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Abstract: The sliding wear and failure behaviors of CrN and AITiN coatings on high speed steel (HSS)
and cemented carbide (WC-Co) were investigated on a reciprocating test machine under different
normal forces (30-120 N). The wear mechanism was explored based on the analysis of coefficient of
friction (CoF), wear and damage of coating. Then, the coating service life maps were established and
the factors affecting the coating life were explored. The results indicated that the bonding strength
of coatings to the WC-Co substrate were larger than those to the HSS substrate. The CoFs of CrN
fluctuated during the wear process, while CoFs of AITiN coatings were closer to those of the uncoated
substrates. The wear depths of coated samples were smaller than those of uncoated substrates. The
wear depths were small when the coatings worked and then increased with the number of cycles and
the normal forces. For the CrN coatings, they had longer service life under smaller normal forces
than under the large forces. Under small forces, an adhesion layer derived from the wear debris
was formed on the coating surface to reduce the wear at the beginning of the test, after that the
main failure mechanism was abrasive wear and delamination. Under large forces, the main failure
mechanism was spallation. For the AITiN coatings, the main failure mechanism was spallation on the
HSS substrate; however, on the WC-Co substrate it was adhesive and abrasive wear. The coatings
(CrN and AITiN) on WC-Co had longer service life under various normal forces than on the HSS.
CrN coating has the better wear-resistance than AITiN coatings.

Keywords: nitride coatings; service life; wear; failure; normal forces

1. Introduction

HSS (high speed steel) and WC-Co (a type of cemented tungsten carbide material,
which is made of hard WC particles and a cobalt binder) are the two widely used metal
materials for industrial components [1-3]. HSSs have excellent toughness and fracture
resistance. WC-Co has high hardness and compressive strength [4-7]. During the service
of the HSS and WC-Co and components, the direct sliding contact could lead to the wear
losses and damages [2,8,9]. The component should be replaced when it is seriously worn.
Therefore, it is necessary to improve the service life of HSS and WC-Co components.

Coatings were deposited on the surface to mitigate the wear and damage of com-
ponents, and to prolong their lives [10-12]. There are various kinds of coatings used as
protective coatings, such as TiC, TiN, AITiN, CrN and AICrN. They are widely used in the
field due to the high hardness, good chemical stability, wear-resistance, corrosion resistance
and oxidation resistance [13-18]. CrN and AITiN are three types of metal nitride hard
coatings [2,9]. CrN is a kind of Cr-based coating which showed corrosion-, oxidation-
and wear-resistance, specially coated on soft substrates [15,16,19-21]. AITiN coating is a
kind of TiN-based ternary coating with a high concentration of aluminum. The hardness,
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oxidation- and wear-resistance were increased via the incorporation of Al into the fcc-TiN
structure [22,23]. Through studying and comparing the tribological properties of the coat-
ings on different substrate materials, the best matching between coating and substrate
could be determined.

In previous works, it was found that the speed, temperature, contact medium, etc.
affected the tribological properties of coatings [24-31]. Vera et al. [32] deposited TiN, CrN
and WC/C coatings on different steels. The coated samples were tested on the reciprocating
wear tester. The results showed that WC/C coating had a lower CoF. Compared with the
coatings deposited on 8620 steel and 4140 steel, the coatings deposited on 4320 steel showed
better wear-resistance. Xian et al. [33] deposited TIAIN-(TiAIN/CrAlISiN)-TiAIN multilayer
coatings on ceramic, cemented carbide and HSS substrates. The wear-resistance of the
coatings were studied on a ball-on-disk wear tester. It was found that the coatings deposited
on cemented carbide substrates had the best wear-resistance. Lepicka et al. [34] conducted
a comparative study on the surface roughness, mechanical properties, adhesion and anti-
wear performance of TiN coatings deposited on 316LVM stainless steel and Ti6Al4V alloy
by using a ball-on-disc microtribometer. After the coatings were worn out in the wear
test, the tribofilm formed on the substrate surface would protect the substrate and the
CoF would decrease until the end of the test. Zhou et al. [35] coated diamond-like carbon
(DLC) on SUS304 and YT15 substrate, and the reciprocating wear tester was used to explore
the coating surface evolution in the long run recycling wear. The results showed that the
substrate material was an important factor affecting the adhesive, tribological properties
and wear life of the coating.

The service life map is an important means to systematically study the wear and
failure properties of coating. It is useful for understanding the wear mechanism of the
coating and explore influential factors [36-38]. Ding et al. constructed the coating response
wear maps for DLC (diamond like carbon) coatings, which could illustrate more clearly the
performance of coatings under different load conditions [36].

The purpose of this study is to explore the tribological properties of the two nitride
coatings (CrN and AITiN) on two substrates (HSS and WC-Co) in order to realize better
application of nitride coatings. The coating service life maps were constructed based
on the comprehensive analysis of CoFs, wear depth and wear scar morphologies. The
establishment of the life map could not only compare the friction and wear properties of
the nitride coatings but also predicted the coating life. The factors affecting the coating life
and the best working force condition will be discussed, and the results will aid in coating
design and selection.

2. Experimental Details
2.1. Sample Preparation

CrN and AITiN coatings were deposited on HSS or WC-Co (WC-Co cemented car-
bide, brand: YG6A) substrates. Six types of samples were prepared: (1) uncoated HSS,
(2) uncoated WC-Co, (3) CrN coating on HSS, (4) CrN coating on WC-Co, (5) AITiN
coating on HSS and (6) AITiN coating on WC-Co. The dimensions of samples were
20 mm X 10 mm x 10 mm.

An industrial cathodic arc plasma deposition system was used for coating deposition.
Before the deposition, the substrates were ultrasonically cleaned and dried, then etched
via the argon bombardment. A thin film (chromium film for CrN coating, and aluminum-
titanium alloy film for AITiN coating) was deposited on the substrates as an interlayer to
improve the adhesion between coating and substrate [16,39]. The interlayer was deposited
on the substrate for 2-3 min. After that, the CrN or AITiN coating was deposited on the
interlayer. The parameters of the deposition processes are shown in Table 1. The deposition
temperature of both coatings did not exceed 400 °C, and the deposition time was 40 min.
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Table 1. Deposition parameters of CrN and AITiN coatings.

. Temperature Current Bias Deposition Time
Coatings  Cathode Targets ©0) A) W) (min)
CrN Cr 380 120 —60 40
AITiN AlTi 400 160 —50 40

2.2. Coatings Characterization

The mechanical properties and roughness of the substrates and coatings are listed
in Table 2. The hardness and Young’s modulus of WC-Co were larger than the HSS. The
roughness of HSS and WC-Co substrates was close. Compared with the roughness of the
uncoated substrates, the roughness of the coatings was slightly higher but smaller than
0.2 um. The nanoindentation hardness of the AITiN coating was larger than CrN coating,
but the Young’s modulus of the CrN coating was larger than AITiN coating [40].

Table 2. Mechanical properties and roughness of substrates and coatings.

Nanoindentation  Young's Modulus . p . Roughness Ra
Sample Hardness (HV5) Hardness (GPa) (GPa) Poisson’s Ratio (um)
HSS substrate 680 + 25 - 210 0.27 0.095 £ 0.015
WC-Co substrate 1300 + 20 - 510 0.22 0.07 £ 0.025
CrN coating - 234 +£55 473.2 £90 0.25 0.15 £ 0.03
AITiN coating - 31.8 £6.6 359.9 £ 40 0.25 0.10 £ 0.05

The scanning electron microscope (SEM) images of surfaces and cross-sections of the
coated samples are shown in Figure 1. Both the CrN and AITiN coatings had the similar
thickness (around 3 um) on the HSS and WC-Co. There were a few holes, particles and
droplets on the coatings which did not affect the natural test and application of the coating.

\ Droplet

Particles

Figure 1. SEM images of the surfaces and cross-sections of coated samples: (a) CrN on HSS; (b) AITiN
on HSS; (¢) CrN on WC-Co; (d) AITiN on WC-Co.
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The result of energy dispersive spectroscopy (EDS) analysis on the substrates and
coatings is shown in Table 3. HSS was mainly composed of C, Cr and Fe. WC-Co was
mainly composed of C, W and Co. The CrN coating mainly contained N, Cr. The AITiN
coating mainly contained N, Ti and Al. Note that, the EDS are not good at detecting the
light elements because too less signal could be received. But the values could be used to
compare the contents of a certain element among different materials.

Table 3. Chemical element compositions of substrates and coatings detected via EDS.

Elements (Wt %) C N (@) Al Ti Cr Fe Co A\
HSS 12.92 726 79.82
WC-Co 15.94 1.68 8.06 74.32
CrN coating 2.78 68.28 28.94
AITiN coating 213 4159 27.47 28.81

The bonding strengths of the coatings on the substrates were measured via the scratch
tests, which were conducted on a scratch tester (FISCHERSCOPE-ST200, Germany), using a
diamond indenter with a radius of 200 pum. The coatings were scratched with a progressive
load increasing from 0.5 N to 100 N at a constant sliding speed of 3 mm/min, and the
scratch length was 3 mm. Scratch tests were repeated three times.

According to the topography, penetration depth and the acoustic emission during the
scratch process, the values of critical load of the coatings falling off can be obtained, as
shown in Table 4. The coatings on WC-Co substrate had higher critical loads than those
on the HSS substrate. This was because the hardness and the Young” modulus of WC-Co
substrate were higher than the HSS substrate and closer to those of coatings (Table 1). The
critical load of CrN coating was higher than that of AITiN coating, which was because of
the lower hardness of CrN than AITiN.

Table 4. Critical load of coated samples.

CrN Coatingon  CrN Coatingon  AITiN Coating AITiN Coating
HSS WC-Co on HSS on WC-Co

Critical load (N) 482 £54 928 £33 423 +4.4 780 %35

Samples

2.3. Reciprocating Wear Test Process

Reciprocating wear tests were conducted on a reciprocating sliding machine, as shown
in Figure 2. A normal force was applied on the counter body (a WC-Co ball with a diameter
of 6 mm; brand: YG8; Young’s modulus: 510 GPa; the hardness: around 1520 HV). The force
was measured via a pressure sensor. The friction force was detected via a tension/pressure
sensor. Data from the sensors were recorded to calculate the real-time coefficient of friction.

Normal force /

Pressure sensor Data acquisition and processing

Tension/pressure sensor
WC-Co ball sample

Coated or uncoated sam}

Shding table —

Linear reciprocating motor

€«——>

Sliding direction

Figure 2. Schematic of the reciprocating sliding test machine.
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The tests were conducted under four different normal forces (i.e., 30 N, 60 N, 90 N
and 120 N). The normal forces of 30-120 N led to the initial maximum contact pressures of
2538-4029 MPa on the HSS substrate, and 3591-5700 MPa on the WC-Co substrate, without
consideration of the influence of coating. To explore the life and the wear process, tests were
conducted for different numbers of cycles from 100 to 50,000 cycles. The parameters of test
normal forces and numbers of cycles were shown in Table 5. All tests were performed in air
conditions at room temperature. The reciprocating frequency was 2 Hz and the amplitude
was 2 mm.

Table 5. Test parameters.

Samples Type Normal Force (N) Number of Cycles
HSS,
CrN on HSS,
AITiN on HSS, 10-50,000 (depending on the
WC-Co, 30, 60,90, 120 failure process of coating)
CrN on WC-Co,

AITiN on WC-Co

During the reciprocating sliding wear test, the CoF was recorded. After the test, the
average value of the last 10 CoF points on the curve were calculated, which was taken as
the final CoF value. The samples were ultrasonically cleaned. The profiles of the wear scars
were measured using a profilometer (JB-6C, Shang hai, China). Five profiles perpendicular
to the sliding direction were measured, evenly distributed on the wear scar. The wear
depth was obtained by calculating the average of the maximum wear depth values of the
five profiles. The wear scars were observed and analyzed using an optical microscopy (OM)
(KEYENCEVHX-6000, Osaka, Japan), a scanning electron microscopy (SEM) (Phenom Pro-
SE, Eindhoven, Netherlands) and an energy dispersive spectroscopy (EDS) (JSM-6610LV,
Akishima-shi, Japan).

3. Results and Discussion
3.1. Coefficient of Friction

The CoFs as a function of cycle number on the uncoated HSS and WC-Co samples are
shown in Figure 3. The stable CoF of HSS substrate was around 0.7-0.8, which was higher
than the stable CoF of the WC-Co substrate (around 0.2-0.3). The normal forces had no
obvious influence on the stable CoF of the uncoated samples.

10 a) HSS substrate 10 b) WC-Co substrate ___ 3q
c c
] i S _ —— 60N
08 e 508 120 N
5 0.6 506
5 1 5 ]
§ 0.4 é 0.4
2 —— 30N 5
© 0.2+ —— 60N ©0.2

120N
0.0 0.0

Number of cycles

2,000 4,000 6,000 8,000 10,000
Number of cycles

4,000 6,000 8,000 10,000

Figure 3. CoFs of uncoated samples as a function of cycle number under various normal forces:
(a) HSS substrate; (b) WC-Co substrate.

Figure 4a shows the CoFs as a function of cycle number on a representative coated
sample (CrN coating on HSS substrate) under different normal forces. At the beginning of
the test, the CoFs were low. With the test ongoing, the CoFs increased, because the coating
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Coefficient of friction

was worn off. After that the CoF remained relatively high. The normal force had influence
on the CoF evolution, because the normal force affected the wear and failure processes of
coatings. Under the small normal forces (30 N and 60 N), CoFs increased smoothly because
CrN coating was worn off gradually. Under the large normal forces (90 N and 120 N), the
CoFs increased relatively sharply because the coatings were removed and failed quickly.
Furthermore, the larger normal force which led to the increase of CoF occurred earlier. For
example, the CoF increased after 100 cycles under 90 N while it increased after 10 cycles
under 120 N (Figure 4a).

1.0 1.0
——30N —o— AITIN coating on HSS
0.8 a) CoFs increase— — 60 N '5 0.8/ b) —o— AITiN coating on WC-Co
. after 100 cycles —— 90N | B
CoFs increase .« /& 120 “
0.6 g S 0.61
after 10 cycles il
; k5
L 0.4
=
[<B)
o
O 0.21
0.0 : : : . 0.0+ : : ,
1 10 100 1000 10,000 1 10 100 1,000 10,000
Number of cycles Number of cycles

Figure 4. CoFs as a function of the number of cycles: (a) CrN coating on HSS substrate under different
normal forces; (b) AlITiN coating on HSS and WC-Co substrates under 30 N normal force.

The change of CoF can help to judge the failure process of the coatings. After the
coating was removed off, the CoF would be similar to that of substrates. As shown in
Figure 4b, with the increase in cycles, the CoF of AITiN coated HSS sample remained high
(around 0.7-0.8, close to the CoF of uncoated HSS), the CoF of AITiN coated WC-Co sample
decreased to low values (around 0.3-0.4, close to the CoF of uncoated WC-Co).

Figure 5 shows the final CoFs of samples at the end of the tests (for example, the
average values of the last 10 CoF points in Figures 3 and 4). The CoFs of HSS substrate
(Figure 5a) increased with the number of cycles. The CoFs of WC-Co substrate (Figure 5b)
decreased with the number of cycles. The CoFs of the CrN coated HSS substrate (Figure 5c)
and the CrN coated WC-Co substrate (Figure 5d) fluctuated in the range of around 0.3-0.7,
this might because the coating fell off and the third body materials formed at the contact
interface. The AITiN-coated HSS substrate (Figure 5e) had the CoFs of around 0.4-0.6 at
100 cycles. With the increase in the number of cycles, the CoF increased to the similar CoF
level of HSS substrate (0.7-0.8). The CoFs of the AlTiN-coated WC-Co substrate (Figure 5f)
increased first and then decreased to a similar CoF level of the WC-Co substrate (around
0.3). It was found that the CoFs of the AlTiN-coated HSS substrate (0.4-0.6) and the AITiN-
coated WC-Co substrate (0.2-0.4) were different at 100 cycles, which might be because the
AITiN coating was removed rapidly on the HSS, while it was not significantly removed on
the WC-Co in the early stage.
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Figure 5. The final CoFs: (a) HSS substrate; (b) WC-Co substrate; (c) CrN coating on HSS; (d) CrN
coating on WC-Co; (e) AlTiN coating on HSS; (f) AITiN coating on WC-Co.

3.2. Wear Depth

Representative wear scars of coated samples (CrIN coating on the HSS substrate) under
different forces and their profiles are shown in Figure 6. Under the mild load condition (30 N
for 1000 cycles), the coating was not removed, and the depth of the wear scar was around
2.3 pm, which was smaller than the thickness of the coating (3 pm). Thus, the coating was
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30 N for 1,000 cycles b)

not totally worn off. However, under the severe condition (120 N for 2000 cycles), the
coating at the contact area was totally removed and the depth (around 16.9 um) exceeded
the coating thickness.

10

1 TR

120 N for 2,000 cycles F-.

&

-~ ST

e e

Height (um)
¢

—15-
Substrate
-20 T T T
Sliding direction -500 —-250 -0 250 500
- Width (um)

Figure 6. (a) SEM of wear scars and (b) profiles of CrN coated HSS substrate.

The wear depths of uncoated and coated samples (Figure 7) increased with the number
of cycles and the normal forces. The wear depths of the coated samples (Figure 7c—f) were
smaller than those of substrates (HSS and WC-Co substrate, Figure 7a,b). This means that
the CrN and WC-Co coatings could improve the wear-resistance of the HSS and WC-Co
substrates. The wear depth of the HSS substrate (Figure 7a) was larger than the wear depth
of the WC-Co substrate (Figure 7b) because the hardness of WC-Co is higher than HSS
(Table 2). Furthermore, the sharp increase in wear depth occurred earlier under the larger
normal forces, which might be due to the rapid failure and removal of coatings.

In addition, the plastic deformation of the substrate could increase the depth of the
profile of wear scar. The wear depth of coated samples was slightly larger than the thickness
of the coating, but the coating could still exist in the contact area. The deformation and
abrasive resistance of WC-Co substrate was greater than that of the HSS substrate, which
led to lower wear depth of coated WC-Co samples than that of coated HSS samples.

3.3. Wear Scar Morphologies
3.3.1. HSS and WC-Co Substrates

The representative wear surface of HSS and WC-Co substrates under 120 N normal
force are shown in Figure 8. For HSS substrate (Figure 8a), the wear debris had adhered to
the surface after 100 cycles. After 1000 cycles, the more wear debris was adhered forming a
three-body film, and cracks could be observed on the substrate. After 10,000 cycles, the
adhered material was removed and some wear debris filled in the cracks to aggravate their
propagation. This was also the reason why the stable CoFs of HSS substrate sample were at
a high level of 0.7-0.8 (Figure 3a).
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Figure 7. Wear depths: (a) HSS substrate; (b) WC-Co substrate; (c¢) CrN coating on HSS; (d) CrN
coating on WC-Co; (e) AlTiN coating on HSS; (f) AITiN coating on WC-Co.
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a) HSS substrate
100 cycles

b) WC-Co substrate
100 cycles

1,000 cycles 10,000 cycles

1,000 cycles 10,000 cycles

100 pm

Figure 8. Wear process of uncoated samples: (a) HSS; (b) WC-Co.

For the WC-Co substrate (Figure 8b), the wear debris was also adhered to the worn
surface, but when the number of cycles was increased to 10,000, the adhesive wear debris
on the surface of WC-Co samples was removed and the surface became more smooth,
which resulted in stable CoFs at a low level of 0.2-0.3 (Figure 3a). Because WC-Co has high
hardness, it was not easy to produce initial cracks.

3.3.2. CrN Coating on HSS Substrate

Under different normal forces, the wear scar morphologies of coatings were different
during the wear process (Figure 9). Under 30 N, the surface of the coating was polished
without notable removal after 2000 cycles. After 5000 cycles, a thin adhesive layer was
formed on the surface of the CrN coating. According to the EDS analysis (Table 6), the
point A in the Figure 9 was mainly composed of C, W, Cr, Fe, N, Co and O elements. C, W
and Co elements were derived from the adhesive layer (i.e., the wear debris of the counter
body). The EDS analysis of the adhesion layer detected Cr and N, but this did not prove
that the adhesion layer composition included Cr and N, because the EDS could detect a
certain depth of material (including the adhesive layer and the coating). The surface of
counter body was clean without adhesive materials (Figure 10). Moreover, the presence of
the O element means that oxidation occurred during the formation of the adhesive layer.
After running for 8000 cycles, the adhesive layer had been spalled due to wear. After
50,000 cycles, the adhesive layer had been totally removed, but the coating still existed in a
good condition on the substrate. In summary, the CrN coating on HSS worked well even
after 50,000 cycles under 30 N.
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5 R

120 N/500 cycles Cy! 000 cycles

Wear debris

100 pum

90 N/1,000 cycles

Sl fhi el 60 /20,000 cycles 60.N/50,000 cycles
S Substrate

Cracking and peeling "Coating delamination

100 pm 100 um

30 N/2,000 cycles 30 N/5,000 cycles 30 N/8,000 cycles
Coating polished Adhesive layer spalling

ka
v

100 pm AUHESIVE Ty 100 pm

Figure 9. Wear and failure process of CrN-coated HSS under different normal forces.

Table 6. EDS analysis of the points A and B in Figure 9.

Elements (Wt.%) C N (@] Cr Fe Co W
A 5.81 22.98 4.58 64.70 0.38 0.24 1.31
1.71

B 8.36 12.29 4.54 16.30 56.31 -
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30 N/5,000 cycles

60 N/50,000 cycles 90 N/500 cycles 120 N/500 pycles

Material transfer

Material transfer

Furrows
200 pm 200 pm 200 um

Figure 10. Wear scar of the counterbody against the CrN-coated HSS substrate under different
condition.

Under 60 N, the wear degree was higher than that under 30 N. The cracking and
peeling of adhesive layer occurred after 1000 cycles. A small part of coating delaminated at
the middle of the contact area after 20,000 cycles. After 50,000 cycles, the middle part of
coating was removed, and there were furrows on the surface of the counter body (Figure 10).

Under 90 N and 120 N, even after 100 cycles, the coating was completely spalled.
It might because the cohesive failure of the coating occurred under large normal forces.
Some wear debris had been transferred to the exposed HSS substrate and the counter
body (Figure 10) after 500 cycles. According to the EDS analysis (Table 6) of the B point
in Figure 8, this wear surface consisted of C, W (from the counter body), Fe (from the
HSS substrate), N and Cr (from coating debris). It means that although the coating had
completely spalled, the components of the coating existed in the wear debris. After that,
the wear debris formed a tribological film on the bare substrate surface under the sliding of
the ball. This is also the reason why the CoFs do not reach the stable CoF of HSS substrate
(0.7-0.8) after coating failed (Figure 5c). After 4000 cycles under 120N normal force, no
cracks were found on the exposed HSS substrate surface, indicating that the film formed by
wear debris containing CrN components also had a protective effect on the substrate.

3.3.3. CrN Coating on WC-Co Substrate

The CrN coating on WC-Co displayed a similar wear process as that of HSS but the
force-resistance ability was better, due to the better bonding strength (Table 4). The CrN
coating on the HSS under 90 N were removed and failed fast (less than 100 cycles), but
the CrN coating on the WC-Co was still worked for longer than 2000 cycles and failed
after 5000 cycles (Figure 11). Similarly, the wear degree of counter body was similar. The
material more easily adhered to the counter body after the coating failed and removed
(Figure 12)

In summary, the CrN coating had good resistance to adhesive wear on both substrates
under small forces (30 N and 60 N). Meanwhile, the wear degree was mild (Figure 7c,d),
due to a protective adhesive layer formed on the CrN coating surface to reduce the wear
of the coating. The main failure mechanism of the CrN coating under small normal force
were abrasive wear and delamination. On the other hand, the wear of coating was severe
under the large forces (90 N and 120 N). The main failure mechanism of the CrN coating
was spallation.



Coatings 2022, 12, 1082

13 of 21

120 N/10 cycles
Substrate

90 N/100 cycles

2

Wear debris 100 pum

60 N/100 cycles

30 N/1,000 cycles

Coating polished
o 00 um

Adhesive layer

120 N/50 cycles

90 N/2,000 cycles

"m\,

Coating delaminated
100 pm

60 N/3,000 cycles

30 N/5,000 cycles

100 pm

120 N/100 cycles

120 N/500 cycles

L

60 N/5,000 cycles

Coating delamination

Coating removed
100 pm |§

100 pm

30 N/10,000 cycles

30 N/50,000 cycles

Adhesive layer spalling

100 pm 100 pm

Coating works

Figure 11. Wear and failure process of CrN coated WC-Co substrate under different normal forces.
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Figure 12. Wear scar of the counterbody against the CrN-coated WC-Co substrate under different
condition.
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3.3.4. AITiN Coating on HSS Substrate

The wear process of the AITiN coating on HSS is shown in Figure 13. The coating very
easily failed under any load condition. Under 30 N, after 100 cycles, most of the coating still
existed on the surface and only a small part of coating was spalled. After 500 cycles, the
coating was completely removed. Under larger forces (60-120 N), the AITiN coatings on the
HSS substrate were totally removed very quickly (<100 cycles), because the deformation of
the HSS substrate accelerated the spallation of the AITiN coating. The substrate material
type played an important role in the wear and failure behaviors of AITiN coating [9,34,41].
The AITiN coating had poor binding properties to the HSS substrate compared with CrN
coating, because the hardness difference between the AITiN coating and HSS was large
(Table 4), thus the AITiN coated on HSS had poor capacity to withstand the normal force
and friction force. Moreover, under different forces, the wear debris material was formed
the counter body (Figure 14), as previously observed after the CrN coating failure.

3.3.5. AlITiN Coating on WC-Co Substrate

Figure 15 shows the wear scars of the AlTiN coating on WC-Co substrate. There was
no adhesion layer formed on the AITiN coating surface. While the coating surface was
polished, the particles were observed on the worn surface in the early wear progress, which
might aggravate the wear. Furthermore, the material transfer and mild oxidation occurred
on the counter body, as shown in Figure 16. Therefore, the CoF increases first (Figure 5f) in
the wear process, which was caused by the three body wear and adhesive wear.

In summary, the AlITiN coating on WC-Co (Figure 15) had a higher capacity to with-
stand the normal force than on the HSS substrate (Figure 13), because the bonding strength
of AITiN coating was better with WC-Co than with HSS. This also resulted in that the
AITiN coating had a completely different failure mechanism. The main failure mechanism
of the AlTiN-coating on HSS was spallation. However, the main failure mechanism of the
AlTiN-coating on WC-Co was the abrasive and adhesive wear.

In addition, comparing the CrN-coated WC-Co to the AlTiN-coated WC-Co, the latter
has poor coating—substrate bonding strength (Table 4) but it shows the better resistant
to force. Specifically, CrN coated on WC-Co could not resist the force above 90 N, while
AITiN coated on WC-Co failed under 120 N and after 200 cycles. This may be due to the
lower Young’s modulus of the AITiN coating than CrN, which made AITiN coating a better
toughness. The AITiN coated on WC-Co had worse wear-resistance under small forces but
better spalling and delamination resistance under large forces.

3.4. Coating Service Life Mapping

The coatings service life map was established to better explore the service law of the
coatings, helping further analysis the factors affecting the wear service life of the coatings.
In addition, the service life map provides ideas for better guiding the application of the
coating and can be used to predict the coating life under specific service conditions. It can
also be used to estimate the best working load that the coating can bear.

Utilizing the comprehensive analysis of CoFs, wear depth and wear scar morpholo-
gies [36,42] can determine whether the coating has failed. Furthermore, the maps of coating
service life under different normal forces could be drawn, as shown in Figure 17. The
dotted curves between the coating working area and the failed area could be regarded
as the service life of coatings. The wear progress of coatings could be divided into two
stages, based on whether the coating failed or not: (1) the coating working stage, where
the number of cycles was smaller than the service life. CoFs and wear depths were small
(Figures 5 and 7) and the coating was not or only partially removed; and (2) the coating
failed the stage where the number of cycles was larger than the service life. CoFs tended to
approach the CoFs of the substrates (Figure 5), wear depths were high and exceeded the
thickness of coatings (Figure 7) and the coating had been almost totally removed.
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Figure 14. Wear scar of the counterbody against the AlTiN-coated HSS substrate under different
conditions.

The nitride coatings studied in the present work could be applied in various practical
applications, such as cutting tools, molds and bearings. The results have shown that
coatings deposited on different substrate materials exhibit different friction and wear
properties. Therefore, ensuring that coatings are deposited on suitable substrate materials
is a prerequisite for designing coatings and an important means to improving the life of the
coating system.

Through the comparison of service life maps, it can be found that the normal force,
wear failure mechanism of coatings, deformation-resistance of substrates and bonding
strength between the substrates are important factors affecting the service life of coated
samples.

The greater normal forces, i.e., the greater Hertzian contact pressures, resulted in the
greater friction forces between the ball and flat contact surface and further aggravated the
wear damage degree of the samples. Therefore, the greater normal force led to the less
coating life. Under 30 N and 60 N, the CrN coating shows a longer service life than AITIN
on the two substrate materials with large differences in hardness and Young’s modulus.
On the one hand, CrN has better bonding properties than AITiN (Table 4). The main failure
mechanism of CrN was abrasive wear, and CrN would adsorb the third body material on
the coating surface during the wear process to form an adhesive layer, which could slow
down the adhesive wear and abrasive wear of the coating and improve the service life of
CrN. The formation of the adhesive layer seriously affected the wear-resistance and service
life of the coating. It was also found that the CrN coating on HSS (Figure 17a) had longer
service life than CrN coating on WC-Co (Figure 17b) under 60 N normal force, but CrN
on HSS had lower bonding performance than CrN on WC-Co (Table 4), which might be
caused by the instability of adhesive layer performance.

If the normal force was larger than 90 N, the service life of CrN coating on HSS was less
than 100 cycles (Figure 17a). However, for the CrN coating on the WC-Co substrate, which
had better bonding strength (Table 4) and deformation-resistance due to the higher hardness
and Young’s modulus (Table 2), the service life of the coating was about 2000-5000 cycles
(Figure 17b). CrN, under 120 N normal force, could cause serious spalling failure, thus it
cannot work normally.

The AITiN coating showed completely different service lives on the two substrate
materials. the AITiN coating on HSS only worked for around 100 cycles even under the
smallest normal force (30 N), due to severe spalling failure. However, on the WC-Co, the
service life of the AITiN coating was improved significantly under both small and large
normal forces (Figure 17c,d), due to the better bonding strength and the better deformation-
resistance of WC-Co substrate. The CrN coating on HSS had dramatically longer service
life and better force-resistance than the AITiN coating on HSS. Meanwhile, the AITiN
coating on WC-Co had better force-resistance than the CrN coating on WC-Co, because the
AITiN coating had better toughness than the CrN coating. The AITiN coating on WC-Co
had poorer wear-resistance than the CrN coating on WC-Co, because the main failure
mechanism of the AITiN coating on WC-Co was abrasive and adhesive wear and CrN
coating on WC-Co showed a better ability to reduce adhesive wear.
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Figure 15. Wear and failure process of AITiN coating on WC-Co substrate under different normal
forces.

In summary, CrN and AITiN were two kinds of coatings with high hardness and good
wear-resistance. They were able to protect the substrate material during the process of
sliding wear and reduce the damage to the substrate material. Under high normal force,
CrN and AITiN coatings would have serious spalling failure, and their service lives were
low. The CrN coating had better wear-resistance than the AITiN coating, although the
AITiN coating had higher hardness. The CrN coating had good bonding properties with
both substrates due to its large grain size and chemical stability making it less prone to
sticky debris. The properties of the AITiN coating on the two substrate materials were
different. The AITiN coating on WC-Co had better force-resistance than the CrN coating on
WC-Co. The AITiN coating on WC-Co had poorer wear-resistance than the CrN coating on
WC-Co.
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Figure 16. Wear scar of the counterbody against the AITiN-coated WC-Co substrate under different
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WC-Co substrate; () AITiN coating on HSS substrate; (d) AITiN coating on WC-Co substrate.

4. Conclusions

In this work, CrN and AITiN coatings were deposited on the HSS and the WC-Co
substrates. The wear processes of coatings were explored under various normal forces and
after various numbers of cycles. The CoF, wear depth, wear scar morphologies during the
wear process were analyzed, and the maps of the coatings service life had been constructed.
The following conclusions can be drawn:

@

The bonding strengths of the CrN and AITiN coatings to the WC-Co substrate were

larger than those to the HSS substrate. The CrN coating on WC-Co and HSS had
better bonding strength than the AITiN coating.
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(2) The CoFs of HSS was in the range of 0.7-0.8 and the CoFs of WC-Co was in the range
of 0.2-0.3. For the coatings (CrN and AITiN), the CoFs were close to those of the
uncoated substrates after the coatings were removed.

(8) The wear depths of uncoated HSS and WC-Co were higher than the coated ones. The
wear depths were small when the coatings worked and increased with the number of
cycles and normal forces. The wear depths increased obviously when the coatings
were removed.

(4) For the CrN coatings under small force conditions, an adhesion layer derived from the
wear debris was formed on the coating surface to reduce the wear at the beginning of
the test. The main failure mechanism was abrasive wear and delamination. Under
large force conditions, the main failure mechanism was spallation. For the AITiN
coatings, the main failure mechanism was spallation on the HSS substrate: however,
on the WC-Co substrate it was adhesive and abrasive wear.

(5) The CrN and AITiN coatings on WC-Co had longer service lives than on the HSS. The
CrN on both substrates (HSS and WC-Co) had longer service life under smaller forces
(30 N, 60 N) than AITiN. The AITiN coating on the HSS substrate had the smallest
service life even under the smallest normal force. The CrN coating has better wear-
resistance than the AITiN coating, although the AITiN coating has higher hardness.
The service properties of the AITiN coating on WC-Co was better than on HSS. The
AITiN coating on WC-Co had better force-resistance than the CrN coating on WC-Co.
The AITiN coating on WC-Co had poorer wear-resistance than the CrN coating on
WC-Co.
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