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Abstract: Diamond-like carbon (DLC) coatings are used due to their extraordinary tribomechanical
properties, great hardness, high elastic modulus, high wear resistance, low friction coefficient and
chemical inertness, which provide them with biocompatibility. Compared to other physical vapor
deposition (PVD) coatings of transition nitrides and carbonitrides, DLC has limited adhesion, so it is
necessary to develop new techniques to overcome this limitation. This work reports the results of
scratch testing for the measurement of adhesion and of tests for wear resistance and nanoindentation
in AISI 316L stainless steel coated with a WC:C coating, produced using novel high-power impulse
magnetron sputtering (HiPIMS) technology with positive pulses. In addition, the use of a preceding
surface modification technique, specifically plasma immersion ion implantation (PIII), was studied
with the aim of optimizing the adhesion of the coating. The results show how the coating improved
the tribomechanical properties through the use of positive pulse HiPIMS compared to conventional
HiPIMS, with an adhesion result that reached critical load values of 48.5 N and a wear coefficient of
3.96 × 10−7 mm3/nm.

Keywords: HiPIMS; positive pulse; DLC coatings; PIII; pulse immersion plasma nitriding; tribology;
adhesion; wear resistance

1. Introduction

Diamond-like carbon (DLC) coatings have attracted considerable interest for indus-
trial applications due to their interesting properties, like wear resistance, a low friction
coefficient and chemical inertness. They are used in performing tools and components
in the automotive industry, improving the performance of sharp cutting edges, biomed-
ical components, dielectric barriers and barrier films on plastic [1–5]. They increase the
resistance to abrasive and adhesive wear, while reducing the coefficient of friction. The
wear residues are biocompatible, which makes this coating a perfect choice for medical
implants [6].

Nevertheless, it is known that DLC coatings have low adhesion strength on metallic
substrates [3,7], which is associated with the low density of the covalent chemical bonds
together with the high compressive stress, and this makes them difficult to use in high-
technology applications [8–12]. Due to their poor adhesion properties, different alternatives
are being studied to improve the adhesion of DLC treatment, such as the application of
new technologies using a positive pulse HiPIMS surface treatment or the application of

Coatings 2021, 11, 1070. https://doi.org/10.3390/coatings11091070 https://www.mdpi.com/journal/coatings

https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0003-4519-9220
https://orcid.org/0000-0002-7479-8655
https://orcid.org/0000-0002-2252-2411
https://doi.org/10.3390/coatings11091070
https://doi.org/10.3390/coatings11091070
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11091070
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings11091070?type=check_update&version=2


Coatings 2021, 11, 1070 2 of 20

thermochemical treatments prior to the coating—such as nitriding; these treatments can be
used to improve adhesion and thus modify the tribological properties [5,13,14].

HiPIMS technology with positive pulses has been studied previously by Santiago
et al. [15] in order to evaluate the different positive voltage amplitudes that affect the
mechanical properties of DLC hard-coating films.

Currently, the adhesion achieved by PVD coatings is very high, with LC3 critical load
values of the order of 100 N [16–19]; in contrast, the adhesion of DLC coatings is not as
high on soft substrates such as stainless steel.

Nitriding treatments have been shown in other studies to improve the adhesion
properties of deposited coatings such as PVD, CVD or DLC [20–23]. However, for austenitic
stainless steel, this type of solution is not applicable since the stainlessness is lost due to
the precipitation of chromium nitrides at high temperatures.

In this study, we sought to improve adhesion by applying duplex coatings with
nitriding through plasma immersion ion implantation (PIII) at a low temperature; this
technique is used to increase the tribomechanical properties of surfaces and is able to
do so at low temperatures, which provides a benefit in terms of the non-precipitation of
chromium [9,24–27] prior to the application of a DLC coating.

2. Experimental Procedure
2.1. Reference Substrates

Reference samples were manufactured from AISI 316L surgical stainless steel (chem-
ical composition detailed in Table 1) with flat geometries and 30 mm diameters. Before
subjecting them to the various treatments, a surface mirror polish was carried out on the
samples, with a roughness (Ra) of less than 0.2 microns produced by sequential sanding
with 320 to 1200 size sandpaper and polishing with 6, 3 and 1 µm grain diamond sus-
pensions of alumina on polishing cloths. After that, they were subjected to ultrasonic
cleaning in baths with alkaline detergents, cleaned with deionized water and then rinsed
with isopropanol and dry air.

Table 1. Chemical composition of AISI 316L.

AISI
316L C Si Mn P S Cr Mo Ni N Co Cu

% 0.022 0.41 1.56 0.033 0.027 16.50 2.02 10.08 0.0405 0.17 0.5

2.2. Plasma Ion Immersion Implantation

Some samples were subjected to high-energy pulsed-plasma immersion pretreatment
in a chamber as shown in Figure 1 prior to their DLC coating to compare their properties
with the samples coated only with DLC. The PIII experiments were performed in a UHV
system designed and built at IOM in Leipzig, Germany [28,29]. In the references, further
information showing a complete schematic drawing of the system is available. The high
voltage pulses were supplied by a commercial pulse generator (RUP-4) from GBS Elektronik
GmbH (Radeberg, Germany). Nitrogen insertion by PIII was performed in a high-vacuum
chamber at a base pressure of 10−5 Pa. At a nitrogen gas flow rate of 150 sccm, the resulting
pressure during the experiments was 0.5 Pa. The plasma was generated by an electron
cyclotron-resonance (ECR) source operating at a power of 150 W and frequency of 2.54 GHz.
Negative high voltage pulses of 10 kV with a rise time of 10 ns/kV and total length of
15 µs were applied to the substrate holder. The process temperature was between 350 and
450 ◦C for equilibrium pulse frequencies between 0.6 and 1.8 kHz, as determined with
a pyrometer calibrated against a thermocouple, over a total process time of 90 min. The
incident fluences were around 4.0 × 1018 nitrogen atoms/cm2.
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Figure 1. Scheme of plasma immersion chamber.

2.3. DLC Deposition Technique

DLC coatings were deposited in an industrial batch-coater designed and manufactured
by Nano4Energy SL (Madrid, Spain). The system was integrated into a vacuum chamber of
0.6 m3 with three rectangular cathodes equipped with Cr, WC:Co and C targets. A sketch
of the experimental setup is shown in Figure 2.
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Figure 2. Scheme of the HiPIMS chamber in a horizontal cross-section.

The chamber was evacuated by turbomolecular pumps and double-stage rotary vane
pumps, reaching a base pressure of 10−6 mbar.

The sequence of parameters used for the different substrate pretreatments, as well as
for the deposition of the coatings, is briefly described below following Claver et al. [14].
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1. Ar etching: An Ar+ discharge was established at the substrates for 15 min, using a
direct current (DC)-pulsed bias voltage of −500 V and a frequency of 150 kHz;

2. Cr-HiPIMS deposition of a bonding layer: The target was operated in HiPIMS mode
with the following parameters: pulsing time of 150 µs, repetition frequency of 300 Hz
and an average power density of 5 W/cm2. The substrate voltage bias was adjusted
from −750 to −50 V. The deposition rate obtained for a threefold rotation at a substrate
voltage bias of −50 V was 0.5 µm/h;

3. Deposition of the WC interlayer: WC was deposited in DC-pulsed mode with a power
density of 7.5 W/cm2, a frequency rate of 150 kHz and a pulse width of 2.7 µs. The
substrate was biased at −50 V. The deposition rate obtained for a threefold rotation
was 0.38 µm/h;

4. Deposition of the W-doped DLC coating: The power density of the pulses reached
values up to 10 W/cm2. The DC-pulsed mode was applied to the carbon target at a
repetition frequency of 150 kHz and a pulse width of 2 µs. The HiPIMS mode was
applied to the WC:C target with a pulsing time of 150 µs, repetition frequency of
300 Hz, positive pulse of 350 V and power density of 0.5 W/cm2. A substrate voltage
bias of −50 V was applied. The deposition rate obtained for a threefold rotation was
0.25 µm/h.

2.4. Thickness, Structural Properties and Profile Composition

Chemical composition profiles were analyzed by glow discharge optical emission
spectroscopy (GD-OES) using Jobin Yvon 100000RF equipment (Horiba Instruments, Tokyo,
Japan). The phase formation with the PIII was evaluated by means of the ray diffraction
using a chromium Kα source (XRD, Bruker, Karlsruhe, Germany) with a wavelength of
0.22897 nm, which is about 50% larger than for Cu Kα. The cross-section images were
obtained with a Hitachi S4800 field emission scanning electron microscope (FE-SEM)
(Hitachi High-Technologies Corporation, Tokyo, Japan) with a 10.0 kV voltage parameter.
The coating thickness was corroborated with CSM Calotest equipment (CSM Instruments,
Peseux, Switzerland) using 30 and 25.4 mm diameter stainless-steel balls and superfine
diamond water suspension as the abrasive medium.

2.5. Roughness, Mechanical and Tribological Tests

Nanoindentation tests were performed with a Hysitron Triboindenter 950 (Hysitron,
Minneapolis, MN, USA) fitted with a Berkovich tip with an end radius of 150 nm. The
hardness and the Young’s modulus were obtained according to the method described by
Oliver and Pharr [1,2]. Twenty-five indents of 10 mN of maximum load were applied to
each sample in order to obtain reliable mean values for both the hardness and the Young’s
modulus. The assessment of the adhesion between the substrate and the coating was
performed with a CSM Revetest Scratch tester fitted with a Rockwell indenter (diamond
cone). The mechanical test was undertaken with a load rate of 100 N/min, a 100 mm/min
scratching speed and a final load of 10 mN and a total length of 5 mm; the critical loads of
three scratches per sample were averaged.

Different signals were recorded to measure the penetration of the indenter within the
substrate, the acoustic emission and the coefficient of friction. Three different critical loads
(LCs) were registered:

• The first critical load (LC1): the first cohesive failure registered;
• The second critical load (LC2): the first adhesive failure registered;
• The third critical load (LC3): a total delamination of the coating or a critical defect

observed in the reference substrate.

The surface roughness (Sa) of the coated samples was measured by using a confocal
S mart microscope (Sensofar, Barcelona, Spain) and following the ISO 25178 standard. A
50× magnification objective was used to measure the Sa values; the current surface length
of the measurements was 340.03 µm × 283.73 µm and the following filters were used to
obtain the values of the surface roughness (following the ISO 25178):
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• Standard cut-off of the high-pass filter: λs = 2.50 µm;
• Standard cut-off of the low-pass filter: λc = 0.08 mm.

Three non-contact 3D areal measurements were carried out in three different zones of
each sample.

Microtest equipment in the Pin on Disk configuration was used for the tribomechanical
tests. The coefficient of friction (COF) was measured by using a 6 mm alumina ball loaded
at 2–5 N, 200 rpm and 6000 and 8000 cycles, respectively. Wear tracks were measured by
using a confocal S mart microscope (Sensofar, Barcelona, Spain) and the loss volume as
well as the wear evaluation were determined according to the ASTM99 standard.

3. Results
3.1. WC:C Coating by HiPIMS with Positive Pulse
3.1.1. Thickness and Composition

To determine the thickness of the DLC WC:C coating (Figure 3), both a calotest and
glow discharge optical emission spectrometry (GDOES) were performed, as shown in
Figure 4. The thickness of the thin coating was determined to be around 1 µm for the
DLC sample. At that depth, the percentage of chromium reached 45 at.%. This was due to
the initial layer of chromium deposited by HiPIMS after the initial Ar etching, which was
deposited according to the parameters already established in previous studies [11]. It was
used to improve the adherence of the carbon layer.
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Figure 3. Cross-section SEM image with the coating’s structure of DLC WC:C. From bottom to top
the image shows the stainless steel substrate, the bonding layer of Cr, the WC interlayer and the
W-doped layer.

The tungsten content increased to up to 50 at.% when a thickness of 0.5 µm was
obtained, at which point it was the same as the carbon. Once this maximum tungsten
composition had been reached, the carbon content increased to up to 90% to the detriment
of tungsten, which declined to 10% of the total atomic percentage. The composition
remained constant at approximately 90%–10% W and C, respectively, in the first 0.2 µm
below the surface.
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A typical Raman spectrum of the DLC films deposited on the 316L stainless steel
is shown in Figure 5. An initial peak is shown which was consistent with the spectrum
of aromatic hydrocarbons. In turn, as mentioned above, the concentration of sp3 and
the existence of a peak at approximately 1560 cm−1—and therefore aromatic rings—give
consistency to the mechanical properties shown by the coatings.
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Figure 5. Raman spectrum of WC:C coating.

The surface roughness after the application of WC: C was Sa = 43.8 ± 7.4 nm. As seen
in other studies [30,31], the roughness increased when the DLC coating was deposited,
generally due to shading effects during the growth of the film. In addition, the initial
roughness of the samples influenced the adhesion of the coating, as previously reported in
other investigations [32]. As indicated by Avino et al. [33], the roughness can be reduced
by applying a higher positive voltage or by achieving a lower roughness in the initial
polishing of the sample.
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3.1.2. Nanoindentation Test

The hardness (H), Young’s modulus (E) and H/E and H3/E2 ratios were calculated
for both the AISI 316L reference sample and the WC:C coating, as shown in Table 2. The
hardness of the substrate was 7.6 GPa, while the WC:C coating showed a hardness of
17.4 GPa. The DLC coating hardness measurements were higher than those obtained using
a closed-field unbalanced magnetron sputtering technique, for which values between 11
and 15 GPa were observed [34]. In the load-displacement curves shown in Figure 6, a
high elastic component can be observed for WC:C coatings (159–175 GPa), as obtained by
Garcia [13].

Table 2. DLC WC:C nanoindentation results for the hardness (H), Young modulus (E) and their
H3/E2 relationship.

Type of Sample H (GPa) E (GPa) H/E H3/E2 (MPa)

Reference 7.6 ± 0.4 173.2 ± 6.0 0.044 14.63
DLC WC:C 17.4 ± 0.4 161.5 ± 2.5 0.108 201.97
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3.1.3. Adhesion Test

With the aim of determining the adhesion of the coating layer, scratch tests were
carried out from 0 to 100 N across a length of 10 mm on the WC:C coating, in which
different failure modes were detected along the scratch and evaluated by recording the
loads to which they were subjected. The scratch tests showed strongly adhesive behavior.
Figure 7 represents the acoustic emission (AE) and the coefficient of friction (COF), i.e.,
the relationship between the normal and tangential forces as the indenter ploughed the
surface.
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Table 3. Experimental data derived from the scratch test with the corresponding values of the criti-
cal load (LC1, LC2 and LC3) for the DLC WC:C coating sample. 
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Figure 7. WC:C coating nano-scratch test: the COF (blue line) and acoustic emission (AE; orange
line) evolution vs. the indenter displacement and an optical micrograph of the scratch tracks.

The zones where critical failures appeared and that were detected by the AE signal
or a variation in the COF were identified by means of an optical microscope. The loads
at which they occurred were recorded (they were show in Table 3) and reached values of
10.5 ± 1.5 N for LC1 (first cohesive failure, Figure 8a), 27.5 ± 1.5 N for LC2 (first trace of
adhesive failure and lateral chipping, Figure 8b) and about 48.5 ± 3.5 N for LC3 (more
the 50% of the track destroyed and the initiation of lateral cracking, Figure 8c). For LC3,
the adhesion reached higher values than the PVD Cr processes reported by Duminica at
35 N or the results from Zhou’s studies with Ti DLC coatings which gave 35.8 N for a
1.82% composition of Ti [35,36]. In the study of low-temperature carburizing DLC coatings
undertaken by Boromei for a-C:H, the LC3 was 49 N with a thickness of 3.8 µm [10] (results
compared on Table 4).

Coatings 2021, 11, x FOR PEER REVIEW 8 of 20 
 

 
Figure 7. WC:C coating nano-scratch test: the COF (blue line) and acoustic emission (AE; orange 
line) evolution vs. the indenter displacement and an optical micrograph of the scratch tracks. 

The zones where critical failures appeared and that were detected by the AE signal 
or a variation in the COF were identified by means of an optical microscope. The loads at 
which they occurred were recorded (they were show in Table 3) and reached values of 
10.5 ± 1.5 N for LC1 (first cohesive failure, Figure 8a), 27.5 ± 1.5 N for LC2 (first trace of 
adhesive failure and lateral chipping, Figure 8b) and about 48.5 ± 3.5 N for LC3 (more the 
50% of the track destroyed and the initiation of lateral cracking, Figure 8c). For LC3, the 
adhesion reached higher values than the PVD Cr processes reported by Duminica at 35 N 
or the results from Zhou’s studies with Ti DLC coatings which gave 35.8 N for a 1.82% 
composition of Ti [35,36]. In the study of low-temperature carburizing DLC coatings un-
dertaken by Boromei for a-C:H, the LC3 was 49 N with a thickness of 3.8 µm [10] (results 
compared on Table 4). 

   

(a) (b) (c) 

Figure 8. Optical images of WC:C-coated sample after nano-scratch test showing (a) LC1, (b) LC2 and (c) LC3. 

Table 3. Experimental data derived from the scratch test with the corresponding values of the criti-
cal load (LC1, LC2 and LC3) for the DLC WC:C coating sample. 

TEST LC1 LC2 LC3 
Data 1 12 N 27 N 48 N 
Data 2 10 N 29 N 52 N 
Data 3 10 N 28 N 51 N 
Data 4 9 N 26 N 45 N 

Average 10.5 ± 1.5 N 27.5 ± 1.5 N 48.5 ± 3.5 N 
  

Figure 8. Optical images of WC:C-coated sample after nano-scratch test showing (a) LC1, (b) LC2 and (c) LC3.

Table 3. Experimental data derived from the scratch test with the corresponding values of the critical
load (LC1, LC2 and LC3) for the DLC WC:C coating sample.

TEST LC1 LC2 LC3

Data 1 12 N 27 N 48 N
Data 2 10 N 29 N 52 N
Data 3 10 N 28 N 51 N
Data 4 9 N 26 N 45 N

Average 10.5 ± 1.5 N 27.5 ± 1.5 N 48.5 ± 3.5 N

3.1.4. Friction and Wear Test

The friction behavior was evaluated by studying friction curves made with a pin-on-
disc tribometer with a 6 mm diameter alumina ball. Additionally, the wear tracks were
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studied to determine the wear properties of the reference sample and the DLC WC:C
coating. Coefficient of friction (COF) values of 0.75–0.80 were measured for the reference
substrate in the tests carried out at 5 N. The variations were higher in the reference sample
because, as the COF and wear rate were higher, this also affects the vibration caused by
abrasive phenomena.

Table 4. Experimental data derived from the scratch test for different coatings over a stainless steel
substrate [10,35].

Substrate Coating LC3 (N) Reference Layer
Thickness Ta (◦C)

AISI 316L WC:C 48.5 Gómez 1 µm <200 ◦C
AISI 316L a-C:H 12 Boromei 3.7 µm <250 ◦C
AISI 316L LTC/a-C:H 49 Boromei 3.8 µm <400 ◦C
AISI 304 Ti DLC, 1.82% Ti 35.8 Zhou 0.78 µm 80–100 ◦C

The COF for the DLC WC:C coatings at 5 N was measured to be 0.10, as shown in
Figure 9. Tungsten oxides can lead to a higher COF before the formation of more lubricious
graphitic tribo-layers, as seen in other studies [37]. Here, the COF results were lower than
those obtained by Wang et al. [38], where COF values between 0.12–0.37 were reported, or
those of Tillman et al. [30], whose results showed COF values between 0.12–0.59 for DLC
samples with plasma pretreatment.
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Figure 9. Friction coefficients of the reference sample and DLC WC:C coating under 5 N.

The volume loss in the wear tracks of the reference samples was 3.33 × 10−10 m3. For
the DLC coatings, the volume loss (results shown in Table 5 and wear tracks shown in
Figure 10) was 4.35 × 10−13 m3, which implies an important reduction in volume loss of
about three orders of magnitude in comparison with the uncoated substrate. The wear
coefficient of the reference sample was 6.09 ± 3.75 × 10−4 mm3/nm and it was 3.96 ± 1.02
× 10−7 mm3/nm in the DLC WC:C sample.

Table 5. Summary of the experimental data for the volume loss and wear coefficient measured by
confocal microscope for the reference sample and DLC WC:C coating.

Type of
Sample

Friction
Coefficient

Width of Wear
Track (µm)

Confocal Volume
Loss (m3)

Confocal Wear
Coefficient
(mm3/nm)

Reference 0.75–0.80 2200 µm 3.33 × 10−10 6.09 ± 3.75 × 10−4

DLC WC:C 0.10 110 µm 4.35 × 10−13 3.96 ± 1.02 × 10−7
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Figure 10. Confocal microscopy after 6000 cycles for the DLC WC:C-coated sample.

3.2. Duplex Samples
3.2.1. Thickness and Composition of Duplex Samples

Scanning electron microscope (SEM) images of the cross-sections of the samples were
obtained (see Figure 11) using the backscattered electron signal, which provides chemical
contrast depending on the elements of the surface (the lighter the image, the heavier the
element is).

The chemical compositions of the DLC coatings were similar for all the samples, as
seen in Figure 12. The diffusion of the nitrogen ranged from 1.25 µm for 350 ◦C through
1.75 µm for 400 ◦C to more than 3.5 µm for 450 ◦C.

The duplex coatings showed different surface roughness values (Table 6): the PIII +
WC:C 350 ◦C sample had Sa = 26.27 ± 2.84 nm, the PIII + WC:C 400 ◦C sample had Sa =
35.52 ± 2.14 nm and the PIII + WC:C sample 450 ◦C had Sa = 84.10 ± 13.46 nm, which
indicate that with increasing treatment temperature the roughness of the samples increased.
The origin of this effect was the increasing ion bombardment during the PIII treatment, as
the higher equilibrium temperature necessitated a higher ion current density.

Table 6. Sa roughness measurements for PIII + WC:C 350 ◦C, PIII + WC:C 400 ◦C and PIII + WC:C
450 ◦C.

Type of Sample Roughness (nm)

PIII + WC:C 350 ◦C 26.27 ± 2.84
PIII + WC:C 400 ◦C 35.52 ± 2.14
PIII + WC:C 450 ◦C 84.10 ± 13.46
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the WC interlayer and the W-doped coat.

Insertion of nitrogen with a concentration of up to 30–35 at.% led to a massive expan-
sion of the austenitic base material, i.e., the formation of expanded austenite characterized
by a lattice constant about 5%–12% larger than for the substrate material. The structure,
including the grain size, remained intact, with no CrN precipitates, which would have
degraded the corrosion resistance, formed at the investigated temperature range of 350–
450 ◦C. The XRD data shown in Figure 13 exemplify this behaviour [31]. The rather low
thickness of the modified layer for the 350 ◦C sample led to the observation of both sub-
strate peaks and of peaks corresponding to the expanded phase (with peaks for (111)-, (200)-
and (220)-oriented grains being visible from left to right). For the higher temperatures, the
intensity of the substrate peaks was strongly reduced, becoming nearly invisible above the
background (due to the thicker layers and the information depth of about 2 µm). No strong
variation in the lattice expansion was observed, which was in agreement with the nitrogen
surface concentrations shown in Figure 12.
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Figure 12. Glow discharge optical emission spectrometry (GD-OES) concentration profiles and calotests for (a) PIII + DLC 
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Figure 12. Glow discharge optical emission spectrometry (GD-OES) concentration profiles and calotests for (a) PIII + DLC
WC:C 350 ◦C, (b) PIII + DLC WC:C 400 ◦C and (c) PIII + DLC WC:C 450 ◦C.



Coatings 2021, 11, 1070 13 of 20

Coatings 2021, 11, x FOR PEER REVIEW 13 of 20 
 

Table 6. Sa roughness measurements for PIII + WC:C 350 °C, PIII + WC:C 400 °C and PIII + WC:C 
450 °C. 

Type of Sample Roughness (nm) 
PIII + WC:C 350 °C 26.27 ± 2.84 
PIII + WC:C 400 °C 35.52 ± 2.14 
PIII + WC:C 450 °C 84.10 ± 13.46 

Insertion of nitrogen with a concentration of up to 30–35 at.% led to a massive expan-
sion of the austenitic base material, i.e., the formation of expanded austenite characterized 
by a lattice constant about 5%–12% larger than for the substrate material. The structure, 
including the grain size, remained intact, with no CrN precipitates, which would have 
degraded the corrosion resistance, formed at the investigated temperature range of 350–
450 °C. The XRD data shown in Figure 13 exemplify this behaviour [31]. The rather low 
thickness of the modified layer for the 350 °C sample led to the observation of both sub-
strate peaks and of peaks corresponding to the expanded phase (with peaks for (111)-, 
(200)- and (220)-oriented grains being visible from left to right). For the higher tempera-
tures, the intensity of the substrate peaks was strongly reduced, becoming nearly invisible 
above the background (due to the thicker layers and the information depth of about 2 µm). 
No strong variation in the lattice expansion was observed, which was in agreement with 
the nitrogen surface concentrations shown in Figure 12. 

 
Figure 13. Chromium Kα-source X-ray diffraction patterns of PIII coatings at 350/400/450 °C. 

3.2.2. Nanoindentation Test of Duplex Samples 
Table 7 shows the hardness (H), Young’s modulus (E) and H/E and H3/E2 ratios for 

the duplex coatings. The hardness of the substrate was 7.6 GPa. The PIII + DLC WC:C 
duplex coatings showed hardness values of 16.9, 16.8 and 15.8 GPa for temperatures of 
350, 400 and 450 °C, respectively. The hardness of the coating was due to the carbon and 
tungsten structures that appeared in the surface layers. As seen in the sample with only 
the DLC coating, there were no great differences observed in the values of the elastic mod-
ulus. The resistance to wear and plastic deformation could be increased by increasing the 
hardness while maintaining the elastic modulus. The load-displacement curves (Figure 
14) showed a high elastic component for the three types of duplex coating, without appre-
ciable differences in the temperature variant used in the initial PIII. The results were 

Figure 13. Chromium Kα-source X-ray diffraction patterns of PIII coatings at 350/400/450 ◦C.

3.2.2. Nanoindentation Test of Duplex Samples

Table 7 shows the hardness (H), Young’s modulus (E) and H/E and H3/E2 ratios for
the duplex coatings. The hardness of the substrate was 7.6 GPa. The PIII + DLC WC:C
duplex coatings showed hardness values of 16.9, 16.8 and 15.8 GPa for temperatures of
350, 400 and 450 ◦C, respectively. The hardness of the coating was due to the carbon and
tungsten structures that appeared in the surface layers. As seen in the sample with only
the DLC coating, there were no great differences observed in the values of the elastic mod-
ulus. The resistance to wear and plastic deformation could be increased by increasing the
hardness while maintaining the elastic modulus. The load-displacement curves (Figure 14)
showed a high elastic component for the three types of duplex coating, without appreciable
differences in the temperature variant used in the initial PIII. The results were similar to
those obtained for duplex with plasma nitriding plus Ti/TiN multi-layer coatings [39].

Table 7. Duplex samples’ nanoindentation results for the hardness (H), Young’s modulus (E) and
their H/E and H3/E2 relationships.

Type of Sample H (GPa) E (GPa) H/E H3/E2 (MPa)

Reference bulk 7.6 ± 0.4 173.2 ± 6.0 0.044 14.63
PIII 350 ◦C + DLC 16.9 ± 2.4 156.9 ± 13.5 0.108 196.07
PIII 400 ◦C + DLC 16.8 ± 3.0 168.8 ± 26.5 0.099 166.41
PIII 450 ◦C + DLC 15.8 ± 4.4 153.9 ± 3.1 0.103 166.53
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have been due to the appearance of a layer of oxynitrides induced by insufficient initial 
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Figure 14. Nanoindentation curves for the PIII 450 ◦C + WC:C coating (black line), PIII 400 ◦C +
WC:C coating (red line), PIII 350 ◦C + WC:C coating (blue line) and reference AISI 316-L (purple line).

3.2.3. Adhesion Test for Duplex Samples

Scratch tests with the same conditions were carried out with the PIII + DLC samples
from 0 to 100 N across lengths of 10 mm. The acoustic emission (AE) and coefficient of
friction (COF) are shown in Figure 15a,c,e and they were compiled in Table 8. For 350 ◦C
PIII + WC:C, a value of 16.7 N was determined for the LC2 (adhesive failure), which
reached up to approximately 38.7 N for the LC3 (removal of the coating with display of
the surface in the interior zone of the track, making the substrate visible as in Figure 15b).
For 400 ◦C PIII + WC:C, a value of 13.3 N was determined for the LC2, which reached
up to approximately 28.9 N for the LC3 (total delamination with lateral fissuration and
removal of the coating, with display of the surface in the interior zone of the track as shown
in Figure 15d). For 450 ◦C PIII + WC:C, a value of 16.7 N was determined for the LC2,
which reached up to approximately 28.1 N for the LC3 (continuous full delamination, as
shown Figure 15f). Total delamination occurred at lower loads than those studied for the
DLC WC:C coatings produced using HiPIMS with positive pulses. The results obtained
were higher than those obtained with other techniques for samples with a hardness of 316L
hardness [40] but lower than the results shown above for the DLC coating. This may have
been due to the appearance of a layer of oxynitrides induced by insufficient initial surface
cleaning during the Ar etching, which would have decreased the adhesion of the coating.
The first cohesive failure (LC1) was not detected due to surface inhomogeneities, which
made it impossible to detect the typical cohesive failure cracks in the center of the scratch
track.
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Figure 15. Scratch test of (a) 350 ◦C PIII + DLC WC:C and (b) the critical load LC3, (c) 400 ◦C PIII + DLC WC:C with (d) the
LC3 and (e) 450 ◦C PIII + DLC WC:C with (f) the LC3. COF (blue line) and acoustic emission (AE; orange line) evolution vs.
indenter displacements and optical micrographs of the scratch tracks.

Table 8. Experimental data derived from the scratch tests with the corresponding values of the critical
loads (LC1, LC2 and LC3) for the DLC WC:C coating sample.

Type of Sample LC2 LC3

PIII 350 ◦C + DLC WC:C 16.7 ± 2.2 N 38.7± 0.9 N
PIII 400 ◦C + DLC WC:C 13.3 ± 1.4 N 28.9 ± 1.2 N
PIII 450 ◦C + DLC WC:C 16.7 ± 0.6 N 28.1 ± 0.9 N
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3.2.4. Friction and Wear Test of Duplex Samples

The coefficient of friction (COF) for the 350 ◦C PIII + WC:C sample was 0.08, whereas
for the 400 ◦C PIII + WC:C and 450 ◦C samples it was 0.15 (COF results shown in Figure 16).
The COF results were lower than those reported by Laura et al., Boromei or Fuentes
et al. [10,41,42], where coatings of plasma nitriding and TiTiN or LTC/a-C:H were both
measured to have values larger than 0.6 and a CrCN PVD was measured at 0.2. For a DLC
with plasma pretreatment, COF values between 0.12 and 0.59 were obtained in the study
by Tillman et al. [30].
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Figure 16. Friction coefficients of the PIII 450 ◦C + WC:C coating (red line), PIII 400 ◦C + WC:C
coating (blue line), PIII 350 ◦C + WC:C coating (purple line) and the reference AISI 316-L (green line)
under 5 N.

The data for the volume loss in the wear tracks are shown in Table 9. The base material
316L was taken as a reference with a loss of 3.33 × 10−10 m3. For 350 ◦C PIII + WC:C,
the volume loss was reported to be 1.04 × 10−12 m3; for 400 ◦C PIII + WC:C, it was 7.76
× 10−13 m3; and for 450 ◦C PIII + WC:C, it was 6.05 × 10−13 m3, which implied a loss of
volume similar to that reported for the single-layer coating of DLC. Regarding the wear
coefficient, measurements were made for the three samples. For 350 ◦C PIII + WC:C, the
wear coefficient was found to be 4.09 × 10−7 mm3/nm; for 400 ◦C PIII + WC:C, it was
3.18 × 10−7 mm3/nm; and for 450 ◦C PIII + WC:C, it was 2.57 × 10−7 mm3/nm, which
represent wear coefficients within the range of values obtained for the DLC coating.

Table 9. Summary of the experimental data for the volume loss and wear coefficient measured by
confocal microscope for the reference and DLC WC:C coating.

Type of
Sample

Friction
Coefficient

Width of Wear
Track (µm) Volume Loss (m3)

Wear Coefficient
(mm3/nm)

Reference 0.8 2200 µm 3.33 × 10−10 6.09 × 10−4

PIII 350 ◦C +
WC:C 0.08 150 µm 1.04 × 10−12 4.09 × 10−7

PIII 400 ◦C +
WC:C 0.15 150 µm 7.76 × 10−13 3.18 × 10−7

PIII 450 ◦C +
WC:C 0.15 90 µm 6.05 × 10−13 2.57 × 10−7
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4. Discussion

The HiPIMS technique with positive pulses increased the adhesion of DLC coatings on
stainless steel samples, reaching LC2 and LC3 values of around 28 and 49 N, respectively.
However, the PIII + DLC duplex technique obtained lower values than the DLC coating,
with LC2 and LC3 values of 13–17 and 28–39 N depending on the applied PIII temperatures,
which reduced the adherence of the coating to the substrate obtained by HiPIMS with
positive pulses.

However, the duplex coating showed similar adhesion properties to other techniques
studied with thicker coatings [9,43]. It could be suggested that the initial cleaning for the
removal of surface oxides could have caused the appearance of oxynitrides between both
coatings, producing a failure point for the metal–metal adhesion sought for the DLC on
the nitride substrate. Native oxides and hydroxides promote weak metal–oxide bonding
in comparison with metal–metal bonding, which decreases the interface strength. These
negative effects are particularly evident when DLC is deposited onto steel substrates, and
for this reason a number of techniques have been developed as pretreatment steps to
improve DLC adhesion [4].

As confirmed by Schoeppner et al. [44], scratch tests can be used in future studies as a
method of determining the intrinsic stress and the applied stress necessary to delaminate a
coating.

To improve the adhesion, it is suggested to use a treatment in an isolated system,
which helps to avoid contamination and reduce the nitrogen profile, thus optimizing the
surface finish prior to the deposition of the DLC.

The use of W-doped DLC (WC:C) coatings was not primarily for the purpose of
achieving hard coatings. The W tends to destabilize the sp3 phase of the carbon and thus
reduce the hardness. Typically, metal-doped DLC coatings are used because they make
it possible to obtain a DLC with reduced stress and greater load support for tribological
applications involving subjection to high loads and requiring low friction [45]. By adjusting
the concentrations of metals such as W, Ti and Cr in the carbon matrix, it should be possible
to form carbide nanoclusters that restrict deformation and crack propagation.

The wear data showed that the application of the DLC coating improved the wear
resistance. Wear resistance was also improved as a function of PIII processing temperature.
By increasing the treatment temperature, the nitrogen profile increased, as well as its
depth, which facilitated the desired duplex effect and thus also the resistance to wear. A
more in-depth study is needed to determine the influences of these parameters and clarify
whether this wear resistance increase is dependent on the treatment temperature.

5. Conclusions

In this work, the application of DLC coatings through HiPIMS with positive pulses
onto stainless steel samples was studied. The adhesion properties and resistance to wear
were studied and the friction coefficient determined, and the following conclusions were
reached:

• The nanohardness of the DLC WC:C was in the range of 18 GPa, which is typical of
this kind of coating;

• The nanohardness for the duplex samples was between 14.5 and 19.8 GPa, as often
seen in this type of coating;

• The adherence of the DLC WC:C obtained through HIPIMS with positive pulses
presented a maximum critical load (LC3) of 52 N, higher than the results shown in
previous studies on DLCs deposited on stainless steels;

• Simple and duplex DLC coatings were found to exhibit a significant increase in wear
resistance compared to uncoated samples;

• The HiPIMS with positive pulses made it possible to increase the critical load, which
was indicative of an improvement in adhesion and led to an improvement in the wear
resistance of the DLC coatings;
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• PIII pretreatments did not increase the coating adhesion but slightly increased the
wear resistance.

Further studies are necessary to determine the cause of this improvement in wear
behavior and to determine the cause of the loss of adhesion in the duplex samples.
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