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Abstract: Diamond-like carbon (DLC) coatings are very interesting due to their extraordinary proper-
ties; their excellent wear resistance, very low friction coefficient, great hardness, high elastic modulus
or biocompatibility can be highlighted, as can their multifunctionality. Because of this, over recent
decades they have been widely used in tribological applications, improving the performance and
the useful life of machining tools in an effective way. However, these coatings have a disadvantage
compared to other coatings deposited by commercially available techniques—their resultant adhe-
sion is worse than that of other techniques and limits their industrial applications. In this work,
tribological results of a scratch test, wear resistance and nanoindentation of tetrahedral amorphous
carbon (ta-C) and tungsten carbide:carbon (WC:C) DLC coatings deposited by means of novel high-
power impulse magnetron sputtering (HiPIMS) technology with positive pulses are reported. The
coatings were deposited in three different tools steels: K360, vanadis 4 and vancron. These tools’
steels are very interesting because of their great and wide industrial applicability. Experimental
results showed excellent tribological properties, such as resistance to wear or adhesion, in the two
types of DLC coatings.

Keywords: HiPIMS; positive pulse; DLC coatings; tribology; adhesion; wear resistance

1. Introduction

Diamond-like carbon (DLC) coatings are considered as one of the most promising and
valuable industrial materials due to their applicability in a large number of applications
thanks to their great properties—their combination of high hardness, low friction, high
wear resistance and chemical inertness [1–3]. These properties can be attributed to the
fact that DLCs are a metastable form of amorphous carbon that combines the structure
of diamond and graphite with an amorphous network of carbon atoms in covalent sp2

and sp3 bond hybridization [4,5]. Therefore, the properties will very much depend on the
relation between the amount of sp2 and sp3 bonds. The tribological properties of DLC
coatings, such as low friction and resistance to abrasive and adhesive wear, are particularly
good under conditions of low humidity, and the smoothness of the film would also be an
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important parameter in sliding wear applications [6]. These properties combined with a
high load resistance and excellent sliding properties make these coatings an ideal option
for tribological applications [7]. It should also be noted that, as shown in reference [7],
in friction tests, a higher friction force must be applied for converting static friction into
dynamic friction when DLC coatings are used. Because of this, it can be said that there are
well-known and consolidated surface treatments that can be applied to different types of
substrates, with metals and ceramics standing out [5,8]. Among their main applications,
their use in improving the tribological properties of cutting and forming tools [9,10], or
molds for injection of plastics, can be highlighted [11], providing these items with a high
protection against abrasive wear. Other industrial sectors where it is common to use these
coatings would be medical devices [12], automotive components [13] and electronics and
optics applications [14], among others.

However, DLC coatings have a disadvantage in comparison to other coatings de-
posited by different deposition techniques that prevents their wider use in industry [15,16].
They show a low adhesion to the substrate due to the low density of chemical bonds
derived from poor surface preparation, differences in the type of chemical bonding in the
coating/substrate interface [17] and the residual stresses generated during the deposition
process. For instance, in coated steel tools, premature adhesive failures or delamination
can occur due to this problem [18].

Despite showing a poor adhesion to the substrate, DLC coatings are gaining a lot
of importance in the field of surface engineering—i.e., they have increased their share in
the global market from USD 800 M to around USD 1.7 billion in the last decade and their
revenue has been increasing with a compound annual growth rate of approximately 14%
over the past 5 years [19]. They are gaining especial importance in the development of
solutions to improve the performance of cutting and forming tools [8,9,20] by improving
their properties and durability and, hence, increasing the productivity of manufacturing
processes [21].

DLC coatings can be deposited using different techniques, such as PVD (Physical
vapor deposition) cathodic arc, PVD magnetron sputtering or PACVD (Plasma Assisted
Chemical Vapor Deposition). In the synthesis of metal-containing DLC coatings, conven-
tional magnetron sputtering techniques have been more frequently used than the rest;
however, due to the fairly low degree of ionization of metal and gas species, often low-
density microstructures and poor mechanical properties are obtained [22,23]. Furthermore,
these coatings are deposited with an interlayer to promote their adhesion to the substrate
and to ensure a better chemical compatibility between the steel and the coating [24]. How-
ever, this improved adherence may not be enough when high loads are applied, leading to
coating detachments [25]. For this reason, new techniques that sought to achieve coatings
with great adhesion while maintaining the excellent mechanical and tribological properties
were developed. Some recent studies showed improvements in adherence, with values
of second critical scratch load (Lc2) being 25 N [26] or around 10 N [27], although these
values are insufficient for the applications mentioned above. Other works tried to improve
the adhesion by applying duplex treatments on different types of steel, which consists
of a previous thermochemical plasma nitriding pretreatment followed by a DLC depo-
sition [28,29]. The problem with this solution is that the pretreatment could impair the
corrosion resistance of the substrate [30]. In reference [31], Lc2 values close to 40 N were
shown in multilayered DLC-PAPVD coatings on standard and triode plasma nitrided sub-
strates. Some authors have shown an improvement in the adhesion by using multilayered
coatings combining a filtered cathodic vacuum arc and high-power impulse magnetron
sputtering (HiPIMS), accommodating the growth morphology and internal stress by means
of stepwise decreasing bias [32].

The use of the novel HiPIMS technique has been reported elsewhere [23,33,34]. In
the first study [23], the effect of different positive voltage amplitudes on the discharge
process and the mechanical properties of the deposited DLC hard coatings were studied,
but no information about the resulting adherence is reported. The works [33,34] achieved
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an increase in the resultant adhesion and in the wear resistance of two different types of
DLC coatings, such as tetrahedral amorphous carbon (ta-C) and tungsten carbide:carbon
(WC:C), using the novel high-power impulse magnetron sputtering (HiPIMS) method that
incorporates positive voltage pulses after the conventional HiPIMS discharge, and that
were deposited on high speed steel substrates and 1.2379 tool steel, respectively.

The objective of this work is to evaluate the tribological and mechanical properties
of two DLC coatings—tetrahedral amorphous carbon (ta-C) and tungsten carbide:carbon
(WC:C)—deposited by HiPIMS with positive pulses on three different tool steels for indus-
trial applications (K360, vanadis 4 and vancron), with the aim of improving the adhesion of
the coatings. This technique improves on the conventional HiPIMS in terms of adherence.
In this work, this increase in adherence has been studied, and it has been verified on differ-
ent substrates, which are tool steels with great industrial applicability that are subjected to
great efforts.

2. Materials and Methods
2.1. Reference Substrate

Samples of brand-specific steels—Uddeholm vanadis 4, BÖHLER K360 ISODUR and
Uddeholm vancron—with flat geometries and 30 mm diameters were used as reference
substrates. Before the plasma treatment, all the specimens were polished and cleaned.
The polishing process was performed to achieve a final Ra value less than 0.2 microns.
Afterwards, a thorough cleaning process was performed, which consisted of the sequence
of operations shown below: ultrasonic washing with alkaline detergents (1% Tickopurr
R33), rinsing with deionized water, cleaning with isopropanol and air-drying, respectively.
The chemical compositions of the materials are shown in Table 1.

Table 1. Chemical composition of the 3 tools’ steels studied in this work (wt.%).

Steel C (%) Si (%) Cr (%) N (%) V (%) Mn (%) Mo (%)

K360 1.25 0.9 8.75 - 1.18 0.35 2.7
Vanadis 4 1.4 0.4 4.7 - 3.7 0.4 3.5
Vancron 1.3 1.8 4.5 1.8 10 - -

These steels have been chosen due to their extraordinary mechanical properties and
their high industrial applicability, where cold work tool applications, such as cutting,
stamping or extrusion tools, stand out. In these applications, the tools were subjected to
great repetitive stress; therefore, the materials must be hard and resistant to compression,
must have enough toughness to withstand the working conditions to which they are
subjected to and they must have high wear resistance [35]. In this way, it will be possible
to increase their useful life and increase productivity [36]. In addition, it should be noted
that the strength of commercial metal alloys is increasing, which requires harder, stronger
and more durable tool steels for their forming or cutting [37]. The hardness of tool steels
is typical of quenching martensite and is influenced by the carbides deposited in the
martensitic matrix [36]. These carbides are very hard substances present in the steel
in the form of inclusions and can be transformed into other harder carbides by adding
elements such as chromium, molybdenum, vanadium, tungsten, titanium, etc. [36]. The
amount, shape, size and nature of these carbides will affect the hardness as well as wear
resistance [38–41]. The 3 steels selected for this study meet these requirements and are
of a higher quality than conventional steels, but vanadis 4 and vancron steels are of a
higher quality than K360. Although all 3 have good dimensional stability and a finer
carbide distribution, vanadis 4 and vancron are powder metallurgical steels, while K360
is an Electroslag remelting (ESR) steel. The dimensional stability and homogeneity of
carbides is superior in the case of powder metallurgical steels; in addition, they present
a higher metallurgical purity and are free of segregations, which makes their qualities
superior [42–47]. The properties presented by the 3 steels, such as dimensional stability or
high toughness, make them ideal for PVD treatments.
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2.2. Film Deposition Technique

The system that the depositions were carried out on is the industrial system xPro4C,
designed by PVT GmbH (Bensheim, Germany). It has a vacuum chamber of 0.51 m3

(680 mm × 650 mm × 1150 mm) where it integrates four cathodes designed with adjustable
magnetic field configurations. A scheme of this can be seen in Figure 1.
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Figure 1. Cross-section of the process chamber.

In the chamber, a base pressure of 10−6 mbar was achieved thanks to the use of two
turbomolecular pumps and two double-stage rotary vane pumps. The four cathodes were
incorporated in equidistance. Two of them carried graphite targets. For DLC coating
deposition, the first of them was operated under the unbalanced magnetron mode (UBM)
and the other one under the HiPIMS V+ mode. The third cathode carried a binder-free
WC target and was used for depositing a WC interlayer with a balanced magnetron
configuration. The last one mounted a Cr target and was operated in the HiPIMS mode.

Before depositing the coatings, it is necessary to carry out a pretreatment on the
substrate. The sequence of parameters used in this process and during deposition are
described below:

• Ar etching: a direct current (DC)-pulsed bias voltage of −500 V and a frequency of
150 kHz was used to establish an Ar+ discharge at the substrate for 15 min;

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

• Deposition of the WC interlayer: DC-pulsed mode with the following parameters was
used to deposit WC—a power density of 7.5 W/cm2, a frequency rate of 150 kHz and
a pulse width of 2.7 µs. Moreover, the substrate was biased at −50 V. The deposition
rate obtained in this way for a three-fold rotation was 0.38 µm/h;

• (A) Deposition of the ta-C coatings: the pulses applied to the graphite target reached
power densities of up to 10 W/cm2. During ta-C deposition, both C targets are used
at the same time. One of them operated in DC-pulsed mode and the other in HiPIMS
mode. A repetition frequency of 150 kHz and a pulse width of 2.4 µs were used to
apply the DC-pulsed mode. The operation parameters of the HiPIMS mode were a
pulsing time of 150 µs, repetition frequency of 300 Hz and a positive pulse of 350 V. A
substrate voltage bias of −50 V was applied, and the deposition rate obtained for a
three-fold rotation was 0.25 µm/h;

• (B) Deposition of WC:C coatings: the graphite targets were operated under the same
conditions mentioned in 4a. WC was codeposited with carbon at 0.75 W/cm2, a



Coatings 2021, 11, 28 5 of 21

frequency rate of 150 kHz and a pulse width of 2.7 µs. The deposition rate obtained
for a three-fold rotation was 0.3 µm/h.

2.3. Thickness, Structural Properties and Profile Composition

Glow discharge optical emission spectrometry (GD-OES) was used to analyze the
chemical composition profiles and the resultant thicknesses of the coatings. The employed
equipment was a JOBIN YVON 100000RF GD-OES equipment (HORIBA Instruments,
Kyoto, Japan) [48]. With the aim of confirming the previous results in terms of thickness, it
was also measured by means of a CSM Calotest equipment (CSM Instruments, Needham,
MA, USA) using a 30 mm diameter stainless-steel ball and superfine (0.25 µm) diamond
water suspension as the abrasive medium.

The structural properties of DLC films were evaluated using Raman spectroscopy. A
Renishaw spectrometer was used to record the Raman spectra, focusing a green ion laser
with a line of 532 nm on the surface of the coatings with a power of 100 mW. The obtained
Raman spectrum was curve-fitted using two Gaussian functions, peaking at disordered
(D-band) and graphite (G-band) modes. In addition, the ratio of peak heights was used in
order to obtain the relative intensity ratio of the D and G bands (ID/IG).

Finally, in order to obtain information about the layers, cross-section images were ob-
tained by a FEI Verios 460 Field Emission XHR-SEM microscope (FEI, Hillsboro, OR, USA).

2.4. Mechanical and Tribological Tests

The adhesion assessment between the substrate and coatings was carried out with a
CSM REVETEST Scratch tester fitted with a diamond Rockwell indenter (EURO 150518
C&N) with a tip radius of 200 µm. The test parameters that were used were a load rate of
100 N/min, a final load of 100 N, a speed of 9.58 mm/min and a total test length of 10 mm.

During the adhesion tests, different signals (penetration of the indenter within the
substrate, acoustic emission, coefficient of friction) were recorded and the spots where the
different events occurred were observed by optical microscopy. Using all this information,
three different critical loads (LC) were registered:

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

defect is clearly observed in the reference substrate.

In the scratch tests, a progressive load is applied through the indenter on the surface of
the samples, and while this load increases, different failure modes will appear. First, failure
mechanisms, such as plastic deformation, fissurations for conformal type, fissurations of
tensile or lateral fissurations, will be observed that are related to failure mechanisms of the
cohesive type (Lc1). After this, failure mechanisms such as delaminations, fissurations by
frontal deformation, superficial lifts or lateral chipping, among others, will appear, which
are related to failure mechanisms of the adhesive type (Lc2). Finally, the applied load will
be high enough to remove more than half of the coating from the substrate (Lc3).

A Microtest MT series equipment (Microtest S.A.) was used for the tribomechanical
tests. Pin-on-disk tests were performed using 6mm alumina balls, each of which had a
surface maximum roughness of Ramax = 0.050 µm and hardness of around 1650 HV, as the
pins, and the different samples of coated and uncoated tools steels as the disks. The tests
were carried out at a 40 N load, 200 rpm and 20,000 cycles, which supposes a Hertzian
contact stress of 2.6 GPa. Tests were repeated three times at 8, 10 and 12 mm (track radii). As
these are high performance tool steels and coatings with very good tribological properties,
it was necessary to use a high load at enough revolutions to generate a measurable and
homogeneous wear track. These conditions are more similar to the real cases of application
of these coatings, such as cold stamping or forming applications, where high pressures are
applied. Other studies have used similar parameters with this type of coatings [34]. The
corresponding wear tracks have been measured by using a Confocal S mart Microscope
(Sensofar) and an optical microscope. The volume loss as well as the wear evaluation
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were determined in two ways: according to ASTM G99 [49] and straight from the confocal
measures of volume loss.

Nanohardness measurements were performed with an MTS NANOINDENTER XP
fitted with a Berkovich tip, a maximum depth of 2000 nm and a maximum load of 25 mN.
Hardness and Young’s modulus values were obtained by the Oliver and Pharr method [50]
with the influence of the substrate in the hardness and Young’s modulus corrected using
Bec et al.’s thin film model [51,52].

3. Results
3.1. Thickness, Structural Properties and Profile Composition

The calotest measurements that were carried out to determine the resultant thickness
of the coating can be seen in Figure 2. The measurements of the calotest show several
circumferences (marked in Figure 2 in red, yellow and orange) corresponding to different
depth levels, caused by rolling the ball with abrasives during the test. The relationship
between these dimensions allows the determination of the thickness of the coating. The re-
sults showed that the samples coated with ta-C have thicknesses of just about 1.65 µm; the
samples coated with WC:C, instead, showed thicknesses of approximately 2 µm. These re-
sults are consistent with those obtained in the glow discharge optical emission spectrometry
(GD-OES), shown in Figure 3.
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Following with the GD-OES, the ta-C layer showed an approximate thickness of
1.5 µm. The weight percentage concentration in C was higher than 90% during the first
0.65 µm, followed by a WC layer of about 0.85 µm where the weight content of carbon
decreased across the layer. An anchoring layer of 0.2 µm in chromium can also been
observed, which has the aim of improving the adhesion to the substrate. On the other hand,
the WC:C coating showed a thickness of around 1.75 µm composed by two different layers.
For the first 0.75 µm in depth, a top carbon layer doped with W can be seen, containing
60% C and 40% W in weight. This layer is followed by a transition layer of about 1 µm in
thickness than contains mainly W with the content of C decreasing across the layer from
60% in weight to less than 5%. As in the previous case, a chromium-anchoring layer of
approximately 0.3 µm can also been observed before reaching the reference substrate.
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Figure 4 shows the cross-section SEM picture of the coatings, where the different
layers are schematically indicated. From bottom to top:

• HSS substrate;
• Cr bonding layer is not visible due to low resolution for observing 10 nm of thickness;
• WC interlayer;
• DLC coating;
• Pt coating. There is a double layer of Pt coating on top. As the coating has been

milled with FIB (focused ion beam) for cross-sectional (XS) observation, a Pt layer has
been deposited on top in order to prevent the etching of the DLC coating due to ion
irradiation.
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Raman characterization was performed in order to evaluate the structural properties
of DLC films. Raman spectra were recorded using a Renishaw’s inVia Qontor Raman
microscope (Renishaw, Gloucestershire, UK). A green ion laser with a line of 532 nm was
focused on the surface of the coatings with a power of 100 mW. The obtained Raman
spectrum was curve-fitted using two Gaussian functions, peaking at disordered (D-band)
and graphite (G-band) modes.

It is important to note that amorphous tetrahedral carbon (ta-C) structures have higher
contents of sp3 bonds than amorphous carbon structures. The I(D)/I(G) ratio, which is
shown in the Table 2, normally correlates with the sp2/sp3 fraction, so it was evaluated
to check if the above statement is fulfilled. Therefore, it is expected that those structures
that present a higher content of sp2 enhancements have a higher value for the I(D)/I(G)
ratio [53]. In the samples analyzed, the highest value for this relationship was obtained
for the K360 with WC:C case (with a value of 0.93), followed by the vanadis 4 with WC:C
and vancron with WC:C samples (0.91). This means that these samples are the ones with
the highest number of graphitic layers with sp2 bonds. On the other hand, for the K360,
vancron and vanadis 4 with ta-C samples, the values obtained were 0.74, 0.71 and 0.69,
respectively.

Table 2. Summary of the experimental data derived from the Raman spectroscopy.

Substrate and Coating G(cm−1) I (G) D(cm−1) I (D) I (D)/I (G)

K360 WC:C 1.573 5.704 1.360 5.3137 0.93
K360 ta-C 1.527 12.192 1.326 9.058 0.74

Vanadis 4 ta-C 1.521 13.058 1.326 9.058 0.69
Vanadis 4 WC:C 1.568 9.240 1.381 8.4057 0.91
Vancron WC:C 1.560 8.155 1.383 7.446 0.91
Vancron ta-C 1.536 6.206 1.328 4.429 0.71

The presence of a D peak is consistent with the spectrum of aromatic hydrocarbons.
Therefore, if a clear D peak is observed, it will be because of the ring’s breathing modes.
However, on the contrary, not observing a D peak will mean that there is an absence of
rings [53]. In the samples analyzed, in those coated with ta-C, peak D is less defined.
Therefore, it can be assumed that they have fewer aromatic rings. Peaks G and D can be
seen in Figure 5.
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In turn, as previously mentioned, the sp3 concentration, the existence of a D peak,
and therefore of aromatic rings, are related to the mechanical properties of the samples.
Consequently, it could be assumed that those films that present a lower concentration of
clustering achieve higher hardness.

3.2. Nanoindentation Tests

Figure 6 represents the nanoindentation tests up to a final load of 25 mN. As can be
seen in the results, a specific hardness of 24 GPa was obtained for the ta-C coated K360
layer and 14 GPa for the WC:C coated one. In the case of the vanadis 4 layers, a specific
hardness of 26 GPa was obtained for the ta-C coated layer, whereas a hardness of 14 GPa
was reached for the WC:C layer.
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Figure 6. Nanoindentation curves for a specific final load of 25 mN in the K360 with ta-C coating
(blue plot), vanadis 4 with ta-C coating (orange plot), K360 with WC:C coating (grey plot) and
vanadis 4 with WC:C coating (yellow plot).

The results of nanoindentation are similar to those reported by García et al. [34],
showing values of 17 GPa for the WC:C coating and 30 GPa for ta-C. Duminica et al. [27]
and Czyzniewski [54] also presented similar hardness values—between 21 and 23 GPa and
19 GPa, respectively.

In the load–displacement curves, a high elastic component can be observed for both
type of coatings. The final depth was significantly greater for the WC:C coatings compared
to the ta-C coatings. The corresponding hardness values, the Young modulus values and
the relationship between hardness and modulus (H3/E2) are shown in Table 3. The value of
H3/E2 is not very high in the coatings and it is especially low in the case of WC:C. Higher
values were reported in other studies: García et al. [34] showed values of 0.15 for WC:C
coatings and 0.45 for ta-C coatings, while Sun et al. [55] presented values between 0.243
and 0.263. The H3/E2 and H/E ratios, which relate the hardness and the Young modulus,
are considered as indicators of resistance to plastic deformation in loaded contact and the
elasticity index [56,57], respectively. Due to this, they are used to determine the toughness
and the wear resistance of the coatings [56,58] since it is generally accepted that it is possible
to adjust the wear resistance of a solid by adapting its elastoplastic properties, which could
be summarized by increasing the hardness or decreasing the elastic modulus [59]. H3/E2 is
related to the elastic limit of the material; therefore, it is expected that an increase in H3/E2

will lead to an improvement in the elastic recovery of the coating (a highly elastic behavior
of the film under contact events), which is also related to the toughness [57,60,61]. It should
be noted that, different studies conclude that parameters such as H/E and H3/E2 are more
important than just hardness in determining the good wear resistance of a material and
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they highlight the importance of toughness in various tribological applications [56–58,62].
Theoretical analyses and research works have analyzed the relation between the parameter
H3/E2 and the wear resistance, and they have proved that resistance to various forms
of wear is correlated with the ratio H3/E2 [54,55,57,63]. Finally, it should be added that
different investigations reported that the value of H3/E2 is related with the grain size of the
nanostructure, so that the smallest grain size and highest fraction of phase boundaries lead
to higher values of H3/E2 [57,58,64]. According to this, it can be said that the resistance to
plastic deformation of the ta-C coating is higher than that of WC:C, and that, therefore, the
wear resistance of ta-C should also be higher than that of WC:C.

Table 3. Summary of the experimental data derived from the nanoindentation curves such as the
resultant hardness (H), Young modulus (E) and the H3/E2 relationship, respectively.

Substrate DLC Coating Hardness (GPa) Young Modulus (GPa) H3/E2

K360 ta-C 24 ± 3 311 ± 27 0.148
K360 WC:C 14 ± 1 257 ± 22 0.043

Vanadis 4 ta-C 26 ± 2 343 ± 30 0.152
Vanadis 4 WC:C 15 ± 2 277 ± 27 0.041

3.3. Adhesion Tests

Scratch tests were performed on all the DLC coated specimens to evaluate their
mechanical response and adhesion to the substrate. Figure 7 shows an example of the
results obtained for the case of specimens with vanadis 4 as substrate (Figure 7a for the
WC:C coating and Figure 7b for the ta-C coating); similar results were obtained in all cases.
The acoustic emission (AE%) and the coefficient of friction (COF) establish a relationship
between the normal and tangential forces, respectively, and they are represented in these
figures. From these tests, the different failure modes along the scratches were evaluated
and the critical loads at which they occurred were recorded. With the experimental results,
it was possible to study the differences between the properties of the different coatings and
substrates, with the objective of evaluating which one presents better adherence.

The results obtained from these adhesion tests were very positive for both coatings,
even though clear differences were found between them. Table 4 summarizes the results of
the three critical loads (Lc1, Lc2 and Lc3) recorded for each specimen. The samples coated
with WC:C presented the first cohesive failure (Lc1) at about 19 N. The first adhesive failure
(Lc2), instead, appeared at around 59 N in the vanadis 4 and vancron samples and at 32.9 N
in the K360 sample, while the appearance of the substrate (Lc3) occurred at around 77 N in
the vanadis 4 and vancron samples and a little bit earlier in the K360 sample—at 73.8 N.
Looking at the Lc2 results, it is clear that the adhesion of the K360 steel is slightly worse
than the other two steels with this coating. On the other hand, no cohesive failure was
observed in any of the three ta-C coated samples; however, the results of Lc2 and Lc3 show
that their adhesion was worse than the ones coated with WC:C. In these specimens, Lc2
was defined at about 25 N, whereas the Lc3 appeared at around 50 N in the K360 and
vancron samples and at 40.3 N in the vanadis 4 sample. The addition of W to the DLC
structure allows one to reduce compressive residual stress, as reported in [65]. A reduction
in residual stress allows one to enhance adhesion critical load values despite showing
lower values of hardness and wear resistance. As can be seen in Table 5, the adhesion
results obtained in this study are higher than those reported in the references [26,27,66].
On the other hand, similar results of Lc2 were reported in reference [34], with ta-C and
WC:C coatings, or in reference [67], showing Lc2 values up to 42 N to W-doped DLCs.
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Table 4. Summary of the critical load values obtained for each sample from the scratch test.

Substrate and Coating Lc1 (N) Lc2 (N) Lc3 (N)

K360 WC:C 18.9 ± 0.7 32.9 ± 0.6 73.8 ± 4.0
Vanadis 4 WC:C 19.2 ± 0.4 58.8 ± 1.3 77.6 ± 2.3
Vancron WC:C 19.0 ± 2.1 59.8 ± 0.7 77.1 ± 3.9

K360 ta-C - 29.6 ± 2.5 50.7 ± 3.7
Vanadis 4 ta-C - 25.0 ± 3.1 40.3 ± 1.1
Vancron ta-C - 24.4 ± 4.2 50.4 ± 5.4
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Table 5. Summary of the critical load Lc2 values obtained for each reference from the scratch test.

Reference Coating Deposition Technique Lc2 (N)

[26] DLC Nitrided substrate + HiPIMS 25
[27] Cr(N)/DLC multilayer DC magnetron sputtering 10
[34] ta-C HiPIMS with positive pulses 18.86
[34] WC:C HiPIMS with positive pulses 40.87

[66] DLC Plasma-enhanced chemical
vapordeposition (PECVD) 12

[67] W-doped DLC DC magnetron sputtering 42

3.4. Friction and Wear Tests

A pin-on-disc tribometer was used to study the friction and wear properties of the
DLC coatings as well as those of the reference substrates. The experimental results are
shown in Figure 8. The coefficients of friction (COFs) are 0.7–0.8 for the uncoated samples.
However, all the samples coated with ta-C showed a COF of around 0.07 which is lower
than that shown by the samples coated with WC:C, which was around 0.1. The fluctuations
in the COF curves during the run-in period are inherent to the test itself; during steady state,
instead, they are related to the apparition of different tribo-oxidation bodies. Depending
on test conditions, during the run-in period, it the formation of oxide phases in W-doped
DLC coatings has been observed, which could lead to a higher COF before the formation of
more lubricious graphitic tribolayers, as reported by [68]. This is the reason for obtaining
higher friction in run-in period for the WC:C coatings than for the ta-C coating. The COF
results are lower than those reported by Wang et al. [69], where values of COF between 0.12
and 0.21 for WC-DLC coatings are reported, or in reference [70], where values of 0.12–0.59
for DLC coatings on AISI H11 steels with plasma nitriding pretreatment are reported.
However, similar results are reported in references [26,71].

Comparing the width of the wear tracks, it can be seen how clearly the wear has
been greater for the uncoated samples. As shown in Figure 9, the width of the wear
track measured in the uncoated samples takes values around 500–800 µm for the vancron
and vanadis 4 samples and 1500–2000 µm for the case of the K360 specimen. The coated
specimens, instead, present values close to 350 µm for the case of the WC:C coatings and
200 µm for those of ta-C. In all cases, the highest values were obtained for the K360 samples.
From the images obtained by optical and confocal microscopy shown in Figure 9 the type
of wear shown by each specimen can also be determined. Clear differences were observed
between the type of wear for each coated sample. In the ta-C coated samples, very little
abrasive wear was observed on the surface, while in the WC:C coated samples, typical
microscratches were found. Despite the differences, it is clear that both coatings improve
the wear resistance of the substrates—calculations made to determine the volume loss and
wear coefficient will be shown in the paper and will show consistency with this statement.

The evaluation of the volume loss and the wear coefficient were carried out using two
different methods. The first method consists of using the measurement of the width of the
wear track and determining the values of volume loss and wear coefficient following what
the ASTM G99 standard establishes. The standard determines the value of the volume loss
for the entire track using the measured value of the wear track width. This result is then
used to calculate the wear coefficient through a formula that relates it to the applied load
in the test and the total sliding distance, thus obtaining a normalized value for the wear
coefficient. The second method, however, consists of calculating the volume loss directly
using the confocal microscope and the Sensoview program, and then extrapolating that
value for the entire wear track using the equation shown in formula (1). Then, the wear
coefficient value is calculated using the same equation as in the first method.

V loss con f ocal
(
m3)

wear track length (m)
× 2 × Π × r (m) = V loss (m3) (1)
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Table 6 shows a summary of the results of the friction coefficient and volume loss and
wear coefficient calculated with both ASTM G99 and confocal microscopy of each tested
sample. The values shown are the average values of the tests carried out with different test
radii; the test parameters are the same for all of them. The results obtained by both methods
show a similar trend, but there is a difference of one order of magnitude between them. This
difference is due to the fact that the calculation carried out following the ASTM G99 stan-
dard assumes that the shape of the wear track is that of a perfect sphere, while by confocal
measures the real shape of the wear track is taken. The results obtained in both cases show
that the highest values of volume loss and wear coefficients were achieved for the uncoated
specimens and the smallest for those coated with ta-C. Following the ASTM G99 standard,
values of wear coefficient of around 1.7 × 10−5 mm3/Nm were obtained for the vancron
and vanadis 4 uncoated samples, while the K360 sample presented a worse wear resistance
with a coefficient of 4.87 × 10−4 mm3/Nm. The same trend was observed in the case of
results obtained by confocal measures, with values of the order of 10−6 mm3/Nm for the
specimens of vancron and vanadis 4 and of 10−5 mm3/Nm for that of K360. DLC coated
samples showed values up to two orders of magnitude lower in comparison to the reference
substrates. Values of about 2.3 × 10−6 mm3/Nm were obtained for the WC:C coatings
measured following the ASTM G99 and between 4.98 × 10−7 and 7.44 × 10−7 mm3/Nm
for the confocal measures. As previously mentioned, the best wear resistance was pre-
sented by the ta-C coatings, with wear coefficients of 3.51 × 10−7 mm3/Nm (vancron),
5.29 × 10−7 mm3/Nm (K360) and 7.17 × 10−8 mm3/Nm (vanadis 4) for the ASTM G99
measures, and 7.59 × 10−8 mm3/Nm (vancron), 5.37 × 10−8 mm3/Nm (vanadis 4) and
6.72 × 10−8 mm3/Nm (K360) for the confocal measures. The wear coefficient results ob-
tained for the WC:C coating are similar to those reported in reference [72], with values of
1.11 × 10−6 mm3/Nm for the N-DLC coating or 1.88 × 10−6 mm3/Nm for the DLC sample,
or reference [54], showing values of 2.1 × 10−6 mm3/Nm. As mentioned above, the ta-C
coating showed better wear resistance than the WC:C coating, and similar results were
reported by García et al. [34] (order of magnitude of 10−8 mm3/Nm), by Sun et al. [55]
(6.37 × 10−8 mm3/Nm) and by Kasirowski et al. [26] (6.52 × 10−8 mm3/Nm non-nitrided
substrate and 4.79 × 10−8 mm3/Nm nitrided sample).

Table 6. Summary of the experimental data of friction coefficient, volume loss and wear coefficient measured by ASTM G99
and confocal for reference substrates, ta-C coatings and WC:C coatings.

Sample Friction
Coefficient

Volume Loss (m3)
ASTM G99

Volume Loss
Confocal (m3)

Wear Coefficient
ASTM G99 (mm3/Nm)

Wear Coefficient
Confocal (mm3/Nm)

Uncoated vancron 0.67 (9.64 ± 10) × 10−10 (2.67 ± 2.7) × 10−10 (1.73 ± 1.69) × 10−5 (4.88 ± 4.1) × 10−6

Uncoated vanadis 4 0.71 (7.73 ± 1.5) × 10−10 (1.64 ± 0.48) × 10−10 (1.70 ± 0.06) × 10−5 (3.62 ± 0.47) × 10−6

Uncoated K360 0.76 (1.21 ± 1.05) × 10−8 (4.64 ± 6.1) × 10−10 (4.87 ± 0.77) × 10−4 (1.31 ± 0.54) × 10−5

Vancron WC:C 0.097 (1.08 ± 0.38) × 10−10 (2.43 ± 0.1) × 10−11 (2.30 ± 1.28) × 10−6 (4.98 ± 1.04) × 10−7

Vanadis 4 WC:C 0.15 (1.16 ± 0.41) × 10−10 (3.44 ± 1.08) × 10−11 (2.35 ± 0.84) × 10−6 (6.79 ± 1.51) × 10−7

K360 WC:C 0.112 (1.12 ± 0.24) × 10−10 (3.65 ± 0.73) × 10−11 (2.24 ± 0.34) × 10−6 (7.44 ± 1.89) × 10−7

Vancron ta-C 0.067 (1.74 ± 0.67) × 10−11 (3.85 ± 1.14) × 10−12 (3.51 ± 1.33) × 10−7 (7.59 ± 1.34) × 10−8

Vanadis 4 ta-C 0.07 (3.60 ± 2.93) × 10−12 (2.66 ± 0.29) × 10−12 (7.17 ± 5.5) × 10−8 (5.37 ± 0.53) × 10−8

K360 ta-C 0.105 (2.65 ± 0.73) × 10−11 (3.43 ± 1.05) × 10−12 (5.29 ± 1.1) × 10−7 (6.72 ± 0.72) × 10−8

Figures 10 and 11 present a comparative graph of the values related to wear coefficient
calculated by ASTM G99 (orange bars) and confocal measures (blue bars), showing good
repeatability of the tribological tests. A difference of about an order of magnitude between
the two methods is evident in these figures.
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4. Discussion

Once all the tests on the samples coated with different DLCs by HiPIMS with positive
pulses have been carried out, it is possible to highlight some of their aspects. First of all,
Raman spectroscopy showed how the specimens coated with ta-C show a greater number
of sp3 hybrid bonds than those of WC:C. This is consistent with the values obtained in
the nanohardness tests and shows the importance of the sp2/sp3 ratio to determine the
hardness. The nanohardness values obtained coincide with those shown in previous
studies, with higher values of hardness for the ta-C samples than for the WC:C ones.

It should also be noted that by doping the coating with W (WC:C) it is possible
to increase its adhesion properties due to the decrease in the surface energy. This is
demonstrated by the results of Lc2 and Lc3, where the coating of WC:C presents values
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of around 59 and 75 N, respectively, while for the ta-C coating values of about 25 N for
Lc2 and 50 N for Lc3 are reported. In this aspect, k360 steel exhibits a worse performance
than the other two since the first adhesive failure appears at a critical load of 32.9 N, which
is considerably lower than in the others. The efficacy of the novel HiPIMS with positive
pulses technique is also demonstrated, with a clear improvement in the adhesion of the
coatings to the substrates.

The resistance to plastic deformation (H3/E2) showed lower values than those found
in the literature; specifically, values of around 0.15 were obtained for the ta-C coating
and 0.04 for the WC:C coating. However, these values show concordance with those
obtained for wear resistance since the higher the value of H3/E2, the better the resistance
to wear of the coatings. The wear coefficient values show how for ta-C values of the
order of 10−8 mm3/Nm were obtained; on the other hand, for WC:C, values of the order
of 10−7 mm3/Nm were obtained (measured by the confocal microscope). As already
stated, the effect of doping the coating with W (WC:C) is also evident in these results. The
addition of W to the DLC structure allows the reduction of the compressive residual stress,
enhancing adhesion critical load values, but also affects the hardness and wear resistance
of the coatings, showing lower values of hardness and wear resistance. The COF values of
the WC:C coatings are higher than the ta-C ones, and they show higher friction during the
run-in period due to the formation of oxide phases.

Comparing the results obtained for the different substrates, it can be said that powder
metallurgical steels show better properties than the ESR steel. This statement is demon-
strated with the adhesion results (Lc2 for WC:C) and the values obtained for the wear
resistance.

Finally, it should be noted that the slight discrepancies (about an order of magnitude)
showed in the wear rate measurements with both different methods—following the ASTM
G99 standard and the confocal directly—can be associated with the fact that the wear tracks
do not have perfect spherical shapes due to the small wear suffered by the alumina balls
during the pin-on-disc tests. This could lead to the values obtained by confocal measures
being lower but more realistic.

5. Conclusions

In this work, high quality tools steels have been coated with advanced DLC coatings
by using the novel HiPIMS technique with positive pulses. The objective of this work was
to find the best results for the most extreme and demanding applications, and for this type
of application, steels such as those that have been studied are commonly used. With this
technique, tribological properties of great interest were obtained, such as a great resistance
to wear or resistance to plastic deformation, in addition to improving the adhesion of the
coating with the substrate. After analyzing the experimental procedure that was carried
out and the results obtained, some aspects can be highlighted:

• Raman spectroscopy showed that ta-C coatings have a higher number of sp3 bonds,
which is consistent with these coatings being harder than those of WC:C;

• The nanohardness of coatings was around 25 Gpa for the ta-C and around 14 GPa for
the WC:C coating;

• The relationship between resistance to plastic deformation and resistance to wear was
proven, since the higher values of H3/E2 correlated with higher values of resistance
to wear. It should be noted that this is a sign that hardness is not the only parameter
that determines the wear behavior of coatings;

• The coefficient of friction (COF) against alumina was considerably lower than that
of the substrate (0.7) in the case of both coatings in all materials, obtaining values of
around 0.07 for the ta-C coating and 0.1 for the WC:C coating;

• The coatings showed very good adhesion to the substrate. The coatings of WC:C
presented better results than those of ta-C, reaching values greater than 70 N for the
critical load LC3. Vanadis 4 and vancron presented better adhesion than K360, as
shown by the Lc2 values obtained for the WC:C coating;
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• The two coatings improve the wear resistance of the substrate, as demonstrated by the
values obtained for volume loss and wear coefficient, especially for the case of ta-C.
The WC:C coatings showed wear coefficient values one order of magnitude lower than
the substrate (10−7), while in the case of ta-C values, values two orders of magnitude
lower than the substrate were achieved (10−8).

The experimental results show that these DLC coatings obtained by the novel HiPIMS
technique with positive pulses are a great option for implementation at an industrial level
and are capable of competing with other types of coatings with which they could not do so
until now.

If the results obtained for the different substrates are compared, it can be seen that
the adhesion of powder metallurgical steels is greater than the ESR steels, while the first
adhesive failure (Lc2) appears later with the WC:C coating in the case of the these steels
(32.9 N for K360 and near 59 N for the powder metallurgical steels). A better trend in the
results obtained for the wear coefficient for these steels can be observed, as shown in the
comparative graphs. This better behavior could be due to their higher quality, which is
characterized by a better dimensional stability, greater homogeneity of carbides and greater
mechanical properties such as toughness or yield strength. Although further studies are
necessary to determine the cause of this better behavior, these properties could lead into
lower and more homogeneous residual stress in the substrate, resulting in lower strain
on the interface substrate coating, and a greater ability to withstand the loads transmitted
through the coating. A greater chemical compatibility seems to be another factor that affects
the adhesion between the coating and the substrate and the higher content in vanadium
in powder metallurgical steels could increase the yield strength of the steel, which could
explain the better behavior against loads.
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