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Abstract: This paper aims to study the tribological and electrochemical properties of the CrN/AICrN nano-layer
deposited on HI3 tool steel. Arc physical technique was employed to deposit multilayer coating. X-ray diffraction
technique, thermionic and field emission scanning electron microscopy and energy dispersive spectroscopy have
been used to determine the characteristics of the samples. To study the samples' wear behavior, coating adhesion,
and surface hardness, reciprocating wear test, Rockwell-C test, and microhardness Vickers tester were employed,
respectively. The measured values of the coefficient of friction and the calculated wear rates showed that the
CrN/AICrN multilayer coating has a much higher wear resistance than the uncoated sample. The coefficient of the
friction of the coated sample was 0.53 and that of the uncoated sample was 0.78. Moreover, the wear rate of the
coated HI3 steel was about 127 times lower than the bare HI3 steel sample. The results obtained from
electrochemical impedance spectroscopy and polarization tests demonstrated that the corrosion current density of
the HI3 steel sample was 8 uA/cm? and that of the CrN/AICrN multilayer-coated sample was 3 uA/cm?. In addition,
the polarization resistance of the treated and the substrate specimens was estimated at 4.2 and 2.7 kQ.cn?’,

respectively.
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1. INTRODUCTION

AISI H13 steel is categorized as high-strength
steel and due to its good high-temperature
resistance, is commonly used for making casting
molds. Elevated hardness and strength and
acceptable ductility plus resistance in opposition
to wear, erosion, and thermal fatigue are the
prominent features of this grade of steel [1, 2].
Physical vapor deposition (PVD) is a superior
technique for applying thin films and coatings on
industrial alloys that provides a variety of
desirable performance properties such as high
corrosion resistance, strong resistance against
wear, and low friction [3—5]. Arc-PVD is a subset
of PVD in which the material evaporation is
carried out by an electric arc. This technique has
numerous prominent features such as developing
a continuous, uniform, and dense coating layer,
superior adhesion of the coating to the substrate,
controllability of the morphology during the
deposition, the ability to deposit materials with
high melting temperature, and most importantly,
a broad range of coating rates [3, 6—10].

Hard and thin layers of transition metal nitride
PVD coatings on tool steels offer an interesting
fusion of hardness, wear, and high-temperature

chemical stability [11, 12]. Among these coatings,
CrN got noticed by the scientific society in the
early 1980s due to its good oxidation and friction
resistance. The oxidation resistance of CrN
coating is caused by the passive surface oxide
film formed on the coating. Alloying CrN
coatings with aluminum significantly increase
their performance [2, 13—17]. The AICtN system
is a semi-stable solid solution that is usually
synthesized close to the solubility limit of AIN in
CrN. CrN has a cubic crystallographic structure
and by increasing the percentage of aluminum in
the system, the crystallographic structure will
change to hexagonal [18]. For this solid solution
with FCC lattice, the hardness value can be
increased up to 2900 HV [18, 19]. In addition,
AICrN coatings show high wear resistance
against Al,O; abrasives [20, 21]. In recent years,
applying AICrN-based coatings deposited by
PVD on industrial tools has dramatically
increased the service life in various applications
such as cutting, punching, forming, milling, and
drilling [22-24].

Using multilayer architecture in a PVD coating
stabilizes semi-stable structures and increases the
coating's strength, hardness, and corrosion
resistance [9, 25-27]. For example, nitride/nitride
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multilayer coatings have got attention due to their
decent mechanical properties and significant
resistance to oxidation and corrosion [29]. The
formation of a compact and dense structure in
multilayer coatings results in a reduced number of
defects, e.g., cracks, holes, and pores, in the
coating. This decelerates the penetration of
electrolytes into the metallic substrate and makes
the multilayer coatings have a higher resistance
against corrosion than the single-layer coatings
[30]. Researchers have reported that TiN/CrN [8,
30, 31], and ZrN/CrN [7] multilayer coatings
have enhanced corrosion and wear behavior
compared to single-layer coatings. CrN/AICrN
multilayer coating improves adhesion, wear
resistance, and strength compared to AICrN
single-layer coating [13, 32]. The tribological and
mechanical properties of the coatings depend on
the thickness of the nitrocarburizing layer, surface
hardness, surface chemical composition, and
microstructure [32—35]. Multilayer coatings are
widely used in machining tools and medical
applications due to their low coefficient of friction
and high wear resistance [17, 32]. Studies have
shown that CrN/AICrN multilayer coatings have
decent corrosion resistance which could be due to
the ability of Cr to form a passive surface layer.
Also, the dense chromium nitride layer does not
provide any direct path for the penetration of the
corrosive solution [36, 37]. Aluminum improves
the structure of the coating and decreases the
grain boundaries, which could decelerate the
diffusion of the corrosive liquid toward the base
alloy. In addition, the presence of aluminum in the
coating could result in the formation of a passive
aluminum oxide surface film [39].

AISI H13 steel is one of the most widely used
materials in the manufacture of die-casting molds.
One of the industrial problems of molds is their
low resistance to chemical corrosion. With the
help of the PVD coating used in this research, it
is possible to increase its corrosion resistance. So,
the goal of this study was to explore the
electrochemical and tribological performance of
the CrN/AICrN multilayer coating deposited by
the Arc-PVD technique on AISI H13 steel.

2. EXPERIMENTAL PROCEDURES
The substrate used in this research was H13 tool

steel which is compatible with DIN X40CrMoV5-
1 (1.2344) and British standard BHI13

The samples were rectangular and had 3 X 4 cm
dimensions. The surface of the samples was
ground with #60 to #800 sandpaper. Then, the
samples were placed in a box made of cast iron
and filled with cast iron chips. The wall of the
cast-iron box was sealed with refractory mud to
prevent leakage of air into the box. The cast-iron
box was preheated at 600°C in a furnace and then
austenitized at 1050°C for one hour in the air and
quenched in an oil bath. After cleaning the surface
oil, the samples were tempered at 550°C for one
hour and cooled down to room temperature in the
furnace. After quenching and tempering
operations, the samples were ground with
sandpapers from number 600 to 2000 to achieve
a high-quality surface and remove the scales.
Next, the samples were polished with alumina
paste for 20 minutes.

The CrN/AICrN multilayer coating was deposited
using a cathodic arc method in a chamber with
argon (Ar) and nitrogen (N.) atmosphere by
DS&CA601 Yar-Nikan, Iran. The cathodic arc
targets were AlsoCrso for the AICrN and pure Cr
for the CrN layers. After reaching the desired
vacuum, the samples were heated. Following the
heating, an intermediate layer of Cr/CrN was
deposited to improve the bonding between the
coating and the substrate, and then, CrN and
AICrN layers were deposited alternately. The
coating was applied for 90 min in the -150 V of
bias voltage at 200°C substrate temperature, 120
A of cathode arc current, 15 cm of distance
between target-to-substrate, and 5 x 107 torr of
working pressure.

The cross-section of the coating and the
alternating layers CrN and AICrN were evaluated
using an FE-SEM. A JEOL JSM-840A scanning
electron microscope and a MIRA3 TESCAN-
XMU field emission microscope was employed to
study the surface and the cross-section of
the coating. For X-ray diffraction (XRD)
characterization of the phases in the samples, an
XMD300 XRD device with a copper radiation
source (Cu-K,) with steps of 0.02 was utilized. To
evaluate the quality of the bonding between the
coating and the base alloy, a Rockwell C hardness
tester was used to apply a normal load of 150 Kgf
for 25 seconds. The effect of the indenter was
observed by light microscope and compared with
VDI 3198 standard [40].

A Microhardness Vickers tester with a load of
25 g was used to measure the hardness of the
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samples. To get rid of the effect of the substrate
on the measurements, the Jasson-Hogmark
approach was applied [41]. A reciprocating ball-
on-plate instrument was utilized to examine the
frictional behavior of the samples. The settings of
the test included a load of 6N and a linear speed
of 0.1 m/s for a total sliding distance of 500 m.
The balls used in the wear test were Al,O3 and the
temperature and the humidity during the test were
33°C and 50%, respectively. SEM model JEOL
JSM-840A was used to examine the wear tracks
and to evaluate the lost volume, and an optical and
laser profilometer was used.

Electrochemical analysis was carried out by an
Autolab Type III/FRA2 galvanostat/potentiostat
instrument. To perform the Tafel polarization test,
the samples were inserted in 3.5 wt.% NaCl
solution under open circuit potential for 4 hours.
Then, potential scanning was performed from-
250 to +250 mV relative to the open circuit
potential at a rate of 1 mV/s. All tests were
accomplished using a standard three-electrode
tube, including a silver/silver chloride electrode
as the reference electrode, a platinum electrode as
the auxiliary electrode, and a test sample as the
working electrode in 3.5 wt.% NaCl. Also, the
electrochemical impedance spectroscopy (EIS)
test was carried out in the frequency range of
100 kHz to 10 mHz and sinusoidal excitation
potential of 5 mV.

3. RESULTS AND DISCUSSION

3.1. Composition and Microstructure

The adhesion level of the coating to the substrate
was checked out based on the VDI3198 standard
[40] and the result is presented in Fig. 1.
According to Fig. 1, the quality of the adhesion
was excellent and in accordance with the HF1
level of the standard due to the lack of any crack
or scaling around the indentation site. The
adhesion performance is important since the wear
and corrosion properties of the coating strongly
depend on the quality of adhesion between the
deposited layer and the substrate [42].

As shown in Fig. 2, the peaks observed from the
XRD pattern on planes (111), (200), (220), and
(311) correspond to CrN and the CroN. The
diffraction peaks of the substrate are also seen in
the diffraction pattern due to the thin nature of the
coating. Due to the high solid solubility of the
aluminum element (60- 77% at) in the FCC-CrN

phase, no independent diffraction peak was
observed for the AIN phase [23, 42, 43]. The
dotted lines in Fig. 2 show the expected locations
of diffraction peaks for AIN.

Fig. 1 Opticalh.image of the effect of the Rockwell C
indenter to assess adhesion.
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Fig. 2. XRD for CrN/AICrN coating and H13
substrate samples.

Fig. 3(a) shows an FE-SEM cross-sectional
micrograph of the CrN/AICrN coating. According
to the image, the inter-layer Cr/CrN has an
approximate thickness of 0.6 um. The thickness
of the bilayers is 62 nm with 14 CrN/CrAIN
layers. The bright layers in the micrograph
represent the CrN phase and the dark layers
represent the AICrN phase. The thickness of the
top layer is equal to 0.3 pm which is made of CrN.
Fig. 3(b) shows the EDS line elemental analysis
image which was performed from the top coating
layer into the substrate alloy. There are some
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fluctuations in the concentrations of Cr, Al, and N
elements due to the multilayer architecture of the
coating. Also, the concentration of Cr is higher
than the one of Al. The iron increases gradually
toward the substrate which is related to the
ferrous-based composition of the substrate.

Fig. 4 shows the FE-SEM and EDS map analysis
of the coating surface and macroparticles on the
surface. This figure displays the uniform
distribution of the elements over the surface,
indicating a successful and proper coating
process. Moreover, according to the distribution
map of aluminum, it can be concluded that there
is an accumulation of aluminum elements in the
macroparticles on the surface.

3.2. Tribological Behavior of the Coating

The calculated hardness of the H13 substrate and
CrN/AICrN coated sample is 423 £ 9 and 2945 +
24 HYV, respectively. Also, the roughness average
(Ra) of the H13 sample and CrN/AICrN coated
sample was measured at 1.1 and 0.06 pm,
respectively. The effect of substrate hardness on
the measurement was removed using the Jansson-
Hogmark approach [40, 44]. According to this
method, the hardness of a fine hard coating is
calculated according to the equation below:

— H, 4 feHs
e =t e @ M

where Hs is the hardness of the substrate, Hr is the
hardness of the coating, Hc is the combined
hardness of the coating and the substrate obtained
through the micro Vickers test, d is the mean
diameter of the micro Vickers’s indenter effect, t
is the thickness of the coating and C is the
indenter constant which is considered to be

Top-layer

Multi-layer

Inter-layer

SEM HV: 15.0 kV | WD: 12.06 mm
SEM MAG: 75.0 kx Det: BSE 500 nm
View field: 2.77 pm | Date(m/dly): 01/18/21 RMRC FESEM
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between 0.07 and 0.14 according to the indenter
angles [41]. Using Eq. (1), the average coating
hardness is reported to be 2945 HV. In AICrN
solid solution the hardness of the single-layer
coating can be increased up to 2700- 2900 HV
[17, 19].

By creating a multilayer structure with alternating
CrN/AICIN layers, the hardness of the coating
can be higher than a single-layer coating.

The COF-distance curves of HI13 steel and
CrN/AICrN coating sliding against an Al,O3
ceramic ball are shown in Fig. 5. As shown in the
figure, the HI13 steel sample has a mean
coefficient of friction of 0.78, and the CrN/AICrN
coating has a mean COF of 0.53. Therefore, the
frictional force is higher for the H13 sample. Fig.
5 demonstrates the three-dimensional profile
from the surface of the wear tracks of the H13
steel and the CrN/AICrN multilayer coating
samples. The volume loss was calculated
according to Fig. 5 and the wear rate was obtained
through Eq. 2 [46]:

W=V/(FxS) 2)
Where V is the volume loss (mm?®), F is the
applied normal load (N), and S is the sliding
distance (m). Based on the results, the wear rate
for the substrate H13 alloy is equal tol.65 x 107
mm’/N.m while the one for the CrN/AICIN
coated sample is as low as 0.013 x 10 mm’/N.m.
Thus, the wear rate of the CrN/AICrN multilayer
coating is more than 127 times lower than the one
for the H13 substrate sample. In addition, it can
be seen that the depth of the wear track in the
CrN/AICrN multilayer sample is 1.4 pm which is
less than the thickness of the coating.

Fig. 3. (a) FE-SEMFE-SEM image and (b) EDS-line of the cross-section of the coated sample.
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Fig. 4. FE-SEM image and EDS map analysis of CrN/AICrN multilayer coating surface microparticles on the
coating surface.

The wear rate and friction coefficient of the
samples are influenced by surface hardness,
quality of coating adhesion, applied normal load,
and surface roughness of the samples. The
deposited CrN/AICrN coating has a great
hardness owing to the hard CrN and AICrN
layers. Moreover, the excellent bonding of the
coating to the substrate (Fig. 1) enhances the wear
resistance by keeping the coating intact during the
sliding motion. The SEM images from the wear
tracks are presented in Fig. 6. It can be seen that
the width of the worn path of the H13 steel sample
is approximately 2000 um (Fig. 6(a)) while for

the CrN/AICtN multilayer coating, it is
approximately 900 um (Fig. 6(c)). According to
Fig. 6(b), the dominant wear mechanism in H13
steel is abrasive wear and a great amount of
plastic deformation has occurred on the surface of
this sample which can be attributed to the much
higher hardness of the Al,Os ceramic ball. In
addition, the lower hardness of the H13 steel
sample compared to the CrN/AICrN multilayer
coating sample would result in a higher
coefficient of friction compared to CrN/AICrN
multilayer coating sample. In the case of the
coated sample, the mechanism of wear looks to be
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abrasive wear with small regions of fracture on
the surface.
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Fig. 5. Coefficient of friction-distance curves of H13
steel and CrN/AICrN multilayer coating and wear
profile of the samples (6 N normal load and 500 m
sliding distance).

The wear rate of the CrN/AICrN multilayer
coating is much lower than the H13 steel sample

and also the width of the wear track of this coating
is thinner (Fig. 6(c)) and the depth of the wear
track of the coated sample (Fig. 5) is much
shallower than the one of H13 steel sample. All
these results confirm the superior wear resistance
of the CrN/AICrN multilayer coating. Fig. 6(d)
shows the worn path of the coated sample, this
image confirms the excellent wear resistance and
low wear rate of this sample. The coating process
results in a very hard layer on the surface of the
sample that is ~7 times harder than the steel
sample.

Fig. 7 shows the wear track of the CrN/AICIN
multilayer coating at higher magnification.
According to this image and the results of the EDS
analysis, it can be seen that the dominant element
at this point is iron, which originated from the
substrate and indicates that at this region the
CrN/AICrN coated is peeled off. The high applied
normal load (6 N) and the long sliding distance
would result in the nucleation and development of
cracks at the surface of the coating.

Fig. 6. SEM images of (a) H13 sample wear path x50, (b) H13 steel wear path x500, (¢) CrN/AICrN multilayer
coating wear path x50, (d) CrN/AICrN multilayer coating wear path x500.
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Once the cracks occur, further loading and
deformation make cracks extend and propagate.
This results in surface fatigue and consequently,
brittle fracture of the coating on the surface,
producing wear fragments. Other researchers
have found that the addition of aluminum to the
CrN coating increases the hardness, increases
Young's modulus, decreases the grain size,
increases the anti-scaling property, and increases
the oxidation resistance of the sample [14, 21]. It
should also be noted that the CrN coating exhibits
better anti-friction properties than the AICrN
coating [14].

Fig. 7. SEM image and EDS elemental analysis of the
CrN/AICrN multilayer coating wear path

3.3. Corrosion Behavior

Fig. 8 shows the Tafel polarization curves for the
H13 steel substrate and the CrN/AICrN multilayer
coating sample after 4 hours of immersion in 3.5
wt.% NaCl solution under the open circuit
potential. According to Fig. 8, it is clear that the
corrosion current density of the coated sample is
smaller than the one of the substrate alloy. The
linear parts in both the cathodic and anodic
branches close to the corrosion potential describe
the Tafel anodic and cathodic behavior [47, 48].
In addition, the corrosion potential of the coated
sample (-530 mV) is nobler than the corrosion
potential of the H13 substrate (-560 mV). The
corrosion current densities of the HI3 steel
substrate and the CrN/AICrN multilayer coating
were calculated as about 8 and 3 pA/cm?,

respectively, using the slope of the areas shown in
Fig. 8(a).

The smaller corrosion current density of the
CrN/AICTN multilayer coating manifests higher
corrosion resistance in this sample [49]. A major
problem with coatings created by the PVD
process is the formation of defects such as pores
and pinholes, which provide suitable paths for the
diffusion of the solution toward the substrate and
affect the corrosion behavior of the coating.
Therefore, reducing or eliminating the defects of
the coating increases polarization resistance.

Substrate

I: —— CrN/AICKN

0o L L L L L
1.0E-08 1OE-07 LOE-06 1OE-05 1LOE-04 1.0E-03

FIA em?
Fig. 8. Tafel polarization curve for the H13 steel
sample and the CrN/AICrN multilayer coating in 3.5
wt.% NaCl solution.

Table 1 summarizes the values of the
electrochemical parameters extracted from the
Tafel polarization curves.

Fig. 9(a) shows the Nyquist plot of the samples
studied in this research in the form of Nyquist
curves. According to this figure, non-ideal
capacitive behavior is observed for both samples.
The diameter of the capacitive loops in the Nyquist
curves is attributed to the polarization resistance.
Therefore, according to Fig. 8, the coated sample
has a higher polarization resistance compared to
the substrate. This result is consistent with those of
the Tafel test. In addition, according to Fig. 9(a),
the polarization resistance of the CrN/AICrN
multilayer coating and HI3 steel substrate
samples can be estimated as about 4.2 and 2.7
kQ.cn?, respectively. According to the bode plots
(Fig. 9(b)), three points can be expressed.

Table 1. Electrochemical parameters derived from the Tafel polarization curves of studied samples

Sample Ecorr (mV) icorr (MA cm™?) Ba (mV/ dec) Be (mV/ dec)
Substrate -560 8.01 80 320
CrN/AICTN -530 3.12 87 340
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First, the total impedance of the CrN/AICrN
coated sample is higher than that of the substrate.
The second, it is seen capacitive response of the
spectra in middle to low-frequency range and a
resistive response in the high-frequency range.
Finally, the capacitive behavior is not pure. The
simulated electrical equivalent circuit (EEC) and
the values of electrical elements obtained by
Nova 1. 11 software can present further detailed
data about the experimental EIS spectra.

Two different EECs indicated in Fig. 10 were
considered to fit the experimental EIS results of
the substrate and multilayered coating system [50,
51]. The EEC for the substrate is indicated in Fig.
10(a).

It includes a solution resistance (Rs) between the
tip of the Luggin capillary and the working
electrode, a charge transfer resistance (R) related
to the solution/substrate interface, and a double-
layer capacitance (CPE;). This is common to use
this EEC (Fig. 10(a)) for the simple corrosion
system and it is well-known that the constant

5000
[ (a) © Substrate
£ B CrN/AICIN
4000 | ——Filted
‘5 3000 |
5 [
G £
~ :
N 2000 f
0 r B

0 1000 2000 3000 4000 5000
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phase element (CPE) relating to surface
inhomogeneities is inserted in EECs instead of the
capacitance for a better quality fitting. Generally,
An EEC with two CPEs is used to simulate the
experimental EIS results of the coating systems to
justify the electrochemical behavior at sub-
interfaces  (electrolyte/substrate and coating
electrolyte). As indicated in Fig. 10(b), Rs denotes
the solution resistance, R, and CPE, associated
with the coating resistance, and the capacitance of
the coating, originating from the presence of the
micro-defects could act as preferred corrosion
sites at the coating/electrolyte interface, R and
CPE, is about the charge transfer resistance
and double-layer capacitance ascribed to
occurrence of electrochemical reactions at
substrate/electrolyte interface [52]. As can be seen
in Fig. 9, the impedance data fitting with the EECs
(Fig. 10) show a good fit for the experimental EIS
data over the whole frequency range.

Table 2 summarizes the values of electrical
parameters obtained from the fitting of EIS data.
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Fig. 9. (a) Nyquist and (b) bode plots of the H13 steel sample and the CtN/AICrN multilayer coating in 3.5 wt.%
NaCl solution. Symbols and solid lines are experimental EIS data and fitting results, respectively.
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CPE;
Fig. 10. The electrical equivalent circuit employed in the fitting procedure of the experimental EIS: (a) substrate

and (b) CrN/AICrN multilayer coating.
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Table 2. Electrochemical parameters derived from the experimental EIS data for the studied samples in a
3.5 wt% NaCl solution

R Ry Q1 R, R
Sample | @em?) | x10°Q.em?) | c10*si0tem? | M| <10°Qemt) | cartsGiond | ™| x10°Gem)
Substrate 27.21 2.883 323.07 0.64 - - - 2.883
CrN/AICIN | 25.90 3.857 16.00 0.88 0.351 124.57 0.76 4.208

samples in a 3.5 wt% NaCl solution

The polarization resistance (Rp) of the coating
system could be determined by the sum of R and
Rc. Accordingly, it can be expressed from Table 2
that the CrN/AICrN multilayer coating
represented higher polarization resistance than
that of the substrate. It can be qualitatively noted
that CrN/AICrN multilayer coating with dense
microstructure and few permeable defects could
resist the penetration of the corrosive media to the
substrate.

It can be concluded that the CrN/AICrN
multilayer coating sample possesses higher
corrosion resistance. The higher corrosion
resistance of the coated sample is ascribed to the
presence of alternating and dense layers of CrN
and AICrN. The presence of aluminum and
chromium in the multilayer coating provides the
coating with higher passivation against corrosion
and better electrochemical behavior that prevents
the diffusion of the electrolyte solution toward the
substrate [49]. In addition, the presence of
aluminum in the CrN structure makes the
structure denser and also leads to a decrease in
grain boundaries which will improve the
corrosion resistance of the coating [39].

4. CONCLUSION

1. Multilayer coating of CrN and AICrN by
alternating layers increases the hardness of
CrN/AICrN coating compared to single-layer
CrN and AICrN coatings.

2. Deposition of CrN/AICrN multilayer coating
on the H13 steel substrate reduces the
coefficient of friction and wear rate. The H13
steel sample has a mean friction coefficient of
0.78 and the CrN/AICrN coated sample has an
average friction coefficient of 0.53. Also, the
wear rate of the H13 sample is 1.65 x 107
mm?3/N.m and the wear rate of the CrN/AICrN
coated sample is 0.013 x 10° mm*/N.m.

3. The measured values of COF and wear rate
show superior wear resistance of the
CrN/AICrN multilayer treated sample. The
higher wear resistance of the coating can be

[1]

(2]

(3]

[4]

[5]

[6]

ascribed to the great hardness, low roughness,
chemical composition, and multilayer coating
architecture of the deposited layer.

The results of polarization and EIS tests show
that the corrosion current density of the H13
steel sample and CrN/AICrN multilayer
coating are 8 and 3 pA/cm? respectively.
Also, the polarization resistance of the coated
and substrate samples can be estimated at 4.2
and 2.7 kQ.cm?, respectively.

The smaller corrosion current density and
larger  polarization resistance of the
multilayer-coated sample can be associated
with the multilayer architecture, the density of
the coating, the presence of aluminum and
chromium elements, and the formation of a
passive layer on the coating surface.
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