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Abstract

Poor adhesion is a recurrent problem for the wider use of diamond-like carbon (DLC) coatings in
industrial applications. In this work, we investigate the effectiveness of high-power impulse magnetron
sputtering (HiPIMS) metal ion etching to improve the adhesion of DLC coatings on high speed steel
substrates. The influence of HiPIMS pretreatment parameters, the metal ion selection for the process
and the addition of bonding layers on the adhesion properties were studied. Daimler-Benz and
nanoscracth test methods were used to evaluate the adhesion. The elemental composition, morphology
and microstructure of the samples were evaluated by EELS, SEM, AFM and HRTEM. In general,
samples pretreated with HiPIMS metal ion etching withstand larger critical loads than those
pretreated by conventional Ar* glow discharge and bonding layers. The pretreatment is proven to be
very effective at removing surface contaminants and providing a gradual interface. The selection of Cr
over Ti contributes to a significant improvement on the adhesion due to the reduction of the oxygen
level at the interface thus ensuring an optimal coating-substrate contact and a more compliant

structure, which prevents the delamination failure.



1. Introduction

Diamond-like carbon (DLC) coatings are widely used for tribological applications due to their
outstanding properties, which include high hardness, low friction coefficient and excellent
wear resistance [1-4]. The deposition of DLC coatings on engineering components is a
standard activity in key industrial sectors including automotive [5, 6], micromachining [7],
aeronautic [8] or biomedical [9]. The exceptional DLC tribomechanical properties are
achieved by means of highly energetic deposition techniques such as cathodic arc evaporation
(CAE), pulsed laser deposition (PLD), ion beam deposition, plasma immersion ion
deposition, and magnetron sputtering (MS) [10-12]. As a result, typical DLC coatings are
grown with high levels of compressive residual stresses, which limit the coating thickness,

and usually lead to delamination failure [13, 14].

The lack of adhesion is a recurring problem not only for DLC but also for most of the
coatings deposited using physical vapor deposition (PVD) processes [15]. In addition to high
compressive residual stresses developed with highly energetic PVD techniques, the presence
of contaminants at the substrate-coating interface, such as native substrate oxides, can also
deteriorate adhesion, as it prevents the direct bonding between coating and substrate material.
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.

Traditionally, the substrate pretreatment is performed in an argon glow discharge plasma
whereby contamination is sputtered away by bombardment with Ar’ ions, which are
accelerated towards the substrate with energies in the range of several hundred eV [16]. This
method is easily implemented in industrial processes since argon is often used for subsequent
sputtering deposition. However, there exist some limitations with this pretreatment, such as

the low sputtering yield of carbon-based contaminants with Ar, the implantation of Ar" ions
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into the substrate, which can occupy interstitial sites into the substrate lattice, thus inducing
high elastic strain, and the diffusion and agglomeration of Ar species at the interface, which
can lead to the formation of bubbles and a weaker interface [17, 18]. Improved adhesion
values are achieved when the substrate pre-treatment is carried out with discharges that
contain highly ionized metal fluxes, such as the ones achieved by cathodic arc or high power

impulse magnetron sputtering (HiPIMS) [19].

HiPIMS is an emerging PVD technology characterized by very high power density pulses
(>1000 W/cm?) at the sputtering target, which is typically two orders of magnitude larger than
the average power density [18], with very short selectable pulse durations (50 — 200 ps)
producing higher plasma densities than standard magnetron sputtering (>10" m’). These
features of HiPIMS meet the requirements of applications that are conventionally served by
cathodic arc plasma processing such as substrate etching [20]. The metal ion etching with
HiPIMS pretreatment was first reported by Ehiasarian et al. [21] for the pretreatment of
substrates prior to nitride coatings deposition; the high content of metal ions in the
bombarding flux boosted the etching of the substrate surface and facilitated the formation of a
metal implanted area that promoted a strong bonding between the coating and the substrate.
Different metal ion etching pretreatments with HiPIMS have been reported so far using Cr
[22, 23], Nb [21], Al, Ti, W [24] and WC [25] for enhancing the adhesion of hard coatings
such as CrN, TiAIN, CNy or DLC. The selection of the metal for the etching pretreatment is
usually done considering the chemical affinity of the coating-substrate system [24]. The
chemical bonding strength together with the mechanical influence of the metal acting as a
compliant interlayer reducing shear stresses, have been identified as main factors dictating the

level of adhesion [26].

The aim of this study is to optimize the adhesion of DLC coatings deposited on high-speed
steel (HSS) substrates using a HiPIMS metal ion etching pretreatment. The study focuses on
the potential of HiIPIMS to generate highly energetic Cr and Ti metallic ions that efficiently
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remove oxides from the substrate surface and promote the formation of a gradual coating-
substrate interface. The implantation elemental profiles into the substrate and the
microstructure evolution across the interface were analyzed by Electron Energy-Loss
Spectroscopy (EELS) and High-resolution Transmission Electron Microscopy (HRTEM)
providing an atomic level insight into the interfacial structure and chemistry. Daimler-Benz
and nanoscratch testing were performed to evaluate the adhesion enhancement obtained with

the developed HiPIMS metal ion etching process.

2. Experimental methods
The deposition experiments were carried out in a custom-made batch type coating chamber
designed by Nano4Energy S.L. with a volume of 0.8 m’ equipped with two rectangular
graphite and WC:Co targets with an area of 400 ¢cm” used for the deposition of the DLC and
WC buffer layers respectively. A third 5 cm-diameter circular target was used for the metal

ion pretreatment step with Cr or Ti. A sketch of the experimental setup is shown in Fig.1.

A hip-V 6 kW HiPIMS power supply with a peak power capability of 500 A at -1200 V was
connected to the small circular magnetron to establish the Ti and Cr HIPIMS metal discharge.
A second hip-V 6 kW power supply also able to operate up to -1200 V was used to apply the
negative bias voltage to the substrate. An Enerpulse EN10 DC-Pulsed power supply was used
for the deposition of the DLC and WC coatings. The argon working pressure was set to 0.65
Pa and the vacuum base pressure was kept under 10™* Pa. Fig. 1 shows the substrate placement
inside the chamber, at distances of 10 cm from the small circular magnetron for HiPIMS
metal ion etching pretreatment and 13 cm from the WC and graphite targets during coating

deposition.

Samples were deposited on square (20x20 mm?) mirror polished HSS substrates. The reason
for choosing such small substrates was to ensure sample homogeneity along the whole size.
Prior to any pretreatment, the substrates were cleaned using a sequence of ultrasonic washing

with alkaline detergents, rinsing with de-ionized water, cleaning with isopropanol and air-
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drying.

The parameters used for the different substrate pretreatment as well as for the deposition of
the metal (Ti or Cr) bonding underlayer and DLC coatings are briefly described in the

following:

1. Ar etching: an Ar’ discharge was established at the substrates for 15 minutes, using a
DC-pulsed bias voltage of -500 V and a frequency of 150 kHz.

2. HiPIMS metal ion etching: the substrates that underwent this step were biased to

voltages in the range of -100 to -900 V. The target was operated in HIPIMS mode with
the following parameters: pulsing time of 100 us, repetition frequency of 100 Hz and
pulsing voltages of 600 V (for Ti) and 1100 V (for Cr). The measured peak currents
for Ti and Cr were 85 A and 22 A respectively. The etching time was set to 5 minutes

for Ti and 15 minutes for Cr.

3. Deposition of Cr/Ti bonding underlayer: the magnetron was operated at the same
conditions as in the previous step, but the substrate bias was reduced to -75 V. The
time of this step was adjusted after a series of calibration steps (see more details in

section 3.1.) to obtain a Cr/Ti bonding layer thickness between 5 to 10 nm.

4. Deposition of the WC interlayer: WC was deposited in DC-pulsed mode with a power
density of 1.5 W/cm?, a peak voltage of 1050 V, a frequency rate of 150 kHz and a
pulse width of 2.7 ps. The substrate was biased at -150 V. The thickness of this layer
was approximately 100 nm.

5. Deposition of the DLC coating: DC-pulsed mode was used for DLC coatings

deposition. The power density of the pulses reached values up to 3 W/cm? with a peak
voltage of 1200 V at a repetition frequency of 150 kHz and a pulse width of 2.7 ps. A

substrate voltage bias of -150 V was applied.

Seven samples were grown in order to study the effect of different deposition conditions on
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the measured adhesion. The sample code and the processing steps that each particular sample

underwent are depicted in Table 1.

For plasma characterization, voltage and current waveforms of the pulses applied on the target
were measured using a high voltage differential probe (100:1 attenuation) and a PEM

Rogowski probe sensor connected to a Tektronix TPS 2012 oscilloscope.

The topography of the plasma treated samples as well as the etching profiles were
characterized by tapping mode AFM under ambient conditions using a Dimension Icon
equipment from Bruker with super sharp probes (tip radius about 3 nm) by Bruker (model
TESP-SS). Scanning electron microscopy (SEM) observations were performed using a FEI
Verios 460 Field Emission XHR-SEM. High-resolution transmission electron microscopy and
digital diffraction patterns (DDP) across the interface were obtained with an FEI Talos F200X
TEM. Cross-sectional specimens for TEM analysis were produced by ion milling using a FEI
Helios Nanolab 6001 dual beam FIB-FEGSEM. For chemical distribution analysis, EELS
spectra were recorded with a Gatan Imaging Filter (GIF, QUAMTUM SE model) attached to
a FEI Tecnai field emission gun scanning transmission electron microscope (STEM-FEG),
mod. G2F30a with a high angle annular dark field (HAADF) detector from Fischione. The
EELS spectra were measured in STEM mode using a probe with a size of less than 1 nm with
a spectrometer collection angle of 19 mrad. The Gatan Digital Micrograph software was used

for EELS spectra analysis.

Two methods were used to evaluate the adhesion strength. A first assessment was obtained
following the Rockwell-C indentation test procedure described by the 1SO26443:2008 [27].
An indentation load of 150 kgf is applied to the surface and the crater generated is examined
by optical microscopy. The damage into the coating-substrate system is graded from HF1 to
HF6 using the VDI guideline 3198 [28]. The grading provides qualitative assessment of the
adhesion strength, the adhesion being adequate only for indents classified as HF 1 and HF 2.

Secondly, scratch testing was used to quantitatively evaluate the adhesion strength of the DLC
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coatings. Tests were performed with a Hysitron TI 950 triboindenter using a spheroconical
diamond probe with an end radius of 10 pm. Progressive load nanoscratch tests (up to a
normal force of 400 mN) were carried out while simultaneously recording lateral force and
penetration depth. The nano-scratch test procedure involved three scans: one scratch pass at a
loading rate of 10 mN/s, covering a length of 400 um. A pre- and post-scan were also
performed to evaluate the topography before and after the scratch. The critical load was
determined from the sudden changes in the lateral force and depth data, which was completed
with SEM observation to distinguish the failure modes. Five or more scratch tests separated
by 100 um were performed on each sample until reproducible results were obtained. The
same triboindenter instrument equipped with a diamond Berkovich indenter was used to
measure the DLC coating’s hardness and reduced elastic modulus following the Oliver and
Pharr method [29]. Reported values are an average of twenty indents performed using 2, 7
and 12 mN with loading, holding and unloading times of 5, 2 and 5 seconds respectively. The
DLC coating residual stress was estimated using a substrate curvature method based on the
Stoney equation [30]. Special samples were deposited on circular SS304 stainless steel
substrates with a diameter of 25 mm and a thickness of 200 pum for this purpose. The radius of
curvature of the surface was measured before and after film deposition with a Leica DCM3D

optical profilometer.

3. Results and discussion
The DLC coatings of this study are classified as amorphous carbon (a-C), having a hardness
of 29.4+2.6 GPa and a reduced elastic modulus of 225+17 GPa as measured by

nanoindentation. The thickness of the films was ~ 1 pm, having a compressive residual stress

of = 5 GPa. Further details on DLC coatings properties are described in [31].



3.1. Optimization of the HiPIMS metal ion etching pretreatment
HiPIMS is a deposition technology currently attracting much interest as new industrial
applications emerge. Associated with its development, there is a need to establish correlations
between the process parameters such as peak current, voltages or plasma duty cycles and the
coatings growth mode. By varying the HiPIMS parameters it is possible to move from
conditions of net deposition to metal ion etching, especially when working with highly
ionized plasmas. In this case, the Ti and Cr HiPIMS discharges were operated at the highest
peak current densities allowable in the low Ar pressure range, as it is well known that in
HiPIMS operation mode, the ion-to-neutral ratio of the sputtered species is strongly
dependent upon the peak current [32]. Very high peak current densities (up to 5 A/cm?) were
achieved for Ti at a target voltage of 600 V (Fig. 2a). The bias current density collected at the
substrate was 150 mA/cm” at a voltage bias of <450 V. As demonstrated in previous works
[33], the occurrence of high peak current densities with the Ti target might be associated with
the presence of multiply charged Ti ions (up to Ti'*) along with enhanced secondary electron
emission. Therefore, only very low bias voltages might be necessary to perform efficient
substrate metal etching. In the case of Cr (Fig. 2b), much lower current densities were
obtained, reaching maximum values of 1 A/cm” at a target voltage of 1050 V with a bias

current density of 30 mA/cm” measured when the substrate was biased at -750 V.

The transition from net deposition to substrate etching was measured for both Ti and Cr, as
shown in Fig. 3. By using a masked stainless steel sample, the net deposition or substrate
etching was evaluated as a function of substrate voltage. In the case of Ti, the substrate bias
voltage threshold for ion etching is considerably lower (<400 V) than for Cr, where voltages
over -750 V are required in order to reach etching conditions. This is largely due to the higher
Ti ions charge state and ion-to-neutral ratio. It is well known that the kinetic energy of the

ions generated during a plasma discharge and accelerated towards a negatively-biased



substrate is given by the charge states and the substrate voltage. As shown in the extended
zone diagram [34], when the substrate bias voltage is increased, the sputtering yield in the
substrate is enhanced and thus, the net deposition rate is reduced until effective ion etching is
achieved. It is also worth mentioning that the high voltages and currents flowing to the
substrate can cause undesirable arcing problems that can interrupt the normal operation of the
power supplies. Therefore, proper arc management in both HiPIMS power supplies is
required to achieve efficient metal etching results. In our case, this problem was solved by
shutting down the voltage bias during an arc event in the magnetron to prevent etching
inhomogeneities, and in the opposite case (during a substrate bias arc event) by extinguishing
the plasma at the magnetron. Both power supplies were synchronized, particularly to prevent
net deposition of metal during bias arc occurrence. Peak current control was carried out for
arc detection in both the magnetron and substrate bias power supplies. Current limit values of

35 A for Cr, 100 A for Ti and 15 A for substrate bias were used.

The morphology and microstructure of the samples was characterized by TEM. Bright field
cross-sectional TEM images shown in Fig. 4 demonstrate relevant differences when the
HiPIMS pretreatment is applied in comparison to when it is not. Furthermore, significant
changes are also observed when pretreatment is applied depending on the substrate bias
voltage. The interface of DLC/WC sample without HiPIMS metal etching is shown in Fig. 4a.
A low-density area is observed between the steel and the coating (marked by an arrow), which
reveals the presence of impurities that have not been removed by Ar' etching only. The
presence of these impurities leads to a poor contact between the coating and the substrate
generating a weak adhesion spot. When increasing substrate voltage bias up to -600 V for Cr-
HiPIMS pretreatment, the low-density area disappears and an amorphous layer with a
thickness of 5 to 10 nm is observed on top of the substrate surface (Fig. 4b). The observation

of similar amorphous layers when cleaning a substrate material with HiPIMS metal ions has
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been previously reported [20]. It is worth noting that the extent of the amorphous layer
coincides with the low-density area of impurities observed when no pretreatment is applied
(Fig. 4a). TEM-EDX analysis reveals that oxygen and argon are still present within this
amorphous layer but seem to be present at a much lower level. Over the Cr amorphous layer,
a polycrystalline Cr layer is observed. The origin of the recrystallized Cr layer is still not
clear. It may be due to a temperature enhancement at the layer surface related to the high ion

bombardment flux, but more work needs to be done to clarify this issue.

Fig. 4c shows the morphology of a sample subjected to an Ar glow discharge plus a Cr-
HiPIMS ion etching pretreatment at a bias voltage of -750 V (DLC/WC/Cryip). Under these
process conditions, the kinetic energy of Cr ions is sufficiently high to promote effective
etching over net deposition. This situation leads to a clean interface with good coating-
substrate contact. Fig. 4d shows the case when the etching rate is too high (almost -200 nm/h),
as in the sample subjected to a Ti-HiPIMS ion etching at a voltage bias of -600 V. Titanium
ions reach the substrate with a high kinetic energy that leads to a significant sputter removal
of the steel substrate. The high arrival energy together with the high current flux obtained
during the discharge produce a rough surface (rms roughness=17.4 nm). This situation is
highly undesirable from the adhesion point of view as previously reported in Ref [35].
3.2. Adhesion tests

Fig. 5 shows typical results from the Daimler-Benz test for all the samples studied. In order to
discuss the results we have divided the samples into two groups: (i) samples where HiPIMS
pretreatment was not applied and (ii) samples that underwent an Ar glow discharge plus an
additional HiPIMS metal-ion pretreatment. Regarding the first group (columns 1 and 2 of Fig.
5) we observe that the sample without any bonding layer (DLC/WC) exhibits an adhesion
strength of HF6, which is inadmissible for industrial purposes. The addition of a Ti- or Cr-

bonding underlayer improves the adhesion, avoiding spallation around the indent. However,
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the strength quality of these samples depends on the metal selected for the bonding
underlayer, being HF5 for the sample with Ti and HF1 for the sample with Cr. This difference
in the strength quality is related to the extent of crack propagation, which is much larger in the

sample containing Ti than in the one containing Cr.

By comparing the results obtained for both groups (see Fig. 5), it is clear that the addition of
HiPIMS metal ion etching as a pretreatment step significantly contributes to enhance the
adhesion. All the samples belonging to the second group show satisfactory adhesion, with a
slight improvement in the Cr-HiPIMS pretreatment sample (HF1) over Ti-HiPIMS
pretreatment sample (HF2). Moreover, adhesion is optimum (HF1) for both Cr and Ti, when

the HiPIMS pretreatment is combined with a bonding underlayer.

Adhesion critical load values obtained from the scratch tests are consistent with the Daimler-
Benz results, but provide more quantitative results. For coatings without any bonding
underlayer and no HiPIMS pretreatment, the critical load values obtained are the lowest (80
mN). When a Ti underlayer was used, the adhesion strength is clearly improved, with critical
load values reaching 150 mN. The same trend is observed when a Cr bonding layer was used,
raising the critical load values from 80 to 240 mN. In order to decouple the effect of the
HiPIMS pretreatment from the bonding underlayer, it is instructive to analyze the outcome of
the scratch tests on the samples where the Cr- or Ti- HiPIMS ion etching pretreatments were
employed without any bonding underlayers. For the titanium case, DLC/WC/Tig;p reaches a
critical load of 194 mN whereas for chromium, DLC/WC/Cryip, the value goes up to 310 mN.
Therefore, the results show that the degree of adhesion improvement is larger when using
only HiPIMS pretreatment than with the use of bonding layers only. Finally, the combination
of both steps (HiPIMS ion etching pretreatment followed by a metallic bonding underlayer)
produces the largest improvement in adhesion. These samples exhibit critical loads that reach
210 mN in the case of Ti and 380 mN in the case of Cr. This is reasonable, as both approaches

can be considered complementary. On the one hand, the HiPIMS pretreatment efficiently
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cleans the steel surface and provides an optimal coating-substrate contact ensuring the
removal of amorphous layers that are usually developed under net deposition conditions, as
shown in Fig. 4c. On the other hand, the addition of bonding layers enables the distribution of
loads on larger interlayer areas relaxing stresses and reducing deformation [36, 37, 38].
Nevertheless, it is worth noting that the major difference in terms of adhesion is related to the
metal that was selected for HiPIMS pretreatment. Critical load values are doubled when Cr
ions are used instead of Ti ions. The adhesion strength difference is also reflected in the

observation of different delamination modes.

Figs. 6a and 6b show optical micrographs and SEM images of the scratches as well as plots of
normal force, lateral force and penetration displacement for the DLC/WC/Ti/Tigpp and
DLC/WC/Crt/Cryip respectively. When Ti pretreatment was used a brittle delamination mode
is observed (Fig. 6a) with increased hemispherical (“kidney-shaped”) coating chipping
failures extending over the side of the scratch track. The cracks formed along the track
propagate a considerable distance before stopping in the form of a compressive spallation.
Many of these cracks nucleate at large interfacial flaws such as polishing defects present in
the substrate (Fig 6a). On the contrary, the delamination mode with Cr is ductile, as observed
in Fig. 6b. A detailed view of the SEM image reveals a tensile buckling failure mode behind
the indenter and sideward pile-up in the direction of the moving indenter The pile-up of the
material ahead and to the sides of the stylus causes the bending of the coating and controls the
buckle failure mode [39], which places the coating surface in tension. The well-adherent and
tough Cr underlayer forms strong bonds with the steel substrate and produces a more
compliant coating-substrate system, which prevents the catastrophic adhesive failure. On the
other hand, titanium undergoes a brittle failure because the compliance of the underlayer is
not effective at minimizing shear stresses at the coating-substrate interface. These big
differences in performance between Ti and Cr can be better understood in the light of the

chemical and microstructural characterization of the interfaces, as shown below.
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3.3. Elemental distribution, morphology and microstructure of coatings
exhibiting enhanced adhesion
The elemental distribution, the morphology, and the microstructure of the DLC/WC/Ti/Tiyip
and DLC/WC/Cr/Cryip samples were investigated as a function of the distance from the
substrate/coating in order to further elucidate the role of the selected metals for HiPIMS

metal-ion pretreatments on the adhesion improvement.

Fig. 7a shows the elemental distribution of the DLC/WC/Ti/Tigip sample as a function of the
distance from the WC layer to the steel substrate characterized by EELS. The profile shows a
region containing Ti of ~6 nm of thickness underneath the WC layer followed by a region of
~6 nm where Ti is implanted into the steel substrate (shaded area in Fig. 7a). These data are
further corroborated by HRTEM image, see Fig. 7b. In this figure, we observe a layer with
lower contrast corresponding to a Ti rich region. Ti ions have a high bonding affinity and are
incorporated at lattice sites inside the steel substrate. It is worth mentioning that the oxygen
signal showed in Fig. 7a follows the same trend than titanium, which is indicative of the
formation of oxides due to the gettering effect of titanium [40, 41]. Gettering effect involves
the formation of brittle oxide phases when the metal is saturated with gas [42]. The
embrittlement of the titanium underlayer, due to the oxygen uptake, might not provide enough
compliance to the structure and would lead to fracture, as observed in the scratch micrographs
(Fig. 6a). The gettering of oxygen can take place from native oxide films present in the
surface or by the diffusion of oxygen during the titanium deposition. The ratio Ti/O remains
constant along the interface which points out to the dynamic diffusion of the oxygen during
coating deposition as the main gettering factor. On that assumption, the amount of oxygen
incorporated into the titanium layer is linked to the residual oxygen present within the
chamber. Thus a careful control of vacuum base pressure is necessary to improve coating

adhesion.
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The elemental distribution of the DLC/WC/Ct/Cryip is depicted in Fig. 7c. The Cr signal
covers a wide range of =15 nm in depth. The first 8 nm correspond to the deposited Cr and the
following =7 nm corresponds to Cr implanted in the substrate. The slight increase in the range
of implantation for Cr ions is related with the higher voltage bias used for effective etching (-
750) V in comparison with that used for Ti (-450 V), which provides a higher energy of Cr
ions. In contrast to the titanium case, the oxygen signal is negligible along the interface. As
surface contamination species are kept at a very low level, metallic bonding is further

promoted, which largely explains the adhesion enhancement of the Cr-ion etched samples.

In both cases a clean and dense interface is generated as a result of the intense bombardment
and highly energetic incoming flux of metal ions with no visible bubbles, voids or droplets
and a wide substrate-modified area (Figs. 7b and 7d) giving rise to a more gradual DLC-steel

substrate interface.

A more detailed analysis of the microstructure along different regions of the substrate-coating
interface was performed by HREM and DDP. For each region, the sample was tilted to the
zone axis of one of the substrate grains. For DLC/WC/T1/Tigip, the HREM image of the
interface in Fig. 8a shows a fully dense nanocrystalline Ti layer. The DDP in region 2
corresponds to the [111] zone axis of the underlying fcc steel grain, with a lattice parameter of
are(y= 3.59 A. The DDP in region 1 from the Ti underlayer suggests a heteroepitaxial growth
of the Ti layer on the steel substrate, as evidenced by the coincident DDP’s from the two
regions. The fact that the Ti undertakes a substantial amount of oxygen, according to the
EELS analysis, introduces an uncertainty on the determination of the crystal structure of this
Ti underlayer. However, the nanocrystalline nature of the Ti layer is indicative of a moderate
concentration of oxygen, as higher contents have been associated with the amorphization of

titanium [41, 43]. Moreover, the heteroepitaxial growth indicates an intimate bonding with the
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underlaying substrate.

For DLC/WC/Crt/Cryip specimens, the crystalline structure across the interface is shown in
Fig. 8b. The Cr underlayer shows its equilibrium bcc crystal structure, with a lattice parameter
of ac=2.93 (A). The steel grain in this area was oriented in a [1 -1 -2] zone axis and the Cr
grains in a [111] zone axis, but alignment of the diffraction patterns also suggests a
heteroepitaxial relationship between them, with the {110} lattice planes of bcc Cr growing
parallel to the {111} lattice planes of the fcc steel. A gradual transition from the fcc structure
of the steel substrate to the bce structure of the Cr underlayer was found as the Cr content
increased across the interface, which reflects an intimate bonding between the substrate and

the Cr layer.

Therefore, the HREM results show that the HiPIMS pretreatment alters considerably the
interface structure, due to the highly energetic ion bombardment. For the case of Ti-ion
etching pretreatment, a wide region of steel substrate is modified by the implantation of Ti
ions and the Ti underlayers seems to grow heteroepitaxially, indicating a clean and free of
contaminants interface. However, the Ti underlayer suffers a significant oxygen uptake,
presumably from residual oxygen present within the chamber due to the getter effect of Ti.
The steel region modified by Cr implantation is even wider, presumably due to the larger
substrate bias during the Cr ion pretreatment. There is also evidence of some preferred
orientation relationship of the Cr underlayer with the underlying steel substrate, again
suggesting a clean and free of contaminants interface. Even thought the development of an
intimate bonding between the metallic underlayer and the substrate as a result of the HIPIMS
pretreatment could suggest a very good adhesion strength [21] in both cases, the resulting
DLC coating adhesion was much better for chromium than for titanium. The highly effective

removal of oxides with Cr HiPIMS pretreatment appears to be a major factor for improving

16



adhesion because it promotes the formation of a metallic bonding layer with good adhesion
that fails in a ductile mode. On the contrary, even though the Ti seems to be as effective on
removing surface contaminants, oxygen uptake due to the getter effect of Ti during deposition
results on a oxygen-rich Ti bonding layer, that can compromise the compliance of the
interface. This assumption has been previously proposed when using titanium bonding layers

[39] and agrees with the brittle deformation mode observed in the scratch tests.

4. Conclusions
The efficiency of Ti- and Cr- HiPIMS metal ion etching pretreatment as a tool for optimizing
the DLC coating adhesion on steel substrates has been demonstrated. The HiPIMS
pretreatment was carried out with Ti and Cr ions under different process conditions, which
were successfully optimized to obtain fully dense substrate-coating interfaces without
contaminants. All samples whose substrates underwent a HiPIMS metal ion etching
pretreatment exhibited superior critical load values for coating failure in scratch testing
compared with pretreatments performed with just argon glow discharges or intercalation of

bonding layers.

The major reasons for the remarkable adhesion enhancement achieved by the HiPIMS
pretreatment process are the effective removal of contamination and impurities such as native
oxides and the ability to generate a gradual interface with metal ions. The adhesion of DLC
coatings to the substrate is further improved when Cr is selected as the metal for pretreatment
over Ti. This is due to the higher capability of Cr to remove oxides from the interface which
facilitates the metal bonding with the steel substrate. Moreover, a more compliant interface
was obtained when Cr-HiPIMS pretreatment was used, which improves the stress distribution
and reduces the coating deformation under load. The exceptionally high critical load values

presented here are of great interest for the industrial-scale deposition of DLC hard coatings.
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Table 1. Schematic representation of the steps performed for the deposition of the studied

List of tables

samples
Tables
Sample code Ar etching | Tietching | Tilayer @ Cretching | Crlayer | WC layer | DLC coating

DLC/WC X X X
DLC/WC/Tiggp X X X X
DLC/WC/Ti X X X X
DLC/WC/Ti/Tiggp X X X X X
DLC/WC/Crurp X X X X
DLC/WC/Cr X X X X
DLC/WC/Cr/Crurp X X X X X

Table 1
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List of Fig. captions

Fig. 1. Schematic configuration of the sputtering chamber.

Fig. 2. a) Current (top) and voltage (bottom) waveform for a Ti plasma discharge during the
HiPIMS metal ion etching pretreatment. b) Current (top) and voltage (bottom) waveform for a

Cr plasma discharge during the HiIPIMS metal ion etching pretreatment.

Fig. 3. Deposition and etching rates evaluated for Cr and Ti HiPIMS pretreatment under
different applied substrate bias voltages. A transition from net deposition to etching is
observed in both cases. Conditions b, ¢ and d were analyzed with cross-sectional TEM

micrographs in Fig.2.

Fig. 4. Cross-sectional TEM images showing different coating-substrate interfaces: a)
Observation of a low-density interface area for the DLC/WC sample without HiPIMS metal
etching, between WC coating and HSS substrate. b) Amorphous transition layer for a Cr-
HiPIMS pretreatment with -600 V substrate bias voltage under net deposition conditions. c)
Clean interface with optimal coating-substrate contact observed for a sample whose substrate
was pretreated with Cr-HiPIMS and biased at -750 V. d) Top-view SEM image showing the
roughness induced on steel substrate surface for a sample whose substrate was pretreated with

Ti-HiPIMS and biased at -600V.

Fig. 5. Optical micrographs of the Rockwell indents for the different specimens of the study.

The adhesion strength HF as well as the critical load values are shown in each case.

Fig. 6. Nanoscratch test results for DLC/WC/Ti/Tigip and DLC/WC/Cr/Cryip .samples
Evolution of the normal force (blue), lateral force (red) and depth displacement (green) with
the lateral displacement. Optical micrographs of the scratch tracks and SEM images of the

failure mode for titanium (left) and chromium (right).

Fig. 7. Line-scans EELS elemental distribution analysis of the (a) Ti-HiPIMS and (c) Cr-
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HiPIMS pretreated interfaces and cross-sectional HRTEM images of the (b) DLC/WC/Ti/Ti-

implanted/HSS steel and (d) DLC/WC/Cr/Cr-implanted/HSS steel interfaces.

Fig. 8. a) Cross-sectional HRTEM images of HSS steel substrate and the subsequent titanium
underlayer (bright contrast) (left). Digital diffraction patterns (DDP’s) obtained from HSS
steel substrate region (bottom-right) and for the Ti underlayer region (top-right) b) Cross-
sectional HRTEM images of HSS steel substrate and the subsequent chromium underlayer
region (bright contrast) (left). DDP’s obtained from HSS steel substrate (bottom-right) and for

the Cr layer region (top-right).
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Adhesion enhancement of DLC hard coatings by HiPIMS metal ion etching

pretreatment
Highlights:

HiPIMS pretreatment method for enhanced DLC adhesion on steel substrates is

proposed.

HiPIMS metal ion etching process parameters are optimized for Cr and Ti.

Improved adhesion relates to substrate oxides removal and a gradual interface.

Superior DLC adhesion with Cr due to lower O gettering and more compliant

interface.
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