1.000 0.504 4
8 0.564 0.668 0.612 0.564 0.556 0.494 5
9 0.389 0.449 0.460 0.477 0.476 0.375 7

Table 8. Mean grey relation grade for carbide and CBN inserts.

Carbide Insert

Cutting
Parameters

Mean GRG Max and Min
Difference Order

Level 1 Level 2 Level 3

V 0.508 0.465 0.460 0.048 3
f 0.573 0.450 0.411 0.162 2
a 0.577 0.454 0.402 0.175 1
r 0.475 0.498 0.460 0.038 4

Total Mean GRG: 0.478

CBN Insert

Cutting
Parameters

Mean GRG Max and Min
Difference Order

Level 1 Level 2 Level 3

V 0.509 0.457 0.458 0.052 3
f 0.567 0.445 0.412 0.155 2
a 0.564 0.455 0.404 0.160 1
r 0.473 0.499 0.451 0.048 4

Total Mean GRG: 0.475

Table 9. ANOVA results for carbide and CBN inserts considering GRG values.

Carbide Inserts

Source DF Seq SS Adj SS Adj MS F-Value p-Value Cont.

V 1 0.003456 0.003456 0.003456 1.60 0.274 3.54%
f 1 0.039366 0.039366 0.039366 18.28 0.013 40.37%
a 1 0.045763 0.045763 0.045763 21.25 0.010 46.93%
r 1 0.000308 0.000308 0.000308 0.14 0.724 0.32%

Error 4 0.008615 0.008615 0.002154 8.83%
Total 8 0.097508 100.00%

CBN Insert

V 1 0.004004 0.004004 0.004004 1.62 0.272 4.50%
f 1 0.035728 0.035728 0.035728 14.46 0.019 40.18%
a 1 0.038560 0.038560 0.038560 15.60 0.017 43.36%
r 1 0.000748 0.000748 0.000748 0.30 0.611 0.84%

Error 4 0.009886 0.009886 0.002471 11.12%
Total 8 0.088926 100.00%
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Figure 6. Main effects plots for mean grey relation grade (a) carbide insert, (b) CBN insert.

According to Equation (16), the predicted grey relation grades are determined using
the optimum machining parameters. Table 10 compares the experimental results and the
predicted GRG for optimum machining parameters. Based on the results, the cutting
force components and surface roughness drop significantly for both cutting inserts using
optimum machining parameters. Therefore, considering the initial and optimum machining
parameters, an improvement of 0.477 (55.55%) and 0.485 (53.60%) was obtained in GRG for
carbide and CBN inserts, respectively. These results are close to those obtained in previous
studies [58–60]. Ranganathan and Senthilvelan [53] used the Taguchi-based GRA in the hot
turning of stainless steel (type 316), increasing the GRG by 29.7%. Sarıkaya et al. [58] also
used Taguchi-based GRA, which improved GRG by 39.4% in turning Haynes 25 alloy. In
another study by Sarıkaya et al. [59], Taguchi-based GRA is used in turning AISI 1050 steel,
which augments the GRG by 42.9%, considering the optimal machining parameters. Sahoo
et al. [60] reported an improvement of 54.5% in GRG from the first machining parameter
combination to the optimal machining parameter combination. Pekşen and Kalyon [61]
also used Taguchi-based GRA in turning AISI 430 stainless steel, which enhanced the
GRG by 69.1%. According to the literature study, multiple-response performance can
be significantly increased by using Taguchi-based grey relation analysis in machining
hard-to-cut materials.
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Table 10. Confirmation test results.

Carbide Insert

Initial Machining Parameters
Optimum Machining Parameters

Prediction Experiment

Level V1 f2 a2 r2 V1 f1 a1 r2 V1 f1 a1 r2

Fx 129.79 100.1
Fy 42.98 19.5
Fz 55.49 33.3
Ra 0.52 0.40
Rz 3.6 2.8

GRG 0.477 0.722 0.742

GRG improvement: 0.265
GRG improvement percentage: 55.55%

CBN Insert

Initial machining parameters
Optimum machining parameters

Prediction Experiment

Level V1 f2 a2 r2 V1 f1 a1 r2 V1 f1 a1 r2

Fx 63.78 49.7
Fy 25.76 12.2
Fz 38.69 23.9
Ra 0.46 0.33
Rz 3.0 2.2

GRG 0.485 0.714 0.745

GRG improvement: 0.260
GRG improvement percentage: 53.60%

4. Conclusions

This study investigated the effects of machining parameters and tool geometry on
surface roughness and cutting force components in dry hard-turning of AISI 4140 steel.
In addition, the performance of coated carbide and CBN inserts was compared. The
Taguchi method was used for the design of the experiment; ANOVA was used to determine
the contribution effect of independent variables on the dependent variables; and multi-
response optimization of the grey relation analysis was utilized to determine the optimum
machining parameters for each insert. The findings of the current study are presented
below:

• For coated carbide and CBN inserts, Ra was measured in the range of 0.35–0.63 μm
and 0.28–0.59 μm, respectively. Besides, for coated carbide and CBN inserts, Rz was
measured in the range of 2.4–4.4 μm and 1.8–3.8 μm, respectively. The best surface
quality was obtained using a CBN insert (0.28 μm) with a combination of high cutting
speed (180 m/min) and low feed rate (0.04 mm/rev). The feed rate is a function of the
chip’s cross-sectional area. Therefore, by increasing the feed rate, the chip area rises,
which results in higher surface roughness. As the cutting speed increases, the built-up
edge (BUE) on the cutting tool is reduced, which leads to better surface quality.

• Feed rate was a dominant factor on both Ra and Rz for both cutting inserts. The contri-
bution effect of feed rate on the Ra for carbide and CBN inserts was 80% and 73.76%,
respectively. It was followed by cutting speed with 19.28% and 23.43% contribution
effects, respectively. Increasing the feed rate value significantly increases the surface
roughness components (Ra and Rz). On the contrary, increasing the cutting speed
decreases the surface roughness. The undeformed chip thickness increases as the
feed rate rises, resulting in high surface roughness. CBN inserts exhibited 14% better
performance than carbide inserts in terms of surface quality.
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• The cutting force components for carbide and CBN inserts are 25.06–198.56 N and
15.09–94.36 N, respectively. The cutting force components in CBN inserts are lower than
in carbide inserts. CBN inserts exhibited 103%, 62%, and 40% better performance than
carbide inserts in terms of Fx, Fy, and Fz, respectively. Cutting depth was the dominant
factor in all cutting force components. As the cutting depth increases, the Fx, Fy, and Fz
augment sharply. Cutting speed is the next important factor in cutting forces. Increasing
the cutting speed increases the cutting forces as well. Therefore, a combination of low
cutting speed and cutting depth is needed to reduce the cutting forces.

• The developed models can predict the response with very good accuracy, and the
graphical comparison of the predicted and experimental results shows perfect agree-
ment between the results.

• The Taguchi-based grey relation analysis was performed to determine the optimum ma-
chining parameters. The cutting depth and feed rate have a dominant effect on the
multi-responses. The contribution effect of cutting depth on the multi-responses for car-
bide and CBN inserts is 46.93% and 43.36%, respectively. Besides, the feed rate has a 40.37%
and 40.18% contribution effect, respectively. Based on the obtained grey relation grade, a
combination of 120 m/min cutting speed, 0.04 mm/rev feed rate, 0.06 mm cutting depth,
and 0.8 mm nose radius should be selected for multi-response optimization.
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Abstract: ZrO2-YO1.5-TaO2.5 (ZYTO) composite ceramics are considered to be a candidate for next-
generation thermal barrier coatings (TBCs) due to their excellent thermal stability and low thermal
conductivity in high temperatures; however, the mechanical properties and fracture toughness of
the ZYTO system may be shortcomings compared with 7-8YSZ: the traditional TBC. In this study,
ZYTO composite ceramics were successfully prepared by chemical coprecipitation reaction, and
the microstructure of resulting composites was studied as a function of the doping of M-YTaO4.
Mechanical properties, including the density, porosity, hardness and Young’s modulus, were all
determinate; the toughening mechanism was verified by the crack growth behavior of the Vickers
indentation test. The results suggest that M-YTaO4 refined the fluorite phase grain and strengthened
the grain interface in the composite ceramic. The thermal mismatch between the second phase and
matrix produced residual stress in the bulk and affected the crack propagation behavior. With the
increase in M-YTaO4 doping, the grain coarsening and ferroelastic domains were observed in the
experiments. The ferroelastic domains with orthogonal polarization directions near the crack tip
evidenced the ferroelastic toughening mechanism. The competition among these crack behaviors,
such as crack deflection, bridging and bifurcation, dominated the actual fracture toughness of the
composite. The best toughening formula was determined in the two-phase region, and the highest
indentation fracture toughness was about 42 J/m2, which was very close to 7-8YSZ’s 45 ± 5 J/m2.

Keywords: mechanical properties; microstructure; toughness; crack propagation

1. Introduction

TBC has been widely used on engine hot-end components in order to improve the
efficiency and thrust-to-weight ratio of aero-turbine engines [1]. It is a system of multi-layer
materials that are combined to protect engine hot-end components from high-temperature
environments [2]. For TBC materials, a lot of research has been published, mainly fo-
cusing on thermophysical and mechanical properties. Low thermal conductivity and
high-temperature thermostability can improve engine thermal efficiency. Excellent mechan-
ical properties can improve the durability and wear resistance of TBCs [3].

Many researchers have conducted a lot of research in the field of TBC composites.
The c-ZrO2 and La2Ce2O7 solid solution with fluorite-type structure powders were mixed
and hot-pressed pyrochlore phase LCZ composites [4]. The material has high relative
density, small grain size, higher thermal stability, and lower thermal conductivity, with
fracture toughness values in the range of 2.13–2.5MPa·m1/2. In addition, the Vickers
hardness of LC40Z composites ranged from 8.68 ± 0.87 to 10.99 ± 0.23 GPa, and the
fracture toughness ranged from 1.97 ± 0.15 to 2.4 ± 0.14 MPa·m1/2. The denser mi-
crostructure had homogeneous grains and reduced porosity [5]. High-entropy rare earth
niobates, the ReNbO4/Re3NbO7 composite, was prepared via a solid-state reaction. The
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high-entropy rare earth niobates exhibited excellent phase stability, higher fracture tough-
ness and hardness, with a fracture toughness of 2.71 ± 0.17 MPa·m1/2 and hardness of
9.46 ± 0.24 GPa, respectively. The high-entropy niobates exhibited high coefficients of
thermal expansion, which were close to 7YSZ [6]. The quasi-binary GdNbO4/Gd3NbO7
composites due to residual stress-activated ferroelastic domain switching and the fracture
toughness were significantly improved with a toughness value of 2.76 MPa·m1/2, which
is currently the best for this series of high-entropy rare earth niobates [7]. These com-
posites have low thermal conductivity, excellent mechanical properties, an appropriate
coefficient of thermal expansion, and a comprehensive balance of properties in all aspects.
The low thermal conductivity of the material, with a comprehensive balance of properties,
provides an option for the design and manufacture of TBC materials and has excellent
application potential.

The ceramic of the ZYTO system is a popular candidate for the next generation of
thermal barrier coatings, with advantages such as thermodynamic stability [8,9] at high
temperatures, resistance to harmful phase transformation, low thermal conductivity [10,11],
and potential strength and toughness [12,13]. Therefore, the toughening mechanism of the
ZYTO system has aroused widespread concern among scholars. As we know, ferroelastic
toughening in the ZYTO system maximizes the toughness of ceramics and enhances their
practicability in practical applications [14–17]. However, the fracture toughness of the
ZYTO system is higher than some traditional ceramics but not compared with YSZ [18];
this weakness shortens its service life as a thermal barrier coating. Traditional 7-8YSZ’s
fracture toughness is about 4MPa·m1/2 [19]. Recently, it was found that 7YSZ could reach
a higher fracture toughness via a finely crystalline technique under sintering conditions
at 1600 ◦C, the microstructure of which exhibits a composite phase composed of m-ZrO2
and t-ZrO2 [20,21]. In this paper, we focused on the mechanism that the second phase
M-YTaO4, affects toughening by changing the crack behavior; based on this, we attempted
to determine the best toughening formula of M-YTaO4 doping.

This paper studies the mechanical properties characterization and crack growth mode
of the fluorite field and M-YTaO4 field in the ZYTO system. The M-YTaO4 solid solution
was studied by XRD and EDS, the distribution of the second phase was observed under
SEM, and several crack propagation behaviors were studied. The fine grain, phase stability,
interface binding and residual stress of composites were shown to be influenced by the
second-phase doping content. We tried to find some answers to several remaining problems.
First, are the crack propagation behaviors and the fracture toughness sensitively dependent
on the composition? Second are ferroelastic toughening and second phase toughening
in cooperation or competition. Moreover, does the best toughening formula exist for this
composite ceramic?

2. Material and Methods

ZYTO composite ceramic powders were prepared by chemical co-precipitation and calci-
nation. First, five groups of YT1–YT5 samples were set in x mol%Ta2O5 (x = 10/20/30/40/50)
increments. All samples were prepared by a chemical to coprecipitate using precursor
solutions of ZrO(NO3)2 (≥99.99%), Y(NO3)3·6H2O (≥99.99%) and TaCl5 (≥99.99%). The
pH of the solution was maintained above 10 to ensure the precipitation of all the mixed
cations at the molecular level. The corresponding chemical equation for the development
is as follows:

2ZrO(NO3)2 + 3Y(NO3)3·6H2O + TaCl5 + 18NH3·H2O → YTaO4 + Zr2Y2O7(fluorite) + 5NH4CI + 13NH4NO3 + 27H2O

We separated the solution and hydroxide precipitate by centrifuge before cleaning
twice with ethanol and drying in a drying oven for 12 h. To ensure the full conversion of
tantalum-rich hydroxide to oxide, the pyrolysis was then conducted at 1300 ◦C for 5 h. The
obtained powder was pressed into a single shaft at ~200 MPa and sintered in the air at
1500 ◦C for 10 h. The preparation process is shown in Figure 1.
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Figure 1. Flow chart of preparation process.

Vickers hardness (HV) was measured by the indentation method. The indentation
hardness test and analysis system (ZHVST-30F, Zhongyan, Shanghai, China) were used for
measurement on the polished surface of the sample with a load of 10 s at 29.8 N. At least
6 effective indentations were made per sample. Fracture toughness (KIC) was calculated by
Ref. [22] based on the radial crack pattern of Vickers indentation:

KIC = 0.16HVa2c−
3
2 (1)

where HV is Vickers hardness, a is the half length of the diagonal of the indent, and c is
the half crack length measured from the middle of the dent to the crack tip, as shown in
Figure 2. Figure 2 shows the secondary electron (SE, TESCAN MIRA3 LMH, Brno, Czech
Republic) image, where the diamond indentation shape and cracks can be clearly seen.

 
Figure 2. Secondary electron diagram of composite ceramic materials.
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The critical energy release rate Γ (fracture energy) refers to the ability to resist fracture,
which is the actual crack propagation parameter, as a dynamic evolutionary variable
indicating the energy required to propagate a certain length of the crack. The Γ is N·m/m2

or J/m2. Therefore, Γ is also understood as the energy provided by the system with each
unit area of the crack propagation or the force provided by the system with each unit length
of crack propagation. The Γ is also called the driving force or the fracture energy. The
formula is:

Γ = 2ξ2P
a2

c3 (2)

where the value of ξ is 0.016 (±0.004) calibration constant, P is the loading force, a is the
half length of the diagonal of the indent, and c is the average crack length measured from
the indentation center.

Young’s modulus (E) can be measured by the UMS Advanced Ultrasonic Material
Characterization System (UMS-100, Rohde Schwarz, Munich, Germany). Young’s modulus
can be obtained by the following formula [23,24]:

E =
V2

Lρ(1 + ν)(1 − 2ν)

1 − ν
(3)

ν =
1 − 2

(
VT
VL

)2

2 − 2
(

VT
VL

)2 (4)

where VT is the transverse sound speed, VL is longitudinal sound speeds, ν is Poisson’s
ratio and ρ is the density measured by Archimedes’ principle, as shown in Table 1.

Table 1. Density of sample.

Sample Density ρ (g·cm−3)

YT1 5.09
YT2 5.93
YT3 6.22
YT4 6.68
YT5 6.95

3. Results and Discussion

3.1. Microstructure Characterization

The X-ray Diffraction (XRD, Ultimate IV, RIGAKU, Tokyo, Japan) patterns of ZYTO
composites are shown in Figure 3. The XRD reflections of the fluorite phase and M-YTaO4
are fluorites and scheelite structures. Figure 2 shows that with the increase in M-YTaO4
content, the scheelite peak increases, indicating an increase in the scheelite phase amount.
Only the fluorite phase and the M-YTaO4 phase were detected in the composite, revealing
no chemical reaction between the fluorite phase and M-YTaO4. We analyzed the phase
distribution by means of scanning electron microscopy (SEM, TESCAN MIRA3 LMH, Brno,
Czech Republic) equipped with an energy dispersion spectrometer (EDS, X MAX20, Oxford
Instruments, Oxford, UK). Surface SEM images of hot-etched ZYTO pellets are shown in
Figure 4. In the image of YT1-YT4, grains with light are the M-YTaO4, dark is the fluorite
phase, and clear contrasts are observed. With the increase in the doping content, fluorite
grain sizes further decreased.
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Figure 3. XRD pattern of fluorite phase and M-YTaO4 phase composite at 1500 ◦C.

 
Figure 4. Surface BSE morphology images of Sample YT1-YT5 and EDS of the M-YTaO4 grains in
sample YT3.
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The linear intercept method [25] was used to estimate the average grain size in the
composite. As shown in Figure 5, the average size of fluorite grains showed a decreasing
trend with an increase in the second phase. This indicated that the doping of M-YTaO4
could inhibit the growth of fluorite grains during the sintering process. As shown in
Figure 3, the interconnection of M-YTaO4 grains occurred in YT3 and YT4, and the M-
YTaO4 grains in the composites became gradually larger. It can be noted in particular
that when the doping amounts were YT3 and YT4, the fluorite and M-YTaO4 grains in the
composites were close in size. According to percolation theory, there is a critical range of
the 14~16 vol% second phase volume fraction in the two-phase composites beyond which
the second phase interconnection effect occurs [26,27]. In the present study, the M-YTaO4
content was significantly higher than this range, which is why this phenomenon occurred.
Furthermore, other studies have shown [28,29] that doping the second phase can refine the
grain size of the matrix phase and enhance the mechanical properties of the composites.

Figure 5. Comparison of the average size of M-YTaO4 and fluorite grains in the composite.

3.2. Hardness and Fracture Toughness

Mechanical properties values obtained by the UMS Advanced Ultrasonic Material
Characterization System and the indentation hardness test and analysis system are shown
in Table 2. The Vickers hardness of ZYTO composites as a function of M-YTaO4 doping is
shown in Figure 6a. Obviously, the hardness decreased almost linearly with the doping
of the second phase. The hardness decreased from 10.6 GPa to 4.5 GPa, which was higher
than that of 8YSZ without additives (from 1.52 to 2.05 GPa) and was considerably lower
than that of 8YSZ with additives CuO-TiO2 (17.2 to 17.96 GPa) [30].

50



Coatings 2023, 13, 855

Table 2. Measured mechanical properties values of samples YT1–YT4.

Sample VL/m·s−1 VT/m·s−1 E/GPa B/GPa G/GPa  HV/GPa

YT1 6095.24 3413.33 150.81 110.03 59.3027 0.2716 5.10
YT2 6175.44 3450.98 179.80 131.98 70.6219 0.2730 8.31
YT3 5803.92 3067.36 152.89 131.49 58.5221 0.3062 7.87
YT4 5333.33 2580.65 119.86 130.69 44.4872 0.3471 5.83

(a) (b) 
Figure 6. The relationship of Vickers hardness (a), fracture toughness and fracture energy (b).

Furthermore, due to the low density of the sample and more pores under the same
load, the surface of the material was more prone to deformation, resulting in a sharp decline
in hardness. Secondly, the porosity and cracks in the sample increased, and the brittleness
of the material increased, which also affected the mechanical properties of the material. In
addition, pores were apparent in ceramics, which could decrease the hardness of sintered
specimens. As shown in Figure 3, a small amount of M-YTaO4 doping was able to enhance
the fluorite phase grain boundaries. The fluorite phase ceramic material improved its
resistance to deformation in local areas. As a result, the hardness of YT1 was higher. As the
amount of M-YTaO4 doping increased, the hardness of the composites YT2-YT4 decreased
instead compared to their fluorite phase counterparts. It could, thus, be inferred from the
mixing law that the overall hardness approached that of M-YTaO4 phase ceramics as the
M-YTaO4 doping content increased.

The trends in fracture toughness and fracture energy calculated by Equations (1) and
(2) are shown in Figure 6b. The fracture toughness increased when increasing the M-YTaO4
content and reached the highest value (approximately 3.1 MPa·m1/2) with the samples
YT3, which was almost 300% higher than that of the fluorite ceramic. At this moment, the
fracture energy also reached a peak, and the indentation toughness was approximately
equal to 42 J/m2, which was comparable to 7-8YSZ’s 45 ± 5 J/m2 [31]. Fracture toughness
and fracture energy followed a similar trend with increased doping, both increasing and
then decreasing. The original increase in fracture toughness could be attributed to the grain
size effect [32].

3.3. Mechanism of Toughening

Based on the above analytical results, we can conclude that the introduction of the sec-
ond phase M-YTaO4 into fluorite phase ceramics was beneficial in improving the hardness
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and fracture toughness, although this change was not linearly proportional to the doping
concentration. Further analysis of the toughening mechanism of composite ceramics re-
vealed that the increase in fracture toughness was strongly related to residual stress, the
interface state, crack propagation mechanism and ferroelastic switching.

3.3.1. Effects of the Residual Stress

In ZYTO composite ceramics, some studies have shown that the CTE (thermal expan-
sion coefficient) of the second phase was higher than that of the matrix. When cooled from
sintering temperature to room temperature, the base phase and the second phase produced
compressive and tensile stresses, respectively, which is an average (effective) stress level.
The displacement of the diffraction peak in the XRD pattern could reflect residual stress.
Therefore, the peak displacement can exhibit whether compressive stress or tensile stress is
generated. As shown in Figure 7a, the diffraction peaks of the second phase and the matrix
moved in an opposite trend with the increase in the doping amount. For example, the
M-YTaO4 peaks moved at low angles to produce tensile stresses, while the matrix fluorite
phase peaks moved at high angles to produce compressive stresses. This confirmed the
formation of tensile stresses in the second phase and compressive stresses in the substrate.
The actual situation at different grains and interfaces may be completely different due to
the grain size, grain shape in terms of sharp notches, temperature gradient during cooling
at the corresponding location, presence of stress micro-concentrators in the form of voids,
micro-cracks, etc.

 
(a) (b) 

Figure 7. Slow-scan XRD pattern (a) of the composite at 2θ = 25◦–40◦ as well as residual stress (b).

According to the model proposed by Taya [33], the residual stress in the composite
can be calculated by the following equation:

σs

Em
=

−2(1 − x)β(αs − αm)(T0 − T)
(1 − x)(β + 2)(1 + υm) + 3βx(1 − υm)

(5)

σm

Em
=

2xβ(αs − αm)(T0 − T)
(1 − x)(β + 2)(1 + υm) + 3βx(1 − υm)

(6)

β =
1 + υm

1 − 2υs

ES
Em

(7)

where the subscripts s and m represent the second phase and the matrix, respectively, x
is the content of the second phase with Young’s modulus E, Poisson’s ratio ν, thermal
expansion coefficient α, tensile stresses σs and compressive stresses σm. T0 and T rep-
resent the room temperature and sintering temperature, respectively. Table 3 lists the
values of these parameters for calculating residual stress. The TEC of the fluorite phase is
(9.6 × 10−6 K−1), which is lower than that of the M-YTaO4 phase (10.7 × 10−6 K−1) [34].
Young’s modulus and Poisson’s ratio in the M-YTaO4 phase were (177 GPa and 0.35), and
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that of the fluorite phase was (210 GPa and 0.3) [35]. Therefore, the calculated residual
stresses are shown in Figure 7b. It is obvious that in the composite, the second phase grain
was subjected to tensile stress, while the matrix was under compressive stress. With the
increase in the second phase content, the tensile stress of the second phase grain decreased,
while the compressive stress in the matrix increased. As we know, residual stresses during
cooling can heal cracks and improve toughness [36].

Table 3. Calculation parameters of residual stress.

Phase E (GPa) ν A (K−1)

Fluorite 210 0.30 9.6 × 10−6

M-YTaO4 177 0.35 10.7 × 10−6

The synergistic influence of residual stress on crack growth behavior is schematically
plotted in Figure 8. When the tensile stress was perpendicular to the direction of the crack
extension, and the compressive stress was opposite to the direction of the tensile stress, the
crack passed through the second phase, which consumed fracture energy and improved
the toughness of the material (mode I). When the tensile stress direction was parallel to
the interface, the crack was likely to propagate in the interface plane rather than along the
initial path, resulting in crack deflection (Mode II). If the tensile stress was perpendicular
to the interface, a new crack originating at the interface or crack bridging (mode III) may
have occurred. For composite ceramics with different M-YTaO4 content, their second phase
distribution and residual stress distribution are different.

Figure 8. Schematic diagram of crack growth behavior under the synergistic action of tension and
compression.

3.3.2. Effect of Interface Binding

Figure 9a shows how the fluorite phase exhibited a transgranular fracture mode,
indicating weaker fracture toughness in the fluorite phase. Figure 9b shows that the com-
posites exhibited a crack deflection mode, indicating stronger fracture toughness in the
M-YTaO4 phase. When the crack propagated to position P, path 1 appeared along the inter-
face between M-YTaO4 and M-YTaO4 grains and path 2 along the M-YTaO4/fluorite grain
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boundaries. The existence of path 2 suggests that the interface strength of M-YTaO4/fluorite
was weaker than that of M-YTaO4/M-YTaO4.

(a) (b) 
Figure 9. Cracks propagation behavior in YT1 showing a transgranular fracture mode (a), and in
YT2-YT4 showing an deflection mode triggering mechanism (b).

As described above, there were numerous interfaces between M-YTaO4 and Fluorite
grains in the composites. Therefore, the first problem was how does the M-YTaO4/fluorite
interface strength affect the fracture toughness of the composite? Unfortunately, measuring
the interface strength between the grains is almost impossible. In order to prove that the
change in doping had an effect on Young’s modulus of the composite, a linear analysis was
carried out following Voigt’s work [37]. Voigt provided a qualitatively analyzed model
to investigate how the interface strength affected Young’s modulus. The equation for the
related calculation is as follows:

Ecal = xEs+(1 − x)Em (8)

where s and x represent the content of the second phase and the second phase, respectively,
and m is the matrix phase. Table 4 shows Young’s modulus of the composites calculated
values and the experimental values.

Table 4. Young’s modulus of sample.

Sample
Young’s Modulus E (GPa)

Calculated Values Measured Values

YT1 203.0 150.8
YT2 196.8 179.8
YT3 190.2 152.9
YT4 183.6 119.9
YT5 177.0 78.3 [*]

[*] Value obtained from the three points loading flexure.

Obviously, Young’s modulus is measured by a value lower than the calculated value.
However, Voigt believed that strengthening interface bonding meant increasing Young’s
modulus [26]. Figure 10 shows that the measured value first increased and then decreased,
reaching a maximum value at YT2. Combined with Figure 4, the nonlinearity behavior
of Young’s modulus may have been caused by M-YTaO4 grains, which were wrapped by
fluorite phase grains at YT2. The fluorite phase grains and M-YTaO4 grains were closely
combined to enhance the interface’s strength. However, as the second phase increased, the
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second phase grain became larger, and the pores increased. This led to the rapid decline
of Young’s modulus. In addition, both the calculated and measured values of Young’s
modulus showed a downward trend after adding M-YTaO4. As we know, a low Young’s
modulus can result in higher strain tolerance in the thermal barrier coating, effectively
alleviating the stress caused by thermal shock [38]. Based on the above discussion, we
could conclude that M-YTaO4 doping had a significant impact on the interface bonding of
composite materials.

Figure 10. The relationship between the measured value of Young’s modulus and the value calculated
according to the Voigt model.

3.3.3. Analysis of Crack Propagation Mechanism

In this study, composites YT1 mainly revealed a transgranular fracture mode, as shown
in Figure 11a. Cracks were initiated in the matrix and crossed through the fluorite phase
grain. The crack extension of the composites YT2-YT4 is shown in Figure 11b–d. When
the crack encountered the second phase (M-YTaO4 grains), crack deflection, bridging and
bifurcation were the main modes of propagation. The crack needed to consume more
energy for propagation because of the higher interface bonding of M-YTaO4 grains, giving
rise to an enhanced toughness, which could account for the obviously high toughness of
the composite. Thus, cracks deflection, bridging and bifurcation were considered important
toughening mechanisms. Hence, introducing the second phase was a primary contributor
to the improved toughness of the ceramic materials.

Due to the unfixed angle between the tensile interface and the layer interface, when the
crack encountered the M-YTaO4 grain interface, it could penetrate or deflect, adding new
free surfaces and releasing more fracture energy. Figure 11 exhibits three fracture modes,
crack deflection, intergranular fracture, and crack bridging, indicating that the strength of
M-YTaO4 grains was larger than those of the fluorite phase, which led to the toughness
of the two-phase region is improved. By analyzing the crack propagation behavior in the
composite material, the bonding strength of the two-phase interface could be recognized.
Similar phenomena have been observed by other researchers [39].
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Figure 11. Transgranular fracture in YT1 (a), crack bridging (b), deflection (c), and bifurcation (d) in
YT2-YT4 due to second phase doping.

3.3.4. Toughening Mechanism of Ferroelastic Domain of YTaO4

M-YTaO4 is a stable ferroelastic structure at room temperature. Due to the T → M
phase transition of YTaO4 being ferroelastic, it is of a continuous second-order nature [40].
Previous research states that the T → M phase transition of YTaO4 is ferroelastic, the high
symmetry phase (T) breaks into the low symmetry phase (M) at the Curie point, and the
corresponding spontaneous strain is:

e(S 1) =

⎛
⎝e1 e6 0

e6 e2 0
0 0 e3

⎞
⎠ (9)

where:
e1 = cM sin β

aT
− 1; e2 = aM

aT
− 1; e3 = bM

cT
− 1; e6 = − cM cos β

2aT
.

There are two different orientation states in the monoclinic phase related to the two
ferroelastic variants [41,42]. We observed that variants M1 and M2 could switch to each
other in the process of crack propagation. The crystallography of the ferroelastic transition
and the ferroelastic switching is present in Figure 12, the deformed geometry of M1 was ob-
tained by a tetragonal inclusion undergoing an eigenstrain of e(S1), and the M2 variant was
obtained in the same way, and was associated with the eigenstrain of e(S2). Alternatively,
one could rotate the M1 around the cT axis 90◦ clockwise to obtain M2, which is termed
ferroelastic switching. To corroborate the above theory, the XRD analysis of the lattice
parameters (a b c), volume (V) of YTaO4, and Fluorite phase were obtained, as shown in
Table 5.

56



Coatings 2023, 13, 855

Ma

Mc

Mc

Ma

=

−

Ma
Mb

Mc

Ta
Tc

Tb

 
Figure 12. Schematic diagram of ferroelastic transition (T → M) and switching (M1–M2) of YTaO4.
The deformed geometries of M1 and M2 were reconstructed using a finite element method. The lattice
constants of tetagonal crystal are borrowed from an ab inito calculation [43], and the eigenstrain of
Equation (9), associated with a deformed inclusion, (M1) could be derived from the lattice constants
of YT5 of Table 5.

Table 5. Calculated lattice parameters (a b c) and volume (V) of YTaO4 and Fluorite phase.

Sample
M-YTaO4 Fluorite

a (Å) b (Å) c (Å) vol (Å3) abc (Å) vol (Å3)

YT1 5.326 10.932 5.05 292.65 5.2168 141.98
YT2 5.3189 10.9038 5.0666 292.59 5.2098 141.41
YT3 5.3324 10.9317 5.0423 292.59 5.2106 141.46
YT4 5.3334 10.9337 5.0389 292.5 5.2099 141.42
YT5 5.3252 10.9313 5.0538 292.83 -

Figure 13a,b shows that the ferroelastic domain existed of parallel striped structures in
the pure YTaO4 ceramic (samples YT5) and also indicated that there was always only one
polarization direction in one grain when the grain was far from the crack. Furthermore, we
found that the ferroelastic structure became more pronounced as the grains became larger.
Figure 13c shows that M1 and M2 coexisted in one grain and were nearly perpendicular to
each other, which agreed with theoretical studies. Therefore, the M2 variant transformed
into the M1 variant and could be seen as a sort of rotating twinning process associated with
the rotation described in Figure 12. Ferroelastic domains with the different polarization
direction (A and B) were observed near the crack tip in the bridging process, as shown in
Figure 13c, which indicated that the factors to trigger ferroelastic switching were not only
dependent on the crack issue, but the grain size and grain boundary geometry may have
also affected the switching. Ferroelastic toughening was evidenced in Figure 13d when the
crack penetrated the grain, and two polarization directions (C and D) were observed.
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Figure 13. The sample YT5 pure M-YtaO4 ferroelastic domain structure was observed by SEM
(a,b), the twin grain visible in the figure is the M phase resulting from the displacement phase
transformation of t-YTaO4 during cooling. Ferroelastic switching in the bridging part of the crack
tip in pure YTaO4 (c). The sample YT3 is subjected to external stress and the ferroelastic domain
structure is transformed (d).

As we know, ferroelastic switching can be seen as a sort of mechanical twinning [44].
Twinning stress was influenced by grain size, followed by the Hall–Petch law [45]. An
increase in grain size served to decrease the critical twinning stress. In the experiments,
we indeed found that, in the larger grain, ferroelastic switching near the crack was more
deterministic than in the small grains. Therefore, we believe that ferroelastic toughening
occupies an important position compared to others which can affect the toughness of the
composite ceramic with an increase in m-YTaO4 doping.

4. Conclusions

In this study, ZYTO composite ceramic materials were prepared by the chemical
coprecipitation method. The microstructure of ZYTO was studied, as well as the mechanical
properties and toughening mechanisms. The following conclusions can be drawn:

ZYTO composite ceramics show excellent phase stability and no chemical reactions
between the two phases. The grain size of the two phases was gradually consistent with
increasing the M-YTaO4 doping concentration. The M-YTaO4 phase refined the fluorite
phase grain.

Through calculation and analysis, both the density and porosity of the ZYTO compos-
ite ceramics increased with increasing doping. The hardness decreased almost linearly with
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the doping of M-YTaO4, from 10.6 to 4.5 GPa. The fracture toughness first increased and
then decreased with the M-YTaO4 doping concentration, and YT3 possessed the highest
fracture toughness of 3.1 MPa·m1/2.

The residual stress, interface state, crack propagation mechanism and ferroelastic
switching had important effects on the toughness of ZYTO composite ceramics. In this case,
due to the introduction of M-YTaO4 grains, the toughness of ZYTO composite ceramics
was impacted by second-phase toughening and ferroelastic toughening, which helped
to further improve the fracture toughness. We believe that the second phase of toughen-
ing and ferroelastic toughening played a dominant role in improving the toughness of
the material.
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Abstract: Marine and coastal infrastructures usually suffer from synergetic effect of corrosion and
wear known as tribocorrosion, which imposes strict requirements on the structural materials used.
To overcome this problem, novel composite wear- and corrosion-resistant xTiC-Fe-CrTiNiAl coatings
with different TiC content were successfully developed. The coatings were obtained by the original
technology of electrospark deposition in a vacuum using xTiC-Cr2Ti-NiAl (x = 0, 25, 50, 75%)
electrodes. The structure and morphology of the coatings were studied in detail by XRD, SEM,
and TEM. The effect of TiC content on the tribocorrosion behavior of the coatings was estimated
using tribological and electrochemical (under stationary and wear conditions) experiments, as well
as impact testing, in artificial seawater. The TiC-free Fe-Cr2Ti-NiAl coating revealed a defective
inhomogeneous structure with transverse and longitudinal cracks. Introduction of TiC allowed us to
obtain coatings with a dense structure without visible defects and with uniformly distributed carbide
grains. The TiC-containing coatings were characterized by a hardness and elastic modulus of up to
10.3 and 158 GPa, respectively. Formation of a composite structure with a heavily alloyed corrosion-
resistant matrix based on α-(Fe,Cr) solid solution and uniformly distributed TiC grains led to a
significant increase in resistance to stationary corrosion and tribocorrosion in artificial seawater. The
best 75TiC-Fe-CrTiNiAl coating demonstrated the lowest corrosion current density values both under
stationary (0.03 μA/cm2) and friction conditions (0.8 μA/cm2), and was characterized by both a
2–2.5 times lower wear rate (4 × 10−6 mm3/Nm) compared to AISI 420S steel and 25TiC-Fe-CrTiNiAl
and a high fracture toughness.

Keywords: electrospark deposition; composite coatings; wear resistance; corrosion resistance;
artificial seawater

1. Introduction

Over the past decades, exploration of marine resources and development of marine
industry have grown significantly. However, every year, corrosion of parts and equipment
of ships and marine infrastructure leads to their premature failure, which entails significant
losses as well as environmental pollution [1].

One of the most widely used materials for marine and coastal infrastructure parts
is hardened stainless steel, due to its good corrosion resistance and satisfactory wear
resistance [2]. The corrosion resistance of stainless steels is due to alloying with chromium,
which leads to the formation of a protective passive chromium oxide film on its surface [3].
However, some loaded parts, such as pumps, valves, gears, shafts, propellers, etc., are
subjected to intense friction in an aggressive corrosive environment (such as sea water),
which leads to removal of the protective oxide film and, as a result, to a decrease in
corrosion and wear resistance [4]. The synergistic effect of friction and corrosion is called
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tribocorrosion, and results in more severe equipment damage and even higher annual
maintenance costs [5].

One of the most effective ways to improve the resistance of marine infrastructure parts
to tribocorrosion is deposition of composite coatings consisting of a corrosion-resistant
metal matrix and a hardening phase based on intermetallic compounds or transition metal
carbides, which may increase the durability, reliability and service life of parts during their
operation in harsh sea conditions [6,7]. As a corrosion-resistant matrix, it is preferable to
use alloys with a high chromium content that are close in composition to stainless steel
(Cr (12–18 wt %)) [8]. Rocha A.M.F. et al. demonstrated that the addition of Cr to the
WC-FeCoNi coating significantly improved corrosion resistance [6]. Alizadeh, M et al. [7]
investigated the influence of Cr on the corrosion behavior of the NiAl intermetallic com-
pound. The increase in Cr content led to the formation of a denser Cr-based protective
oxide layer on the surface which prevented formation of pitting corrosion.

In recent years, intermetallic alloys and coatings such as Ni-Ti, Ni-Al and Ti-Al have
been widely used in the marine, oil, and aviation industries due to their high hardness,
corrosion resistance and oxidation resistance [9,10]; moreover, these coatings have shown
good tribological properties [11]. A significant disadvantage of such coatings is their high
brittleness and low crack resistance [12,13], which limits their use in aggressive corrosive
environments upon friction or impact loads.

One promising way to overcome this problem is to produce composite materials
reinforced by elements or components with high hardness [14]. Coatings based on car-
bides [15,16], nitrides [17,18] and carbonitrides [19] of transition metals, such as TiC, TaC,
WC, TaN, and Ti(C, N), are widely used to improve surface properties under wear and
corrosion conditions, due to their high hardness, low friction coefficient and high chemical
stability. Many authors have demonstrated that the introduction of such hard particles in
corrosion-resistant metal matrices leads to the enhancement of hardness and strength [20],
wear and erosion resistance [21], and corrosion resistance [22]. However, choosing the right
hardening particles for each matrix is crucial for the corrosion behavior of the composites
in terms of matching the corrosion potentials of the reinforcing particles and the metal
matrix [23]. For example, the introduction of NbC (15 vol.%) particles into AISI 440 steel
was shown to increase its sliding and erosion resistance, while slightly deteriorating its
corrosion resistance [21]. Composite high-entropy coatings of CoCrFeNi reinforced with
WC particles (up to 40 wt.%) exhibited superior wear resistance at an optimal WC content;
meanwhile, a slight decrease in corrosion resistance was observed [24], and TiC-doped
CoCrNiFeAl demonstrated superior corrosion resistance (1 × 10−6 A/cm2) compared to
Ti6Al4V substrate (1.4 × 10−4 A/cm2) in 3.5% NaCl [25]. On the contrary, introduction
of WC into a Co-Cr matrix led to a significant decrease in corrosion current density, from
3 × 10−3 to 4 × 10−4 A/cm2, compared to non-modified Co-Cr matrix, due to the pro-
nounced passivation effect of WC particles. However, corrosion potential decreased from
350 to 70 Mv [22].

Titanium carbide (TiC) is widely used to improve the corrosion and wear resistance of
composite materials, as a hardening phase [26,27]. In our work, TiC was chosen because
on the one hand, its corrosion potential is high enough to ensure effective passivation of
Cr-containing metal matrix, but on the other hand, its corrosion potential is not enough to
lead to pitting breakdown of the steel substrate.

Protective coatings for parts of coastal and marine infrastructure are deposited by a
number of techniques such as electrospark deposition (ESD) [23,28], PCD and CVD [29,30],
laser cladding [31,32], HVOF [14,33], and electroplating [34].

Original technology allowing automated electrospark deposition in a vacuum is a
promising method to produce wear- and corrosion-resistant coatings on various steels and
titanium alloys [35]. ESD in a vacuum allows the deposition of thick coatings (up to 200 μm)
with high adhesive strength, due to the microwelding effect between the substrate and
electrode material. In addition, this method is characterized by low cost, relative simplicity,
and easy automation of the process, and provides the possibility of local treatment of
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large parts. During ESD in a vacuum, two parallel processes are implemented: classical
mass transfer of yjr material from the electrode to the substrate, and pulsed cathode-arc
evaporation of the electrode, initiated by spark breakdowns. This feature increases the
efficiency of the process, provides additional opportunities for doping the coating due to
the use of composite cathodes, and also contributes to better surface wettability which
ensures lower coating roughness. [36].The aim of this work was to obtain novel composite
coatings based on a corrosion-resistant Fe-Cr2Ti-NiAl matrix reinforced with varied content
of TiC using the original technology of electrospark deposition in a vacuum, and to study
the effect of TiC content on corrosion and tribocorrosion behavior in artificial seawater.

2. Experimental Details

2.1. Electrode Production

Electrodes xTiC-CrTiNiAl (x = 0, 25, 50, 75%) were manufactured from high purity
Ti (PTM-1, 5–15 μm), Cr (PKh-1S, <63 μm), and NiAl (PM-NYu50, <40 μm, purity > 99%)
powders that were mixed in the following atomic ratios (for x = 0): 26.7% Ti—53.4% Cr—
20% NiAl. For TiC-containing electrodes, 25, 50 and 75 at.% of TiC powder was added
to the initial mixture. Then, the mixtures were treated in a ball rotary mill with a drum
volume of 1 L, at a mixture to balls mass ratio of 1:6 for 2 h.

Electrode bars (7 × 7 × 50 mm) were prepared by cold-pressing using a Lab Econ
600 hydraulic press (Fontijne Grotnes B.V., the Netherlands) at a pressure of 3.5 t/cm2,
and then were sintered in a high-temperature vacuum furnace VE-3-16 at a pressure of
1 × 10−3 Pa and a temperature of 1310 ◦C for 60 min. After sintering, the electrodes were
ground to obtain rods with a diameter of 6 mm.

2.2. Coatings Deposition

The coatings were produced by a pulsed vacuum electrospark deposition (ESD) tech-
nology described elsewhere [37].

In this technology, a desktop 3D-processing CNC machine (Technologiya LLC, Russia),
in which the cutter drive is replaced by a rotating electrode unit, is installed in the vacuum
chamber of the UVN2 m unit. The voltage to the electrode is supplied through an insulated
brush assembly. The deposition of coatings was carried out with the following constant
parameters: electrode rotation speed 800 rpm, electrode movement speed 500 mm/min,
surface scanning step 0.5 mm, number of passes 10 times, electric pulse frequency 100 Hz,
pulse voltage 50 V and pulse duration 50 μs. The electrode with respect to the substrate
was the cathode. Before ESD, the vacuum chamber was evacuated to a pressure of 10−3 Pa.
Processing was carried out in an argon atmosphere at a pressure of 0.5 Pa.

Discs made of corrosion-resistant steel AISI 420S (ø30 × 4 mm) with roughness Ra of
6.5 μm were used as substrates.

2.3. Structure and Elemental Composition

The structure, elemental and phase composition of the electrodes and coatings were
studied by scanning electron microscopy (SEM) using an S-3400N microscope (Hitachi,
Tokyo, Japan) equipped with a NORAN energy-dispersive detector, and X-ray phase
analysis (XRD) using a D8 Advance diffractometer (Bruker, Billerica, MA, USA) operating
in a Bragg–Brentano geometry with CuKα radiation. Cross-sectional samples for SEM were
mechanically cut using Secotom-50 (Struers, Denmark) and mechanically polished using
Rotopol-21 (Struers, Denmark) to a roughness Ra of 20 nm. No chemical or ion etching was
carried out.

Samples for TEM were produced using a FEI Helios 660 dual-beam system (Helios,
NanoLab 660, FEI, USA) with a Ga+ ion source after depositing a protective W mask. The
acceleration voltage for the FIB fabrication was at 30 kV for rough operations, followed by
5 and 2 kV for final thinning. The FIB lamellae were examined using a FEI Titan Themis
S/TEM microscope operating (Thermo Fisher, USA) at 300 kV. Using an energy-dispersive
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X-ray (EDS) Super-X Detection System with 4 SDD windowless detectors, elemental map-
ping of the samples was performed.

2.4. Tribocorrosion, Electrochemical and Mechanical Properties Studies

Tribocorrosion investigations of coatings and a steel substrate were carried out in
artificial seawater (ASTM D 1141-98) using a tribometer (CSM Instruments, Neuchatel,
Switzerland) equipped with a rotating three-electrode cell, which allowed electrochemical
measurements to be carried out both under stationary conditions and during friction.
This method allows effective estimation of tribocorrosive behavior of both coatings and
bulk materials [38,39]. Electrochemical studies were performed using an auxiliary Pt
electrode and an Ag/AgCl reference electrode. Potentiodynamic measurements both under
stationary conditions and under friction conditions were carried out using a VoltaLab
PST050 potentiostat (Radiometer Analytical, France), with a coating surface polarization
from −200 to +700 mV relative to the open-circuit corrosion potential at a scanning rate
of 1 mV/s. All potentials were recalculated relative to the standard hydrogen electrode.
Corrosion current density values were calculated using Tafel equations.

Tribocorrosion studies were carried out using “ball-on-disc” scheme at a load of 5 N,
a radial sliding velocity of 10 cm/s, and a run distance of 500 m. An Al2O3 ball with
a diameter of 6 mm was used as a counterpart. Wear track profiles were studied on a
Wyko-NT1100 optical profiler (Veeco, Plainview, NY, USA).

To obtain statistics, all corrosion and tribocorrosion studies were carried out using
two different samples of each coating. The measurement errors did not exceed 10%.

The fatigue strength of coatings was assessed using an Impact tester (CemeCon,
Germany). The tests were carried out for 105 cycles at a constant frequency of 50 Hz and a
load of 500 N using a 5 mm in diameter WC-6Co ball. Each sample was tested in air and in
artificial seawater.

Mechanical properties (hardness (H) and Young’s modulus (E)) were evaluated by
nanoindentation and microindentation.

Nanoindentation measurements were carried out on polished cross-sections of coat-
ings using a TI 950 (Hysitron, Billerica, MA, USA). Before measurements, the instrument
was calibrated against fused quartz. The measurements were performed in a load control
mode, and maximum indentation load was set at 10 mN. The measurements’ error did not
exceed 10%. The loading and unloading rates were 1 mN/s, while the holding time was 2 s
during nanoindentation.

Microindentation was performed on the surface of coatings using an automatic micro-
hardness tester DuraScan 70 (EMCO-TEST Prüfmaschinen GmbH, Austria) by calculating
the average value of five measurements. The maximum indentation load was set at 1 N.

3. Results and Discussion

3.1. Structure and Elemental Composition of Electrodes

Figure 1 shows SEM images of the cross-sections of Cr2Ti-NiAl and 50%TiC-Cr2Ti-
NiAl electrodes, corresponding elemental distribution maps, as well as their composition.
For both electrodes, an uneven distribution of metal elements is observed; however, TiC
grains of 2–8 μm in size are distributed quite uniformly. The chemical composition of the
electrodes, determined by EDS, was close to that of the initial powder mixtures.

3.2. Structure and Elemental Composition of Coatings
3.2.1. SEM

Figure 2 shows SEM images of the surface and cross-sections of the coatings with
different content of titanium carbide phase (Figure 2a,b). The coatings were designated as
0TiC, 25TiC, 50TiC and 75TiC according to the content of the carbide phase in the electrodes.

The 0TiC coating deposited with a CrTi-NiAl electrode reveals many defects in the
form of a cracks network (Figure 2a). Moreover, these cracks run through the entire coating
thickness to the substrate (Figure 2b). The TiC-doped coatings were characterized by a
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defect-free and uniform morphology without noticeable pores and cracks. The thickness of
all coatings did not differ much, and was in the range of 43–45 μm.

Figure 1. SEM images of TiCr-NiAl (a) and 50%TiC-CrTiNiAl (b) electrodes’ cross-sections with
corresponding EDS element distribution maps and compositions of marked areas (c).

 

Figure 2. SEM images of surface (a) and cross-sections (b,c) of the coatings.

The 0TiC coating also reveals the lowest Fe content reached only 20 at.%, while carbide-
modified coatings demonstrated much higher Fe content, increasing from 45 (75TiC) to
58 at.% (25TiC) (Table 1). This indicates that the introduction of carbides into the electrodes
drastically changes mass transfer during the ESD process. When processing with a metallic
(Cr2Ti-NiAl) electrode, predominant electrode material transfer is observed, while in case
of treatment with TiC-containing electrodes, electrode and substrate materials are mixed
together in approximately equal proportions.
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Table 1. Elemental composition of coatings determined by EDS (at.%).

- C Ti Cr Fe Ni Al

0TiC - 18 39 20 11 12
25TiC 5 11 23 58 1 2
50TiC 9 20 21 47 1 2
75TiC 14 22 17 45 1 1

Higher magnification cross-sectional SEM images of carbide-containing coatings
(Figure 3) show that the 25TiC coating is characterized by a small amount of spherical TiC
particles that are 100 nm in size. An increase in the amount of carbide phase leads to a
significant increase in the number and size of TiC grains (up to 200 nm) in the 50TiC coating.
In some areas of the 75TiC coating, formation of dendrites up to 700 nm in size is observed,
while the size of most grains do not exceed a size of 200 nm.

 

Figure 3. SEM images of cross-sections of 25TiC (a), 50TiC (b), and 75TiC (c) coatings at a
higher magnification.

3.2.2. XRD

XRD patterns of the 0TiC, 25TiC, 50TiC, and 75TiC coatings are shown at Figure 4.

 
Figure 4. XRD patterns of the coatings.

The XRD pattern of the 0TiC coating has two sets of peaks. The three most intense
peaks correspond to (110), (200) and (211) reflexes of a bcc Fe-based solid solution with a
high content of alloying elements, which is evidenced by a noticeable shift of the peaks
towards smaller angles (higher d-spacings). The second set of peaks corresponds to
reflections from the (110) and (103) planes of the Fe2Ti Laves phase (ICDD No. 65-0602).

XRD patterns of the carbide-containing coatings also reveal peaks from bcc Fe-based
solid solution; however, their positions are typical of those of α-Fe and (Fe,Cr) alloys (ICDD
No. 89-4186) [40]. Peaks located at around 36.2◦, 42◦, and 61◦ 2θ degrees are attributed to
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reflexes from (111), (200) and (220) planes of fcc TiC (ICDD No. 32-1383). Their intensities
gradually increase with an increase in the carbide phase content of the coatings.

3.2.3. TEM

To study the coating’s structure in more detail, the 75TiC coating was additionally
investigated by TEM.

General views of the coating with corresponding EDS elemental distribution maps are
shown in Figure 5. Carbide grains 50–200 nm in size and all elements composing the metal
matrix are uniformly distributed over the coating, which agrees well with the SEM studies.
It should be noted that the TiC grain size is significantly lower than that of the initial
powder. This is due to the fact that carbide grains are not transferred from the electrode
during ESD treatment, but precipitate from the melt formed during spark breakdowns.
The content of the carbide phase in the coating was determined from the EDS elemental
composition and did not exceed 30–40%.

 

Figure 5. HAADF TEM image of 75C coating with corresponding EDS elemental maps and composi-
tion obtained from the whole area.

A number of regions including coarse TiC grains up to 500 nm in size were also
observed (Figure 6). These regions were characterized by several features. Due to the high
carbide phase content, the size of the matrix grains was limited to 0.5–1 μm (Figure 6a,
DF). When analyzing the EDS distribution maps, a higher content of titanium was found
at the grain boundaries of the matrix (Figure 6b). It was also revealed that the interfaces
are characterized by lower chromium and higher nickel contents, while the iron content
at the grain boundaries and in the matrix is similar. Each structural element (marked at
Figure 6b as 1, 2 and 3) was additionally investigated using HR TEM and SAED methods.
Dark grains (area 1) are attributed to fcc TiC carbide. Area 2 corresponds to (Fe, Cr) solid
solution with bcc structure and d-spacing of 0.204 nm (110). Interestingly, Ti-rich grain
boundaries were attributed to Fe2Ti Laves phase (Figure 6e). It seems that at a small content
of titanium (Ti/(Ti + Fe) < 0.3) and upon the cooling of the melt, an eutectic transformation
occurs with the formation of α-Fe + Fe2Ti mixture. Apparently, most of the Fe2Ti was
formed at a distance of at least 100–200 nm away from the carbide grains, because in their
vicinity, all titanium was absorbed during TiC precipitation. Since the Fe2Ti phase was
observed in XRD pattern only for 0TiC coating, it may be assumed that the amount of that
phase in the TiC-containing coatings is negligible due to a lower Ti content and a changed
solidification mechanism.

3.3. Mechanical Properties

Figure 7 shows the hardness, H, and elastic modulus, E, values over the coatings’
thickness, as well as their corresponding microhardness values measured on the surface

68



Coatings 2023, 13, 469

of the coatings. Their nanohardness was measured on the cross-sections of the coatings
at an angle to the interface from the substrate to the coating. The dashed line in Figure 7a
represents the interface between the substrate and coating, while the X-axis corresponds to
the distance from that interface. The hardness of the steel substrate was 5 GPa; however,
for the 0TiC coating, this value was higher (approximately 7 GPa) due to the extended
transition zone. As the distance from the substrate increased, the hardness and elastic
modulus increased, reaching their maximum values closer to the surface. For coating 25TiC,
the hardness and elastic modulus values exhibited a plateau almost throughout the entire
sample, while coatings with higher carbide content demonstrated a gradual increase in
H and E values; this can be attributed to the graded TiC content in the coating increasing
towards the surface. Interestingly, a maximum hardness and elastic modulus of 11.3 and
178 GPa, respectively, were observed for the 0TiC coating. Coatings with titanium carbide
addition were characterized by slightly lower mechanical properties. As the content of
carbide phase increased in a row of coatings 25TiC → 50TiC → 75TiC, their hardness and elastic
modulus gradually increased from 8.1 to 10.3 GPa, and from 140 to 158 GPa, respectively.

 

Figure 6. HAADF and DF TEM images of 75TiC coating (a) with EDS elemental maps (b) and
corresponding HR TEM images, SAED patterns, and elemental composition (f) of marked areas 1 (c),
2 (d), and 3 (e).
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Figure 7. Results of nanoindentation (hardness, H, and elastic modulus, E) (a) and microhardness
measurements (b).

The results of microhardness studies are shown in Figure 7b. The trend in micro-
hardness corresponded to that of nanohardness (Figure 7a). A maximum hardness of
9.8 ± 0.6 GPa was observed for the 0TiC coating, while the hardness of the 25TiC, 50TiC,
and 75TiC coatings gradually increased by 4 ± 0.6, 5.2 ± 0.2, and 5.5 ± 0.5 GPa, respectively.
The hardness of the 420S steel substrate was 4.1 ± 0.1 GPa. The measured microhardness
values are typical of those observed in TiC-reinforced composites (up to 3.6 GPa) [41];
however, coatings 50TiC and 75TiC demonstrated even higher values.

The maximum hardness observed for the 0TiC coatings without a carbide phase is
probably due to a hardening caused by Fe2Ti intermetallic inclusions [42] and a solid–
solution strengthening of metal matrix [43], which has a greater effect on the hardness of
coatings than inclusion of the carbide phase.

3.4. Tribocorrosion and Electrochemical Behavior of Coatings in ASW

For a detailed study of the effect of carbide phase content in coatings on their tribocor-
rosion behavior in ASW, several groups of experiments were carried out: (1) tribological
experiments with the measurement of coefficient of friction (CoF) and open-circuit corro-
sion potential (OCP), (2) electrochemical experiments under stationary conditions (without
friction) and (3) tribological experiments combined with electrochemical measurements
(the recording of potentiodynamic curves under friction conditions).

Figure 8 shows the CoF and OCP dependences of the coatings on the running distance
during tribocorrosion experiments in artificial seawater.

Before the experiment, the coatings were kept in ASW for 30 min to stabilize the OCP.
After exposure, the coatings’ potentials stabilized in the range of +80 (0TiC) to +190 mV
(75TiC). There is a clear relationship between an increase in carbide phase content in the
coatings and an increase in OCP values. This is due to a more positive potential of the carbide
phase [44] and, accordingly, a more effective passivation of the surrounding metal matrix.

After exposure, the tribological part of the experiment began with simultaneous CoF
and OCP values’ recording. Immediately after the start of friction, a sharp drop in the
potential to −100 (75TiC), −180 (50TiC) and −280 mV (25TiC) was observed, after which
there was a gradual potential decrease to values of −245, −290 and −335 mV, respectively.
For the TiC-free coating, a sharp drop in potential to −500 mV was observed at the initial
stage, after which the potential stabilized at −300 mV until the end of the experiment. It
should be noted that potential of the steel substrate during friction also reached −300 mV.
Increasing the TiC content in the coatings also affects CoF and wear-rate values. Coating
0TiC demonstrated the highest CoF and wear-rate values of 0.45 and 1 × 10−5 mm3/Nm,
respectively, while 75TiC coating revealed the best tribological performance, reaching
CoF and wear-rate values of 0.35 and 4 × 10−6 mm3/Nm. Apparently, there is a clear
relationship between TiC phase content and tribocorrosion behavior. Increasing the carbide
phase content leads to an enhancement of mechanical properties, which has a positive
effect on the wear resistance of the coatings. Uniformly distributed TiC grains protect the
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metal matrix and passive layer from wear, which explains the higher potential values of the
50TiC and 75TiC coatings during friction. Additionally, TiC grains possess higher potential
compared to those of the matrix, and promote matrix passivation [38]. A higher TiC grains
content leads to more effective repassivation of the coatings after passive film removal
during friction.

Figure 8. CoF and OCP values vs. distance of tribocorrosion tests in ASW (a), corresponding wear
tracks profiles (b), and a plot summarizing CoF, average wear rates and potential values during
tribological tests in ASW (c).

Figure 9 shows the results of electrochemical experiments on the coatings and steel
substrate, performed both in steady-state and under wear conditions in ASW.

 

Figure 9. Potentiodynamic curves of coatings and steel substrate recorded during experiments in
steady-state (corrosion) and under wear conditions (tribocorrosion).

The polarization curves, corrosion potentials and corrosion current density (CCD)
values of the coatings obtained in the absence of friction (steady state) differ greatly (Table 2).
First, zero current potentials are more negative than OCP. This is due to the relatively low
rate of passive film formation, as there is insufficient time to form a dense layer as the
potential shifts from the imposed initial cathode value. The maximum difference between
these values is observed for the coating without titanium carbide (as well as for steel), and
as the content of carbide increases, this difference decreases. The most negative zero current
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potential is observed for the 0TiC coating, while the most positive values correspond to
coatings 50TiC and 75TiC. The anodic branches of the polarization curves of the 50TiC
and 75TiC coatings are characterized by a current density peak in the potential range of
100–200 mV, which is associated with the competing processes of dissolution and isolation
on the surface of TiC particles by oxide.

Table 2. The corrosion potential (Ecorr) and corrosion current density (CCD) of coatings and steel
substrate measured during potentiodynamic experiments in steady-state (corrosion) and under wear
conditions (tribocorrosion).

- Corrosion Tribocorrosion

Material Ecorr, mV CCD, μA/cm2 Ecorr, mV CCD, μA/cm2

Substrate −25 ± 3 0.41 ± 0.06 −300 ± 26 22 ± 3
0TiC −110 ± 6 0.22 ± 0.05 −288 ± 17 9 ± 1

25TiC −62 ± 7 0.05 ± 0.02 −300 ± 17 6.2 ± 1
50TiC 42 ± 5 0.05 ± 0.02 −282 ± 16 4 ± 0.3
75TiC 24 ± 4 0.03 ± 0.01 −276 ± 9 0.8 ± 0.1

All the coatings do not exhibit a pronounced effect of passive film breakdown (pitting)
which was observed on a steel substrate at a potential of +250 mV. Comparison of CCD
shows that the metal matrix of the coatings has a slightly higher corrosion resistance
compared to that of steel substrate (0.2 vs. 0.4 μA/cm2, respectively), while the introduction
of TiC into the coating composition significantly decreases CCD values to 0.05 (50TiC) and
0.03 μA/cm2 (75TiC), demonstrating noticeable increase in the corrosion resistance. The
measured CCD values are significantly lower than those up to 10 μA/cm2, which are
typically observed for TiC-based composites [41]. The anodic polarization, however, shows
insufficient corrosion resistance for 0TiC and 25TiC coatings compared to steel, at least up
to the breakdown potential of steel. Coatings with a high TiC content (50TiC and 75TiC)
demonstrate low CCD values over the entire potential range.

Figure 10 demonstrates SEM images of wear tracks after tribocorrosion experiments.
All wear tracks exhibit similar morphology but differ slightly in width, which is in con-
sistent with the measured wear track profiles (Figure 8b). Dark pits observed both inside
and outside the wear tracks are from the initial roughness of the coatings. The pits inside
the wear tracks are filled with wear and corrosion products consisting mostly of Fe and
Cr oxides (Figure 10e–g).

The results of combined tribological and electrochemical experiments are shown in
Figure 11. Potentiodynamic measurements were carried out immediately after stabilization of
the OCP and CoF at a distance of 200 m while continuing the friction. During friction, CCD
values increase drastically for all the coatings by an average of 20 times (Table 2). However,
the current density still tends to a decrease as the content of carbides in coatings increases.
The CCD values of substrate and 0TiC coatings increased up to 22 and 9 μA/cm2, respectively,
while that of the 75TiC coating raised from 0.03 to only 0.8 μA/cm2, evidencing the superior
tribocorrosion behavior of the 75TiC coating. Zero current potential values are shifted to the
negative side for all coatings, and fall within the range of −276 to −300 mV (Figure 9, Table 2).
As in case of stationary electrochemical experiments, no pitting breakdown was observed
during friction for all the coatings except for the steel substrate.

It worth noting an interesting feature observed for all the coatings. Under cathodic
polarization, CoF is gradually increases and then reaches its maximum values (0.4–0.45) at
potentials close to the transition from cathodic to anodic polarization. When the potential
is shifted to more positive values, the CoF of all coatings decreases down to 0.25–0.3, which
can be explained by an intense oxidation of the surface and a higher content of oxides in
the wear debris. The observed effect of reducing CoF during anodic polarization is a very
appealing way to increase the wear resistance of coatings capable of passivation.
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Figure 10. SEM images of the wear tracks on the surface of 0TiC (a,e), 25TiC (b), 50TiC (c), and 75TiC
(d,f) coatings after tribocorrosion tests in ASW, as well as corresponding EDS data of marked areas (g).

Figure 12 shows SEM images of wear craters on coatings after impact testing in air
and in artificial seawater, as well as their corresponding 2D profiles. The radius and depth
of wear craters are shown in Table 3.

Table 3. Sizes (radius, R, and depth, h) of wear craters of the coatings and steel substrate after impact
testing in air and in ASW.

Material
In Air In ASW

R, μm h, μm R, μm h, μm

Substrate 400 28 430 31
0TiC 330 15 500 39

25TiC 300 13 310 12
50TiC 320 10 310 12
75TiC 270 10 290 8

The minimum radius and depth of wear craters were observed for the coating 75TiC
with the maximum carbide content, both when tested in air (270 and 10 μm) and in ASW
(290 and 8 μm). As the content of the carbide phase in the coatings decreased, an increase in
the size of the wear craters was observed. For example, for a 50TiC and 25TiC coating, the
radii and depth of wear craters in air were 320 and 10 μm, and 280 and 13 μm, respectively,
while in ASW their values were identical and equaled to 310 and 12 μm. The maximum
wear crater radii among coatings were observed for the 0TiC coating both in air (330 μm)
and in sea water (500 μm). Interestingly, steel substrate possessed the lowest resistance to
cyclic load in air, while the 0TiC coating performed the worst in ASW, despite the highest
hardness. This discrepancy is due to the fact that despite the high hardness, the 0TiC
coating is characterized by a very defective structure, which led to high brittleness and
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low fracture toughness in ASW experiments which are characterized by a more severe
action than in air (link to our article.). The coatings with TiC were characterized by lower
hardness values, but also by a high-quality defect-free structure which provided superior
performance in impact testing both in air and in ASW.

 

Figure 11. CoF and CCD vs. distance curves of the coatings tested against Al2O3 in ASW during
combined tribocorrosion and electrochemical experiments.

The results of corrosion, tribocorrosion and impact tests in ASW are summarized in the
scheme shown in Figure 13. The corrosion behavior of the TiC-free coating is determined by
the formation of a Cr2O3-based passive film after the initial dissolution of iron (Figure 13a).
High Cr content promotes dense and high-quality oxide layer formation.

Introduction of carbides into the coating (Figure 13b) leads to an increase in corrosion
resistance via two mechanisms, which leads to more dense and thick passive film formation.
First, TiC grains replace part of the surface, exposing a smaller area of the matrix. Second, TiC
contributes to the enhanced passivation of the metal matrix because it has a more positive
potential; however, this does not reach the repassivation potential of the metal matrix.

The protective properties of the coating under friction conditions are determined by
the wear resistance of the solid phase and the rate of recovery of the passive film after
its periodic removal by the counterbody and abrasive wear debris. The coating without
carbide phase exhibits catastrophic wear both under friction and impact load due to high
brittleness and low wear resistance. Additionally, under constant wear, passive film does
not have time to recover completely between cycles (Figure 13c). A slight improvement
in comparison with steel substrate is due to higher hardness and a higher content of
corrosion-resistant components.
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Figure 12. SEM images (a,c) and profiles of wear craters (b,d) of the coatings and steel substrate after
impact testing in air and in ASW.

 

Figure 13. Scheme of TiC particles’ effect on the corrosion behavior of the coatings under stationary
(a,c) and wear conditions (b,d).

The best tribocorrosion behavior is demonstrated by coatings with high TiC content
(Figure 13d). Under friction conditions, TiC grains, after the running-in stage, form rein-
forcing carcasses mainly contacting the counterbody and thereby protecting the passive
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film on the metal matrix from micro-cutting [21]. The positive electrochemical potential of
carbides contributes to a more efficient passive film recovery on the worn areas of metal
matrix. However, an excess of the carbide component is also undesirable, since it increases
the abrasiveness of wear products.

4. Conclusions

In this work, novel composite xTiC-Fe-CrTiNiAl coatings with enhanced wear and
corrosion resistance were successfully produced by the original technology of electrospark
deposition in a vacuum. The effect of different TiC contents on structure, mechanical
properties, corrosion and tribocorrosion behavior as well as cyclic impact loads was studied
in detail. The results obtained may be summarized as follows:

(1) The TiC-free Fe-CrTiNiAl coating was characterized by a defective inhomogeneous
structure with a large number of transverse and longitudinal cracks and a low Fe content
of 20 at.%. The introduction of carbides changed the mass transfer mechanism during
electrospark deposition; namely, Fe from the substrate intermixed with the electrode
material more intensively (45–58 at.%) and led to the formation of coatings with a dense
uniform structure, without visible defects and with evenly distributed TiC grains.

(2) With an increase in the carbide content in electrodes, the average size and content
of TiC grains in the coatings increased. The TiC-containing coatings were characterized by
a hardness of 10.3 GPa and an elastic modulus of 158 GPa. The formation of a composite
structure with a heavily alloyed corrosion-resistant matrix based on an α-(Fe,Cr) solid solution
and uniformly distributed TiC grains (100–200 nm in size) made it possible to significantly
increase resistance to stationary corrosion and tribocorrosion in artificial seawater.

(3) The TiC-free coating demonstrated increased corrosion behavior compared to AISI
420S steel, possessing jcorr values of 0.2 and 9 μA/cm2 under stationary and wear conditions
compared to those of steel substrate (0.41 and 22 μA/cm2); however, no enhancement of
wear resistance was observed.

(4) Introduction of TiC led to a significant increase both in corrosion and tribocor-
rosion behavior. The best 75TiC-Cr2Ti-NiAl coating demonstrated the lowest corrosion
current densities both under stationary conditions (0.03 μA/cm2) and under friction con-
ditions (0.8 μA/cm2). In addition, this coating was characterized by the lowest wear rate
(4 × 10−6 mm3/Nm vs. 1 × 105 mm3/Nm of TiC-free coating), a high resistance to cyclic
impact loads (500 N, 105 cycles), the lowest potential shift during tribocorrosion (down to
−240 mV compared to −340 mV for 25TiC-Fe-CrTiNiAl) and the fastest rate of recovery of
the passive film under friction conditions.

(5) The mechanism of the enhancement of the corrosion and tribocorrosion behavior of
the TiC-containing coatings was explained. Under stationary conditions, corrosion resistance
is determined by high Cr content in the metal matrix and by TiC-induced passivation;
meanwhile, under wear conditions, TiC particles acted as a reinforcing carcass, protecting
the passive layer on metal matrix and promoting effective passivation of worn areas.
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Abbreviations

CCD Corrosion current density
OCP Open-circuit corrosion potential
CoF Coefficient of friction
ESD Electrospark deposition
ASW Artificial seawater
XRD X-ray diffraction
SEM Scanning electron microscopy
TEM Transmitting electron microscopy
HAADF High-angle annular dark field
EDS Energy dispersive X-ray spectroscopy
SAED Selected area electron diffraction
HR TEM high resolution transmitting electron microscopy
DF Dark field
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Abstract: Thermal barrier coatings (TBCs) have been seriously threatened by calcium-magnesium-
alumina-silicate (CMAS) corrosion. The search for novel ceramic coatings for TBCs with excellent
resistance to CMAS corrosion is ongoing. Herein, CMAS corrosion resistance behavior and the
mechanism of a promising Hf6Ta2O17 ceramic coating for TBCs are investigated. The results show that
temperature is the most important factor affecting the CMAS behavior and mechanism. At 1250 ◦C,
the corrosion products are composed of dense reaction products (HfSiO4, CaXHf6−xTa2O17−x) and
CMAS self-crystallization products. At 1300 and 1400 ◦C, the corrosion products are mainly dense
CaTa2O6 and HfO2, which prevent further CMAS infiltration.

Keywords: thermal barrier coatings (TBCs); calcium-magnesium-alumina-silicate (CMAS); Hf6Ta2O17

ceramic; corrosion behavior; corrosion resistance mechanism

1. Introduction

Thermal barrier coatings (TBCs) can effectively protect hot components in high temper-
ature environments, and improve gas thermal efficiency and engine service lifetime [1–3].
7–8 wt.% Y2O3 partially stabilized ZrO2 (8YSZ) is extensively used as a top ceramic coating
in TBCs. However, erosion, sintering, oxidation and calcium-magnesium-alumina-silicate
(CMAS) corrosion are the main failure factors of TBCs in high- temperature service environ-
ments. As the service temperature increases, CMAS corrosion becomes the most dangerous
factor in spallation of the top ceramic coating [4–6]. On the one hand, the molten CMAS
permeates into the pores and microcracks of the 8YSZ coating, leading to the degradation
of the thermal-mechanical properties of the coating [7,8]. On the other hand, Y2O3 in 8YSZ
dissolves in the molten CMAS through thermal-chemical reaction, which induces a phase
transition of 8YSZ. This destroys the structural integrity and leads to coating failure [9,10].
Hence, it is significant to seek novel ceramic coatings for TBCs with excellent resistance to
CMAS corrosion.

Recently, many studies have been conducted on the promising CMAS-resistant TBCs,
such as RE2Zr2O7, RETaO4, REPO4 (RE = rare earth elements), Ti2AlC, LaTi2Al9O19 and
rare-earth-doped zirconia [11–16]. These new ceramic materials show different corrosion
behaviors and mechanisms. For LaTi2Al9O19 ceramics, Ca and Si elements in CMAS
are consumed effectively to form CaAl2Si2O8 and (Ca,La0.7)(Ti,Al)O3, which prevent
CMAS from further infiltration [14]. The corrosion mechanism the changing of the com-
position of molten CMAS and generating self-crystallization products that prevent the
CMAS infiltration. For RETaO4 and RE2Zr2O7 ceramics, YbTaO4 reacts with CMAS to
form Ca2Ta2O7 [12], and La2(Zr0.7Ce0.3)2O7 reacts with CMAS to precipitate apatite phase
(La,Ca)4(La, Ce)6(SiO4)6O2 and fluorite ZrO2 [17]. The corrosion mechanism is that the
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ceramic material reacts with molten CMAS to form a dense product layer, inhibiting further
CMAS infiltration. These new ceramic materials possess outstanding CMAS corrosion
resistance. However, they still cannot replace the traditional 8YSZ TBCs due to their
mismatched thermal expansion coefficients [18] and insufficient comprehensive perfor-
mance of thermal and mechanical properties [19,20]. Hf6Ta2O17 ceramic material with
A6B2O17 (A = Hf, Zr, B = Ta, Nb) superstructure crystal can solve the above problems
effectively [21,22]. Hf6Ta2O17 ceramic has a sufficiently large synthesis range, superior
phase stability and excellent thermal properties [23–25]. Furthermore, Hf6Ta2O17 ceramic
shows excellent mechanical properties, with hardness of 18.45 GPa and fracture toughness
of 2.6~3.1 MPa m1/2 at room temperature [26]. The comprehensive properties of Hf6Ta2O17
ceramic are excellent, but there is a lack of systematic in-depth study on the CMAS corrosion
resistance behavior and mechanism of a potential Hf6Ta2O17 ceramic for TBCs.

In this paper, Hf6Ta2O17 ceramic is prepared by a solid reaction method, and the
Hf6Ta2O17 ceramic is subjected to CMAS corrosion at 1250, 1300 and 1400 ◦C for 4, 16, 50
and 100 h each. The corrosion behavior is investigated and the effects of temperature and
time on CMAS corrosion resistance of the Hf6Ta2O17 ceramic are discussed. The research
plan is shown in Figure 1.

Figure 1. Schematic flowchart showing research plan.

2. Experimental Procedure

HfO2 (purity > 99.99%) and Ta2O5 (purity > 99.99%) were selected as the starting
materials (both oxides were purchased from China New Metal Materials Technology Co.,
Ltd., Bejing, China). The powders were weighted in a stoichiometric ratio of 85.71 mol%
HfO2–14.29 mol% Ta2O5 and then mixed with ethanol by a planetary ball mill for 8 h. After
drying the slurries at 80 ◦C for 12 h, the mixed powders were reacted at 1600 ◦C for 20 h to
obtain Hf6Ta2O17 powder. The chemical reaction equation is presented as follows:

6HfO2 + Ta2O5 → Hf6Ta2O17 (1)

Finally, the Hf6Ta2O17 powders were sieved with 500-mesh screen, and subsequently
uniaxially cold compacted into pellets (ϕ = 10 mm) under a pressure of 200 MPa. The
Hf6Ta2O17 ceramic was obtained by sintering the pellets at 1600 ◦C for 20 h. Based on CMAS
coated on vane blades in a real service environment, the CMAS composition of 33 mol%
CaO–9 mol% MgO–13 mol%–Al2O3–45 mol% SiO2 was determined, whose melting point
is about 1235 ◦C [27,28]. The oxide powders were weighed and mixed in the planetary ball
mill in these proportions. After drying, CMAS glass was synthesized by heat treating at
1300 ◦C for 4 h, then ground to get fine CMAS powder.

Before the CMAS corrosion test, the Hf6Ta2O17 ceramic was ground, polished and
ultrasonically cleaned. According to the surface area of the prepared ceramic pellets, an
appropriate amount of CMAS powder was weighed with an analytical balance. To evenly
coat the Hf6Ta2O17 ceramic surface, the CMAS powder was mixed with absolute alcohol to
create a pasty, viscous liquid. After drying at 80 ◦C, the coated CMAS amount was kept at
10 ± 1 mg/cm2. Then, samples of the CMAS-covered ceramics were heat treated at 1250,
1300 and 1400 ◦C, with a ramping rate of 10 ◦C/min for both heating and cooling, in a
muffle furnace for 4, 16, 50 and 100 h each. Three samples were put into the furnace for
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comparison in each test. Finally, the corroded ceramics were cut through the middle with a
cutting machine to obtain the cross section.

The phase structures of the Hf6Ta2O17 ceramic and corrosion products were detected
by X-ray diffractometry (XRD, Ultimate IV, RIGAKU, Tokyo, Japan) with CuKα radiation
at a scanning rate of 4◦/min and scanning range of 10~90◦. The microstructure and
composition of the specimens were measured by scanning electron microscope (SEM,
TESCAN MIRA3 LMH, Brno, Czech Republic), energy dispersive spectroscopy (EDS, X
MAX20, Oxford Instruments, Oxford, UK) and transmission electron microscopy (TEM,
JEM-2100, JEOL Ltd., Tokyo, Japan). Image J software (1.51 23) was used for image analysis,
and the infiltration depth was measured by cross-sectional backscattered electron (BSE)
image after corrosion. Five different cross-sectional BSE images were taken, with each
image taking five depth measurements. Finally, the average value was taken to obtain the
infiltration depth.

3. Results

3.1. Characterization of Hf6Ta2O17 Ceramic

Figure 2 shows the XRD pattern and SEM image of the surface of Hf6Ta2O17 ceramic.
The characteristic peak is a pure structure of orthorhombic Hf6Ta2O17 phase, and no
diffraction peaks of HfO2 or Ta2O5 phase are detected. The Hf6Ta2O17 ceramic has a dense
microstructure (with porosity below 15%), and no obvious compositional contrast appears,
which implies that no possible component segregation occurs.

 

Figure 2. (a) XRD patterns of as-sintered Hf6Ta2O17 ceramic; (b) surface morphology of Hf6Ta2O17

ceramic.

3.2. Microstructure Characterization of Hf6Ta2O17 Ceramic after CMAS Corrosion
3.2.1. Surface Morphology of Hf6Ta2O17 Ceramic after CMAS Corrosion

The surface morphology of Hf6Ta2O17 ceramic after CMAS corrosion is shown in
Figure 3. At the corrosion temperature of 1250 ◦C, there is a black strip phase (A) and a
gray bulk phase (B), in addition to residual CMAS melt (C). The elemental composition
of the marked areas is listed in Table 1. A is anorthite phase (CaAl2Si2O8) and B is
wollastonite phase (CaSiO3), both of which are self-crystallization products of molten
CMAS [29]. As the corrosion temperature elevates to 1300 ◦C, the specimen surface is
mainly composed of residual CMAS (C) and a little white snowflake phase (D) that is rich
in Ca, Hf and Ta elements. The corrosion results at 1400 ◦C reveal that a large amount of
white dendritic phase (E) appears on the specimen surface. The composition of the white
dendritic phase (E) is similar to that of D, which is rich in Ca, Hf and Ta elements, but
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the Ta content is significantly higher than that of D. The corrosion results indicate that the
corrosion products and corrosion phenomena of Hf6Ta2O17 ceramic are obviously different
at different corrosion temperatures.

Figure 3. BSE images of the surface of Hf6Ta2O17 ceramic after CMAS corrosion: (a) at 1250 ◦C for
8 h; (b) at 1300 ◦C for 16 h; (c) at 1400 ◦C for 16 h. The inset figures present high-magnification images
of the surface.

Table 1. Chemical compositions of the marked regions in Figure 3.

Fraction Location
Composition (at.%)

O Mg Al Si Ca Hf Ta -

A 58.34 0.13 16.09 17.23 8.17 0.02 0.02 CaAl2Si2O8
B 56.16 0.18 1.50 21.55 19.94 0.46 0.21 CaSiO3
C 56.40 0.9 1.7 21.6 17.2 1.6 0.6 CMAS
D 60.57 0.30 1.02 - 11.05 16.00 11.06 -
E 51.90 0.01 2.37 8.62 13.59 3.08 20.45 -

3.2.2. Cross-Sectional Morphology of Hf6Ta2O17 Ceramic after CMAS Corrosion

Figure 4 shows the cross-sectional morphology of Hf6Ta2O17 ceramic attacked by
CMAS at different temperatures and times. The cross section is obviously stratified into
a residual CMAS layer, reaction layer, dense layer and ceramic layer. The corrosion
behavior of Hf6Ta2O17 ceramic at three temperatures is dramatically distinctive. At 1250
◦C, when the corrosion time is short (<100 h), the infiltration depth of molten CMAS
is very shallow (Figure 4a–d), and the thickness of the reaction layer is in the range of
3.3~15.2 μm. After 100 h, an obvious dense layer with a thickness of 22.2 μm appears below
the reaction layer (Figure 4d). At 1300 ◦C for 4 h, the reaction products are similar to those
at 1250 ◦C, but a new phase structure begins to precipitate (Figure 4e), which is analyzed
in detail in Section 3.3.2. When the corrosion time increases to 16 h, the morphology of
the reaction product changes dramatically, and CMAS infiltration depth increases to 34.1
μm (Figure 4f). Furthermore, the thickness of the reaction layer increases slowly with time,
ranging from 17.8 to 27.9 μm, but the dense layer keeps thickening, increasing from 16.3 to
125.1 μm (Figure 4f–h). The corrosion phenomenon at 1400 ◦C is similar to that at 1300 ◦C
(Figure 4j–l). At the initial stage of corrosion, a thick reaction layer with a thickness of
83.3 μm is generated, while the dense layer is extremely thin (~20.6 μm). With the increase
in corrosion time from 4 h to 100 h, the thickness of the reaction layer is basically stable,
increasing by only about 10 μm. The dense layer also becomes thicker, increasing from 20.6
to 86.6 μm.
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Figure 4. Cross-sectional BSE images of Hf6Ta2O17 ceramic after CMAS corrosion: (a) at 1250 ◦C for
4 h; (b) at 1250 ◦C for 16 h; (c) at 1250 ◦C for 50 h; (d) at 1250 ◦C for 100 h; (e) at 1300 ◦C for 4 h; (f) at
1300 ◦C for 16 h; (g) at 1300 ◦C for 50 h; (h) at 1300 ◦C for 100 h; (i) at 1400 ◦C for 4 h; (j) at 1400 ◦C
for 16 h; (k) at 1400 ◦C for 50 h; (l) at 1400 ◦C for 100 h. The CMAS infiltration depth is measured
from the initial specimen surface (yellow dash lines) to the infiltration front (black dash lines).

The evolution of CMAS infiltration depth with corrosion time of Hf6Ta2O17 ceramic
at three temperatures is shown in Figure 5. After CMAS corrosion for 100 h, the CMAS
infiltration depths at 1250, 1300 and 1400 ◦C are 32.3, 153 and 180.8 μm, respectively.
Hf6Ta2O17 ceramic shows a lower infiltration depth (32.3 μm) at 1250 ◦C. At 1300 and
1400 ◦C, the infiltration depth of Hf6Ta2O17 ceramic increases significantly. After fitting the
experimental data, the infiltration rate k at the three temperatures can be quantified in the
form of a μm·tn, where a and n are constants and t is time. At 1250, 1300 and 1400 ◦C, the
infiltration rates of Hf6Ta2O17 ceramic are 0.85 μm·t−0.29, 3.6 μm·t−0.23 and 14.17 μm·t−0.83,
respectively. The parameter a increases significantly with increasing temperature, and
the difference between n at 1250 and 1300 ◦C is not significant, while a notable decrease
occurs at 1400 ◦C. This indicates that the infiltration rate at 1300 ◦C is significantly greater
than that at 1250 ◦C. The infiltration rate also appears to increase at 1400 ◦C, while the
enhancement is much greater than that at 1300 ◦C. The CMAS infiltration depth reaches
104.4 μm after corrosion for 4 h at 1400 ◦C, indicating that temperature is the most sensitive
factor influencing the CMAS corrosion behavior of Hf6Ta2O17 ceramic. Furthermore,
the infiltration depth increases with time, and the infiltration rate decreases with time.
The relationship between CMAS infiltration depth and corrosion time basically follows a
parabolic law, which is due to the formation and growth of the dense layer [30].
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Figure 5. (a) Evolution of CMAS infiltration depth with time in Hf6Ta2O17 ceramic at different
temperatures; (b–d) Expanded view of infiltration depth with time in Hf6Ta2O17 ceramic at 1250,
1300 and 1400 ◦C, respectively. R2 represents the value of the matching factor.

3.3. Characterization of CMAS Corrosion Products of Hf6Ta2O17 Ceramic
3.3.1. Characterization of Corrosion Products at 1250 ◦C

Figure 6 shows a cross-sectional image of Hf6Ta2O17 ceramic attacked by CMAS at
1250 ◦C for 4 h and its corresponding element mapping. There are two main types of
products in the residual CMAS layer: A and B. The reaction layer is only 2~3 μm thick,
made up of irregular lumps. At the same time, Ca element infiltrates into the ceramic
layer, forming a thin dense layer. The element mapping results show that the segregation
of Ca and Al appears in the residual CMAS layer, a small amount of Hf diffuses into the
residual CMAS, and the content of Ta is extremely low. This is attributed to the fact that
the Hf-O bond in Hf6Ta2O17 ceramic is longer than the Ta-O bond, which implies that
Hf element more easily diffuses into the residual CMAS [21]. XRD patterns of Hf6Ta2O17
ceramic attacked by CMAS at 1250 ◦C for 4, 16, 50 and 100 h are shown in Figure 7. The
characteristic peaks of the corrosion products are mainly CaAl2Si2O8 and CaSiO3 after
corrosion for 4 h. However, the CaSiO3 phase disappears after corrosion for 16 h and the
characteristic peak of HfSiO4 phase appears with time. The highest diffraction peaks of
anorthite are detected under long-term corrosion. According to the XRD results and the
EDS results in Table 2, it can be determined that the molten CMAS self-crystallizes into
CaAl2Si2O8 (A) and CaSiO3 (B), the reaction layer consists of HfSiO4 (D), and the dense
layer is composed of CaXHf6−xTa2O17−x (F) after corrosion for 4 h at 1250 ◦C. It is worth
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noting that there are no characteristic peaks of HfSiO4 phase after corrosion for a short
time, because few HfSiO4 phases are formed under short-term corrosion and the residual
CMAS is quite thick.

Figure 6. (a,b) Cross-sectional BSE images of Hf6Ta2O17 ceramic after CMAS corrosion at 1250 ◦C for
4 h; (c) cross-sectional EDS mapping results of Hf6Ta2O17 ceramic corroded by CMAS.

Figure 7. XRD patterns of Hf6Ta2O17 ceramic corroded by CMAS at 1250 ◦C for 4 h, 16 h, 50 h and
100 h.
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Table 2. Chemical compositions of the marked regions in Figure 6b.

Fraction Location
Composition (at.%)

O Mg Al Si Ca Hf Ta -

A 58.15 0.36 14.29 17.92 8.89 0.25 0.14 CaAl2Si2O8
B 56.88 0.09 1.34 20.61 20.63 0.14 0.10 CaSiO3
C 56.50 1.37 5.41 20.74 13.13 2.00 0.85 CMAS
D 62.20 0.18 2.43 13.74 11.27 8.76 1.43 HfSiO4
F 68.20 - 0.51 - 4.84 20.52 5.93 CaXHf6−xTa2O17−x

Figure 8 shows a cross-sectional image of Hf6Ta2O17 ceramic corroded by CMAS at
1250 ◦C for 16 h and its corresponding EDS line scan. It can be seen that there is only
anorthite phase (CaAl2Si2O8) in the residual CMAS. The wollastonite phase (CaSiO3)
disappears at 16 h, corresponding to the XRD result (Figure 7). To further characterize the
dense layer, an EDS line scan is performed on the reactive layer and the dense layer in
Figure 8a. The content of Ca element in the dense layer decreases in a gradient manner
with the increase in the depth, as shown in Figure 8b, which proves that the Ca infiltration
in Hf6Ta2O17 ceramic is the result of volume diffusion rather than grain boundary diffusion.
In addition, the Hf element fluctuates in the dense layer, as shown in the dashed circle in
Figure 8b, which may be due to the generation of HfO2 phase or Hf element segregation
in the dense layer. To further determine the composition, TEM is used to characterize the
interface between the reaction layer and dense layer (see Figure 9). Figure 9a,b are the
bright-field (BF) TEM images of CMAS reaction front corresponding to the dashed rectangle
in Figure 8a. It can be seen that there is a distinct interface between the reaction layer and
the dense layer. According to the selected area electron diffraction (SAED) presented in
Figure 9d,e, it can be determined that the product D is HfSiO4 and E is the orthorhombic
Hf6Ta2O17 phase. Furthermore, no other phase structure is found in the dense layer, which
confirms that m-HfO2 is not generated and only Hf element segregation exists. The TEM
EDS mapping between the reactive layer and the dense layer in Figure 9c again proves that
Ca element penetrates into the dense layer and dose not penetrate down along the grain
boundary.

Figure 8. (a) Cross-sectional BSE images of Hf6Ta2O17 after CMAS attack at 1250 ◦C for 16 h; (b) EDS
line scan in location B of (a).
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Figure 9. (a) Cross-sectional BF TEM image of CMAS reaction front corresponding to the dashed
rectangle in Figure 8a; (b) magnified HAADF image of reaction interface indicated by in (a); (c) the
corresponding EDS elemental mapping; (d,e) SAED patterns of D and E in (b).

3.3.2. Characterization of Corrosion Products at 1300 ◦C

Figure 10 shows a cross-sectional SEM image of Hf6Ta2O17 ceramic corroded by CMAS
at 1300 ◦C for 4 h. A new white bulk product I is formed in the reaction layer, and EDS
results in Table 3 confirm that product I is HfO2 phase. After CMAS attack at 1300 ◦C for
16 h (Figure 11), the morphology of the reaction layer and the dense layer has changed
considerably. The reaction layer mainly consists of blocky phase K and there is a small
amount of L phase at the grain boundary. Two kinds of phase structures appear in the dense
layer: O and N, and they are cross-embedded with each other, which further enhances
the dense layer to prevent the CMAS infiltration. Increasing the corrosion time to 50 and
100 h at 1300 ◦C, the corrosion products of Hf6Ta2O17 ceramic show no significant change
except the continuous growth of the dense layer. Combining the EDS mapping results in
Figure 11d with EDS point analysis in Table 4, K and O are determined to be m-HfO2 phase.
Both the L and N phases are rich in Ca, Hf and Ta elements, but the L phase contains more
Hf element and the N phase contains more Ta element. It is speculated that L and N may
be the same substance, but the composition is distinct due to different depths. According to
Figure 11d, the dense layer prevents Ca element from penetrating into Hf6Ta2O17 ceramic.
Figure 12 presents the XRD patterns of Hf6Ta2O17 ceramic corroded by CMAS at 1300 ◦C
for 4, 16, 50 and 100 h. The results show that m-HfO2 has the highest diffraction peak,
followed by a new CaTa2O6 characteristic peak, and a small number of CaAl2Si2O8 and
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HfSiO4 phases. But there is no significant difference in diffraction peak under different
corrosion time. The corrosion products are mainly CaTa2O6 and m-HfO2 for different time.
Based on the above analysis, the CMAS corrosion products of Hf6Ta2O17 ceramic at 1300 ◦C
are m-HfO2 (K, O phase) and CaTa2O6 (L, N phase).

Figure 10. (a) A cross-sectional BSE image of Hf6Ta2O17 ceramic after CMAS corrosion at 1300 ◦C for
8 h; (b) magnified image of the dashed rectangle in (a).

Table 3. Chemical compositions of the marked regions in Figure 10b.

Fraction Location
Compositions (at.%)

O Mg Al Si Ca Hf Ta -

C 57.45 0.55 7.99 20.46 12.34 0.69 0.52 CMAS
D 60.76 - 2.17 11.21 12.52 11.55 1.79 HfSiO4
I 65.54 0.01 1.62 3.43 7.51 20.20 1.70 m-HfO2
J 64.46 - 0.78 - 5.61 23.77 5.38 CaXHf6−xTa2O17−x

Figure 11. (a) A cross-sectional BSE image of Hf6Ta2O17 ceramic after CMAS corrosion at 1300 ◦C for
16 h; (b) the high magnification BSE image corresponding to the dashed rectangle in (a); (c) the high
magnification BSE image corresponding to the dashed circle in (a); (d) cross-sectional EDS mapping
results of Hf6Ta2O17 ceramic.

88



Coatings 2023, 13, 404

Table 4. Chemical compositions of the marked regions in Figure 11.

Fraction Location
Composition (at.%)

O Mg Al Si Ca Hf Ta

C 58.14 3.09 6.13 21.27 8.99 0.91 1.47
K 64.39 0.46 0.90 - 1.58 29.13 3.55
L 63.95 0.08 0.69 2.66 10.42 10.10 12.09
M 59.14 2.36 4.66 19.05 7.87 4.70 2.21
N 56.72 - 0.74 9.32 10.66 3.26 19.29
O 64.86 1.14 0.27 - 0.83 26.98 5.91

 
Figure 12. XRD patterns of Hf6Ta2O17 ceramic after CMAS corrosion at 1300 ◦C for 4 h, 16 h, 50 h
and 100 h.

3.3.3. Characterization of Corrosion Products at 1400 ◦C

Figure 13 shows cross-sectional SEM images of Hf6Ta2O17 ceramic corroded by CMAS
at 1400 ◦C for 16 h. The corrosion results are analogous to those of long-time corrosion at
1300 ◦C, and the cross section is also composed of residual CMAS layer, reaction layer and
dense layer. Two notable features are observed at 1400 ◦C. First of all, there are abundant
crystalline phases P in the residual CMAS layer, and new P phase presents a dendritic
structure. It is confirmed that P phase is also CaTa2O6 in Table 5. Secondly, the corrosion
depth increases significantly at 1400 ◦C for 16 h, and the corrosion depth of 140.6 μm is
much greater than that at 1300 ◦C (~34.1 μm). Figure 14 shows XRD patterns of Hf6Ta2O17
ceramic corroded by CMAS at 1400 ◦C for 4, 16, 50 and 100 h. The corrosion products
are mainly CaTa2O6 and m-HfO2. Because of the low XRD detection depth, the CaTa2O6
phase on the surface of the corroded sample is mainly detected, which is consistent with
the cross-sectional BSE results. Based on the XRD and EDS results, the corrosion products
are P, R and U phases (m-HfO2) and T and Y phases (CaTa2O6) at 1400 ◦C.
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Figure 13. (a) A cross-sectional BSE image of Hf6Ta2O17 ceramic after CMAS corrosion at 1400 ◦C
for 16 h; (b) the high magnification BSE image corresponding to the dashed circle in (a); (c) the
high magnification BSE image corresponding to the dashed rectangle in the reaction layer of (a);
(d) the high magnification BSE image corresponding to the dashed rectangle in the dense layer of (a);
(e) cross-sectional EDS mapping results of Hf6Ta2O17 ceramic.

Table 5. Chemical compositions of the marked regions in Figure 13.

Fraction Location
Composition (at.%)

O Mg Al Si Ca Hf Ta

P 58.48 - 1.64 6.96 11.82 1.47 19.63
Q 58.53 0.40 8.07 21.81 9.14 0.71 1.34
R 62.12 0.09 0.58 - 0.44 34.90 1.87
S 59.14 0.21 6.74 20.46 7.99 3.75 1.72
T 58.22 - 1.49 3.45 12.79 10.47 13.59
U 61.95 - 0.53 - 1.37 32.79 3.36
Y 60.72 - 0.25 6.60 10.86 2.69 18.88
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Figure 14. XRD patterns of Hf6Ta2O17 ceramic after CMAS corrosion at 1400 ◦C for 4 h, 16 h, 50 h
and 100 h.

4. Discussion

4.1. The Excellent CMAS Resistance of Hf6Ta2O17 Ceramic

Compared to other ceramic material in TBCs, Hf6Ta2O17 ceramic exhibits excellent
CMAS resistance. After 100 h CMAS corrosion at 1250 ◦C, the CMAS infiltration depth
of Hf6Ta2O17 ceramic only reaches 32.3 μm. In contrast, the CMAS infiltration depths of
YSZ and YSZ doped by Er element ceramic at 1250 ◦C for 2 h reach 21.97 μm and 10.75 μm,
respectively [31]. The average CMAS infiltration depths of NdPO4, SmPO4 and GdPO4
ceramic at 1250 ◦C for 4 h are 140, 60 and 40 μm, respectively [16]. The CMAS infiltration
depth of nanosized Sm2Zr2O7 ceramic is 47 μm after 48 h CMAS corrosion at 1250 ◦C [32].
As the corrosion temperature rises to 1300 ◦C, CMAS resistance of Hf6Ta2O17 ceramic is
superior than other ceramic material in TBCs. The corrosion depths of Hf6Ta2O17 ceramic
after CMAS attack at 1300 ◦C for 4 and 50 h are 13 and 113.8 μm, respectively. The average
thickness of the reaction layer of La2(Zr0.7Ce0.3)2O7 is 140 μm at 1300 ◦C for 4 h [17]. For
50 h CMAS exposure at 1300 ◦C, the CMAS infiltration depths of 17YSZ and Gd2Zr2O7
ceramics are 700 and 140 μm, respectively [9,30].

4.2. Effect of Temperature and Time on CMAS Corrosion Resistance of Hf6Ta2O17 Ceramic

Temperature and time are important factors affecting the corrosion behavior of
Hf6Ta2O17 ceramic. Figure 15 shows the relative change rates of the CMAS infiltration
depth with the relative increasing rates of temperature and time. The relative increasing
rate x of influencing factors and the change of CMAS infiltration depth y can be expressed
by Equations (2) and (3), respectively [33]:

x =
xi − x0

x0
× 100% (2)

y =
y(xi)− y(x0)

y(x0)
× 100%, (3)

where xi and x0 represent the immediate value and the initial value of an influencing factor,
respectively, and y(x0) and y(xi) are the infiltration depth of CMAS at xi and x0, respectively.
It can be seen that temperature is the most important factor affecting CMAS infiltration,
while time has a less effect on CMAS infiltration depth. A 4% increase in temperature leads
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to a 278% increase in the CMAS infiltration depth. When the time increases by 100%, the
infiltration depth only increases by only 38%.

Figure 15. Relative change rates of the CMAS infiltration depth with the relative increasing rates of
temperature (a) and time (b).

Considerable studies have proven that CMAS viscosity decreases with an increase
in temperature, and the CMAS infiltration rate increases with an increase in temperature.
CMAS viscosity is directly related to the CMAS infiltration depth in TBCs at high temper-
ature [8,34,35]. CMAS viscosity at different temperatures can be calculated by using the
Vogel–Fulcher–Tammann (VFT) equation [36]:

log η = A +
B

T − C
(4)

where η is viscosity, A is a constant, B and C are related to the composition of CMAS, and T
is the temperature. The parameter A is assumed to be a constant, which is the value of logη
at infinite temperature. B and C are controlled by the CMAS composition effect, which can
be estimated by using Equations (5) and (6) [8,37]:

B =
7

∑
i=1

[bi Mi] +
3

∑
j=1

[
b1j

(
M11j · M21j)] (5)

C =
6

∑
i=1

[ci Ni] + [c11(N111 · N211)], (6)

where Ms and Ns refer to the combination of mol% oxides and the unknown coefficients
bi, b1j, ci, c11 are adequate to compute the values of B and C for any individual melt
composition.

According to Equation (4), an increase in corrosion temperature can reduce the CMAS
viscosity by an order of magnitude, leading to an increase in the CMAS infiltration depth.
Consequently, temperature is the most important factor in determining the CMAS corrosion
behavior.

4.3. CMAS Resistance Mechanism of Hf6Ta2O17 Ceramic

Since temperature is the main factor affecting the corrosion behavior of Hf6Ta2O17
ceramic, the CMAS resistance mechanism is divided into two parts: the low-temperature
section at 1250 ◦C and the high-temperature section at 1300–1400 ◦C. At low temperature,
the reaction between Hf6Ta2O17 ceramic and CMAS is not high. The reaction layer has
only a small amount of HfSiO4, and mainly residual CMAS is self-crystallized to form
wollastonite and anorthite, as shown in reaction Equations (7) and (8). This is because a
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large amount of Ca element infiltrates into the dense layer, while Al element is blocked in
the residual CMAS layer, resulting in changes in the composition of residual CMAS and the
easier formation of self-crystallizing products [14]. Hf6Ta2O17 ceramic has excellent CMAS
corrosion resistance at 1250 ◦C, which can be attributed to two aspects. Firstly, Hf6Ta2O17
ceramic at 1250 ◦C has excellent chemical inertness under high temperature, so the molten
CMAS is less destructive to the ceramic. The formation of CMAS self-crystallization
products consumes much of the Ca and Al elements, increasing the CMAS viscosity, thus
impeding the downward infiltration of CMAS. Secondly, the appearance of a reaction
layer and a dense layer effectively inhibits the downward infiltration of molten CMAS; in
particular, the Ca element penetrates the HfSiO4 reaction layer and continues to penetrate
downward to form the CaXHf6-xTa2O17-x dense layer, which suppresses CMAS above the
ceramic. SEM and TEM results also indicate that the Ca elements penetrate downward
through volume diffusion rather than grain boundary corrosion, thus greatly delaying the
CMAS infiltration.

2CaO(CMAS) + Al2O3(CMAS) + 3SiO2(CMAS) → CaAl2Si2O8 + CaSiO3 (7)

Hf6Ta2O17 + xCaO(CMAS) + xSiO2(CMAS) → xHfSiO4 + CaxHf6−xTa2O17−x (8)

The corrosion behavior of Hf6Ta2O17 ceramic is greatly changed at high temperatures,
and the most remarkable feature is the formation of m-HfO2 and CaTa2O6. The CMAS
corrosion behavior of Hf6Ta2O17 ceramic needs to be divided into two stages at 1300 ◦C: (I)
t < 16 h and (II) 16 h ≤ t ≤ 100 h. During stage I, a small amount of m-HfO2 is precipitated
from the reaction layer, and the corrosion results of the ceramic are basically consistent with
that at 1250 ◦C. During stage II, both the reaction layer and the dense layer are composed of
CaTa2O6 and m-HfO2. The thickness of the reaction layer is basically unchanged, while the
thickness of the dense layer keeps increasing at long-term corrosion. Recent research has
shown that m-HfO2 and CaTa2O6 have extremely low solubility in molten CMAS and will
not generate reaction products, which also suggests that m-HfO2 and CaTa2O6 can form
dense layers that hinder downward infiltration of CMAS [38,39]. The corrosion behavior of
Hf6Ta2O17 ceramic at 1400 ◦C is similar to that of stage II at 1300 ◦C. The difference is that a
large amount of Ta element begins to diffuse upward to the residual CMAS layer, resulting
in the formation of CaTa2O6. Therefore, the corrosion behavior of Hf6Ta2O17 ceramic at
1300–1400 ◦C can be explained from two aspects. Firstly, in terms of thermodynamics,
Hf6Ta2O17 ceramic reacts violently with molten CMAS to generate m-HfO2 and CaTa2O6
at 1300–1400 ◦C, as shown in reaction Equation (9). The Ca element of molten CMAS
plays an important role in the reaction process at this stage. The corrosion kinetics can
also explain the corrosion resistance mechanism of Hf6Ta2O17 ceramic. According to
Figures 4 and 5, CMAS corrosion for a long time is not determined by chemical reaction,
but penetration downward through solid diffusion. Continuous thickening of the dense
layer can effectively improve the corrosion resistance of Hf6Ta2O17 ceramic. At the initial
stage of CMAS corrosion at 1400 ◦C, the CMAS infiltration depth increases sharply, because
the time is too short to generate a thick dense layer. Over time, the dense layer continues to
thicken, and the corrosion rate begins to decrease significantly.

Hf6Ta2O17 + CaO(CMAS) → 6HfO2 + CaTa2O6 (9)

5. Conclusions

In this paper, the CMAS corrosion behavior of Hf6Ta2O17 ceramic at 1250–1400 ◦C
is investigated, the effects of temperature and time on the CMAS corrosion resistance of
Hf6Ta2O17 ceramic are discussed, and the CMAS resistance mechanism is clarified. Several
conclusions can be drawn, as follows:

(1) Compared with some traditional and novel CMAS-resistant ceramic materials in TBCs,
Hf6Ta2O17 ceramic exhibits excellent CMAS resistance characteristics at short-term
and long-term corrosion;
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(2) Based on the influence of CMAS viscosity, temperature is the most important fac-
tor affecting the CMAS behavior of Hf6Ta2O17 ceramic. At 1250 ◦C, CMAS self-
crystallization products are composed of anorthite CaAl2Si2O8 and wollastonite
CaSiO3. The reaction layer is composed of HfSiO4 and the dense layer is consisted of
CaXHf6−xTa2O17−x. At 1300 and 1400 ◦C, the reaction layer and the dense layer are
composed of CaTa2O6 and m-HfO2.

(3) The CMAS resistance mechanism of Hf6Ta2O17 ceramic varies with temperature. At
1250 ◦C, the formation of CMAS self-crystallization products consisting of anorthite
CaAl2Si2O8 and wollastonite CaSiO3, and the formation of HfSiO4 in a reaction layer
and CaXHf6−xTa2O17−x in a dense layer effectively inhibit the CMAS infiltration. At
1300 and 1400 ◦C, the formation and thickening of CaTa2O6 and m-HfO2 in the dense
layer improve the CMAS corrosion resistance of Hf6Ta2O17 ceramic.
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Abstract: Diamond-like-carbon “DLC” coatings can be deposited in many different ways, giving a
large range of material properties suitable for many different types of applications. Hydrogen content
significantly influences the mechanical properties and the tribological behavior of DLC coatings,
but its determination requires techniques that are not available in many research centers. Thus, it is
important to find alternative indirect techniques, such as Raman spectroscopy or nanoindentation
(hardness measurements), which can give comparative and indicative values of the H contents in
the coatings, particularly when depositions with a reactive gas flow are being studied. In this work,
“DLC” composite coatings with varying H content were deposited via Physical Vapor Deposition
(PVD) magnetron sputtering in a reactive atmosphere (Ar + CH4). An Ion Beam Analysis was used
to determine the elemental depth profile across the coating thickness (giving both average C:W:H
ratios and film density when combined with profilometer measurements of film thickness). The
hardness was evaluated with nanoindentation, and a decrease from 16 to 6 GPa (and a decrease in
the film density by a factor of two) with an increasing CH4 flow was observed. Then, the hardness
and Raman results were correlated with the H content in the coatings, showing that these indirect
methods can be used to find if there are variations in the H content with the increase in the CH4 flow.
Finally, the adhesion and tribological performance of the coatings were evaluated. No significant
differences were found in the adhesion as a function of the H content. The tribological properties
presented a slight improving trend with the increase in the H content with a decrease in the wear rate
and friction.

Keywords: DLC coatings; metal doped; hydrogen content; Raman spectroscopy; mechanical properties;
ERD; film density

1. Introduction

Diamond-like carbon (DLC) coatings are used today in a wide range of applications
where low friction and wear are required [1]. Composite DLC coatings can have greatly im-
proved tribological properties, and tungsten-doped DLC coatings have been well reviewed
by Andrzej Czyzniewski [2,3]. DLC is an amorphous carbon (a-C) where the bonding is
pure sp3 (valence 4, as diamond). Hydrogen is added (a-C:H) to relieve strain, and usually
this results in some sp2 (polymer) bonding, which also modifies the hardness. Strictly
speaking, this modified material is no longer entirely “diamond-like”, and the more it is
modified the less diamond-like it is, but it is still normally referred to as “DLC”. Here, we
study the effects of increasing the H-content of W-doped DLC (“a-C(W):H”).
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In addition to the different manufacturing techniques and various doping elements
(which can have a major influence on the behavior of DLC coatings [4–7]), hydrogen has a
great impact on the film’s character, stabilizing the covalent bonding network (sp3) and
controlling the optical and electrical properties. Moreover, hydrogen plays a key role in
the mechanical and tribological behavior of the coatings. The influence on the coating’s
hardness is significant, but this is a complex phenomenon depending on many factors
including the precursor gases used, the selected deposition process and the processing
conditions [8]. Some authors found a direct correlation between the H content and the
mechanical properties, hardness and Young’s modulus, showing a decrease in the hardness
as the H content in the coatings increases. Casiraghi et al. [9] found an increase in the
Young’s modulus with the increase in the value of one Raman parameter related with the
type of bonds and the clustering in the coating.

However, there are other factors that must also be considered. The deposition method
influences the mechanical properties of the coatings; coatings with identical H content can
have different hardness values [10,11]. Additionally, the precursor gas used influences the
coating’s main characteristics, and coatings deposited with different precursor gases can
have different mechanical properties [12,13]. Thus, the use of different deposition methods
or precursor gases can significantly influence the type of bonding in the coatings as well
as the structure and morphology; as a consequence, different mechanical properties can
be achieved [14]. In general, if all the deposition conditions are kept constant, with the
exception of the one determining the H content, one expects a decrease in the hardness as
the H content increases.

Raman spectroscopy is one of the easiest ways to obtain structural information for dif-
ferent forms of carbon materials, from crystalline to amorphous [15]. In most cases of DLC
coatings deposited by sputtering, the spectra of carbon-based coatings show two prominent
features, the D band around 1300–1400 cm−1 and the G band around 1500–1600 cm−1, and
with UV radiation, a T peak can also be observed around 980–1060 cm−1 [16]. The D band
is due to the “breathing modes” of sp2 atoms in distorted rings and the G band is related to
the stretching of pairs of sp2 atoms in rings and chains [17]. Raman provides information
(i) about the coating’s structure through the G peak position, (ii) the intensity ratio between
the D and G bands (ID/IG ratio) and (iii) the full width at a half maximum of the G band
(FWHM (G)).

The photoluminescence background in visible Raman spectroscopy is associated with
the H presence in DLC coatings and can be used to quantify the H content [9]. However,
this is not straightforward, since many other factors also influence the photoluminescence
background, such as the metal content or the presence of oxygen in the coatings [18].

In this study a set of a-C(W):H coatings was deposited with constant conditions, only
varying the CH4 flow between 10 and 40 sccm. First, the H content of the films is correlated
with Raman and hardness. Then, the adhesion and tribological properties of the coatings
are studied. The elemental depth profiles (including H) were obtained absolutely using a
detailed Ion Beam Analysis [19].

2. Materials and Methods

The coatings were deposited with a four magnetrons UDP-650-4 Teer Coatings, Worces-
tershire, UK equipment with DC power supplied to the targets and pulsed-DC for biasing
the substrates. Four targets were used: one pure chromium, one graphite with 14 pellets
of W (20 mm diameter) placed in the preferential erosion zone and two pure graphite
targets. The targets were supplied by Testbourne Ltd., Basingstoke, UK with a purity of
99.5%. Before the depositions, the targets and the substrates were sputtered cleaned during
40 min with shutters interposed between them to avoid cross-contamination. To improve
the adhesion of the coatings, a Cr-based interlayer of approximately 300 nm was deposited.
In the first 10 min, only the Cr target sputtered, followed by 10 min of transition for the
deposition of the coating. In this step, the power on the C targets gradually increased as
the Cr target power decreased. The coatings were deposited with a rotation speed of the
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substrates high enough to avoid the formation of a multilayer structure. A power of 1750 W
was applied to both carbon targets whereas the target with W pellets was sputtered with
400 W, and a −50 V bias voltage was applied to the substrates. The gas was introduced
with mass flow controllers Aera ROD-4. The Ar flow was set to 46 sccm, giving rise to
3.3 × 10−3 mbar while CH4 was varied between 10 and 40 sccm, corresponding to partial
pressures of 1 × 10−4 and 9 × 10−4 mbar, respectively. The total time, including the deposi-
tion of the Cr interlayer, was set to 150 min. In all depositions, the chamber was evacuated
down to a base pressure better than ≤6 × 10−6 mbar.

The coatings were deposited on heat-treated AISI M2 steel with a hardness of ~9 GPa,
a diameter of 50 mm and a thickness of 5 mm, to achieve the mirror finishing of the
surfaces to be coated, and the steel samples were polished with SiC papers (from P120 grit
size) followed by an adequate diamond suspension of particles that were 3 μm. Silicon
wafers that were polished one side were also used as substrates for the hardness and IBA
measurements. The Si and steel substrates were deposited simultaneously. The linear film
thicknesses were obtained with a mechanical profilometer of a step in a silicon-coated
sample by removing a small drop of boron nitride to have a step corresponding to the total
coating thickness. The equipment used to measure the step was the Perthometer S4P, Mahr
Perthen GmbH, Hannover, Germany.

A Raman microspectrometer (Xplora, HORIBA Jobin-Yvon, Edison, NJ, USA) with
a laser wavelength of 532 nm was used to characterize the structure of the coatings. The
laser power was kept below 0.25 mW to avoid any damage to the coatings surface due to
heating, which can lead to the graphitization of the coating. For each sample, two spectra
were acquired. The Raman spectra were fitted with symmetric Gaussian functions with a
linear background in the range 800 to 2000 cm−1.

The nanoindentation measurements were performed on a Nano Test Platform 1 (Micro
Materials, Wrexham, UK) with a Berkovich indenter with a load of 5 mN and 30 s to increase
and decrease the load and to also maintain the maximum load. The 5 mN maximum load
was selected to prevent a maximum penetration depth higher than 10% of the total coating
thickness in order to avoid the influence of the Si substrate on the measurements [20]. The
Young’s modulus (E) of the coatings was determined from the reduced value assumed
for the diamond indenter Ei = 1140 GPa and a Poisson ratio, νI = 0.07, and νs = 0.2 for
the coating.

The adhesion of the coatings was evaluated with a conventional scratch tester (CSEM
Revetest, Neuchâtel, Switzerland) with a diamond tip (Rockwell, Milwaukee, WI, 200 μm
radius) with a loading rate of 10 N/mm to a maximum load of 50 N. For each sample,
at least two tests were performed, and the scratch tracks were observed with an optical
microscope to determine the load for the first adhesive failure (LC2).

The elemental depth profiles (composition) of the coatings in units of areal mass
density (mass/area) were obtained explicitly using Ion Beam Analysis (IBA) at the Surrey
Ion Beam Centre: the Cr signal (and the Si substrate signal) terminated the profile, which
could therefore be integrated to obtain the total film thickness (as mass/area). Therefore, if
the linear film thickness is known (in μm), the film density (mass/volume) can be obtained.
Further details about the procedures used are described in the Supplementary Materials.

Two ion beams (3045 keV 4He+ and 4315 keV 4He++), four detectors (three particle
detectors at scattering angles of 172.8◦, 148.6◦ and 30.75◦ where the forward recoil detector
had a 32 μm Kapton range foil and an X-ray detector with a 146 μm Be filter at 60◦ to the
beam) and two beam incidence angles (normal incidence and glancing incidence) were
used. The recoiled H was only observed in the forward recoil detector at the glancing
beam incidence.

The IBA therefore included elastic scattering (both Rutherford backscattering, RBS, and
non-Rutherford elastic backscattering, EBS, where the EBS scattering cross-sections were
obtained from SigmaCalc [21]) elastic recoil detection analysis (ERD) and PIXE. All these
data were fitted self-consistently using the DataFurnace code [22] (with NDFv9.4e [23] as the
computation engine). The particle-induced X-ray emission (PIXE) spectra had significant
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signals for W, Ar, Cr and Si, and the thickness of the Cr interlayer was determined from
the PIXE, where the signal from the graded interfaces was also fitted by the code. The H
content of the films was directly observed with ERD in the forward recoil particle detector.
The EBS signals for O and C were greatly enhanced at the resonances at 3038 keV (for O)
and 4315 keV (for C). Therefore, this IBA had good sensitivity for all the signals reported.

The tribological behavior was evaluated using a pin-on-disc tribometer (High Temper-
ature tribometer, CSM Instruments, Peseux, Switzerland) in room conditions. The sliding
partner was a 6 mm AISI 52110 steel ball. The selection of a steel counterpart is related to
the types of applications to which this type of coating is applied. The linear speed, normal
load and number of cycles were identical for all samples at 0.1 m s−1, 10 N and 10.000,
respectively. The friction coefficients are the mean values of the entire friction curve, and the
‘running-in’ phase was not considered. The wear rates were calculated as the worn volume
per sliding distance per normal load. The worn volumes were measured with an optical
3D profilometer white light interferometer (NewView 7200, Zygo, Middlefield, CT, USA).

3. Results and Discussion

Table 1 shows the average elemental composition of the films integrated from the
IBA depth profiles, including samples with six different CH4 flow rates (one sample with
excessive O content was excluded). Additionally shown is the deposition rate (in nm/s)
and the film density (in g/cm3) obtained by combining the IBA thickness (in μg/cm2) and
the thickness (in μm) measured with the profilometer. The a-C(W):H film signals were
easily separated from the substrate by the Cr interlayer, whose thickness was determined
by PIXE. These IBA spectra were complicated, and for a good fit, it was also necessary to fit
the graded Cr interlayer with an equivalent Cr thickness (around 0.3 μm for all the samples).
Note that reliable results require good fitting of all the signals from all four detectors. A full
uncertainty analysis was not carried out, but the uncertainty was conservatively estimated
at about 10% (±5%).

Table 1. Coating composition (by IBA) and density (by IBA and profilometer) together with deposi-
tion rate, all as a function of methane flow rate.

CH4

(sccm)
H

(at.%)
C

(at.%)
W

(at.%)
Ar

(at.%)
O

(at.%)
Density
(g/cm3)

10 26.4 ± 1.3 65.6 ± 3.3 5.0 ±0.25 1.58 ± 0.08 1.40 ± 0.07 3.9 ± 0.20
15 26.6 ± 1.3 65.8 ± 3.3 4.6 ±0.23 1.50 ± 0.08 1.50 ± 0.08 3.6 ± 0.18
20 28.3 ± 1.4 64.9 ± 3.2 4.3 ±0.22 1.00 ± 0.05 1.50 ± 0.08 3.2 ± 0.16
25 29.1 ± 1.5 65.5 ± 3.3 4.0 ± 0.20 0.45 ± 0.02 0.90 ± 0.05 3.4 ± 0.17
30 30.8 ± 1.5 64.3 ± 3.2 3.5 ± 0.13 0.20 ± 0.01 1.30 ± 0.07 3.0 ± 0.15
40 30.5 ± 1.5 65.1 ± 3.3 2.9 ± 0.15 0.04 ± 0.00 1.40 ± 0.07 2.1 ± 0.11

The decrease in the W content with the increase in the CH4 flow could be mainly
attributed to two main factors: (i) for similar sputtering conditions, the number of C atoms
reaching the substrate increased (from the reactive gas CH4) and thus the relative number
of W atoms decreased; and (ii) depositing in reactive conditions may promote poisoning
of the W pellets of the target with the consequent decrease in the sputtering rate of W.
The same trend was observed for the Ar content in the coatings which, in this case, was
probably due to the lower strain in the films, which provided a lower sticking probability
of the noble atoms with almost zero incorporation for the least-dense films. The oxygen
content in the coatings was rather low (<2 at%) and appeared independent of the CH4 flow.
It originated from the residual oxygen in the vacuum chamber and/or from atmospheric
contamination after deposition. Since the samples were stored in the same conditions, it
was expected that the contamination from air exposure would be the same for all samples.
Thus, the small differences in the O content in the coatings were probably related to the
base vacuum before deposition.

The H in the coatings was from the CH4 gas; therefore, the IBA showed that the H
content increased from about 26 at% to 31 at% with the CH4 flow rate. The corresponding
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decrease in the coating density was from 3.9 to 2.1 g/cm3. This decrease must be understood
not only by the decreasing average atomic weight of the coating, but also by the increasing
average bond length. Both the composition and the structure of the coatings significantly
influenced the density.

The influence of the H content on the bonding structure of the coatings was analyzed
with Raman spectroscopy. Figure 1 presents the Raman spectra from 200 to 2000 cm−1 for all
the coatings. Three main parameters were considered in the analysis: the G peak position;
the D over G intensities ratio, ID/IG; and the FWHM (G). Moreover, the photoluminescence
background (PL) was also analyzed, which can give a signature for the H content. For higher
H contents (<~40 at%), the literature shows that the background overshadows the Raman
signal of the coatings [9,15,16,24]. To determine the H content in DLC coatings, Casiraghi
et al. [9] established a simple formula that relates the H content with the photoluminescence
(PL) signal. The values of PL (m/I(G)) were calculated from the ratio between the slope
(m)(background of the spectra in the range 1050 to 1800 cm−1) and the intensity of the G
peak IG.
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Figure 1. Raman spectra for all samples. For each sample, two measurements were acquired, and the
results in the figure are the average of both.

Figure 2 presents the evolution of the m/IG values with the methane flow rate. In
addition to the H content, there are other factors that can influence the values of m/IG,
including the type of structure of the coatings [25], contamination due to poor vacuum
conditions during the deposition or water absorbed after exposure to air [26,27] and
alloying coatings with a metal [28]. With an increasing CH4 flow rate, m/IG also increased
(see Figure 2), suggesting an increase in the H content in the films. The slightly different
evolution from the one derived by Casiraghi et al. [9] can be attributed either to the
presence of W in the coatings or the differences in the structure related to the conditions in
the deposition process. For chromium-alloyed DLC coatings (with a similar H content),
it was observed that the decrease in the metal content gave an increase in the slope of
the Raman background [29]. The coatings deposited in this work presented two features
that contributed to the increase in the m/I(G) with the increase in the CH4 flow, which
were (i) the increase in the H content and (ii) the decrease in the W content as the CH4
flow increased.

100



Coatings 2023, 13, 92

0 10 20 30 40 50

 m
/IG

(a
. u

.)

CH4 flow (sccm)

Figure 2. Evolution of m/IG with methane flow rate for the a-C(W):H coatings.

Figure 3a presents the G position and FWHM (G), and Figure 3b presents the ID/IG
ratio as functions of the CH4 flow. The G peak position shifted to a lower wave number
with the increasing H content, reaching a minimum value of 25 sccm of CH4; at this value,
an inversion in the trend was observed. The FWHM (G) and ID/IG ratio decreased from
148 to 138 cm−1 and from 1.05 to 0.7, respectively, as the CH4 flow increased. Casiraghi
et al. [24] showed that the evolution of the Raman parameters was different for H content
higher or lower than a particular value: in their case, it was 20 at%, and in our case, it
was a little higher. For amorphous carbon coatings, ID/IG is related to the size of the sp2

phase organized in rings [15]; thus, a low ID/IG means that the molecular structure is
mainly organized in chains even though rings can also be present, but with the π bonds
not fully delocalized. FWHM(G) is a measure of the disorder, particularly that arising from
bond angle and bond length distortions. A structure organized more in chains (with a
polymer-like character) should give rise to a narrowing of the G band, as seen in Figure 3a.
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Figure 3. Raman analysis of the coatings deposited with different CH4 flows: (a) G position and
FWHM (G) and (b) ID/IG.

In relation to the G peak position, according to Ferrari and Robertson [16], a shift in
the G peak to lower wave numbers is related to bond disorder while the inverse is related
to chain formation or clustering. These factors act as competing forces on the shape of the
Raman spectra.

The adhesion of the coatings was evaluated using a conventional scratch test. The
lowest value for the adhesive failure of the coatings was 42 N, and from the six coatings
deposited, only two showed adhesive failures with similar values. Those failures were
in the end of the scratch, and no extensive failures covering all areas of the scratch were
observed. Figure 4 presents the two type of behaviors observed for all coatings. No clear
relations of the adhesive failures to the increase in the CH4 flow was found. The coatings
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were deposited with increasing flows from 10 to 40 sccm of CH4, and only the ones with 15
and 20 sccm of CH4 flows presented adhesive failures.

  
(a) (b) 

Figure 4. Optical micrographs of the scratch test: (a) coating deposited on steel substrates with
40 sccm of CH4, (b) coating deposited with 20 sccm of CH4.

The mechanical properties of the coatings were evaluated with nanoindentation. The
hardness and Young’s modulus had similar behavior with the increase in theCH4 flow, as
both showed a decreasing trend, as shown in Figure 5. Although there was a decrease in the
W content from 5 to 2.9 at% (Table 1), this behavior was mainly related to the incorporation
of H in the coating due to the changes that it caused to the bonding network and structure.
With the increasing H content, the mechanical properties of the coatings tended to be
determined by the polymer-like structure due to more C-H sp3 hybridized bonds.
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Figure 5. Evolution of the hardness and Young’s modulus with the increase of the CH4 flow.

Figure 6 presents the typical nanoindentations curves of three coatings deposited
with increasing CH4 flow rates. The mechanical work is divided into two parts: the
plastic deformation Wp and the elastic recovery We. From the indentation curves, it can be
observed that with the increase in the H content, the hardness decreased as expected and
the elastic recovery increased. This behavior was also observed by other authors [18] and
might be related to the continuous increase in the number of sp3 hybridized bonds in the
film, as corroborated by the Raman analysis.
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Figure 6. Typical indentation curves for coatings deposited with three different flows of CH4.

The tribological characterization of the coatings was performed via a pin-on-disc at
room conditions with a normal load of 10 N against a 100Cr6 6 mm steel ball. Figure 7a
presents the evolution of the friction during the test for the different compositions studied
in this work. Two distinct behaviors of the friction can be observed; coatings deposited
with up to 20 sccm of CH4 presented significant fluctuations of the friction during the
whole test, while coatings deposited with 25 sccm of CH4 or higher flows presented a more
stable friction during the test.

This behavior can be associated with the formation of a well-adherent homogeneous
transfer layer on the sliding ball, as was observed (Figure 8b). For the coatings with lower
H content (10 sccm of CH4), such a transfer layer was not observed (Figure 8a). The increase
in the H content promoted a decrease in the average friction (Figure 7b), a behavior usually
observed for DLC coatings deposited with increasing H content [30]. The formation of
the transfer layer, usually attributed to the graphitization of the coating, can explain the
decrease in the friction. Concerning the wear rate for the coating and the sliding partner
(100Cr6 steel ball), a gradual decrease was observed with the increase in the H content in
spite of their lower hardness. There were several factors that could have influenced the
tribological behavior for this set of coatings. One that could have had a major role in the
tribological performance was the H content in the coatings. Additionally, the mechanical
properties could have influenced the results. Finally, the types of bonds in the coating also
contributed to the performance observed for the different coatings tested.
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Figure 7. Tribological characterization of the coatings: (a) coefficient of friction (COF) plots for all
coatings, (b) evolution of the average COF with the increase in the CH4 flow, (c) coating and ball-wear
rate with the increase in the CH4 flow.

  
(a) (b) 

Figure 8. Optical micrograph of the sliding ball after the test with coating deposited with (a) 10 sccm
of CH4, (b) 40 sccm of CH4.

104



Coatings 2023, 13, 92

4. Conclusions

A set of coatings with an increasing CH4 flow were successfully deposited on steel and
silicon substrates. The IBA analysis showed that the coatings deposited with increasing
CH4 flow rates had markedly lower W and Ar content, whereas the H content increased
somewhat. However, the film density reduced markedly with the higher H content. For the
same CH4 variation, Raman spectroscopy showed that the structure of the coatings had a
more polymer-like character. This evolution of the structure gave rise both to the decrease
in both the hardness and Young’s modulus and also to the decrease in the film density.
Therefore, it is possible to have a qualitative estimation of the H content and the mechanical
properties of the coatings when one knows the flows of CH4 and uses Raman spectroscopy.

The increase in the H content in the coatings did not significantly influence the coating
adhesion. However, the tribological behavior was influenced by the increase in the H
content, with a decrease in the friction and wear of both the coating and the sliding partner
due to the formation of a well-adherent transfer layer on the latter. The formation of the
adherent transfer layer was facilitated with the increase in the H content, mainly due to the
fact that there was a decrease in the hardness and Young‘s modulus as the H content in the
coating increased. Thus, this will contribute to the decrease in the wear and friction by the
formation of a transfer layer that protects both of the sliding partners.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13010092/s1, Table S1: Misfit factor for H signal; Table S2:
C/H ratio for all samples, from fitted data. References [31–44] are cited in the supplementary materials.
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Abstract: A titanium protective layer was deposited onto Al7075 substrate (Al7075/Ti) by a cold
spray method (CS) with different standoff distances (SoD) of the nozzle from the specimen surface.
The aim of this research was to study the influence on the mechanical properties and corrosion
resistance of the Ti coating on Al7075 substrate. The surface and microstructure of Al7075/Ti was
observed by a scanning electron microscope (SEM). The corrosion test of the materials was carried
out by using the electrochemical method. The SoD had a significant effect on the microstructure of the
coatings and their adhesion onto Al7075 substrate. The highest level of microhardness (248 HV0.3)
value was achieved for deposits obtained with the SoD of 70 mm. The corrosion tests showed
that the mechanism of electrochemical corrosion of titanium coatings is a multi-stage process, and
the main product of the corrosion process was (TiO2)ads. However, the polarization resistance
(Rp = 49 kΩ cm2) of the Al7075/Ti coatings was the highest, while the corrosion rate (υcorr = 13.90
mm y−1) was the lowest, for SoD of 70 mm.

Keywords: Al7075 substrate; standoff distance; cold spray; titanium coating; microstructure;
corrosion rate

1. Introduction

Cold spraying (CS) is a coating technology based on aerodynamics and high-speed
impact dynamics. In this process, spray particles (5–50 μm) are accelerated to a high velocity
(300–1200 m/s) by a high-speed gas flow that is generated through a convergent–divergent
de Laval type nozzle [1–3]. Pressurized gas (N2 or He) is heated, typically by electric energy,
to temperatures in the range of 300 ◦C to 800 ◦C and then directed to a nozzle to produce
a supersonic inert gas stream [4]. Obtaining supersonic velocity by spray particles is a
prerequisite for obtaining a coating that adheres well to the substrate, which ensures that
it obtains the appropriate mechanical properties [5,6]. When the particles exit the nozzle
and impinge on the target surface, they undergo significant plastic deformations resulting
from collisions and bond to the substrate. Thus, there is a clear change in particle size [7].
A coating is formed through the intensive plastic deformation of particles impacting on a
substrate at a temperature well below the melting point of the spray material. The main
result is that CS can minimize effects of oxidation, melting, evaporation and other common
problems suffered in thermal spraying [8]. Therefore, CS is used for the production and
repair of metal coatings to increase mechanical properties and improve corrosion resistance
of various metal components. However, it has been found that the particle size of the
powder used to produce the coating has little effect on the deformation of the entire particle
as it hits the substrate at high speed. It turned out that the particle flattening coefficient
increases very markedly with the increase in the velocity of impact of the metal powder
particles on the substrate surface. In contrast, the temperature at the localized contact
surfaces increases significantly due to the possible adiabatic shearing process. The critical
speed for particle deposition could be estimated with appropriate material properties [9,10].
The distance between the nozzle and the surface to which a new coating is applied has a
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significant impact on the mechanical properties of metallic coatings. On the other hand,
for cold spray deposition, increasing of the standoff distance (SoD) was generally thought
to result in a lower particle speed due to the drag force exerted on the particle. Therefore,
the protective coatings obtained did not have high mechanical parameters. On the other
hand, too small a distance of the nozzle from the surface of the substrate results in lower
quality coatings with low mechanical parameters. Therefore, a small SoD will reduce
the particle velocity and deposition efficiency, which slows down the particle velocity
before impact [11–19]. In order for the layer to be effectively formed on the surface of the
substrate, the metal particles to be deposited must move at a supersonic speed clearly
greater than the critical speed. It is worth adding that if the metal particle velocity is
lower than the critical speed, the substrate may be significantly damaged as a result of its
abrasion. Importantly, by increasing the powder feed rate in the nozzle, the velocity of the
deposited metal particles is reduced due to gas–particle interactions as the particles move
away from the nozzle outlet [20–22]. On the other hand, the production of metallic coatings
is a multi-step process. Initially, a thin layer of material is deposited on the substrate. This
stage is characterized by the direct interaction of the particles with the substrate and largely
depends on the degree of preparation and the properties of the substrate. Subsequent
layers are formed as a result of multiple overlapping coating material particles [23].

The aluminium–zinc–magnesium (i.e., Al7075) alloys have a greater response to
heat treatment than the binary aluminium–zinc alloys, resulting in higher strengths. The
additions of zinc and magnesium, however, decrease the corrosion resistance. Thus, the
alloy Al7075 must be protected against corrosion, most often by means of metallic coatings
resistant to corrosion. A possible approach to increase the corrosion resistance of this
alloy is the deposition of a pure titanium coated layer. The titanium standard potential
is ETi

2+
/Ti = −1.75 V, so titanium is a non-noble metal. Titanium is a metal with high

hardness and mechanical strength. Moreover, under natural conditions, the Ti surface
undergoes a passivation, and therefore titanium is classified as a corrosion-resistant metal.
However, the lower content of oxides is due to the cold spray being carried out at much
lower temperature, and the reaction between the metal and the oxygen in the ambient
spray can be greatly reduced or eliminated [24].

There is no reliable information in the literature so far concerning the influence of the
distance between the nozzle and the substrate surface on the mechanical and anti-corrosion
properties of metal coatings produced by the cold spray method.

The aim of this research was to check the impact influence of the different standoff
distances of the nozzle from the specimen surface on the microhardness and corrosion
resistance of the Ti coating onto Al7075 substrate. The titanium protective layer was
produced by the cold spray method. The corrosion test was carried out by electrochemical
method in an acidic chloride solution.

2. Experimental Details

2.1. Materials and Methods

The titanium coatings were deposited onto Al7075 substrate (Al7075/Ti) by the cold
spray method (CS). Pure titanium powder (99.8 wt.% Ti) was used as feedstock. This
powder was manufactured using the hydrite–dehydrite process and supplied by Kamb
Import-Export (Warsaw, Poland). On the basis of the analysis of the powder’s particle size
distribution, it was found that was characterized by the d10 = 18.0 μm, d50 = 35.0 μm, and
d90 = 60.0 μm [25], Figure 1.

The cold spray deposition was performed with an Impact Innovations 5/8 System
(Impact-Innovations GmbH, Rattenkirchen, Germany). Nitrogen was applied as the process
gas to the deposit titanium coatings. The maximum parameters used were a temperature
of 800 ◦C and a pressure of nitrogen of 40 bar [25]. The cold spray equipment is shown in
Figure 2.
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Figure 1. Particle size distribution of titanium powder [25].

Figure 2. Typical cold spray equipment with a marked distance of the nozzle from the sample surface.

Before applying the Ti coating, the surface of the substrate, i.e., Al7075 was mechani-
cally cleaned with 600, 1200, and 2000 grit sandpaper. Coatings were sprayed maintaining
the distance (d) of the nozzle from the specimen surface in the range from 20 to 100 mm,
which was systematically increased by 10 mm. The nozzle traverse speed was 400 mm/s.
In order to obtain the planned thickness of the titanium coating, i.e., 1.5 mm–2 mm onto
Al7075 surface, we made 2 or 3 runs with a cold spray gun [25]. The Al7075/Ti samples
were cooled (in about 24 h) to room temperature under a nitrogen atmosphere. The basic
parameters of the materials are listed in Table 1.

Table 1. Sample name, and distance of nozzle from sample surface.

Sample
Distance

d, mm

Al7075/Ti-20 20

Al7075/Ti-70 70

Al7075/Ti-100 100

Three of the Al7075/Ti samples were selected for the characterization of microstruc-
tures and corrosion test (Table 1).

2.2. Solutions

The following reagents were used to make the solutions: FLUKA analytical grade
sodium chloride (NaCl) and POCH analytical grade hydrochloric acid (HCl). The concen-
tration of Cl− ions was 1.2 M, and the pH was 1.5. The electrolyte was not deoxygenated.
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2.3. Electrodes

The working electrode (W) was made of Al7075 alloy, which was covered with titanium
coating (Al7075/Ti), which was produced by a cold spraying method. The geometric
surface area of the W electrode was 1.0 cm2. The saturated calomel electrode (SCE) was
used as the reference. It was connected with the solution using a Luggin capillary. The
counter electrode (9 cm2) was made from platinum foil (99.9% Pt).

2.4. Electrochemical Measurements

The electrochemical experiments were carried out in a conventional three-electrode
cell. All electrochemical measurements were made using a potentiostat/galvanostat PG-
STAT 128N, (AutoLab, Amsterdam, The Netherlands) with NOVA 1.7 software from the
same company.

The potentiodynamic polarization (LSV) curves were recorded. All measurements
were carried out under a potential range from −900 mV to −100 mV vs. SCE, whereas the
potential change rate was 1 mV s−1, with holding time of 30 s at −900 mV.

The LSV curves were used to designate of the corrosion electrochemical parameters.
However, the Stern–Geary equation was used for the calculation of the polarization resis-
tance of the materials. The corrosion rate of materials were appointed using the following
equation [26–29]:

νcorr = 3.268 × jcorr M
n ρ

(1)

where jcorr is the corrosion current density, M is the molecular weight of the substrate, n is
the number of electrons exchanged, and ρ is the density of the material.

The chronoamperometric curves (ChA) were obtained for the potential values which
were selected for the characteristic points on the LSV curves.

2.5. Surface Morphologies and Microstructure

The surface morphologies and microstructure were observed by using a scanning
electron microscope (SEM, JSM-5400, Joel, Tokyo, Japan). The accelerating voltage of SEM
was 20 kV. Prior to the cross-sectional analysis, the coating samples were polished with
increasingly fine, (3 μm, 1 μm, and 0.25 μm) diamond suspensions. The X-ray diffraction
(XRD) was applied to characterize the phase composition of the coatings using a Bruker
D8 Discover diffractometer (Bruker Ltd., Malvern, UK), with Co Kα radiation was of
λ = 1.7889 Å.

2.6. Microhardness

The measurement of microhardness of the Al7075/Ti was made by the Vickers method
(HV) using a Falcon 500 hardness tester from INNOVATEST (Maastricht, The Netherlands).
An indenter was used in the form of a diamond pyramid, whose load varied from 0.02 N
to 20 N.

All measurements were carried out at a temperature of 25 ± 0.5 ◦C which were
maintained using an air thermostat.

3. Results and Discussion

3.1. Surface Morphologies

The surface morphologies of the Ti coatings onto Al7075 substrate are presented in
Figure 3.

Titanium coatings adhere well onto Al7075 alloy. As shown in Figure 3, along with
the change in SoD, a change in the surface structure of the Ti coating onto Al7075 substrate
was observed. The most homogeneous and smooth surface of the Ti coating was obtained
when the nozzle distance from the sample surface was 70 mm (Figure 3b).
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Figure 3. Surface morphologies of cold sprayed titanium coatings onto Al7075 substrate deposited at
SoD of: (a) 20 mm, (b) 70 mm, and (c) 100 mm.

Figure 4 presents the X-ray diffraction patterns recorded for the Ti powder and cold
sprayed coating deposited onto Al7075 substrate at SoD of 70 mm.

It can be seen that the SoD of 70 mm and high gas temperature of 800 ◦C do not cause
the formation of oxides onto the Al7075/Ti surface. However, similar results were obtained
for other samples (Table 1), but they are not cited in this work.
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Figure 4. X-ray spectrum of cold sprayed titanium coating onto Al7075 substrate deposited at SoD of
70 mm.

3.2. Microhardness

In Table 2 shows how the SoD affects the microhardness of the Ti coatings onto Al7075
substrate. Similar observations were reported by [25].

Table 2. Microhardness of titanium coatings onto Al7075 substrate.

Sample
Microhardness

HV0.3

Al7075/Ti-20 200 ± 2

Al7075/Ti-70 248 ± 1

Al7075/Ti-100 218 ± 3

The highest HV0.3 value was recorded for the titanium coating that was produced
when the SoD was 70 mm (Table 2). The measurement results show a large deviation of
the HV0.3 value, which is related to the different degree of deformation of the titanium
particles on the Al7075 surface.

3.3. Corrosion Test

The corrosion tests of the Al7075/Ti coatings were carried out by the electrochemical
method in 1.2 M Cl− solution (pH 1.5). The potentiodynamic polarization curves (LSV)
of the titanium coatings onto the Al7075 alloy, depending on the nozzle distance from the
sample surface, are shown in Figure 5.

The cathode branches (Figure 5) correspond to the simplified reduction reaction of
hydrogen ions [26–28]:

Ti + 2 H+ → Ti + H2 − 2 e− (2)

When the electrode potential is changed in the anode direction, the surface of the Ti
electrode was oxidized:

Ti → Ti2+ + 2 e− (3)

Moreover, subsequently, an adsorbed oxide layer was formed on the surface of the
electrode according to the reaction:

Ti2+ + 2 H+ + 3/2O2 → (TiO2)ads + H2O + 8 e− (4)
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Figure 5. Potentiodynamic polarization curves of titanium coatings onto Al7075 substrate deposited at
SoD of: (a) 20 mm, (b) 70 mm, and (c) 100 mm. Solutions contained 1.2 M Cl−, pH 1.5, dE/dt 1 mV s−1.

The Al7075/Ti surface was covered with a white layer of titanium (IV) oxide. Therefore,
on the potentiodynamic polarization curves (Figure 5), peaks are observed for the electrode
potentials of: −510 mV (curve (a)), −360 mV (curve (b)), and −230 mV (curve (c)) vs.
SCE, respectively. Adsorbed titanium (IV) oxide (Equation (4)) clearly limits the effects
of electrochemical corrosion on the titanium surface, especially for Al7075/Ti, which was
produced when the nozzle distance from the sample surface was 70 mm (Figure 5, curve (b)).
In this case, the protective oxide layer (reaction (4)) is tight and adheres well to the substrate,
protecting the Al7075 substrate against contact with a corrosive chloride environment.

Under the conditions of the experiment in the acidic environment, the adsorbed oxide
layer dissolves according to a simple chemical reaction:

(TiO2)ads + 4H+ → Ti4+ + 2H2O (5)

However, for more positive electrode potentials, the current density increases (Figure 5),
hence a further dissolution of the titanium surfaces that have been deposited onto
Al7075 substrate.

3.3.1. Corrosion Electrochemical Parameters

The LSV curves (Figure 5) were used to designate the corrosion electrochemical
parameters of the Al7075/Ti coatings, i.e., corrosion potential (Ecorr), corrosion current
density (jcorr), and cathodic (bc) and anodic (ba) Tafel slopes (Figure 6).

The corrosion electrochemical parameters of the titanium coatings onto Al7075 sub-
strate in aggressive chloride solution are listed in Table 3.
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Figure 6. Potentiodynamic polarization curves on a semi-logarithmic (Tafel scale) of titanium coatings
onto Al7075 substrate deposited at SoD of: (a) 20 mm, (b) 70 mm, and (c) 100 mm. Solutions contained
1.2 M Cl−, pH 1.5, dE/dt 1 mV s−1.

Table 3. Corrosion electrochemical parameters of titanium coatings onto Al7075 substrate.

Sample

Ecorr

mV
vs. SCE

jcorr
mA cm−2

−bc ba

mV dec−1

Al7075/Ti-20 −670 2.80 350 250

Al7075/Ti-70 −643 1.60 340 380

Al7075/Ti-100 −652 1.90 380 300

It turned out that with the increase in the distance of the nozzle from the surface of
the samples, the values of the corrosion potential shift towards positive values. Moreover,
the most positive value of the corrosion potential was noted for the Al7075/Ti-70 coating
(Table 3). Thus, if the distance between the nozzle and the surface of the sample was
70 mm, the Ti coating exhibits the best anti-corrosion properties. This is also evidenced
by the lowest value of the corrosion current density (i.e., 1.60 mA cm−2). The slopes of
the Tafel’s cathode fragments of polarization curves are slightly different between each
other (Table 3). Therefore, the mechanism of cathodic hydrogen reduction (Equation (2)) is
identical for the tested electrodes. However, the Tafel slopes of the anode segments of the
polarization curves are different for each electrode material (Table 3). This suggests that the
mechanism of electrochemical corrosion (Equations (3)–(5)) of the tested coatings depends
on the method of Ti coating production onto Al7075 alloy (in this case, from the distance of
the nozzle from the surface of the substrate).

3.3.2. Polarization Resistance and Corrosion Rate

The polarization resistance (Rp) of the titanium coatings were determined on the basis
of the slope of the LSV curves (Figure 5). The corrosion rates (vcorr) of the materials were
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calculated on the basis of Equation (1) [27–29]. The Rp and vcorr values of the titanium
coatings cold sprayed onto Al7075 alloy are collected in Table 4.

Table 4. Polarization resistance and corrosion rate of titanium coatings onto Al7075 substrate.

Sample
Rp

kΩ cm2
vcorr

mm y−1

Al7075/Ti-20 23 24.30

Al7075/Ti-70 49 13.90

Al7075/Ti-100 38 16.50

The highest in the electrode’s polarization resistance value was noted of the Ti coating,
which was obtained when the nozzle distance from the surface of the substrate was 70 mm.
Moreover, the electrochemical corrosion rate of this coating is also the smallest compared to
Ti coatings that were produced by a different nozzle position (Table 4). It seems clear that
metallographic structures of titanium coatings onto Al7075 alloy are completely different.

3.3.3. Chronoamperometric Measurements

Figure 7 shows the ChA curves in 1.2 M Cl− solution (pH 1.5) of the Ti coating onto
Al7075 substrate deposited at SoD of 20 mm, 70 mm, and 100 mm. The electrode potential
of the anode process was –150 mV vs. SCE, and was selected on basis of the LSV curves
(Figure 5). It was found that, in the conditions of the experiment, the current density values
depended on the distance of the nozzle from the surface of the substrate (Figure 7). For
each nozzle distance from the Al7075 surface, the current density systematically decreases
during electrolysis. Thus, the adsorbed oxide layer i.e., TiO2 (reaction (4)) protects the
Al7075 substrate against contact with an aggressive chloride solution.

Figure 7. Chronoamperometric curves obtained for −150 mV of titanium coatings onto Al7075
substrate deposited at SoD of: (a) 20 mm, (b) 70 mm, and (c) 100 mm. Solutions contained 1.2 M Cl−,
pH 1.5. (Straight lines refer to the average current density values).
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It seems that, under these conditions, the adsorbed oxide layer can be additionally
sealed by adsorption of Cl− ions [29]:

MeO + Cl− + H+ → (MeClOH−)ads (6)

and
(MeClOH−)ads → (MeClOH)ads + m e− (7)

Unfortunately, the (MeClOH)ads layer in the acidic chloride solution was dissolved in
accordance with a chemical reaction:

(MeClOH)ads + H+ → Men+ + Cl− + H2O (8)

Thus, a further sharp increase in the current intensity was observed due to the oxida-
tion of the electrode surface (Figure 5).

In addition, a clear fluctuation of the current density was observed (especially for the
distance of 20 mm), which were associated with the oxidation of the surface of the test
materials (Figure 7, curve (a)). Thus, in this case, the oxide surface is not homogeneous and
does not effectively protect the substrate against corrosion.

Figure 8 shows a scheme of the formation of the protective titanium layer onto Al7075
substrate depending on the distance of the nozzle from the substrate surface.

 
Figure 8. Scheme formation of titanium layer onto Al7075 substrate depending on nozzle distances
from sample surface of: (a) 20 mm, (b) 70 mm, and (c) 100 mm.

During the production of the metal layer by the cold spray method, the particle
impact speed must exceed the threshold value so that plastic deformation of the metal
particles occurs, which causes them to adhere to the surface of the substrate. Moreover,
nozzle geometry, powder characteristics and nozzle distance from the sample surface are
of fundamental importance with respect to the microstructure, physical, and mechanical
properties of the coatings.

If the distance of the nozzle from the substrate was 20 mm, the Ti particles were
subjected to excessive deformation, which resulted in a leaky Ti coating onto Al7075
substrate (Figure 8a). It seems that the most compact and tight Ti coating was obtained
when the distance of the nozzle from the substrate Al7075 was placed 70 mm. In this
case, tightly adhering Ti coating was obtained (Figure 8b). However, during Ti coating
production cold spray method when the distance of the nozzle from the substrate was
increased to 100 mm, the Ti particles did not deform sufficiently and a leaky porous coating
was obtained (Figure 8c). The aggressive chloride electrolyte easily penetrates deep into
the structure of the Ti coating, causing corrosion of the substrate.

On the other hand, an important aspect of the powder morphology is that the particle
shape of the coating material has a significant influence on the mechanical properties of
the newly formed coating. It turns out that irregularly shaped metal particles hitting the
substrate cause high internal stresses in the new coating. Ajdelsztajn et al. [30] showed
that when the shell metal particles hit the substrate, a localized shear deformation occurs
at the particle boundaries. In this way, the shape of the metal particles is changed to
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be more regular, which favors close contact between the particles and helps to form a
metallurgical particle/particle bond. In addition, the irregular morphology of the metal
particles will increase the concentration of internal stresses in the coating due to the fact
that the load cannot be evenly distributed. Thus, the regular morphology of the coating
material particles promotes an even distribution of internal stresses, and thus significantly
improves the mechanical properties of the new coatings [28]. Moreover, the concentration
of stresses on the surface of the deposited metal particles may facilitate the occurrence
of a localized shear deformation that can cause microcracks on the surface of the newly
produced metallic coating.

3.4. Microstructure Titanium Coatings

The SEM microstructure of the cross-section of the titanium coatings onto Al7075
substrate (for the of SoD of 20 mm, 70 mm, and 100 mm) before and after exposure in 1.2 M
Cl− solution (pH 1.5) are shown in Figure 9. The exposure time was 4 h.

 

Figure 9. SEM of cross-section of titanium deposited onto Al7075 substrate at the SoD of: (a) 20 mm,
(c) 70 mm, and (e) 100 mm, and after exposure at 1.2 M Cl− (pH 1.5) at SoD of: (b) 20 mm, (d) 70 mm,
and (f) 100 mm. Exposure time was 4 h.

Significant changes in the microstructure of the Al7075/Ti coatings, together with
increasing of the SoD in the range of 20 mm to 100 mm, are visible. Spraying at short
distances (20 mm) produces porous of Ti coatings which adhere well to the Al7075 alloy
substrate (Figure 9a). The reason for such increased porosity of the coatings in these cases
may be the lower speed of larger particles of the titanium powder. After leaving the nozzle,
the velocity of the Ti powder grains increases depending on their size, reaching the highest
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value at a distance of 70 mm or 100 mm [25]. A close SoD is sufficient for large particles to
form good adhesion with the substrate, with no pores visible at the interface. Extending
the distance of the nozzle from the substrate leads to a noticeable reduction in the porosity,
which reaches the minimum value at 70 mm, which is clearly visible in Figure 9c. However,
this coating is characterized by a small number of very fine pores that appear evenly over
the entire cross-sectional area.

Further increasing the distance of the nozzle from the substrate material, i.e., 100 mm,
resulted in a significant increase in the porosity of the Ti coating onto Al7075 substrate
(Figure 9e). The large distance of the nozzle from the substrate resulted in a decrease in the
velocity of all the grains of the Ti powder, which resulted in an increase in the porosity of
the Al7075/Ti coating. The most significant decrease in velocity concerned fine Ti powder
grains, which deformed slightly, contributing to a significant increase in the porosity of the
coating [31]. The kinetic energy of the largest Ti grains was so high that after impact with
the previously applied layer of titanium, the coating deformation process took place. Such
changes in the porosity of the coatings sprayed with cold gas result from the course of the
coating forming process, where the last layer is not subjected to penning as intensively as
the layers previously deposited [32,33].

The cross-section of the titanium coatings onto Al7075 substrate (for the SoD of 20 mm,
70 mm, and 100 mm) after exposure (4 h) in chloride solution are shown in Figure 9b–f. As
a result of the corrosive action of the environment, the greatest destruction of the Ti layer
was observed in the case of Al7075/Ti-20 and Al7075/Ti-100 samples (Table 1). It is clearly
visible that the inhomogeneous, porous structure of the Ti coatings on the aluminum alloy
substrate (Figure 9b,f) were degraded as a result of the reaction of the coating with the
corrosive environment. The numerous pores on the titanium surface cause the electrolyte
to penetrate deep into the Ti layer, which causes intense electrochemical corrosion of the
aluminum substrate (reactions (6)–(8)). However, in the case of the SoD of 70 mm, a fairly
smooth, compact structure of the Al7075/Ti coating was obtained. Therefore, the titanium
surface was slightly damaged (Figure 9d), still protecting the Al7075 substrate from the
corrosive action of the acid chloride solution.

4. Conclusions

The work carried out presents experimental studies of the titanium deposition onto
Al7075 substrate by cold spraying at different distances between the nozzle and the sub-
strate. The microstructure and anti-corrosion properties of the Ti onto Al7075 alloy in
an acid chloride solution were investigated. The conducted research allowed for the
formulation of the following conclusions:

1. The different standoff distance of the nozzle from the specimen surface (i.e., 20 mm,
70 mm, and 100 mm) in the cold spray process has a significant influence on the
properties of the Al7075/Ti coating.

2. Titanium coatings adhere well onto Al7075 alloy, and the most homogeneous and
smooth surface of the Ti coating was obtained when the nozzle distance from the
sample surface was 70 mm.

3. The microhardness (HV0.3) of the deposit depend significantly on the nozzle distance.
The highest level of HV0.3 value was achieved for deposits obtained with the SoD of
70 mm.

4. There were no phase changes in the phase composition of the titanium deposits due
to the increased of SoD.

5. Corrosion test (electrochemical method) of the titanium coatings onto Al7075 substrate
were carried out in acidic chloride solutions.

6. The mechanism of electrochemical corrosion of titanium coatings is a multi-stage
process, and the main product of the corrosion process was (TiO2)ads. The oxide layer
did not protect the materials against the penetration of the aggressive solution.

7. The polarization resistance (Rp) of the Ti coatings was the highest, while the corrosion
rate (υcorr) was the lowest, for the SoD of 70 mm. Thus, in this case, the exchange
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of mass and electrical charge between the electrode and the electrolyte solution is
significantly impeded.

8. The titanium surface on the Al7075 substrate was slightly damaged when exposed
to an acid chloride solution, while still protecting the aluminum substrate from the
corrosive effects of the environment.
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Abstract: The non-contact long pulse thermography method is commonly used to detect the defects
in thermal barrier coatings (TBCs). The profile of interfacial defect in TBCs can be monitored by
infrared camera under the irradiation of the excitation source. Unfortunately, the defect profile is
always blurry due to heat diffusion between the defect area and the intact area. It is difficult to
quantify the size of defect size in TBCs. In this work, combined with derived one-dimensional heat
conduction analytical model, a non-contact long pulse thermography (LPT) method is applied to
quantitatively investigate the interface defects in TBCs. Principal component analysis (PCA) and
background subtraction method are used to improve the contrast of the defect profile in collected
thermal images. By fitting the results between the profile of the interface defect in thermal images
and the predicted shape of the model, the interface defect size can be determined. Furthermore, a
simple extension of proposed method for interfacial defects with irregular shape is presented. The
predicted errors for round defect with diameters of 3 mm, 5 mm and 7 mm are roughly distributed in
the range of 3%~6%, which are not affected by the defect diameter.

Keywords: thermal barrier coatings; long pulse thermography; interfacial defects; fitting background
subtraction; quantitative characterization

1. Introduction

Thermal barrier coatings (TBCs) are widely used to improve the temperature-bearing
capacity of high temperature components in aircraft engines such as high pressure turbine
blades and combustors [1,2]. A typical system of TBCs is composed of a superalloy
substrate, a ceramic topcoat with low thermal conductivity, and a metallic bond coat for
offering adhesion between the topcoat and the substrate [3–6]. In addition, thermally
grown oxide (TGO) is formed in the interface between the ceramic topcoat (TC) and bond
coat (BC) due to oxidation at high temperature [7]. TBCs can effectively provide reductions
in the surface temperature of the superalloy substrate (100–300 ◦C) [8]. Due to the complex
multi-layer structures of TBCs and the harsh service environment, the coating is prone to
interfacial defects such as debonding and buckling. Further propagation of these defects
will lead to spalling failure of TBCs, which seriously threatens the safe application of
TBCs on turbine blades. Many previous studies show that the spallation of TBCs starts
as a separation between TC and BC. Zhen et al. [9] found that delamination cracking
appears in the interior of the TGO layer and the interface area between BC and TGO layers
after thermal cycling. Wei et al. [10] showed that the surface vertical crack expands to
the interface of BC/TGO layers and merges rapidly with the horizontal crack, with the
consideration of TGO growth and ceramic sintering. As the delamination between TC and
BC becomes large enough, buckling appears [11,12], and enough buckling will cause the
spalling of TC. However, some interfacial defects are buried in the bottom of the ceramic
coating, which are hard to directly observe with the naked eye. In order to avoid sudden
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accidents and loss due to the detachment of TBCs, it is very important to develop an
effective way to predict and evaluate the state of defect in TBCs.

Over the years, several nondestructive techniques such as ultrasonic [13], impedance
spectroscopy [14], X-ray computed tomography [15,16], and infrared thermography nonde-
structive testing [17,18] have been used to evaluate and identify the state of defect in TBCs.
Impedance spectroscopy and ultrasonic testing are the contact detection methods, and
they are not conducive to defect detection for TBCs in many in-service situations. X-ray
computed tomography is able to analyze the 3D spatial microstructure in nondestructive
mode, but the inspection equipment is relatively costly, and the top ceramic coating need
to be removed from the superalloy substrate for alleviating the effect of X-ray absorption.
The above mentioned nondestructive testing methods are not ideal for the quantitative
characterization of internal defects in TBCs. Infrared thermography testing has become a
hot defect evaluation method due to the advantages of non-contact, high efficiency, direct
detection results, and quantitative characterization of defects [19].

Long pulsed thermography (LPT) is commonly used to detect internal defects [20].
The detection principle of infrared thermography is that the excitation source (such as flash
bulbs, halogen lamps) heats the surface of the sample and the temperature change of the
sample surface is monitored and recorded by an infrared camera. Due to the difference of
the thermal properties of defective and intact region, the temperature in the defective region
is different from that in the intact region. Then, the information of defects can be detected,
such as debond, crack, uneven thickness of coating, delamination and so on. Newaz
et al. [21] investigated the progressive damage assessment in TBCs using PT technique,
and the results verified that coating layering and buckling happens only toward the end of
life and has a very short span. Combining Terahertz-Time domain spectroscopy (THz-TDS)
with the PT technique, the degree of degradation of the thickness of TBCs top coat of
varying service lifespans were quantitatively analyzed [22]. Based on the thermography
method, Kumar et al. [23] collected the thermographic images of TBCs samples exposed
to thermal cycling. The experimental results are consistent with the FEM results, which
verified the delamination form of defect. Shi et al. [24] developed one-way coupling
algorithm (GEMSS) and carried out the investigation of the thermal image collected by
infrared thermography to detect cracks in TBCs. The amount and position of crack with
different lengths can be identified from collected thermal image. Zhu et al. [25] combined
the acoustic emission method with infrared thermography to explore the degradation
mechanism of TBCs corroded by CMAS under thermal shock. The increased abnormal
temperature area with the number of thermal shock cycles can be observed from the thermal
images. The abnormal area was recognized as the spalling location.

Recently, a few quantitative evaluation methods of internal defect size have been
developed for TBCs. Zhuo et al. [26] developed a size estimation method of interior defects,
which added a hypothetical heat flux supplied from surface temperature measured by
step heating thermography. Guo et al. [27] studied the diameter of in-plane defect by LPT,
and proposed a novel method FWHM-1st to quantify the diameter. The error of their
measurement results of defect becomes larger with the decrease in the defect size, and the
minimum error reached 12%. Due to the inevitable fact that heat diffusion blurs the defect
boundary in thermal images, the accurate evaluation of the sizes of smaller defects still
needs to be developed.

In order to further enhance the assessment ability of the size of interfacial defects
in thermal images of TBCs, we proposed a quantification method by fitting the results
between the profile of interface defect in thermal images and the predicted shape of the
model in this paper. First, LPT was used to quantitative investigate the interfacial defects
of TBCs. Then, PCA is applied to extract a reconstructed thermal image from the abundant
thermal images collected by LPT. The background subtraction method was used to reduce
the background influence in the collected thermal images. Furthermore, a one-dimensional
heat conduction analytical model of TBCs with interface defects was derived. By fitting the
results between the profile of interface defect in thermal images and the predicted shape of
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the model, the interface defect size can be determined. At last, a simple extension of current
evaluation method of defect size was presented for interfacial defects with irregular shape.

2. Experiments

2.1. Sample

Two flat-plate test samples with the dimensions of 115 mm × 40 mm ×5 mm were
prepared for the experiment. Each sample was composed of the stainless steel substrate,
precast brass defects, and 7 wt.% yttria-stabilised zirconia (YSZ) coating. In order to
produce interfacial defects in the samples, several cylindrical holes with different diameters
and the same depth of 1.5 mm were drilled in the stainless steel substrate before spraying.
Then, these holes were plugged with copper, which had the same dimensions as holes. The
height of copper billet was slightly less than the depth of the cylindrical holes, therefore,
a paper-thin air gap existed in the interface between the copper billet and stainless steel.
Then, the surface of the stainless steel substrate was polished flat. Finally, the YSZ coating
with a thickness of 200 μm was prepared on the surface of the substrate by air plasma
spraying. The processing parameters for spraying the YSZ coating are given in Table 1.

Table 1. Spraying parameter for YSZ coat.

Voltage (V) Current(A)
Primary Gas

Ar (slpm)
Primary Gas

H2 (slpm)
Standoff

Distance (mm)
Feed Rate

(g/min)

75 600 40 15 110 20

Sample 1 is used to propose the image processing method and the quantitative method
of the size of defect. Sample 2 is used to verify the quantitative method. Figure 1 shows
the schematic diagram of the dimension of the sample 1. The center of defects was in the
bisector of substrate. The samples with different sizes of defects were used to investigate
the effect of defect diameters on temperature distribution law. The dimensions of the
in-plane defects are given in Table 2.

Figure 1. The schematic diagram of the dimension of the sample 1.
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Table 2. Thickness of ceramic coating and the dimension of the interfacial defects.

Sample Number Diameter of Defect D (mm)

1 Flaw 1: 10; Flaw 2: 8; Flaw 3: 6; Flaw 4: 4; Flaw 5: 2
2 Flaw 1: 7; Flaw 2: 5; Flaw 3: 3

2.2. Experimental Setup and Data Collection

A flow diagram of defect detection by LPT is shown in Figure 2. Two halogen lamps
with a high power of 2 kW were selected as the excitation sources. In order to reduce the
effect of uneven heating, the two lamps were placed symmetrically on both sides of the
test sample, and the space between them was about 1 m. An infrared camera was put in
the middle of the two lamps to capture the temperature evolution of samples surface. The
objective table was used to place the tested sample, and located at the right ahead of the
infrared camera. The spectral range, thermal sensitivity at room temperature and resolution
of the infrared camera were 3.8~4.05 μm, 25 mK, and 320 × 240 pixels, respectively. In
this study, the sampling frequency was 30 Hz, the heating time was 6 s, and the distance
between the sample and the infrared camera was 30 cm.

 

Figure 2. A flow diagram of defect detection by LPT.

Figure 3 shows an infrared image of the sample surface captured by the infrared
camera. The temperature of the defective area was higher than that of the intact area. The
90 frames thermal images in the first 3 s period after removing the thermal excitation source
were used to analyze the characteristic information of temperature. In order to reduce
the effect of environmental noise on the defect identification, the first frame of the images
was used as the background image, and the reconstructed 90 frames thermal sequence
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images were obtained by subtracting background image from the images, including noise
interference signal. To facilitate the following processing, the ratio (T) of temperature data
T extracted from the subtracting background thermal sequence image to Td (Td = 1 ◦C)
was obtained.

Figure 3. Thermal data captured by an infrared camera.

2.3. Principal Component Analysis (PCA)

PCA was used to process thermal image sequences with uneven heating noise and
improve the defect detectability from multiple frames figures [28,29]. Based on the principle
of data dimensionality reduction reconstruction, PCA uses the singular value decomposi-
tion (SVD) to extract the spatial and temporal information containing defect features from
abundant thermal image sequences [28,30]. The SVD is written as follows:

[A] = [U][R][V]T (1)

where [A] is a matrix, whose column vector is composed by each frame image compressed
into a single column. [U] and [V] are the left and right singular matrixes of the matrix
[A]. [R] is a 90 × 90 diagonal matrix with the singular values of matrix [A] in the diagonal
and the elements of matrix [R] are equal to zero on off-diagonal lines. Considering that
data matrix [A] is arranged time variations occur column-wise and spatial variations occur
row-wise, the columns of matrix [U] are composed by the empirical orthogonal functions
(EOF) that can describe the spatial variables of the thermal response data. Matrix [V] can
describe the characteristic time behavior, where the principal component (PC) vectors are
arranged row-wise [31,32].

Corresponding to the three principal components of the 90 frames of thermal im-
ages processed in previous section, the reconstructed thermal sequence images by PCA
algorithm are shown in Figure 4. Conveniently, we denoted the reconstructed image of
the n principal component as PCn. The temperature distribution in PCn is denoted by
TPCn. Figure 4a shows that a reconstructed thermal sequence image of the first principal
corresponds to the three principal components of the 90 frames thermal images processed
in the previous section; the reconstructed thermal sequence images by PCA algorithm are
shown in Figure 4. Conveniently, we denoted the reconstructed image of the n principal
component as PCn. The temperature distribution in PCn is denoted by TPCn. Figure 4a
shows that a reconstructed thermal sequence image of the first principal component PC1,
which contains most of the complete defect characteristic information of the 90 frames
thermal sequence images. It is easy to identify the defect location. The reconstructed
thermal sequence image of the second principal component PC2 is greatly affected by noise,
and some defects are difficult to identify (see Figure 4b). In Figure 4c, the defect shape in
the reconstructed thermal sequence image of the third principal component PC3 is severely
distorted. Therefore, the reconstructed thermal sequence image of PC1 is selected for the
following procedure. Line 1 marked by a dotted line in Figure 4a is used to the following
quantitative analysis of defects.
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Figure 4. Reconstructed images by PCA algorithm of the sample 1: (a) PC1; (b) PC2; (c) PC3. Line 1
across the center of all flaws.

2.4. Subtracting Fitting Background

Two excitation lamps were placed symmetrically on both sides of the sample to
reduce the effect of uneven heating. However, with the symmetrical distribution of the
lamps, the effect of uneven heating was still existent. Figure 5 shows the temperature
distribution along line 1 in Figure 4a. The temperature of the sample surface at the defect
region is obviously higher than that at the intact region. Due to the uneven heating, the
temperatures at both ends of the sample surface are higher, and the temperature in the
central region is lower than that at both ends. To solve the adverse effect of uneven heating
on defect detection, an image processing method of background subtraction is proposed in
this section.

The process of subtracting fitting backgrounds consists of two steps: fitting back-
ground and background subtraction. Figure 6 shows the three-dimensional thermal images
of flaw 1 in the sample 1. The three-dimensional size of defect can be identified as an
abnormal rise region of temperature. The thermal data of the intact region is used to predict
the thermal background in the defective region. A quadratic equation is proposed to fit the
data of the thermal background:

Tfit = a + bx/lp + c(x/lp)
2 (2)

where Tfit is the thermal background fitted by the thermal data of the intact region in
Figure 6a. a, b, and c are the fitting parameters. x denotes the pixel points and lp is one

127



Coatings 2022, 12, 1829

pixel. Next, we subtract the raw PCA image sequence TPC1 with the thermal background
Tfit:

TPf = TPC1 − Tfit (3)

where TPf is the thermal data in pixel points after subtracting the fitting background.

Figure 5. The temperature distribution along line 1 in Figure 4a.

Figure 6a shows a three-dimensional thermal image of PC1. The corresponding
temperature values at two ends of the sample surface are different due to the uneven
heating. To decrease this effect, a subtracting fitting background method is proposed. As
shown in Figure 6b, a thermal image processed by the subtracting fitting background
method can effectively reduce the local uneven heating noise. The processed images of this
section are used to quantitative characterization analysis in the next section.

Figure 6. Cont.
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Figure 6. Three-dimensional thermal images of flaw 1 in the sample 1: (a) a raw thermal data
extracted from PC1; (b) a thermal data extracted from PC1 after subtracting fitting background.
Plane coordinates are represented by x-axis and y-axis. Vertical axis is used to record the value
of temperature. Red line represents the coordinate range in y-axis, where the temperature has an
abnormal rise.

3. Results and Discussion

3.1. Temperature Curve in the Defective Region after Subtracting the Fitting Background

To quantitatively analyze the lateral dimension of defects from the thermal images,
the temperature distribution along line 1 was extracted from the thermal sequence image of
PC1 after subtracting the fitting background. Figure 7 shows the temperature distribution in
line 1 around defects with different diameters. The uneven background temperature can be
effectively eliminated by algorithm processing of subtracting the fitting background. Due
to the effect of the interface defect at the bottom of the ceramic coating on the distribution
of the surface temperature of ceramic coating, the temperature in the defect area is higher
than the intact region during the heating process by the heat source. After removing the
source of motivation, the heat flows from the high temperature defect area to the low
temperature intact area. Then, in collected infrared thermographs, the boundary of the
high temperature area is fuzzy because the temperature changes from the heat flow. Also,
the effect of interface defect on the transitive distance leads to the blurring of boundaries.
Therefore, the sloping boundary of high-temperature area can be seen in Figure 7, and form
the transition region between high and low temperature. When the lateral dimension of a
defect is larger than 6 mm, the temperature distribution of the defective region presents a
platform zone with undulating waveform. Note that the width of platform zone is a little
less than the width of interfacial defect due to the transition region between high and low
temperature. The width and height of the platform zone gradually decrease by decreasing
the lateral dimension of a defect. When the lateral dimension of a defect is less than 6 mm,
the transition regions distributed in the both sides of the high temperature area infinitely
approach. Then, the platform zone disappears and reduces to an arch. The width and
height of the arch also gradually decrease with decreasing the lateral dimension of a defect.
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Figure 7. The temperature distribution around defects with different diameters after subtracting the
fitting background: (a) D = 10 mm; (b) D = 8 mm; (c) D = 6 mm; (d) D = 4 mm and (e) D = 2 mm.

3.2. Heat Transfer Model of Interface Defect

The surfaces of defective and intact regions radiate heat outward during the sample
heating by an excitation source. At the same time, the temperature difference between
the defective region and the intact region leads the heat to flow transversely between the
two regions (see Figure 8). Heat conduction can be represented by two processes, which
are thermal diffusion in the vertical direction and transverse direction. According to the
experimental results, the surface temperature of sample at the defective region is higher
than that at the intact region during heating by an excitation source and cooling. Therefore,
the temperature difference in the vertical direction is far less than that in the transverse
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direction. Coating material at the defective region can be seen as a heat source when the
excitation source is turned off. The temperature difference at the moment just turning
off the excitation source is the most obvious. After a period of cooling, the temperature
difference disappears gradually. In this work, we ignore the effect of heat diffusion in the
vertical direction, and assume an ideal situation that the temperature on the surface of
ceramic coating has a distribution as shown in Figure 9 at the moment just turning off the
excitation source. The superscripts defect and intact represent variable in the defective and
intact region.

Figure 8. Schematic diagram of thermal diffusion in TBCs with interfacial defect.

Figure 9. Temperature distribution on the surface of ceramic coating at the moment just turning off
the excitation source.

A schematic diagram of heat conduction in the ceramic coating with interface defect
during cooling process is shown in Figure 10. The differential equation of heat conduction
on the surface of coating at the x axis direction is written as follows

ρc
∂Tmodel(x,−e1, t)

∂t
=

∂

∂x

(
kT

∂Tmodel(x,−e1, t)
∂x

)
(4)

where ρ, c and kT are the density, thermal capacity and the thermal diffusion coefficient of
ceramic coating, respectively.
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Figure 10. A schematic diagram of heat conduction in TBCs with defective area during cooling
process. Red arrow denotes the direction of heat flow diffusion.

The initial condition and boundary condition are written as follows

Tmodel(x,−e1, 0) = φ(x) (5)

Tmodel(−L/2,−e1, t) = Tmodel(L/2,−e1, t) = Tintact
0 (6)

where φ(x) is the temperature distribution on the surface of coating during cooling process
and it presents a form of step function (see Figure 9). L and d are the length of the sample
and the defect size in the model, respectively.

Then, an analytical expression of surface temperature can be derived as

Tmodel(x,−e1, t) =
k
∑

n=1
An exp

(
−a2(nw)2t

)
sin(nwx + ϕ)

An = 2
L

L/2∫
−L/2

φ(x) sin(nwx + φ)dx n = 1, 2, 3, ..., k
(7)

where a and ϕ are the constants. w is the fundamental frequency. Equation (7) is composed
of cumulative sum and has a form of Fourier Series of φ(x).

After subtracting the fitting background, the temperature at the intact region Tintact
0

is equal to zero. The temperature difference at the moment just turning off the excitation
source is the most obvious. Then, we assume that the cooling time t is infinitely near zero.
Then Equation (7) can be simplified as the discrete form of φ(x) and written as

Tmodel = Tdefect
0 +

m
∑

n=1
Tdefect

0 an cos(2nxπ/L) + Tdefect
0 bn sin(2nxπ/L) for n = 1, 2, 3, . . . , m

an = 1
L

L/2∫
−L/2

T cos(2nxπ/L)dx

bn = 1
L

L/2∫
−L/2

T sin(2nxπ/L)dx

(8)

Keep the value m as five, the variation of temperature function curve with different
values of d is shown in Figure 11. It is worth noting that the changing trend of the
temperature function curves with the decrease of d is the same as that shown in Figure 7.
When the value of d is larger than 12, the distribution of Tmodel at the area between −d/2
and d/2 presents a platform zone with undulating waveform. The width and height of
the platform zone gradually decrease with decreasing d. When the value of d is less than
12, the platform zone reduces to an arch. After that, the width and height of the arch also
gradually decrease with decreasing d.
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Figure 11. The discrete form of the Fourier series expansion of Equation (8) with different value of d:
(a) d = 4 pixel; (b) d = 8 pixel; (c) d = 12 pixel; (d) d = 16 pixel and (e) d = 20 pixel.

3.3. Quantitative Analysis of Defect Size

Here we obtain the value of d corresponding to the defect size D of the flaw in sample
1 by editing the arithmetic to fit the Equation (8), with temperature curve shown in Figure 7.
It should be noted that the change of curve shape from platform zone to arch with the
decrease of d is remarkable, as shown in Figures 7 and 11. Therefore, only the change of the
curve shape with different d is used to identify the corresponding D in this work. To avoid
the effect of height difference between function curve of the model and temperature curve
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of the experiment on quantitative analysis of defect size, we make the parameter Tdefect
0

automatically achieve the best match when the value of d is fixed.
Figure 12 gives the temperature curves of the experiment and the corresponding

function curves with different d. R-square is used to represent the degree of fitting between
curves of the model and the experiment. The right of Figure 12a shows the values of R-
square with different value of d when D is equal to 10 mm. R-square has a maximum value
of 0.98 when d is equal to 11.4. The left of Figure 12a gives the temperature curves of the
experiment and best matched function curve. It is worth noting that the two curves do not
have good match in the platform zone of temperature curves due to the uncontrollable effect
of noise in infrared thermal image. For the rest of the defect size, the determination process
of corresponding d is the same as that of D = 10 mm. When the maximal degree of fitting
in function curves is achieved, d can be confirmed for each temperature curve. Figure 13
shows that the relationship between D, and d is directly proportional, approximatively. The
linear fitting formula can be written as follows:

D/lm = 0.49323 + 1.0812d/lp (9)

where lm is equal to 1 mm and lp is one pixel. Therefore, based on the directly proportional
relationship between D and d, quantitative analysis of defect size by surface temperature at
the defective region is feasible.

Figure 12. Cont.
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Figure 12. Temperature curve along the center of defect after background processing and fitted
function curve with best degree of fitting (left). Degree of fitting of function curve vs. different value
of d (right): (a) D = 10 mm; (b) D = 8 mm; (c) D = 6 mm and (d) D = 4 mm.

Figure 13. The defect size vs. the value of model parameter d.

Now, the defect size in the sample 2 can be estimated by using the aforementioned
image manipulation and Equation (9). Firstly, the thermal image of defect in the sample 2 is
dealt with in three processes: subtracting background image, PCA, and subtracting fitting
background. Secondly, the temperature curve in the line across the center of the three flaws
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is extracted. The parameter d is determined by edited arithmetic fitting the Equation (8)
with the extracted temperature curve. At last, the predicted defect diameter in sample 2
is obtained by Equation (9). Table 3 gives the predicted diameter and actual diameter of
defect in sample 2. For the defect with diameters of 3 mm, 5 mm, and 7 mm, the predicted
defect diameters are 3.1509 mm, 4.7232 mm, and 7.2205 mm. It should be noted that the
predicted errors are roughly distributed in the range of 3~6%, which are not affected by
defect diameter. Table 4 gives the measuring error of the interfacial defect size in TBCs
predicted by the method of Guo et al. [27] is larger than 12%. The error sharply increases
with the decrease of the size of defect. When the defect diameter is 3 mm, the error reaches
25%. Compared with the results obtained by Guo et al. [27], the proposed model in this
work can give a more accurately evaluation of the interfacial defect size in TBCs by the
collected thermal image.

Table 3. The predicted diameter and actual diameter of defect in this work.

The Actual Defect Diameter (mm) The Predicted Defect Diameter (mm) Error

3 3.1509 5%
5 4.7232 5.5%
7 7.2205 3.2%

Table 4. The predicted diameter and actual diameter of the prepared interfacial defect in TBCs
measured by the method of Guo et al. [27].

The Actual Defect Diameter (mm) The Predicted Defect Diameter (mm) Error

3 2.53 25%
5 4.55 15.4%
7 6.52 12%

Ideally, the proposed method in this work can give a more accurate result for the
diameter of round interfacial defects when enough training data are used to determine
the parameter in Equation (9). Due to the inevitable effect of noise in infrared thermal
images, this method may fail when the defect size is too small to identify. At this time, the
improvement on the resolution of infrared cameras can break this limit. Furthermore, the
size of interfacial defect cannot be determined directly by the proposed method when the
defect shape is not regular. This is another limitation of this evaluation method. In order to
solve this problem, a simple extension of the proposed method is presented. As shown in
Figure 14, a defect with irregular shape is divided into different areas by five black lines.
The distance between two adjacent lines is same, which is denoted by M. The points of
intersection between the defect profile and these lines are represented by solid black dots.
The distance between the solid dot A and B is determined by the proposed method in this
work (Note that the distance between the solid dot A and B corresponds to diameter D
of round defect). The same operation is used to determine the distance between the solid
dots in the rest of the lines. After that, the solid dots are connected by red lines, then a red
broken line that replaces the defect profile is extracted (see Figure 14). Here, we use the
area surrounded by red broken line to estimate the defect area, which can be divided into
four trapezoidal regions by the five black lines. The lengths of the upper side and lower
side for each of trapezoidal regions are determined by the proposed method in this work,
then the area surrounded by red broken line can be obtained eventually. It is worth noting
that the red broken line will be closer to the defect profile when more black lines are used
to split the defect area. Therefore, a more accurate assessment of the area size of defect
with irregular shape can be obtained, as shown in Figure 15.
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Figure 14. Schematic diagram of irregular defect. Five equidistant black lines are used to divide the
area of irregular defect. A red broken line is extracted to replace the irregular defect profile.

Figure 15. Schematic diagram of irregular defect. Eleven equidistant black lines are used to divide
the area of irregular defect. A red broken line is extracted to replace the irregular defect profile.

4. Conclusions

In this work, the size of interface defects in TBCs is evaluated quantitatively by LPT.
PCA and the method of background subtraction is proposed for improving the contrast of
defects in collected infrared thermal image. The shapes of extracted temperature curves
in the defective region change from platform to arch with the decrease in defect diameter.
Based on the change rule of the shapes, an algorithm is edited to find the best matching
result between the profile of interface defect in thermal images and the predicted shape of
the model, and the interface defect size can be determined. For a defect with diameters of
3 mm, 5 mm, and 7 mm, the predicted defect diameters are 3.1509 mm, 4.7232 mm, and
7.2205 mm. The predicted errors are roughly distributed in the range of 3%~6%, which
are not affected by the defect diameter. Furthermore, a simple extension of the proposed
method to evaluate the size of the irregular shape defect is presented. A reconstructed
broken line is presented to replace the irregular defect profile, and the area surrounded by
the broken line can be estimated by the proposed method. Ideally, the broken line can be
infinitely close to the defect profile when sufficient lines are used to split the defect area.
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Abstract: The emergence of nanotechnology and surface engineering techniques provides new
opportunities for designing self-lubricant coatings with enhanced properties. In recent years, green
coating technologies have played a vital role in environmental preservation. This article mainly
reviews five typical types of self-lubricant coatings including MoN coatings, VN coatings, WN
coatings and TMN (Transition Metal Nitride) soft-metal coatings, and DLC (Diamond-like Carbon)
with lubricant agents deposited by PVD (Physical Vapor Deposition) for the demanding tribological
applications, which is the latest research into the green lubricant coatings. Furthermore, it is of
great significance for designing the green self-lubricant coatings to adapt the demanding tribological
applications to meet the industrial requirements.

Keywords: green; self-lubricant; PVD; tribological applications

1. Introduction

In recent decades, there has been a growing focus on emerging green technologies
that aim to utilize natural resources effectively to minimize waste and pollution. This
shift towards sustainability was catalyzed by the introduction of the 2030 Agenda UN
Sustainable Development Goals (SDGs), gaining significant support from the research and
development (R&D) community [1,2]. According to the SDG 7: Affordable and Clean
Energy, the green lubricant coatings can reduce friction and wear in machinery, leading to
increased energy efficiency and lower energy consumption. Green coating technologies
are particularly notable for their emphasis on environmental conservation [3]. The design
and implementation of eco-friendly coatings are playing an increasingly crucial role on
a global scale. Holmberg and Erdemir [4] investigated the fact that tribological contacts
account for approximately 23% of total energy consumption worldwide. Moreover, roughly
20% is expended solely to overcome friction, while the remaining 3% is allocated towards
the refurbishing of worn components and providing spare equipment due to wear and
associated malfunctions.

Coatings refer to layers of material applied to surfaces to alter their properties or ap-
pearance [5–9]. The self-lubricant coatings are rooted in the broader context of sustainability
and environmental consciousness within the field of materials science and engineering and
have been developed during recent decades for demanding tribological applications, for en-
ergy saving and friction reduction. Several studies have explored the field of self-lubricant
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coatings. For instance, the self-lubricating MoS2/C sputtered coating demonstrated a
characteristic amorphous structure and high hardness when different carbon contents
were incorporated [10]. Additionally, the investigation delved into the intricate aspects of
synthesizing, understanding the microstructure, and assessing the mechanical properties
of W–S–C self-lubricant thin films, and these films were meticulously deposited using
magnetron sputtering, revealing insights into their behavior and performance. [11]. Pi-
mentel et al. [12] studied the tribological properties of W–S–C–Cr self-lubricant coatings,
whereas Mauafov et al. [13] and his team explored the impact of deposition conditions on
the chemical composition, structure, and mechanical properties of self-lubricant W–S–N
coatings. Moreover, the inclusion of amorphous SiNx in self-lubricant Mo2N-Ag com-
posite films was found to enhance their mechanical and tribological properties [14]. The
study meticulously examined how the introduction of novel self-lubricating TiSiVN films
influenced the intricate dynamics of topographical changes, diffusion mechanisms, and
oxidation phenomena occurring at the interface between the chip and the tool during the
dry machining of the Ti6Al4V alloy. [15]. Lastly, the investigation meticulously explored
the tribological properties of the WC10Co4Cr4CaF2 wear-resistant self-lubricating coating,
carefully assessing its performance under diverse test temperatures to gain comprehensive
insights into its behavior across a spectrum of thermal conditions [16]. Self-lubricant coat-
ings draw inspiration from the concept of a ‘chameleon’. Previous research has explored
adaptive ‘chameleon’ nanocomposite coatings, demonstrating excellent tribological proper-
ties across different environments [17–22]. These coatings earn their ‘chameleon’ moniker
due to a capability for self-guided, complex adaptive behaviors, which empowers them
to seamlessly acclimate to a multitude of environments and temperatures, demonstrating
exceptional versatility in their responses to varying conditions.

Research focusing on green coatings has been relatively limited in the past. Gautam
and colleagues [23] explored the applications of green nanomaterials in coatings. Buch
and Oza [24] conducted a comparative study on the machining parameters of High-Speed
Steel (HSS) cutting tools, their focus centered on tools coated with multi-walled carbon
nanotubes, using an eco-conscious coating technique. Through their rigorous examination,
they uncovered compelling evidence: the coated Multiwall Carbon Nanotube (MWCNT)
tool surpassed its uncoated counterpart, demonstrating extended lifetime, enhanced wear
resistance, increased hardness, and superior surface quality. In a recent development, a new
environmentally friendly film was developed by incorporating silver nanoparticles into
an amorphous SiNx matrix via magnetron sputtering. This film demonstrated long-term
lubrication capabilities at temperature cycling conditions ranging from room temperature
to 500 ◦C [25]. Jian et al. [26] introduced a pioneering method aimed at crafting durable and
environmentally sustainable coatings for safeguarding magnesium alloy substrates. This
approach offers a green and eco-friendly solution specifically tailored for fabricating corro-
sion protection coatings on AZ91D magnesium alloy. Furthermore, Fan and his team [27]
developed a brand-new green coating technology aimed at achieving the controllable re-
lease of energy from nitrocellulose-based propellants. Their innovative approach provides
a means to finely tune the spherical propellant energy release process with precision.

When evaluating tribological properties, we can consider factors such as the coefficient
of friction (COF) [28], wear rate [29], wear track [30], and wear mechanism [31]. According
to Vitu et al. [32], a tribolayer forms on the surface of the wear track. During friction,
coatings composed of transition metal dichalcogenides (TMDs) reorient themselves [33].
This reorientation allows the material to slide more easily under shear forces, forming a
shear-friendly layer with self-lubricating properties on the surface of the wear track. The
presence of this tribolayer can significantly reduce the friction coefficient and wear rate,
thereby improving the wear resistance and extending the service life of the coating. In this
paper, we mainly discuss the tribological applications of coatings from COF, wear rate and
wear track.

Green self-lubricant coatings represent an environmentally friendly surface treatment
that offers lubrication to mitigate friction and wear between moving surfaces. These
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coatings present numerous advantages over conventional lubricants, such as oils and
greases, including reduced environmental impact, enhanced efficiency, and increased
durability. This work provides a comprehensive review of previous studies, categorized
into five parts: MoN coatings, VN coatings, WN coatings, TMN soft-metal coatings, and
DLC with lubricant agents. Therefore, the research on green lubricant coatings deposited
by PVD for demanding tribological applications holds significant importance.

2. Physical Vapor Deposition Techniques

Multilayered films are typically fabricated through diverse methods, such as physical
vapor deposition (PVD) and chemical vapor deposition (CVD). PVD, a widely utilized
manufacturing method, is employed in producing thin films adapted to diverse applica-
tions, encompassing optical, mechanical, electrical, acoustic, or chemical functionalities [34].
Among PVD techniques, magnetron sputtering and arc ion plating are commonly employed
methods [35]. Meanwhile, CVD is a vacuum deposition technique renowned for generating
high-quality, high-performance solid materials. It finds extensive use in the semiconductor
industry for thin film production [36]. Additionally, electroplating, alternatively termed
electrochemical deposition, is achieved by reducing metal cations in a solution using direct
electric current [37].

In this study, emphasis is placed on coatings fabricated through PVD techniques.
Figure 1 gives the main types of physical vapor deposition. In this part, we will highlight
two types of PVD, magnetron sputtering and arc ion plating techniques.

Figure 1. The main types of physical vapor deposition.

2.1. Magnetron Sputtering

Magnetron sputtering, a prominent example of PVD, offers precise control over film
composition by adjusting the conditions [38,39]. Typically, sputtering equipment consists of
essential components including vacuum-pumping equipment, the systems of water-cooling,
sputtering-gas supply, power supply and mechanisms for positioning both substrates and
targets. The target functions as the supplier of the film-forming material, while the substrate
gathers the sputtered material to produce the film. During magnetron sputtering, an electric
field is created through the application of voltage between the cathode (target) and the
anode (either an independent electrode or the grounded wall of the vacuum chamber) [40].
Typically, the cathode target is linked to a power supply with a negative charge (Direct
Current: DC or Radio Frequency: RF). The substrate is positioned on a substrate holder,
which offers the flexibility to either be grounded, left floating, or biased, as needed [41].
Permanent magnets or electromagnets are strategically positioned adjacent to the target,
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generating a magnetic field that extends above the target surface through the alignment of
magnetic field lines [42,43].

2.2. Arc Ion Plating

As an advanced surface treatment method, arc ion-plating leverages arc-discharge
plasma technology to precisely deposit metal ions onto a substrate surface. This meticu-
lously controlled process culminates in the creation of a thin film, enhancing the substrate’s
properties. This process initiates with high-energy arc discharge, creating plasma that
evaporates the metal source. Subsequently, the plasma interacts with ions in the vapor,
facilitated by ions from the reaction gas, inducing ionization and the consequent deposition
onto the substrate surface [44–46]. Arc ion plating is capable of producing high-quality
multilayered nanofilms.

Magnetron sputtering excels in producing coatings with excellent adhesion and
smooth surfaces, which are crucial for applications like optical lenses, where even mi-
nor surface imperfections can significantly impact performance. This technology is also
advantageous for creating multilayered structures, often required in advanced electronic
devices. The precise control over deposition parameters allows for fine-tuning the film’s
properties, such as thickness, composition, and crystal structure, to meet specific applica-
tion needs.

Arc ion plating is particularly beneficial for producing coatings for high-performance
applications such as aerospace components, automotive parts, and medical devices. The
method’s ability to produce coatings with superior mechanical properties, such as enhanced
hardness and resistance to oxidation and corrosion, makes it invaluable in environments
demanding the utmost reliability and longevity. Additionally, the process can create aes-
thetically pleasing finishes, a significant advantage for decorative applications in consumer
goods and architectural elements.

In the applications, including those demanding high-quality, low-temperature, and
uniform coatings, magnetron sputtering is more suitable for green lubricant coatings.
Conversely, in situations where high hardness and rapid deposition are essential, arc ion
plating proves more advantageous. Green lubricating coatings deposited by PVD are
typically designed to reduce the coefficient of friction and reduce energy losses [47,48].
Magnetron-sputtering and arc ion-plating technologies provide a high-quality, uniform
and dense substrate for these coatings, helping to ensure the durability and efficiency of
the lubricating coating.

3. Self-Lubricant Coatings for Tribological Applications

3.1. MoN Coatings

Molybdenum nitride (MoN) films, a representative type of transition metal nitride
(TMN), can be applied for diverse applications due to their outstanding mechanical per-
formance and the easy formation of self-lubricating phases such as Mo4O11 and MoO3.
Consequently, MoN-based films have been the subject of extensive study [49–51].

The MoN multilayer, marked by a combination of crystalline and amorphous traits
during deposition, displayed robust interfaces, ensuring impeccable adhesion and remark-
able crack resistance [52]. Conversely, the MCP film demonstrated a capability to suppress
the preferred orientation through the strategic stacking of crystalline layers in alternation.
Similar effects were observed in the MCA film, which combined crystalline and amorphous
building layers. However, a slight overgrowth of grains into adjacent layers was evident
in both films. In the MPA film, a prominent issue arose due to the excessive overgrowth
of crystalline grains spanning multiple layers. This phenomenon led to extensive grain
extrusion in the later stages of deposition, ultimately resulting in the disruption of intact
layer interfaces. Molybdenum nitrides have the capability to crystallize into diverse crystal
structures, such as γ-Mo2N (cubic) and δ-MoN (hexagonal). Jauberteau and his team [53]
demonstrated that the stable, non-stoichiometric γ-Mo2N1 ± x phase, with a NaCl-B1-type
cubic structure, displays favorable catalytic characteristics.
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Deposited by the PVD process, molybdenum nitrides and carbides exhibit numerous
distinctive physical and mechanical attributes. These include high hardness, low average
friction coefficients, excellent adherence to steel substrates, and low electrical resistivity,
making them highly desirable for various applications [54–57]. Abboudi et al. [58] con-
ducted a study to analyze how variations in nitrogen content and film thickness affect
the structural and tribo-mechanical properties of MoN thin films deposited using reactive
sputtering. In the MoN film, they observed a significant compressive residual stress of
−5.7 GPa with a thickness of 0.3 μm, which progressively decreased as the film thick-
ness increased and the friction coefficient of MoN films, tested with Si3N4 balls, varied
within the range of 0.55 to 0.93. The MoxN coating, deposited by high-power impulse
magnetron sputtering with a peak current of 260 A, stands out for its notably low friction
coefficient of 0.28, while the same coating applied with a peak current of 300 A showcases
exceptional wear resistance, characterized by achieving the lowest wear rate, observed at
5 × 10−8 mm3/(Nm) [59].

The tribological properties of Mo2N films are profoundly influenced by temperature
variations [60]. As the temperature rises from 25 ◦C to 200 ◦C, there is a reduction in
moisture absorption and the weight fraction of MoO3. Consequently, this causes an eleva-
tion in the average friction coefficient and a reduced wear rate, with the lowest average
friction coefficient being 0.29 (550 ◦C). Gassner and his team found that by suppressing the
formation of the volatile MoO3 phase, such as limiting the maximum testing temperatures
to 500 ◦C, Mo–N coatings demonstrate excellent lubricious properties and this leads to
significantly lower friction coefficients of 0.4 [61]. Furthermore, heat treatment has been
shown to enhance the mechanical and tribological performance of MoN-based films and
the COF of the MoN film stabilized at approximately 0.34 before annealing; it then ex-
perienced a slight decrease and stabilized at about 0.30, after annealing [62]. As for the
wear track, MoN film has large scratches, while the wear scar morphology shows itself to
be smoother than before, after annealing. MoN/VN multilayer films have demonstrated
improved tribological properties, particularly at room temperature (25 ◦C) and 700 ◦C,
due to the occurrence of sliding wear and the formation of self-lubricating oxide films [63].
The MoN/VN multilayer films with Λ = 22.66 nm displayed exceptional performance,
with the lowest recorded average friction coefficient of 0.29 and a minimal wear rate of
1.37 × 10−6 mm3/Nm at 700 ◦C. MoN coatings deposited by ion beam-assisted deposition
achieve the lowest COF of 0.27 at a deposition temperature of 600 ◦C [64].

Apart from magnetron sputtering, MoN coatings are also studied by other methods.
MoN coatings via CVD (chemical vapor deposition) exhibited exceptional properties [65].
MoN coatings were prepared by the cathodic arc evaporation method and the specific
wear rates varied among the coatings and ranged between (1 × 10−7 and 2.1 × 10−6) mm3

N−1 m−1 [66]. MoN coatings for pistons in a diesel engine were analyzed by Hazar [67],
who found that the MoN-coated piston exhibited reduced deformation and fewer wear-
induced scratches in comparison to the uncoated piston; the elevated surface hardness of
the MoN-coated surface effectively minimizes wear traces.

Later, the researchers endeavored to design the multilayer coatings to enhance their
mechanical or tribological properties. According to Guojun Zhang [68], the MoNx/SiNx
multilayer coatings show a friction coefficient of around 0.53. For MoN/MoSiN coatings,
it was found that the substantial volumetric ratio of c-MoN to a-MoSiN, along with the
discontinuities within the crystalline phases, were fundamental factors contributing to
their advantageous mechanical properties [69]. Moreover, self-lubricant nano-multilayer
coatings such as TiN/MoN and TiAlN/MoN, produced using a closed-field unbalanced
magnetron sputtering system on high-speed steel drills, have been shown to enhance tool
durability and surface quality during drilling operations [70]. Table 1 shows part of the
mechanical/tribological properties of MoN coatings.
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Table 1. Mechanical/Tribological properties of MoN coatings.

System Techniques Mechanical/Tribological Properties References

MoN
Reactive magnetron
sputtering

Hardness: ~9.5 GPa–~35 GPa;
coefficient of friction: 0.55 [58]

MoxN
High-power impulse
magnetron sputtering

Coefficient of friction: 0.28;
wear rate: 5 × 10−8 mm3/(Nm) [59]

Mo2N
Reactive magnetron
sputtering

Coefficient of friction: 0.29~0.53;
wear rate: 2.1 × 10−6 mm3/Nmm~
5.3 × 10−7 mm3/Nmm

[60]

MoNx
Reactive magnetron
sputtering

Hardness: ~10.6 GPa–~31.4 GPa;
coefficient of friction: 0.5~0.93 [71]

MoN Vacuum arc plasma-assisted Hardness: ~36 GPa;
wear rate: 2.08 × 10−7 mm3N−1 m−1 [72]

MoNx DC magnetron sputtering Hardness: ~27 GPa [73]
MoNx DC magnetron sputtering Hardness: ~23 Gpa [74]

MoN
High-power impulse
magnetron sputtering

Hardness: >~22 GPa;
elastic modulus: >300 GPa;
coefficient of friction: 0.7

[75]

MoNx DC magnetron sputtering Hardness: ~18 GPa–~24 GPa;
coefficient of friction: 0.04~0.08 [76]

MoNx
DC pulsed magnetron
sputtering

Hardness: ~16 GPa;
elastic modulus: ~180 GPa [77]

MoN Vacuum arc plasma-assisted Coefficient of friction: 0.3~0.7 [78]

The previous studies discovered that MoN coatings exhibit significant compressive
stress and that their friction coefficients vary, based on nitrogen content and thickness.
Various deposition methods, such as high-power pulsed magnetron sputtering, ion beam-
assisted deposition, and vacuum arc deposition, influence the tribological and mechanical
properties of MoN coatings. MoN-based multilayer coatings demonstrate excellent self-
lubricating properties at high temperatures, with their performance further enhanced
by heat treatment. Overall, MoN coatings show great potential in enhancing the wear
resistance of mechanical equipment and reducing friction losses.

In the future, we will further investigate the self-lubricating properties of MoN-based
multilayer coatings under high-temperature conditions. We will also explore methods to
enhance their high-temperature performance by incorporating other lubricating materials
or chemical elements. Additionally, we plan to develop composite coating systems that
include MoN, such as those combining MoN with other transition metal nitrides or carbides.
This approach aims to further improve the overall performance of the coatings and enable
them to meet more diversified application requirements. The tribological properties of
MoN coatings are of great significance in engineering and applications. MoN coatings
usually have high hardness and excellent wear resistance, which can effectively reduce
friction and surface wear. This is crucial to improving the working efficiency and extending
the service life of mechanical parts, especially in equipment with a high-load, high-speed
or harsh environment.

3.2. VN Coatings

As one of the most promising options for tribological hard coatings, vanadium nitride
(VN) coating has attracted considerable interest; it is susceptible to oxidation at elevated
temperatures and can melt, leading to the creation of a lubricant layer [79,80].

The integration of transition metal vanadium (V) into nitride coatings catalyzes the
emergence of Magnéli oxide lubricant phases, characterized by their inherently sheared
planes, in the context of machining or sliding applications. These phases serve as efficacious
agents in reducing both the coefficient of friction and the wear rate of the coatings, thereby
bolstering their durability and operational efficiency [81,82]. Optimizing the nitrogen flow
rate to 2.5 sccm yields a VN film characterized by exceptional properties: elevated hardness,
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diminished electrical resistivity, and minimal residual stress, and this fine-tuned parameter
underscores the film’s superior performance and stability [83]. The fracture toughness
of VN coatings is dependent on texture, and specimens displaying random texture and
(200) texture manifest Gc values of 11.2 and 19.2 J/m2, respectively [84]. However, Ge
and his team [85] enhanced the orientation of constituent columns and discovered that
suppressing fracture-dominated wear mechanisms in dense VN coatings can significantly
reduce wear rates. Moreover, denser VN coatings were obtained with higher hardness
(22.9 GPa) at 0.29 Pa, through the influence of nitrogen partial pressure and substrate bias
on the mechanical properties of VN coatings [86].

There is some research focused on tribological properties and a wide range of tempera-
tures. The tribological properties of VN films are greatly improved after thermal treatment,
with the VN film featuring a VO2 thin pre-oxide layer exhibiting a significantly lower
coefficient of friction of approximately 0.46 and a wear rate of (2.27 ± 0.14) × 10−15 m3 N−1

m−1, compared to the VN film without the pre-oxide layer, highlighting the critical role of
the pre-oxide layer in enhancing the film’s properties [87]. VN coatings were deposited
by reactive unbalanced magnetron sputtering, and exhibited self-lubricating properties
due to the liquid/solid lubrication, particularly effective at high temperatures, resulting
in low friction coefficients during dry-sliding against various counterpart materials [88].
There are studies which have also focused on the performance of VN coatings across a
wide temperature range. The width of the wear track for the VN coating initially increases
up to 300 ◦C, after which it decreases until reaching 500 ◦C [89]. However, at 700 ◦C,
significant delamination and the presence of abundant wear debris can be observed on
the wear tracks of the VN coatings. Regarding the COF, it shows a tendency to decline
for the VN coatings until 500 ◦C, reaching its lowest value at (0.36). This decrease can be
attributed to the formation of a lubricious phase, likely V2O5. However, the COF remains
relatively constant at higher-friction temperatures (700 ◦C). Zhou et al. [90] pointed out that
the melting point of the V2O5 phase is approximately 690 ◦C, which is significantly lower
than the friction temperature of 700 ◦C, resulting in a notable decline in the concentration
of the V2O5 phase as the temperature reaches 700 ◦C. As the friction temperature rises,
the wear rates of VN coatings initially increase, reaching peak values around 8.732 ×
10−6 mm3/Nm, at approximately 500 ◦C. This initial rise in wear rate is caused by the
evaporation or removal of a condensed water-vapor film present on the sliding surface,
which provides a lubricating effect [91]. As temperatures continue to increase beyond 500
◦C, extensive surface oxidation occurs due to prolonged exposure to high temperatures and
sliding wear [92]. In Fateh’s study [93], the friction coefficient of the VN coating continues
to decrease above 400 ◦C and reaches 0.25 at 700 ◦C. This decrease is attributed to the
formation and subsequent melting of V2O5, which facilitates liquid lubrication. Moreover,
the VN coating exhibits self-lubricating properties at elevated temperatures.

As for the VN-based coatings, the cracking of VxN coatings induced by scratching
is primarily confined to larger droplets exhibiting weak interfacial bonding with the sur-
rounding coating matrix [94]. When comparing VN/VCN coatings, researchers noted that
the multilayer VN/C coating displayed markedly superior properties in both wear resis-
tance and corrosion resistance compared to the monolayer VN coatings [95]. Furthermore,
the VCN coating exhibited consistently lower friction coefficients and reduced wear rates
across a spectrum of temperatures when compared directly with the VN coating [96,97].
These findings underscore the advantages of multilayer structures and the beneficial effects
of carbon incorporation in enhancing the performance of these coatings in demanding
tribological applications. Cai et al. [98] made a study of tribological properties of VN-based
coatings and obtained friction coefficients for the VCN, VAlN, VCN and VAlCN/Ag coat-
ings which decreased significantly to 0.3, 0.37/0.42, and 0.25, respectively, at 550 ◦C. This
notable reduction can be attributed to the formation of the V2O5 Magnéli phase, known
for its low shear strength, which initiates above 500 ◦C [99,100]. Moreover, at elevated
temperatures, silver atoms have the capacity to migrate towards the surface of the coating
through grain boundaries. Upon reaching the surface, these atoms undergo reactions to

146



Coatings 2024, 14, 828

form a lubricious layer of reaction products with low shear strength. This layer, deposited
onto the worn surface, plays a significant role in further decreasing the friction coefficient of
the VAlCN/Ag coating [101,102]. The following Table 2 shows the mechanical/tribological
properties of VN coatings.

Table 2. Mechanical/Tribological properties of VN coatings.

System Techniques Mechanical/Tribological Properties References

VN
Reactive magnetron

sputtering
Hardness: ~25–~30 GPa;

wear rate: <5 × 10−17 m3/N m [85]

VN
Reactive magnetron

sputtering Hardness: ~22.9 GPa; [86]

VN Arc ion plating method
Coefficient of friction: 0.23/0.46;

wear rate: (11.41 ± 0.22) × 10–15 m3 N−1 m−1

/(2.27 ± 0.14) × 10–15 m3 N−1 m−1
[87]

VN
Reactive magnetron

sputtering Coefficient of friction: 0.5 [88]

VxN Arc evaporated Coefficient of friction: 0.15–0.20; [94]

VN
Reactive magnetron

sputtering Hardness: ~11 GPa–~20 GPa [103]

VN
Inductively coupled plasma

(ICP)-assisted sputtering Hardness: ~28.2 GPa [104]

VN Arc evaporation method
Hardness: ~19.00 ± 1.26 GPa;

coefficient of friction: 0.30;
wear rate: 1.55 × 10−6 mm3/Nm

[105]

VN Arc evaporation method Hardness: ~37 GPa;
wear rate: 1.7 × 10−6 mm3/Nm [106]

Based on the research findings, the tribological properties of VN coatings vary sig-
nificantly with temperature changes, demonstrating notably lower friction coefficients
and wear rates after heat treatment, particularly due to the beneficial impact of the pre-
oxidation layer. At high temperatures, VN coatings exhibit self-lubricating properties,
primarily resulting from the liquid/solid lubrication effect. The friction coefficient de-
creases steadily up to 500 ◦C, achieving a minimum value of 0.36, mainly attributable to
the formation of the V2O5 lubricating phase. However, at 700 ◦C, the friction coefficient
stabilizes while the wear rate peaks at 500 ◦C, with surface oxidation intensifying as the
temperature increases further. Additionally, the previous studies reveal that VN/VCN
multilayer coatings offer superior wear and corrosion resistance compared to single-layer
VN coatings. VN-based coatings demonstrate significantly reduced friction coefficients
and wear rates at high temperatures, with VAlCN/Ag coatings, in particular, exhibiting
excellent self-lubricating properties. The lubricating layer formed by the migration of
silver atoms further contributes to reducing the friction coefficient. However, the urgent
technological demand lies in the development of vanadium nitride coatings that are hard
and resilient yet possess self-lubricating characteristics. This advancement is crucial for
mitigating mechanical friction losses and curbing energy consumption. In addition, the
green multilayer self-lubricant coatings design has great prospects for the future.

3.3. WN Coatings

Another notable class of materials for tribological applications is tungsten nitride
(WN)-based coatings, primarily utilized in machining tools [107]. Lately, a series of tungsten
nitride coatings with nitrogen content ranging from 0 to 55 atomic percent were fabricated
and subsequently analyzed [108]. Generally, the trend of increasing hardness was observed
with higher nitrogen content, particularly evident in the α-W and β-W structures associated
with lower nitrogen levels. Conversely, for the β-W2N phase, the opposite trend was noted.
Boukhris et al. [109] found that high-quality W2N films can be achieved with a dense
structure and a resistivity of approximately 200 μΩ cm.
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In terms of mechanical properties, the suitability of tungsten nitride coatings, pro-
duced through High Power Impulse Magnetron Sputtering (HiPIMS), was examined for
their potential application as plasma-facing materials in fusion environments [110]. Fur-
thermore, a first-principle study was conducted to assess how ultrathin WN films behave
regarding surface stability under exposure to oxygen (O2) and water vapor (H2O). Patra
et al. [111] found that optimal conditions are required to achieve defect-free surfaces in
energetically stable ultrathin films terminated with tungsten (W), thereby ensuring surfaces
with remarkable mechanical strength.

As a protective layer, WN coatings, such as TiN HEC (electrode contact), safeguard
PCM (phase-change memory) electrodes from oxidation during manufacturing and fatigue
processes [112]. Among these coatings, the most resilient W/W–N coating, featuring 5-nm
layers, demonstrates superior protective properties [113]. Furthermore, W and WNx films
were examined at temperatures reaching 500 ◦C, and films with x ≤ 0.20 revealed an α-W
structure and columnar microstructure, while those with x ≥ 0.27 exhibited a β-W2N or
δ-WN structure and fine-grained microstructure [114]. In addition, the incorporation of
carbon into columnar WN coatings has been shown to enhance oxidation resistance [115].

In 2007, Polar et al. investigated the tribological properties of WN coatings and found that
the coefficient of friction was 0.61 (12 at.%N) and the wear rate was 0.09 × 10−6 mm3/Nm
(55 at.% N); with the increase in N content, the key factor influencing the change in the
tribological behavior of W–N coatings appears to be the presence of the NaCl-type W2N
phase [116]. WNx coatings were applied to silicon (Si) and AISI 304 stainless steel (SS)
substrates using a combined HiPIMS technology and MF (mid-frequency) impulse. The
WN0.12 coating showed a low friction coefficient of 0.33, a high hardness of 31.5 GPa, and
high H/E and H3/E2 ratios of 0.104 and 0.342 GPa [117]. These excellent properties are
attributed to solution hardening, the influence of substrate bias, and the higher peak power
densities achieved during the deposition process. According to Dinesh Kumara [118], the
average friction coefficient for the WN coatings deposited on silicon substrates was found
to be 0.3, whereas for those deposited on steel substrates, the average value was 0.21. Based
on the previous studies, the lowest COF we can achieve is 0.21.

As for the multilayer WN coatings, the relation between friction coefficient and wear
rate of the WN coatings under different testing temperatures was revealed, and it was
found that an increase in the nitrogen content within the coatings directly corresponds to
improved wear resistance at elevated temperatures [119]. It is reported that the friction
coefficient of the CrN monolayer coating is 0.63, whereas the CrN/WN multilayer film
with a bilayer period of 30 nm exhibits a significantly lower friction coefficient of 0.31;
the enhancement in tribo-mechanical properties of CrN/WN multilayer coatings can be
attributed to the presence of the superlattice structure [120]. Moreover, the combination of
ZrN/WN multilayers has demonstrated high hardness, low residual stress, high elastic
modulus, and good fracture resistance [121]. The addition of tungsten (W) to TiAlCrN/WN
nano-multilayered coatings has been shown to improve tool life [122]. (TiZrNbHfTa)N/WN
multicomponent coatings were developed and the results revealed that the (TiZrNbHfTa)N
layer exhibits the formation of a simple disordered solid solution, while the WN layer
demonstrates a β-W2N phase with an fcc crystal structure. In addition, the high-entropy
alloy phases display highly disordered bcc orientations along (110) and (220) planes [123].
Table 3 shows the mechanical/tribological properties of WN coatings.
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Table 3. Mechanical/Tribological properties of WN coatings.

System Techniques Mechanical/Tribological Properties References

WNx
High-power impulse
magnetron sputtering

Coefficient of friction: 0.33;
hardness: ~31.5 GPa [117]

WN DC magnetron sputtering Coefficient of friction: 0.21–0.3 [118]

WN
Reactive magnetron

sputtering
Coefficient of friction: 0.61 (12 at.%N);

wear rate: 0.09 × 10−6 mm3/Nm (55 at.%N); hardness: ~40 GPa [119]

WNx
Reactive magnetron

sputtering Hardness: ~28 GPa [124]

WNx
Reactive magnetron

sputtering Hardness: ~27.7/38.7 GPa [125]

WN
Reactive magnetron

sputtering Hardness: ~23 GPa [126]

Previous studies have indicated a lack of research mainly focused on the tribological
properties of WN coatings, with most of the research emphasizing mechanical properties
or oxidation properties. Polar et al. studied the tribological properties of WN coatings and
found that with the increase in nitrogen content, the friction coefficient was 0.61 (12 at.%N)
and the wear rate was 0.09 × 10−6 mm3/Nm (55 at.%N), mainly due to the presence of the
NaCl-type W2N phase. WN coatings were applied on silicon and AISI 304 stainless steel
substrates using HiPIMS and MF systems. The WN0.12 coating exhibited a low friction
coefficient of 0.33, a high hardness of 31.5 GPa, and a high H/E and H3/E2 ratio, with
these excellent properties being ascribed to solid solution strengthening, substrate bias,
and the high peak-power density during deposition. Additionally, Dinesh Kumar noted
that the friction coefficient of WN coatings was 0.3 on silicon substrates and 0.21 on steel
substrates. Furthermore, multilayer WN coatings demonstrated that increasing nitrogen
content at various temperatures can enhance high-temperature wear resistance. Hence, it
is of profound significance to investigate environmentally friendly WN-based multilayer
coatings deposited by PVD for demanding tribological applications. Future research on
WN coatings should include that can still maintain excellent performance under high-
temperature conditions, especially coating materials that can maintain low-friction and
high-wear resistance at high temperatures; it should develop multilayer-structure and
composite-material coatings, alternately superimpose WN with other high-performance
materials (such as TiN, CrN, etc.), combine the advantages of different materials, and
significantly improve the comprehensive performance of the coating, including wear
resistance, corrosion resistance and self-lubricating properties. WN coatings in high-
temperature applications include cutting tools for machining hardened steels, turbine
components in aerospace engines, and dies and molds in metal-forming processes. Ongoing
research aims to optimize WN coatings further for specific high-temperature applications,
enhancing their performance and expanding their use in various industries.

3.4. TMN-SMe Coatings

Transition metal nitrides (TMNs) encompass various types, including VN, TiN, and
chromium nitride (CrN), where nitrogen atoms occupy interstitial positions within the
lattice metal crystal network [127]. TMN exhibits three primary structural forms: face-
centered cubic (fcc), hexagonal close-packed (hcp), and simple hexagonal (hex) [128]. In
particular, transition metal nitrides generally exhibit more covalent and metallic properties
compared to corresponding oxides and sulfides, endowing them with superior character-
istics across multiple domains [129]. These include remarkable hardness, high melting
points, high Young’s modulus, excellent thermal and chemical stabilities, high electrical
conductivity, and wide band gaps.

There are many studies on TMN adding Ag content. The incorporation of Ag into TiN
films has been identified as a substantial enhancer of their fracture toughness and critical
load, markedly improving their mechanical characteristics [130]. With the introduction of
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Ag (0.20 at 41.1 at.% Ag) into TiN film, the mean friction coefficient was reduced from 0.78
to 0. Nevertheless, the wear rate of TiN/Ag films showed an initial decrease, reaching its
nadir at approximately 0.8 at.% Ag, with a value of about 1.3 × 10−7 mm3/(mm N), before
subsequently increasing. The tribological characteristics of the films were notably affected
by both the presence of the lubricant Ag phase and the ratios of H/E and H3/E2. The
introduction of Ag into the ZrN matrix resulted in a different change in the average friction
coefficient of the films in a wide range of temperatures. At an Ag content of 26.6 atomic
percent (at.%) at room temperature, the film achieves its lowest average friction coeffi-
cient of 0.62, yet this condition simultaneously results in the highest wear rate, peaking
at 1.3 × 10−7 mm3/N·mm, whereas at an elevated temperature of 600 ◦C, the average
friction coefficient further decreases to 0.29, although the wear rate markedly increases
to 2.1 × 10−6 mm3/N·mm [131]. Significant friction reductions for CrN/Ag coating are
achieved, with the friction coefficient reaching its lowest point of 0.05 during testing at
a temperature of 500 ◦C [132]. The TaN films doped with a small amount of solute Ag
atoms (1.2 at.%) demonstrate an impressive combination of properties, including higher
hardness (36.1 GPa), enhanced toughness (K_IC = 1.48 MPa·m1/2), and superior wear
resistance, as evidenced by a minimum wear rate of approximately 1.9 × 10−6 mm3/N·m
and a significantly reduced coefficient of friction of about 0.21, making them exception-
ally well-suited for applications that demand both durability and low friction [133]. A
VN/Ag solid-solution coating, with up to about 5 atomic percent of Ag, was created via
magnetron sputtering to enhance its self-lubricating behavior in both dry-friction and
oil-lubrication conditions, showing higher hardness (~24.5 GPa) and a lower coefficient
of friction (~0.04) [134]. Based on Wu’s [135] study, MoN/Ag coatings containing 2.2%
Ag, prepared using a hybrid PVD technology involving DC and RF magnetron sputtering,
exhibited outstanding tribological properties, characterized by an exceptionally low friction
coefficient of 0.27 even at a high temperature of 700 ◦C. The addition of Ag into NbN was
studied by many researchers. Hongbo Ju and Junhua Xu [136] found that the average
friction coefficient and wear rate of NbN-Ag films is influenced by the Ag content; the
optimal Ag content, ranging from 9.2 to 13.5 atomic percent (at.%), was determined to
exhibit low average friction coefficients ranging from 0.46 to 0.40, along with minimal wear
rates ranging from 1.1 × 10−8 to 1.7 × 10−8 mm3/(mm·N) [137]. Ping Ren et al. [138] put
forward a novel method to integrate a small number of Ag atoms (~1.5 at.%) into NbN film,
creating a NbN/Ag solid-solution structure, resulting in increased hardness and toughness,
as well as enhanced wear-resistance ability and a significant reduction in coefficient of
friction. NbN films (∼1.5 at.% solute Ag) exhibited a highest hardness of 28 GPa, a minimal
wear rate of 4.1 × 10−9 mm3/(Nm), and a low coefficient of friction of 0.22.

Another commonly used addition is the Cu element, in TMN. The addition of Cu to
TiN films has been shown to significantly enhance wear resistance, with TiN/Cu films
containing 1.6 atomic percent Cu achieving a maximum hardness value of 36 GPa under a
pulse bias voltage of −200 V [139]. The addition of Cu to the MoN coating significantly
reduces its wear rate under both dry and oil-lubricated conditions. Specifically, the wear
rates for the MoN/Cu coating are 3.2 × 10−7 mm3/(Nm) and 2.1 × 10−7 mm3/(Nm) under
dry and oil-lubricated conditions, respectively. In dry conditions, the friction coefficient
of the MoN coating exhibits a brief running-in period before stabilizing at approximately
0.58. Conversely, in oil-lubricated conditions, the friction coefficient of the MoN/Cu
coating initially increases gradually and eventually stabilizes around 0.053 [140]. As for
the NbN/Cu coatings, the COF was observed to rise with the incorporation of copper into
the NbN coatings, and NbN/Cu coatings with 24.23 at.% Cu showed a high wear rate of
0.93 [141].

There are other soft metals to apply in TMN coatings. The TiN/Au coatings initially
demonstrate a notably low friction coefficient (μ = 0.07), which undergoes a gradual in-
crease over the course of operation until it stabilizes at a slightly higher value of μ = 0.12;
this frictional behavior is attributed to intra-film sliding serving as the predominant lu-
brication mechanism within the TiN/Au coating [142]. Compared with the pure TiN
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coatings, TiN/Pt multilayer toughness was higher [143]. The following Table 4 shows the
mechanical/tribological properties of TMN soft-metal coatings.

Table 4. Mechanical/Tribological properties of TMN soft-metal coatings.

Systems Techniques Mechanical/Tribological Properties References

TiN/Ag
Reactive magnetron

sputtering
Hardness: ~29 GPa (Ag 0.8 at.%);

wear rate: 1.3 × 10−7 mm3/(mm.N)(Ag 0.8 at.%) [130]

ZrN/Ag
Reactive magnetron

sputtering

Hardness: ~29 GPa;
coefficient of friction: 0.62 (Ag 26.6 at.%);

wear rate: 1.3 × 10−7 mm3 N−1mm−1 (Ag 26.6 at.%)
[131]

TaN/Ag
Reactive magnetron

sputtering
Hardness: ~36.1 GPa (Ag1.2 at. %);

wear rate: 1.9 × 10−6 mm3/Nm [133]

VN/Ag Magnetron sputtering Hardness: ~24.5 GPa (≤~5 at.% Ag);
Coefficient of friction: 0.04 [134]

NbN/Ag
Reactive magnetron

sputtering
Coefficient of friction: 0.4–046 (Ag 9.2–13.5 at.%);
wear rate: 1.1 × 10−8~1.7 × 10−8 mm3/(mm N) [136]

TiN/Cu
Reactive magnetron

sputtering Hardness: 40.4 GPa [139]

MoN/Cu DC magnetron sputtering Coefficient of friction: 0.58;
wear rate: 2.1 × 10−7 mm3(Nm)−1/3.2 × 10−7 mm3(Nm)−1 [140]

NbN/Cu
Reactive magnetron

sputtering
Hardness: 40 GPa (Cu 1 at.%);

coefficient of friction: 0.93 [141]

TiN/Au Magnetron sputtering Coefficient of friction: 0.12 [142]

Based on the above research, TMN presents a set of notable characteristics, including
high hardness, a high melting point, a robust elastic modulus, outstanding thermochemical
stability, high conductivity, and a wide bandgap. Moreover, investigations have explored
the integration of elements into TMN to improve its tribological performance. This strategic
introduction of diverse elements, such as Ag, Cu, and Au, among others, serves to enhance
various attributes of the TMN coating. When Ag is added to TMN coatings, the friction
coefficient will be different when a different content of the Ag element is added and a
different temperature is used. For instance, for TiN/Ag coatings with the Ag content
ranging between 0.20 and 41.1, the friction coefficient decreases significantly from 0.78 to
0.29, while the friction coefficient of CrN/Ag coatings reaches a remarkably low minimum
of 0.05 at 500 ◦C.

When Cu is added to TMN coatings, it generally enhances the hardness and wear
resistance of the TMN coating, but it may also lead to an increase in the friction coefficient
and wear rate. When other elements are added to TMN coatings, such as in the case of
TiN/Au films, the initial friction coefficient starts at 0.07 and gradually increases to 0.12.

Consequently, the future development we should consider is that the alternating
superposition of TMN layers and lubricating layers containing soft metals can provide
better friction and wear performance under high-temperature and high-load conditions.
Additionally, research is being conducted to maintain the stability and lubrication effect
of TMN soft-metal coatings under extreme temperature conditions. With increasingly
stringent environmental regulations, the development of non-toxic and environmentally
friendly TMN soft-metal coatings will become an important trend.

3.5. Lubricant Agent-Doped DLC Coatings

Diamond-like carbon (DLC) coatings were comprehensively studied for their perfor-
mance in gear bending fatigue, contact fatigue, and resistance to scuffing. Classified as a
metastable form of amorphous carbon, these coatings exhibit properties that bear resem-
blance to both diamond and graphite. These include remarkable wear resistance and a low
coefficient of friction. It was found that the combination of shot peening and DLC coating
remains effective in enhancing the bending fatigue performance of the composite material,
by Wu and his team [144]. Marian et al. [145] demonstrated that the combination of 3D
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(three-dimensional) printing’s high flexibility and cost efficiency with DLC’s exceptional
mechanical and tribological properties creates synergies that culminate in outstanding
performance under dry sliding conditions. DLC films, characterized as a metastable form
of amorphous carbon, sharing traits of both diamond and graphite, have attracted consider-
able attention due to their outstanding chemical and mechanical properties and they offer
high wear resistance alongside a low friction coefficient, making them highly desirable
for various applications [146–156]. The remarkable stability of DLC films in both acidic
and alkaline solutions make them an excellent choice for effectively inhibiting corrosion in
metallic products [157,158].

The graphene/DLC coating, applied with three layers of spraying, exhibits outstand-
ing tribological properties under vacuum conditions, featuring an average coefficient of
friction of approximately 0.08 and a low wear rate of 4.59 × 10−7 mm3/N·m [159]. In com-
parison with mineral-based lubricants, synthetic saturated base esters effectively reduce
friction under extreme boundary conditions [160]. Tasdemir et al. [161] discussed the fact
that the organic friction modifier glycerol-mono-oleate demonstrated the ability to maintain
low friction properties of the coating even at elevated temperatures, with enhanced dura-
bility. Conversely, the anti-wear additive Zinc Dialkyldithiophosphate (ZnDTP) exhibited
exceptional wear protection for the ta-C coating by generating a thick pad-like tribofilm on
the steel counterpart across a wide range of temperatures; however, the friction coefficient
increased when the coated surfaces were rubbed in ZnDTP-additivated oil. In addition,
Kuznetsova et al. [162] utilized silicon addition to fine-tune the properties of tribofilms
and enhance the tribological properties of DLC coatings and found that the DLC/Si(0.8%)
formulation stands out, with the highest observed coefficient of friction (COF) at 0.135,
whereas the DLC/Si(10%) variant displays the lowest COF along with a specific volumetric
wear rate of 0.6 × 10−3 mm3/N·m, indicating its superior performance in terms of frictional
characteristics and wear resistance.

When adding Perfluoropolyether (PFPE) lubricants, in simulations involving HDI
(head–disk interface) contacts, it was observed that PFPE lubricants with greater quantities
and stronger functional end groups tended to generate higher friction forces and exhibit re-
duced head contamination due to lubricant transfer. Conversely, as temperatures increased,
head contamination increased while friction forces decreased [163]. DLC/biodegradable
lubricants were studied, and it was found that the properties of the coating itself were
found to have a more pronounced impact on wear compared with the influence of addi-
tives in the lubricant, with the wear coefficient generally remaining around the order of
0.1 × 10−18 m2 N−1 across all observed cases, except in instances where coating spallation
occurred [164]. As for DLC/Ti-synthetic bio-lubricant coating, it is noteworthy that the
friction of DLC/Ti exceeds that of pure DLC, and there is a significant reduction in wear
observed when using pure DLC compared to DLC/Ti [165]. A tungsten carbide-doped
DLC coating (WC/C) deposited by PVD on bearing steel was studied, and it was found that
the tribological properties using water-based lubricants can be significantly enhanced with
the application of this type of DLC coating [166]. When it comes to the tribological prop-
erties of DLC/MoDTC (Molybdenum Dithiocarbamate)-containing oils, Ueda et al. [167]
revealed that the presence of other surface-active additives can decrease DLC wear in PAO
+ Mo (Mo in Polyalphaolefin base oil) through three mechanisms: the formation of thick
anti-wear tribofilms, an increase in the ratio of MoS2:MoO3, and competitive adsorption
with other surface-active additives. According to Yoshida et al. [168], the density of the
DLC film decreased as hydrogen concentration increased, which in turn increased the wear
coefficient of the sample, regardless of whether MoDTC was present in the oil, and an
increase in the sp2/sp3 ratio of the DLC also increased the wear coefficient when immersed
in MoDTC-containing oil. The following Table 5 illustrates the tribological properties of
lubricant agent-doped DLC coatings.
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Table 5. Tribological properties of lubricant agent-doped DLC coatings.

Systems Technique Mechanical/Tribological Properties Reference

W/DLC Magnetron sputtering Coefficient of friction: 0.2 [169]

Ni/DLC Magnetron Sputtering Coefficient of friction: 0.17;
wear rate: 1.6 × 10−17 mm3/Nm [170]

Cr-DLC Magnetron Sputtering Coefficient of friction: 0.17;
wear rate: 1.6 × 10−17 mm3/Nm [171]

Ti/DLC
PECVD(Plasma-Enhanced

Chemical Deposition) Coefficient of friction: 0.15 (19 at.% of Ti) [172]

W-DLC/Ti-DLC PECVD Coefficient of friction: 0.21 for Ti-DLC
coefficient of friction: 0.22 for W-DLC [173]

Ag/DLC Magnetron sputtering Coefficient of friction: 0.16;
wear rate: 14 × 10−17 mm3/Nm (2.99 at.% of Ag) [174]

On the basis of the previous studies, DLC coating has undergone extensive examina-
tion for its efficacy in enhancing gear bending fatigue, contact fatigue, and wear resistance.
Studies have revealed that the three-layer sprayed graphene/DLC coatings demonstrated
excellent tribological properties under vacuum conditions, achieving a friction coefficient
of approximately 0.08 and a wear rate of 4.59 × 10−7 mm3/N·m. Synthetic ester-based
lubricants were effective in reducing friction under extreme boundary conditions. Coatings
containing organic friction modifiers maintained low friction at high temperatures, while
ZnDTP provided excellent anti-wear protection across a broad temperature range, albeit
with an increase in friction coefficient. Silicon-containing DLC coatings exhibited varied
friction and wear characteristics, with DLC/Si (10%) achieving the lowest friction coefficient
and a wear rate of 0.6 × 10−3 mm3/N·m. Although PFPE lubricants reduced friction, they
increased contamination at high temperatures. The wear coefficient of DLC/biodegradable
lubricants was approximately 0.1 × 10−18 m2/N, and DLC/Ti coatings exhibited lower
wear compared to pure-DLC coatings. In future development, by incorporating a variety
of lubricants into the DLC coating and combining the advantages of different materials, a
composite coating with excellent tribological properties and multifunctionality will be de-
veloped. Additionally, a DLC coating with self-healing ability is being developed, allowing
it to self-repair through the migration and reconstruction of the internal lubricant when
damaged, thereby extending the service life and reliability of the coating.

4. Conclusions and Perspectives

This paper provides a comprehensive review of five common types of self-lubricating
coatings, namely MoN coatings, VN coatings, WN coatings, TMN soft-metal coatings, and
DLC coatings with lubricant agents. These coatings are deposited using the PVD technique
to meet the rigorous demands of tribological applications.

MoN coatings exhibit high hardness (10.6–31.4 GPa) and excellent wear resistance,
particularly due to the formation of a self-lubricating oxide layer at high temperatures.
VN coatings also demonstrate excellent self-lubricating properties at high temperatures,
with a hardness range of 11–37 GPa. WN coatings offer good wear resistance and hardness
(23–38.7 GPa), maintaining a low friction coefficient at elevated temperatures.

TMN-SMe coatings, which incorporate soft metals such as Ag, Cu, and Au, signifi-
cantly enhance the self-lubricity and wear resistance of the coating. These coatings leverage
the inherent lubricating properties of the soft metals to reduce friction and improve overall
performance under demanding conditions.

Lubricant-doped DLC (diamond-like carbon) coatings are renowned for their low
friction coefficients and excellent wear resistance. For example, W/DLC, Ni/DLC, and
Cr-DLC coatings have friction coefficients of 0.2, 0.17, and 0.17, respectively. These coatings
combine the hard, wear-resistant nature of DLC with the lubricating properties of the added
elements, resulting in a synergistic effect that enhances their tribological performance.
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Overall, each of these coatings exhibits specific advantages in different applications,
particularly under high-temperature and high-load conditions. The high hardness and wear
resistance of MoN, VN, and WN coatings make them suitable for demanding environments
where durability is critical. TMN-SMe and lubricant-doped DLC coatings offer exceptional
self-lubricating properties, making them ideal for applications where reducing friction is
essential. The development and optimization of these coatings continue to advance, with
research focusing on fine-tuning their compositions and structures to meet the evolving
demands of various industries. By leveraging the unique properties of each coating type, it
is possible to enhance the performance and longevity of mechanical components, reduce
maintenance needs, and improve overall efficiency in a wide range of applications.

Designing coatings presents several challenges, including (i) achieving a balance be-
tween green technology and optimizing exceptional tribological properties; (ii) maintaining
specific properties under demanding tribological conditions; and (iii) controlling relevant
parameters to design improved green self-lubricating coatings.

Different views can be considered, with respect to the future development of this type
of coatings. To begin with, green technology will be widely used in surface engineering;
secondly, the tribological properties of the self-lubricant coatings in the field of cutting tools
will be optimized and the lifespan of the equipment prolonged; finally, it is essential to
analyze the feasibility of application in real industry.

However, although this type of coating has demonstrated excellent tribological prop-
erties, further research is still needed to improve its structure, and enhance environmental
adaptability and functional diversity to meet the needs of a wider range of applications.
This includes improved performance under different operating conditions, such as contact
pressure, temperature changes, etc., as well as its reduced sensitivity to environmental
changes. In addition, an in-depth understanding of the wear mechanism of coatings and
their long-term stability in practical applications is also a key direction for future research.
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