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Abstract: The aim of this work is to verify the applicability of thermography as a non-destructive
technique to quantify the wear performance of several high-entropy alloy coatings. Thermal profiles
obtained from passive and active thermography were analyzed and the results were correlated with
the classical tribological approaches defined in standards. HEA coatings made of several chemical
compositions (AlkCoCrCuFeNi and MnCoCrCuFeNi) and realized by using different cold spray
temperatures (650 °C, 750 °C, and 850 °C) were tested in a pin-on-disk configuration, with a dedi-
cated pin developed for the wear tests. Then, the wear performances of each sample were analyzed
with the hardness and wear parameter results. The thermal profiles of passive and active thermog-
raphy allowed a complete characterization of the wear resistance and performance analysis of the
coatings analyzed. The results are also compared with those presented in the literature.

Keywords: cold spray (CS); high-entropy alloy (HEA); non-destructive technique (NDT);
active thermography (AT); passive thermography (TP); pulsed technique; tribometer;
wear characterization

1. Introduction

The remarkable mechanical properties, fatigue resistance, and ability to withstand
high temperatures of traditional materials such as nickel, cobalt, and titanium-based al-
loys are widely applied in high-temperature scenarios, such as aeroengines, gas turbines,
and the nuclear industry.

However, these materials may fail prematurely under extreme environmental condi-
tions due to their insufficient resistance to friction and wear [1-6]. It is estimated that
maintenance and replacement expenses as a result of this wear and tear can amount to
approximately 1-2% of the GDP of industrialized nations.

In order to improve engineering components’ performance, dependability, and lon-
gevity, it is imperative to develop materials which are mechanically strong and exhibit
superior wear resistance.

Previous research has suggested that materials possessing favorable mechanical
qualities, such as high hardness, elastic modulus, and fracture toughness, can lead to im-
proved tribological performance in various applications [7,8]. High-entropy alloys
(HEAs), a recent advancement in alloy development, have garnered considerable interest
due to their potential properties [9-13].

HEAs are alloys comprising five or more primary elements in equimolar or near-
equimolar ratios [9,11,14]. These alloys can exhibit outstanding characteristics which sur-
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pass those of traditional alloys, including superior strength and hardness, notable re-
sistance to wear, exceptional resilience under high-temperature conditions, robust struc-
tural stability, and excellent resistance to corrosion and oxidation [15].

The tribological characteristics of HEAs are of large significance in industrial appli-
cations, leading to extensive research into their friction and wear performances under var-
ious conditions. For example, studies have investigated the adhesive wear behavior of
Al«CoCrCuFeNi HEAs under atmospheric conditions [16]. These findings have revealed
that higher aluminum concentrations are associated with increased hardness, resulting in
significantly enhanced wear resistance [17]. Wu and colleagues [16] examined the adhe-
sive wear characteristics of AlxCoCrCuFeNi high-entropy alloys and found that at alumi-
num fractions of 0.05 and 1.0 molar ratios, the predominant wear mechanism was delam-
ination wear. However, increasing the aluminum content to a 2.0 molar ratio shifted the
wear mechanism to predominantly oxidative wear. Similarly, Hsu et al. [18] analyzed the
effect on sliding wear resistance of adding iron to AlICoCrFexMoosNi. They noted a reduc-
tion in wear rate with increasing iron content, attributed to heightened oxidation and
sigma phase formation [19].

The coating quality plays a significant role in determining the mechanical properties
and wear resistance of coated contacts [20,21]. It is possible to investigate the characteri-
zation of coatings using a variety of methodologies depending on the type, composition,
and thickness of the coating and its substrate. A destructive technique can be used to di-
rectly characterize materials. To estimate mechanical properties and superficial qualities,
measurements of hardness and roughness are widely used. In recent decades, active ther-
mography (AT) techniques have become increasingly popular due to their non-contact
nature and the ability to cover a wide area. Thermography has been used in many research
fields related to coatings over the years, both in passive and active configurations, with
the aim of investigating mechanical properties or coating quality. Using passive thermog-
raphy (PT), it has been possible to assess the quality and performance of several plasma
sprayed coatings on the contact fatigue life [21,22]. In these papers, the temperature of the
contact point was chosen as the optimal infrared signal since it is only the preheating that
is associated with the failure of the coating. The authors of [21,23] and [21,24] discuss in-
teresting topics related to AT, such as microscopic cracks and coating adhesions. Accord-
ingly, [23] highlighted how thermal maps generated by vibrothermography stimulated
by ultrasound can be used to detect microcracks.

The purpose of this research is to investigate the feasibility of using AT techniques to
characterize the wear performance of HEA coatings as an innovative process. A variety of
HEA coatings (AlxCoCrCuFeNi and MnCoCrCuFeNi) deposited at different cold spray
temperatures (650 °C, 750 °C, and 850 °C) were analyzed. The wear performance of HEA
coatings using a pin-on-disk configuration and using PT and AT was analyzed. Thermal
profiles were analyzed and correlated with classical tribological approaches as defined by
standards.

2. Materials and Methods

Samples adopted in this study are made of a substrate and an HEA coating deposited
with a cold spray technique. In particular, the substrate utilized for each sample is mag-
nesium, while the HEA coating is generated with several HEA chemical composition and
cold spray deposition temperatures. Figure 1 shows the tested samples and also a scheme
of the coating geometry over the substrate, while in Table 1 the geometrical, chemical, and
process parameters are summarized.
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Figure 1. Tested samples (left side) and geometrical shape (right side).

Table 1. Process parameters and geometrical dimensions.

. Nominal Chemical Composition Cold Spray Geometrical Dimensions
Chemical Compo- . . o
Sample sition in Atomic Percentage (at%) Temp. [mm]
Al Co Cr Cu Fe Ni [°C] a b h
1 ~ 196 196 196 196 196 196 650 1009 939 0313
; AlmCoCrCubeNi =0 =0 ™96 196 196 196 750 1001 943 0776
3 385 192 192 192 192 192 650 1011 942 0507
4  AloCoCrCuFeNi 3.85 192 192 192 192 192 750 1073 1001 0613
5 385 192 192 192 192 192 850 1072 1001 0.627
6 ~ 910 182 182 182 182 182 650 1127 1001 0497
7 AlbsCoCrCukeNi — 5 182 182 182 182 750 1119 997 0553
8 167 167 167 167 167 167 650 1009 917 0386
9  MnCoCrCuFeNi 167 167 167 167 167 167 750 1059 921  0.604
10 167 167 167 167 167 167 850 1173 923 0.632

A detailed characterization of the hardness and roughness of the same coatings tested
in this work was performed in [15] by the same authors.

Wear tests were performed by using a tribometer with a setup close to a classical pin-
on-disk configuration. A dedicated device similar to a pin was designed with the aim to
ensure the clamping of tested samples and to guarantee the visibility of the contact sur-
faces during PT acquisitions. Concerning the counterpart utilized during the wear tests,
disks were made of quenched 100Cr6 steel with a grinding surface. A hardness of 850 HV
with a roughness of 0.05 (Ra) was obtained for all counterparts.

Figure 2 illustrates the designed pin with the corresponding 3D CAD geometry and
also the experimental setup utilized during the wear tests. Wear testing parameters are
illustrated in Table 2 and the tests were performed with a unidirectional rotation in ambi-
ent conditions.

Table 2. Wear testing parameters.

Wear Testing Parameters

Rotational speed [rpm] 250
Normal load [N] 10
Sliding length [m] 200

Linear speed [mm/s] 235.6
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Sample

Figure 2. Designed pin and experimental setup during wear tests.

The wear volume computation for the tested samples was realized by using a digital
microscope with a resolution of 0.01 pm. The mean value of the surface profile was gen-
erated by considering 60 lines equally spaced over the 3D surface of the sample. This pro-
cedure was carried out before and after the wear test acquiring the surface of the sample
by using the 3D Stitching function available in the digital microscope. This way, the wear
area (AArea) is computed as the difference between surface profiles before and after the
wear test conditions. The corresponding wear volume (AVolume) was obtained by multi-
plying the AArea with the length of the sample. Figure 3 shows, as an example for Sample
5, the AArea comparison (left side) and the coating surfaces (right side) before and after
the wear test. The same results for each sample are shown in Supplementary Materials.
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Figure 3. Area (left side) and 3D optical microscope comparison (right side) for Sample 5.

The mass reduction in the HEA samples, generated by the wear process, was also
evaluated by means of a balance with a resolution of 0.0001 g. The coating was properly
cleaned after the wear test to avoid debris during the mass measurement.

The wear characterization was obtained by using the well-known parameters such as
the wear rate, the Archard’s coefficient, and the wear resistance [25,26]. The specific wear
rate parameter is very useful for comparing experimental results obtained in case of dif-
ferent wear testing conditions [27]. More in detail, the formula is illustrated in Equation
(1):

%4
W= M
where W is the specific wear rate in [mm3/Nm], V is the wear volume in [mm?], Fy is
the normal load in [N], and L is the sliding distance in [mm]. The wear resistance Wj is
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its reciprocal. In the literature [28,29], the wear resistance is related to the hardness of the
sample. This way, the comparison between the wear resistance and the structure of the
coating, which is related to the production process, can be investigated. The Archard’s
coefficient allows evaluation of the wear resistance of coating during tests. This parameter
considers both tested materials and wear testing conditions, and can be computed as in
Equation (2):

V - HV
T L ?
N
where k is the dimensionless Archard’s coefficient and HV is the less hard material in

[MPa].

The wear characterization with AT and PT was realized with thermal profiles ex-
tracted from thermograms. The PT approach was used to compare the temperature incre-
ment generated during the wear test with the corresponding ecoefficient of friction (COF)
measured with the tribometer. For what concerns the AT approach, it was investigated to
evaluate its feasibility as non-destructive technique for the wear volume estimation by
comparing the thermal responses of the same ROI from the thermograms obtained before
and after the wear damage. Thermography analyses were performed by means of two
different thermal cameras.

Figures 4 and 5 show experimental setups during PT and AT. An example of the ther-
mogram during PT is illustrated on the right side of Figure 4. In particular, an IR Thermal
camera (NETD 0.08 °C) was utilized to acquire thermal profiles and the reference speci-
men was allowed to control the environmental temperature during the test. Thermal pro-
files were extracted with a cursor located in the contact point between the disk and the
tested sample. The absolute temperature was directly used for the analysis since no rele-
vant environmental temperature variations were observed during the wear tests.

Reference
specimen
Pin
Contact point
Disk

Figure 4. Passive thermography experimental setup.

Specimen

Figure 5. Active thermography equipment and experimental setup.
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AT response was acquired by means of another IR thermal camera with a sensitivity
lower than 20 mK and a 3-5 pm spectral range. The heating source was a laser beam with
a maximum power of 50 W. The reflection mode configuration was adopted, and samples
were located 440 mm distance from the thermal camera. The maximum frame rate acqui-
sition was selected, corresponding to 785.67 Hz. Environmental conditions (room temper-
ature and humidity) were monitored during each test, while the corresponding reflected
temperature was estimated according to the standard [30]. The pulsed technique was uti-
lized and an energy contribution made of a pulse period of 250 ms and a laser power of
30 Watt were utilized for each sample. The diameter of the laser spot was 6 mm and the
laser power distribution over the spot had a Gaussian distribution. Then, a region of in-
terest (ROI) with 4288 pixels was chosen to extract thermal profiles in radiance unit meas-
urements. Thanks to the same superficial aspect of each sample, radiance was adopted
instead of temperature to avoid emissivity problems related to its computation. Four rep-
lications were performed and then the corresponding mean value was computed.

The substrate zone was chosen as the heated zone since it remained undamaged be-
fore and after wear tests. As a matter of fact, the samples were tested by AT before and
after the wear tests with the aim to characterize wear behavior by means of a non-destruc-
tive technique. The same testing conditions were adopted for both parts of the analysis
(before and after wear tests).

This way, PT was used for online thermal characterization in conjunction with COF
measurements, while AT was adopted for the wear damage characterization. In the spe-
cific case of PT, thermal responses obtained from the thermogram were adopted directly
for the analysis. On the other hand, a dedicated data procedure was developed for the AT
technique. More in detail, the samples were at first tested with the pulsed technique (be-
fore-wear condition), then the wear damage at the tribometer was realized and, subse-
quently, the samples were tested again with pulsed AT (after-wear condition). Four repli-
cations were conducted of each measurement and absolute radiance profiles were ex-
tracted from the target laser ROI.

Then, the relative radiance profile was computed for each replication as the difference
between the absolute radiance profile and the environmental radiance. The environmental
radiance was directly estimated from thermal responses, and it corresponds to the radi-
ance value before the heating profile. Then, the corresponding mean value of the four rep-
lications was computed, obtaining the averaged relative radiance profile. The wear char-
acterization was analyzed by following two different approaches.

The first considers all tested samples while, in the second case, the wear characteri-
zation is classified on the basis of the chemical composition of the coating.

For what concerns the first approach, once the averaged relative radiance profiles for
both the before-wear and after-wear conditions are evaluated, the normalization with re-
spect to each maximum value is generated. Figure 6 shows, as an example for samples 2
(left side) and 7 (right side), the normalized relative radiance profiles for the before-wear
and after-wear conditions. This way, the wear damage in terms of thickness decrease,
which means a volume reduction, is emphasized on both the heating and cooling phases
of the thermal profiles.
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Figure 6. Normalized relative radiance profiles for samples 2 and 7.

The difference between the thermal area (AArpermq;) parameters was chosen to quan-
tify this difference since it is easy to calculate and to correlate with respect to a wear vol-
ume reduction. More in detail, the AAtperma computation with respect to a certain time
is illustrated in Equation (3).

t
AA Thermal = ft

In particular, t, corresponds to the initial time, t; corresponds to the final time,
R,,, is the normalized relative radiance for the after-wear test condition, and R, is the
normalized relative radiance for the before-wear test condition. The final time, t, consid-
ered in this study is 10 s and it was properly chosen with the aim of measuring for a long
time the differences between the before-wear and after-wear conditions during the cooling
phase.

A second approach was also proposed, and it is based on the chemical composition
of the coating. In this case, the wear characterization is performed by using the bare cool-
ing phase obtained from the thermal response. Also in this case, the difference between
the area of the cooling phases (AA¢qoiing) Was utilized as the thermal parameter.

t
T'R,pdt — ftof Ry, dt 3)

0

3. Results and Discussion

In this section, results regarding the wear tests and the thermography characteriza-
tion are illustrated and commented on.

The wear tests results are shown in Figure 7 and in Table 3. In particular, variations
in terms of volume (AVolume) and area (AArea) were calculated as the difference between
the corresponding before-wear and after-wear conditions. Volume and area were calcu-
lated as illustrated in the Materials and Methods section (see Figure 3). In particular, Fig-
ure 7 illustrates the AVolume and AArea comparison on the left side, while the correspond-
ing abraded mass is shown on the right side. From the analysis in Figure 7, a similar trend
can be observed for both wear test results, except in the case of samples 6 and 7. As illus-
trated in Supplementary Materials, samples 6 and 7 show a similar AVolume and AArea,
but in sample 6, an imprecise deposition of the coating can be appreciated. Probably, this
non-uniform coating deposition affects the results of the removed mass.
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Figure 7. Measured AVolume (column) and AArea (line) (a) and abraded mass (b) for different sam-

ples.

Table 3. Wear tests result.

Area [pm?] Volume [um?] Mass Varia-
Sample Before Wear Test After Wear Test AArea Before Wear Test After Wear Test AVolume .
tion [g]
(x106) (x10°%) (x10°%) (x10%) (x10%) (x10%)

1 1.85 1.63 0.22 1.86 1.65 0.21 0.0130
2 4.06 3.48 0.58 4.07 3.48 0.59 0.0527
3 3.41 3.17 0.24 3.45 3.21 0.24 0.0167
4 3.55 3.14 0.41 3.55 3.14 0.41 0.0440
5 3.15 2.74 0.41 3.37 2.94 0.43 0.0436
6 3.58 3.39 0.19 3.58 3.39 0.19 0.0290
7 3.77 3.59 0.18 3.75 3.58 0.17 0.0375
8 2.46 2.40 0.06 2.25 2.20 0.05 0.0057
9 3.32 3.29 0.03 3.06 3.03 0.03 0.0042
10 3.89 3.74 0.15 3.59 3.45 0.14 0.0242

Wear parameters (the wear rate, the Archard’s coefficient, and the wear resistance)
were calculated according to Equations (1) and (2); the results are illustrated in Table 4.
More in detail, the left side of Figure 8 compares both the wear rate and the Archard’s
coefficient of each sample. Moreover, the wear resistances were correlated with the corre-
sponding hardness and the results are illustrated on the right side of Figure 8. In Figure
8a it can be observed that with increasing process temperature the wear rate and the Ar-
chard’s coefficient increase for Al samples, while for Mn samples an oscillating trend is
obtained. The only difference is observed in samples 6 and 7 (Alos samples) which show
a behavior similar to the Mn samples.

Table 4. Wear parameters.

Wear Rate Archard’s Wear Coefficient )
Wear Resistance
Sample [mm3/(Nm)] [-] [Nm/mm’]
(x10-3) (x10-3)
1 1.08 2.39 929.92
2 2.93 6.36 341.78
3 1.23 2.77 811.13
4 2.04 4.80 489.00
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5 217 5.29 461.57
6 0.97 3.03 1032.16
7 0.85 2.66 1171.12
8 0.27 0.72 3645.47
9 0.14 0.43 7169.52
10 0.67 1.58 1484.68
(b)
35x10° 7x103 8000
9
3x10° 6x10° 7000
6000
2.5x 103 5x103 =
= > E
E > £ 5000
2 2x10° ax10°  § E
E z E’ 4000 8
£ 15x10° 3x103 = é 3000
é 1x10%° 2x10°3 % g
g g 2000 1 0 ,
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3
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6 7 8 9 10 200 220 240 260 280 300 320 340
Sample Hardness [HV0.3]

Figure 8. Wear rate (column) and Archard’s coefficient (line) (a); wear resistance vs. hardness (b).

In Figure 8b the HV and the wear resistance show a coherent behavior for all samples
and, in particular, for Mn samples it can be observed that there is a process temperature
which optimizes the parameters, corresponding to 750 °C. This optimal temperature is not
obtained for the Al samples where the investigated parameters increase with increasing
process temperature. In particular, for the Alos samples the increment of wear rate with
process temperature is not so evident. According to [31], Al and Mn are usually added to
improve strength, hardness, high temperature wear, fatigue resistance, corrosion re-
sistance, etc. Al is especially added to improve the wear resistance of the CoCrCuFeNi
HEA.

According to Archard’s wear law, there is an inverse relation between microhardness
and wear volume in a tribological test. This relation is confirmed for coatings, abrasive
coatings [32], and for HEA coatings. In Figure 8 it can be observed that, for the investigated
HEA coatings, the wear behavior increases with the average microhardness, thanks to
better microstructural characteristics. The adhesive wear resistance is related to the wear
coefficient. In fact, materials with high wear resistance require high energy to be removed
by means of wear processes. In Table 4, the small wear coefficient is related to higher wear
resistance. In the same Table 4, it can be observed that the wear coefficient decreases when
the aluminum percent increases. If observing the relation between the aluminum content
and wear coefficient, increasing the aluminum content five times results in a seven-times
decrement in wear coefficient. For what concerns the relation between the wear coefficient
and microhardness, according to [33], the wear coefficient of AlCoCrCuFeNi HEA alloys
is related to their hardness in transition from the FCC phase to BCC phase. In fact, in [33],
it is reported that, generally, the wear resistance of materials is proportional to their Vick-
ers hardness. The BCC phase is harder than the FCC phase and, as such, the wear re-
sistance increases with increasing volume in the BCC phase, as can be observed in Alos
HEA.

SEM images at the end of the wear tests, for each sample and the 100Cr6 disks, were
also analyzed.
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Wwo= 15mm

Figure 9 shows, as an example for samples 1 and 2, the abraded aspect of the coating
surface, while in Figure 10 the superficial aspect of two 100Cr6 disks are illustrated. The
same results for each sample are shown in the Supplementary Materials (Figure S4). For
what concerns the SEM observation, obvious differences in wear surface morphology are
seen as a function of aluminum content. With increasing aluminum content, the surface
roughness and the degree of deformation decrease (compare these with Figures 8 and S2).
In Figure S4, the SEM worn surfaces are reported. All of them show groove and plastic
deformation along the wear grooves. A similar result is reported in [16] where the typical
delamination wear mechanism of ductile materials is shown. According to [16], a higher
aluminum content, as in samples 3, 4, 5, 6, and 7 compared to samples 1 and 2, gives a
smoother worn surface. In the same paper [16], the oxidative wear is shown to be more
effective for a higher content of Al. Samples 6 and 7 show coherently a higher wear re-
sistance since the hard BCC phase resists to plastic deformation and the oxidized layer
prevents delamination.

= = . 30 = =
EHT=2000kY  Signal A =SE1 N — pm EHT=2000kV  Signal A= SE1 —
Mag= 600X WD= 15mm Mag= 600X

100 ym
[

ol A = | 100 ignal A =
EHT=2000kV  Signal A =SE1 Date 9 Feb 2023 @ | jum EHT=2000kV  Signal A=SET Date 0 Fob 2023 @

wo= 15mm

Mag= 200X WwD= 15mm Mag= 200X

Figure 10. SEM images for 100Cr6 disks.

Moreover, the sliding wear behavior and mechanisms can be also analyzed. More in
detail, observing Figure S2, samples 8 and 9, similar to what was found in [34], both the
abrasive and adhesive wear mechanisms are observed in tribological tests between
AlCrCuFeNi: and SisN4. The shape of the grooves confirms this result, according to [34].
Similar to [17], wear particles can be observed along the sliding direction, as for example
in Figure S2, samples 6, 8, 9, and 10, allowing the “three body abrasion” to take place. In
Figure 9, sample 2, and in Figure S2, samples 4 and 5, a change in mechanism, according
to [17], that is from abrasive to delamination and plastic deformation involving oxidation,
is pointed out. This result is confirmed by the heating trend of samples during the wear
tests (see Figure 11, sample 2, and Figure S3) and confirmed by the friction coefficients.
For all specimens and tests, as one surface is curved, with increasing sliding distance the
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contact surface increases, and the phenomenon is larger for higher applied loads. With
increasing sliding distance micro-scaled and material removal cutting can be observed, as
in Figure S2. This phenomenon is also reported in [35]. The increase in applied load can
increase the localized coating detachment, as reported in the literature.

Furthermore, for an HEA coating, wear cracks can also initiate and propagate in the
coating surface and, therefore, the amount of wear debris can accordingly increase. The
localized coating removal/detachment also can occur for higher wear loads due to the fur-
ther propagation of surface cracks. These findings are in accordance with other investiga-
tions on the wear behavior of HEA coatings with a dual-phase BCC + FCC structure.
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Figure 11. Coefficients of friction and temperature profiles.

Results obtained from the PT characterization are now presented. In particular, Fig-
ure 11 shows the COFs and thermal profiles, as an example for samples 1 and 2, for all the
sliding lengths. The same results are shown for each sample in the Supplementary Mate-
rials (Figure S5). Moreover, a comparison between the corresponding maximum temper-
ature increment and the mean value of the COF for each test is illustrated in Figure 12. On
the basis of the results obtained, it can be emphasized that both the chemical composition
and the shape of the coating influence heat propagation during tribological tests, making
a direct comparison between the maximum temperature rise and the wear performance
of the coatings impossible. Furthermore, the sliding distance and rotation speed, appro-
priately tuned for wear analysis, do not allow an appreciable temperature increment and
do not keep it stable for a large part of the sliding distance. The COF curves show a typical
trend: an initial rapid increase in COF to a peak value and then a gradual decrease to a
steady value. In Figure S5, the COFs of all samples show this behavior. The initial peak
value is justified by the curved surfaces of the samples that are then gradually abraded
and become flat contact surfaces in the following part of the COF curve. The friction curves
of the AlosCoCrCuFeNi HEA alloy show a peak value of COF of about 0.65 and a steady
value of about 0.48 (Figures 11 and S5). The AlosCoCrCuFeNi HEA alloy exhibits a rela-
tively large fluctuation in COF which can be caused by many phenomena. According to
[16], the main ones are the periodic localized fracture of the coating surface and the accu-
mulation of debris on the wear surface which is periodically eliminated. From the analysis
of these results, it can be pointed out that in the COFs in Figures 11, 12 and S5, these
phenomena are evident and moreover the relation of COF and temperature increment due
to friction phenomena, plastic deformation, oxidation, and subsequent decrement in ad-
hesive forces are reported. The conditions of the tribological test influence the generation
of metal debris. As also illustrated in [36], the heat flow generated during the test increases
with increasing loads and speed. These test conditions generate a higher contact surface
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temperature with a higher heat of friction. As a result, a faster oxidation film rate is gen-
erated. The temperature reached during the tribological tests also influences the adhesive
forces. In fact, adhesive forces tend to decrease when the temperature of the contact inter-
face reaches a critical value and, consequently, an overall temperature increment occurs.
In addition, an increase in COF is observed and the wear rate also increases rapidly in
accordance with the increase in temperature reached during tribological tests. It is im-
portant to note that the wear resistance is proportional to the hardness, as illustrated in
Table 4. This behavior is also described in [17].
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Figure 12. Coefficients of friction (mean value) and maximum temperature increments.

Results regarding the AT characterization are illustrated in Table 5, and Figures 13
and 14. The normalized relative radiance profiles for the before-wear and after-wear con-
ditions, for each sample, are reported in the Supplementary Materials (Figure S6). Ther-
mal area computations, according to Equation (3), are illustrated in Table 5, also with the
corresponding before-wear and after-wear areas. From the analysis of Table 5, it can be
observed that sample 10 generates a negative value of AA7permar- This result can be as-
sumed as 0 as it falls into the uncertainty of the measurement accuracy of the thermal
measurement. In particular, the IR camera discriminates 0.08 °C. As illustrated in Figure
S6 (see sample 10), the before-wear condition follows an opposite trend with respect to
the other tested specimens. For what concerns sample 7, the AAcwoling is also negative and
the same assumption is made.

Figure 13 compares the AT results with the classical tribological analysis results; that
is, the linear regression models between AA7permar and the corresponding wear volume
results (AVolume and abraded mass) are illustrated. The R2 results are lower than 0.8 thus
indicating a low linear correlation between the selected parameters if all the samples are
analyzed together. In Figure 14, the same parameters are grouped related to each HEA
coating composition. Again, no apparent relation between composition, process tempera-
ture, and wear testing temperature increment is observed. Nevertheless, it can be ob-
served that for almost all samples the thermal cooling transition shows a positive change
before and after wear test. This can be related to a change in surface composition, struc-
ture, and roughness.
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Table 5. Thermal area results.

Sample Before-Wear Area After-Wear Area AArhermal AAcooling
[s] [s] [s] [s]
1 6.8080 6.9005 0.0925 0.0803
2 6.1009 6.5512 0.4503 0.4391
3 6.2781 6.4349 0.1568 0.1491
4 6.1092 6.2669 0.1577 0.1435
5 6.1268 6.2640 0.1372 0.0643
6 5.9957 6.1140 0.1183 0.117
7 6.2956 6.3206 0.0250 -0.0015
8 6.5883 6.5902 0.0019 0.2304
9 6.1339 6.3408 0.2069 0.23
10 6.1516 6.1018 —0.0498 —-0.0368
7 0.06
2
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Figure 13. AVolume (orange) and abraded mass (green) vs. AArpermar-
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In the Supplementary Material section, the initial and final sample profiles are re-
ported before and after the tribological tests. For all samples, the orientation of the profiles
with respect to the center of rotation of the disk is preserved. It can be observed that a sort
of anisotropic wear process took place thus possibly justifying this irregular behavior.

4. Conclusions
The following conclusions can be drawn from the presented results:

*  The coating after the wear test shows microcracks and wear debris indicating HEA
coating resistance to sliding stress.

*  The HEA coatings show a mixed wear mechanism, both abrasive and adhesive. The
temperature reached during the tests affects the adhesive forces and the COF.

*  Passive thermography (PT) appears to be able to follow the transition between abra-
sive and adhesive wear processes where plastic deformation phenomena take place
and can therefore be a useful tool for defining the type of friction as well as for esti-
mating the COF.

*  Active thermography (AT), however, to measure the abraded volume requires more
in-depth studies and still remains a useful tool for distinguishing the different mate-
rials subjected to abrasive phenomena.

Furthermore, the two methods of data analysis provided acceptable and comparable
results. To improve the accuracy of the method it is important to control the geometry of
the sample.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/lubricants12060222/s1, Figure S1. Wear area comparison
(left side) and coating surfaces (right side). Figure S2. Wear area comparison (left side) and coating
surfaces (right side). Figure S3. Wear area comparison (left side) and coating surfaces (right side).
Figure S4. SEM images for tested samples. Figure S5. Coefficient of frictions and thermal profiles.
Figure S6. Normalized relative radiance profiles for the before-wear and after-wear conditions.
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