
Surface & Coatings Technology 475 (2023) 130128

Available online 23 October 2023
0257-8972/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Full Length Article 

Diamond-Like Carbon (DLC) and AlCrN films onto Ti-6Al-4V substrates by 
Laser-Powder Bed Fusion (L-PBF): Effect of substrate heat treatment and 
surface finish 

Emanuele Ghio a, Giovanni Bolelli b,c,d,*, Alessandro Bertè e, Emanuela Cerri a 
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A B S T R A C T   

This paper focuses on the performance of thin-film coatings onto additively manufactured Ti-6Al-4V. Specif
ically, because metal parts obtained by laser-powder bed fusion (L-PBF) often require post-process heat treat
ments and surface finishing to meet end-user specifications, we studied how the resulting changes to mechanical 
strength and surface roughness affect the performance of films deposited by physical or plasma-enhanced 
chemical vapor deposition (PVD, PE-CVD). L-PBF Ti-6Al-4V substrates were heat-treated either below or 
above the β-transus and finished by grinding with different grit sizes, and then were coated with PVD AlCrN or a 
PE-CVD DLC-based film. 

Scratch adhesion on harder surfaces treated below the β-transus was higher with both coating types, whilst the 
substrate finishing had a negligible effect. Conversely, in ball-on-disc sliding wear tests, substrate roughness had 
a dominant effect: rough surfaces always resulted in earlier cracking and delamination of the coatings. Substrate 
hardness had a minor effect only with the AlCrN film. Moreover, the DLC-based films, because of the low-friction 
conditions they establish through a graphitized tribofilm as well as their higher H/E ratio, survived severe 
contact conditions better than the stiffer AlCrN. The results were interpreted in the light of the plasticity indices 
of the coated systems and their tribochemical interactions.   

1. Introduction 

Additive manufacturing technologies are becoming increasingly 
widespread and have disparate applications e.g. in the aerospace and 
automotive industries; in the production of medical parts (scaffolds, 
prosthetic implants, etc.); for moulds, cores and inserts for the metal 
casting industry; as well as for the production of various consumer goods 
[1]. 

Titanium and its alloys, including the well-known Ti-6Al-4V 
composition, are among the materials most frequently studied and 
employed for many of those applications [2,3], due to their excellent 
strength-to-weight ratio, corrosion resistance, biocompatibility, etc. [4]. 

Their microstructure can be extensively tweaked through suitable 

heat-treatments, yielding a variety of grain sizes and morphologies, and 
a correspondingly wide range of achievable mechanical properties. For 
instance, quenching of a Ti-6Al-4V alloy after a solution treatment above 
the β-transus induces the formation of a metastable martensitic phase 
(α’) by diffusionless transformation, resulting in high mechanical 
strength but also low toughness. Subsequent ageing gradually converts 
α’-martensite into an equilibrium α + β microstructure, which coarsens 
progressively as the treatment time and/or temperature increase, with a 
corresponding decrease of the yield and ultimate strength but a simul
taneous increase of the elongation at fracture [5–7]. 

Additively manufactured Ti-6Al-4V alloys, and in particular those 
obtained by the laser-powder bed fusion (L-PBF) process, also known as 
selective laser melting (SLM), possess peculiar microstructures. As a 
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powder layer with a thickness of few tens of micrometres is melted and 
consolidated by a fast-moving laser, columnar β-grains grow epitaxially 
from the underlying layer, extending along the build direction [8–10], 
and develop acicular α’-martensite because the melt pool cools down 
very rapidly as it loses heat to the underlying solid [8,10], effectively 
inducing a quenching effect. 

Thus, as-built L-PBF Ti-6Al-4V [2] is in a condition similar, though 
not identical, to a solution-annealed and quenched part [5]. It possesses 
high mechanical strength but insufficient elongation at fracture for most 
applications [11]. For this reason, L-PBF Ti-6Al-4V almost always needs 
a heat treatment to meet most specifications on mechanical properties 
[2,8]. 

The peculiar as-built microstructure of L-PBF Ti-6Al-4V enables 
innovative heat treatment procedures, departing from “standard” heat- 
treatments known for conventionally manufactured parts. Specifically, 
an L-PBF part can be directly aged below the β-transus to convert the as- 
built martensitic microstructure into a fine, acicular α-phase with 
correspondingly fine-grained β-phase along its boundaries. The material 
retains high mechanical strength though acquiring an acceptable elon
gation to fracture, and it also keeps the original, columnar morphology 
of the prior β-grains. On the other hand, when greater ductility is 
required, a heat-treatment above the β-transus re-crystallizes the mate
rial completely, erasing the memory of the columnar prior β-grains, and 
then, depending on the cooling rate, leads to a more or less coarse- 
grained α + β microstructure [11–13]. 

Modifying the mechanical strength of a component not only has 
obvious relevance for its performance under structural (static or cyclic) 
loads, but it also affects the mechanical support that the component 
offers to a coating [14,15]. 

This latter aspect is relevant because, in spite of their good me
chanical strength, titanium and its alloys, including Ti-6Al-4V, have 
limited wear resistance [16]. There are multiple reasons for this 
behaviour [17]. Films formed by tribo-oxidation tend not to be partic
ularly compact and protective, especially at low sliding speeds, and Ti 
alloys also have limited ability to work-harden [17–19]. In fact, defor
mation under sliding contact conditions tends to proceed inhomoge
neously by adiabatic shear banding, which eventually leads to sub- 
surface cracking and results in rather severe adhesion/delamination 
wear [18–20]. 

Thus, it is often necessary to protect Ti alloy parts by coatings or 
surface treatments in any application involving tribological contacts 
[16,21]. Among the many available options (plating, diffusion treat
ments, conversion treatments, anodizing or plasma electrolytic oxida
tion, etc.) [21], Physical and/or Plasma-Enhanced Chemical Vapor 
Deposition (PVD, PE-CVD) techniques are of particular interest. The 
hard layers deposited by PVD and/or PE-CVD provide excellent wear 
protection and, especially with Diamond-Like Carbon (DLC) films, 
reduce friction in the tribological coupling with most engineering 
counterparts [22]. Moreover, the low thickness (usually no more than 
few micrometres) of these coatings is compatible with the dimensional 
requirements of the precision parts that are often manufactured by L- 
PBF. 

Films with a micrometre-scale thickness are “thin” from a mechan
ical point of view, because contact stress distributions under engineering 
conditions extend below the coating and affect the substrate as well. 
Therefore, as mentioned above, the load-carrying ability of the substrate 
plays a significant role on the integrity of the whole system [15,23]. A 
substrate whose hardness and/or elastic modulus are much lower than 
those of a thin-film coating induces contact stress concentrations in the 
film and along the film/substrate interface, which can cause the film to 
crack and spall off. Thus, although the heat-treatment condition of a L- 
PBF Ti-6Al-4V part is often dictated by the balance between strength and 
ductility needed for structural load-carrying requirements, it is impor
tant to determine how it affects the performance of thin-film coatings as 
well. 

However, little information is available on whether and how diverse 

types of conventional and non-conventional heat treatments affect the 
performance of L-PBF Ti-alloy parts with PVD and/or PE-CVD coatings. 
In fact, even though some works showed that the deposition of thin-film 
coatings onto additively manufactured substrates is possible and yields 
fully satisfactory results, comparable to the performances that those 
films have on conventionally manufactured parts [24–32], only very few 
papers examined how the heat treatment condition of an additively 
manufactured part affects the performance of the coated system. Li et al. 
[33] showed that an as-built L-PBF Ti-6Al-4V substrate with martensitic 
(α’) microstructure provided better mechanical support to a PVD TiN 
coating than did a machined part with α + β microstructure, though the 
heat-treatment condition of the latter was not disclosed in the paper. 
This result, however, might be of limited practical relevance due to the 
above-mentioned brittleness of an as-built, martensitic part. 

Additionally, another important feature of additive manufacturing 
processes with respect to the deposition of thin-film coatings is their 
surface roughness. Additive manufacturing, including L-PBF, produces 
rough surfaces, with features such as interlayer steps, unmelted parti
cles, “balling” effects, shrinkage cavities, etc. [34–37], so that Ra values 
around or above 10 μm are common. 

This roughness is incompatible with a thin-film coating, because 
contact stress concentrations caused by the asperities of a rough un
derlying surface can result in premature cracking and detachment of a 
thin film [38]. There is a wide range of options available for surface 
finishing of additively manufactured parts [39,40], producing different 
surface textures on the processed part. However, there are few studies on 
how the surface finishing of additively manufactured (in particular, L- 
PBF) parts affects the performance of a thin-film coating. Some of the 
present authors studied the performance of DLC-based films deposited 
onto L-PBF AlSi10Mg alloys with different surface finishes achieved by 
mechanical processes (grinding, polishing, or shot-peening) [41]. The 
sliding wear rate of the coating against a sintered Al2O3 ball varied non- 
monotonically with the substrate roughness. Wear loss was minimum at 
Sq ∼ 0.5–1.5 μm and increased at both lower and higher roughness 
values [41]. Interestingly, Vella et al. reported a good sliding wear 
response of a nitride-based PVD coating on a shot-peened L-PBF surface 
with Sa ∼ 1.5 μm, which is not too far from the range mentioned above 
[42]. Tillmann et al. reported that the open porosity on the polished 
surface of 316 L substrates obtained by binder jetting and sintering did 
not have much of a detrimental effect on the adhesion of a DLC-based 
coating [28], but, on the other hand, they also found that DLC-based 
coatings adhered a bit worse to a polished L-PBF 36NiCrMo16 sub
strate with Ra ≈ 0.008 μm than to an identically finished, wrought part 
with Ra ≈ 0.003 μm [43]. 

Thus, the issues of both the heat-treatment and surface finishing 
effects remain open and are worthy of further investigation. To this end, 
in this work we chose L-PBF Ti-6Al-4V parts subjected to two different 
heat-treatment procedures, respectively below and above the β-transus. 
The microstructure and mechanical properties (yield and ultimate ten
sile strength, elongation at fracture, hardness) of these materials had 
been thoroughly investigated in our previous work [44]. The parts were 
subjected to two different finishing procedures: manual grinding with 
SiC-based sandpaper, which resulted in a rougher surface, or grinding 
followed by chemical-mechanical polishing, yielding a smoother finish. 
Finally, substrates with each of the four heat treatment/finishing com
binations were coated with either a PE-CVD DLC-based film or a PVD 
AlCrN film. The former is frequently employed to combine hardness and 
wear resistance with low friction [22], whilst the latter is a typical 
example of a very hard and stiff nitride-based film used primarily for 
wear protection [45–48], including on Ti-6Al-4V substrates [47]. The 
adhesion strength and sliding wear behaviour of all systems were ana
lysed, and comparisons were also made to literature data for conven
tionally machined Ti-6Al-4V parts with analogous coating types tested 
under comparable conditions. 
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2. Experimental 

2.1. Preparation of the substrates 

Samples were manufactured by Laser-Powder Bed Fusion (L-PBF) 
using a Ti-6Al-4V Extra-Low Interstitials (ELI) feedstock powder, here
after briefly designated as “Ti64”. Specifically, we manufactured Ti64 
bars which were horizontally laser-power bed fused with respect to the 
build platform (0◦

XY direction in [44]) under processing conditions 
previously described in [44]. 

Bars were then removed from the platform after a heat treatment. 
Indeed, as explained in the Introduction, L-PBF Ti64 in the as- 
manufactured condition would be too brittle for any practical applica
tion and would probably crack even during separation from the build 
platform. In our previous works, we investigated the effects of heat- 
treatments at temperatures both below and above the β-transus 
[44,49]. Thus, in order to assess whether the different mechanical 
properties caused by these two types of treatments also have an effect on 
the performance of thin-film coatings, two heat treatment conditions 
were chosen: 740 ◦C for 130 min (i.e. below the β-transus) and 1050 ◦C 
for 60 min (above the β-transus). Full experimental details on the heat 
treatment conditions, as well as a complete characterization of the heat- 
treated Ti64 bars, which were used as substrates for the thin-film coat
ings in the present manuscript, were provided in our previous work [44]. 

Briefly, the 740 ◦C/130 min sample retained the columnar prior 
β-grains extending along the build direction. Within the prior β-grains, 
the heat treatment promoted the α’ → α + β transformation but the 
α-phase retained the same morphology and crystallographic orientation 
of the progenitor α’-martensite, with fine laths of sub-micrometre width 
[49]. Sub-micrometric β-phase was precipitated along the α-lath grain 
boundaries due to the diffusion of the β-stabilizing alloying elements (V, 
Fe) contained in the α’-martensite. At the solubilization temperature of 
1050 ◦C (i.e., above the β-transus), by contrast, the columnar β-grains 
recrystallized into equiaxed ones, while the subsequent cooling process 
in argon resulted in a microstructure formed by coarser α + β colonies, 
arranged in a Widmanstätten structure, as well as a globular-shaped 
α-phase [44]. 

The mechanical properties of these samples, again from [44], are 
summarized in Table 1. Consistent with the microstructural differences 
recalled above, the treatment at the higher temperature resulted in 
slightly lower hardness and mechanical strength but slightly better 
elongation to fracture [44], compared to the treatment below the 
β-transus. 

The heat-treated bars, after separation from the platform, were cut in 
several plates having a base and height of 12.3 × 15 mm2 and 5 mm, 
respectively. Because many different surface finishing processes can be 
applied, which result in different surface textures, in this work we chose 
to study two different finishes of the Ti64 substrates, obtained by 
grinding with SiC papers of different grit sizes. 

The roughness of the substrates was characterized by a non-contact 
3D profilometer (Taylor Hobson, Leicester, United Kingdom) equipped 
with the Mountains® platform software through which the main 
roughness parameters, summarized in Table 2, were obtained. The 
“smooth” substrate has notably lower roughness amplitude (Sa, Sq, Sz) 
and a more markedly negative skewness (Ssk), since finer grinding 
smoothed out the roughness peaks left by coarser abrasives, but it did 
not remove some of the deepest dales. Smoothing also reduced the 
arithmetic mean peak curvature (Spc), i.e. the peaks have a larger cur
vature radius. For each condition, roughness parameters were evaluated 
on a substrate area of 9.20 mm2, which was composed by four images of 
2.30 mm2 arranged in a 2 × 2 matrix. 

2.2. Deposition of the coatings 

Two types of coatings were deposited on all types of substrates: a 
Diamond-Like Carbon (DLC)-based coating and an AlCrN coating. De
positions were carried out at an industrial facility in order to obtain 
samples that are fully representative of the state of the art. 

The DLC-based coating was deposited using a combined PVD + PE- 
CVD system (Hauzer HTC-1200) comprising 4 magnetron sputtering 
(MS – UBM) sources with 2 × Cr + 2 × WC targets and a pulsed bias 
power supply (60 kHz) for PE-CVD plasma generation. 

The deposition chamber was evacuated to a base pressure of 10− 5 

mbar range and heated to 180 ◦C. Substrate cleaning was performed by 
Argon plasma etching, followed by sequential deposition of a metallic 
Chromium adhesion layer (2 × Cr, 5 kW, only Argon) and a subsequent 
support layer made by a W-C:H structure (2 × WC, 8 kW, Argon +
Acetylene). The top functional layer is done by pure Acetylene plasma, 
using pulsed biasing to generate radicals for film formation. 

The AlCrN coating was deposited using a High-Power Impulse 
Magnetron Sputtering (HiPIMS) system (CemeCon CC800 HiPIMS) 
comprising 4 HiPIMS sources each equipped with an AlCr 70/30 target. 

The deposition chamber was evacuated to a base pressure in the low- 
10− 5 mbar range and heated to 470 ◦C. Substrate cleaning was per
formed by MF Argon etching, followed by deposition of an AlCrN 
monolayer (4 × AlCr, 8 kW, Ar + N2). 

In this case, one additional sample was also deposited onto a silicon 
wafer to observe the fractured section of the AlCrN coating after manual 
breaking of the coated sample. 

2.3. Samples characterization 

The top surfaces and cross-sections of the coatings were observed by 
scanning electron microscopy (SEM: Nova NanoSEM 450, FEI – Thermo 
Fisher Scientific, Eindhoven, NL) equipped with an energy-dispersive X- 
ray (EDX) detector (Quantax-200, Bruker Nano GmbH, Berlin, Ger
many). Top surfaces were observed “as-is” after ultrasonic cleaning in 
acetone to remove any contamination. Cross-sections were prepared by 
cutting the coated samples with a SiC-based abrasive disc and were 
mounted in a two-component epoxy resin. The mounted samples were 
subsequently ground with SiC papers (from P400 to P2500) and 
sequentially polished with a polycrystalline diamond slurry (3 μm 
average particle diameter) and a colloidal silica suspension (50 nm 
average particle size). The samples were lightly etched with Keller’s 
reagent to increase the contrast between the coating and the etched 
substrate, and ultrasonically cleaned in ethanol. The cross-sections were 
observed both without any metallization, and after sputter-coating with 
a thin (≈10 nm) layer of gold to improve image stability (especially for 
EDX line-scanning). 

Table 1 
Summary of the mechanical properties of the Ti64 substrates in different heat- 
treatment conditions, from [44].  

Heat treatment 
conditions 

Yield 
strength 
[MPa] 

Ultimate tensile 
strength [MPa] 

Elongation to 
fracture (%) 

HV0.5* 

740 ◦C / 130 
min 

960 ± 10 1025 ± 10 11.05 ± 0.49 370 ±
6 

1050 ◦C / 60 
min 818 ± 7 918 ± 7 12.75 ± 1.01 

341 ±
3  

* Averaged from the data in [44] over all orientations. 

Table 2 
The main roughness parameters for “rough” and “smooth” substrates.   

“Rough” substrates “Smooth” substrates 

Sa [μm] 2.004 ± 0.215 0.179 ± 0.095 
Sq [μm] 2.392 ± 0.305 0.250 ± 0.104 
Sz [μm] 22.10 ± 2.10 7.99 ± 0.64 
Ssk − 0.185 ± 0.004 − 0.200 ± 0.009 
Sku 2.371 ± 0.206 4.254 ± 0.363 
Spc [mm− 1] 520.6 ± 18.5 119.1 ± 7.3  
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Additional cross-sectional observations on the AlCrN film were per
formed on a fractured surface obtained by manually breaking the sample 
deposited onto a silicon wafer. 

Micro-Raman spectra were acquired on the top surfaces of the 
coatings using a LabRam HR spectrometer (Horiba, Palaiseau, France). 
A 532 nm-wavelength laser source with 100 mW power was focused 
through a 100× objective (numerical aperture 0.9) and analysed with a 
600 g/mm diffraction grating. Spectra on DLC-based coatings were ac
quired by filtering the laser power to 25 % of its maximum, operating 
over a 700–2100 cm− 1 spectral range, integrating 10 acquisitions of 20 s 
duration each. Spectra on AlCrN coatings were acquired by filtering the 
laser power to 10 % of its maximum, over a 100–1700 cm− 1 range, 
integrating 3 acquisitions of 80 s duration each. 

Nanoindentation tests (NHT3, Anton Paar – Tritec, Corcelles, CH) 
were performed on the top surfaces of DLC-based and AlCrN films 
deposited onto smooth substrates in both heat-treatment conditions, 
because the rough surface would cause excessive data scatter and too 
many anomalous load-penetration curves as the indenter touches non- 
planar portions of the surface. Tests were carried out using a Berko
vich tip which is periodically calibrated and verified against a fused 
silica reference according to the ISO 14577-2 standard. A maximum load 
of 10 mN, a loading and unloading duration of 30 s, and a holding time 
of 15 s at maximum load were employed. A total of 100 indentations 
were performed on each sample. Data were analysed in accordance with 
the ISO 14577-1 standard, calculating the elastic modulus EIT, the 
indentation hardness HIT, and its conversion to Vickers hardness HV. 

Scratch tests (Micro-Combi Tester, Anton Paar – Tritec) were per
formed on all film/substrate combinations using a Rockwell-type 
conical diamond indenter with a 100 μm-radius tip. Three tracks were 
performed on each surface, with a track length of 6 mm, a speed of 6 
mm/min, and a load range from 0.02 N to 30 N. Critical loads were 
identified by optical microscopy using a 20× objective, following the 
classification given in the ISO 20502 standard. 

Rockwell VDI tests were performed as prescribed by the VDI 3198 
standard [50], using a conical diamond indenter and a load of 150 kg, to 
evaluate the coating-substrate system adhesion. The measurements were 
performed at room temperature by using ZHR Rockwell hardness testers 
(Zwick/Roell, Ulm, Germany). Crack formation and delamination of 
both the DLC-based and AlCrN coatings were first evaluated by 
comparing the imprints observed using an inverted-light optical mi
croscope (OM: Leica DMi8 Leica, Wetzlar, Germany) and the failure 
chart in Fig. 1. Secondly, the number of cracks formed along the imprint 
border and the percentage of the detached area were evaluated and then 
correlated to each other. In the former case, the number of cracks was 
calculated per unit length [mm], since the diameter of the Rockwell 
indentation varies in relation to the substrate hardness. In the second 
case, the percentage of detached areas was evaluated considering a 

circular crown, having a width that was evaluated as 5 % of the radius of 
the Rockwell indentations. Obviously, all circular crowns contained all 
detached areas observed through the OM investigations. 

Rockwell imprints were also investigated through focused ion beam 
scanning electron microscopy (FIB-SEM: Auriga Compact FIB-SEM, 
Zeiss, Oberkochen, Germany) equipped with the Ultim® Extreme de
tector (Oxford Instruments, Abingdon, United Kingdom). Each sample 
was tilted at 54◦ such that the imprint was perpendicular to the FIB, and 
areas along the indentation boundary were milled using 20 keV Ga+ ions 
with a current of 5 nA and a milling depth of 10 μm. SEM images of FIB 
cross-sections were acquired keeping constant the tilt angle (36◦). 

2.4. Sliding wear testing 

Unidirectional ball-on-disc sliding wear tests (THT, Anton Paar – 
Tritec) were performed at room temperature using a 3 mm-diameter 
sintered Al2O3 ball (Anton-Paar) as counterpart. The roughness of the 
counterpart was check by a structured illumination microscope (Con
foCam, Confovis GmbH, Jena, Germany) by acquiring the surface profile 

Fig. 1. Failure chart of the VDI 3198 indentation test (Reprinted from reference [51]).  

Table 3 
Surface roughness parameters of the Al2O3 counterpart.  

Parameter [unit] Value 

Sa [μm] 0.023 ± 0.002 
Sq [μm] 0.040 ± 0.005 
Sz [μm] 1.63 ± 0.35 
Ssk − 1.65 ± 3.45 
Spc [mm− 1] 34.5 ± 3.9  

Table 4 
Average (pavg) and maximum (pmax) hertzian contact pressures, maximum sub- 
surface shear stress (τmax) and depth of the sub-surface shear stress maximum 
(Depth) at the beginning of the ball-on-disc tests.   

pavg [GPa] pmax 

[GPa] 
τmax* [GPa] Depth* 

[μm]  

Load [N] 

Sample 5 10 5 10 5 10 5 10 

DLC (740 ◦C-HT 
substrate)  1.4 1.7  2.1 2.6  0.64 0.81  16 21 

DLC (1050 ◦C-HT 
substrate)  1.3 1.6  1.9 2.4  0.59 0.74  17 21 

AlCrN (740 ◦C-HT 
substrate)  

1.8 /  2.7 /  0.83 /  14 / 

AlCrN (1050 ◦C-HT 
substrate)  

1.8 /  2.7 /  0.82 /  14 /  

* Values computed for a Poisson’s ratio of 0.30. 
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Fig. 2. SEM micrographs of DLC-based films deposited onto substrates heat-treated at 1050 ◦C: general cross-sectional views on smooth (a) and rough (b) substrate, 
magnified detail on smooth substrate (c) and top-surface detail (d); backscattered electrons view (e) with corresponding EDX spectra (f), and another backscattered 
electrons view (g) with EDX linescan (h). Labels 1–5 in panel (c) indicate the identifiable layers – see the text for a description. 
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of three balls at two random locations each, operating with a 20×
objective over a ≈ 0.5 × 0.5 mm2 area with a z-step size of 0.1 μm. The 
profiles were processed according to the workflows given in ISO 25178- 
2 and the results are summarized in Table 3. 

The ball-on-disc setup with an Al2O3 counterpart was chosen 
because, in the authors’ experience, it is suitable to provide a simplified 
simulation of the contact conditions encountered in several applications 
that involve sliding against counterparts containing hard phases (e.g. 
rotary seals, journal bearings, etc.). Tests on all DLC-coated samples 
were performed at both 5 N and 10 N normal load to check for the effect 
of the nominal (initial) contact pressure, with a sliding distance of 1000 
m, a sliding speed of 0.20 m/s and a wear track radius of 4 mm. 
Following some preliminary experiments, tests on AlCrN samples were 
performed only at 5 N load with a sliding distance of 250 m, and only 
with “smooth” substrates (see the discussion in Section 3.3.1 for details 
on the reasons for this choice). 

Table 4 shows estimates of the nominal contact pressures and sub- 
surface shear stress maxima acting on the samples at the beginning of 
the sliding wear test (before mutual wear caused the ball and the coated 
samples to conform to each other) under the normal loads mentioned 
above. The values were computed using Hertz’s formulae for a sphere- 
on-flat contact, using the elastic moduli of the coatings as listed in 
Section 3.1 and assuming that the elastic modulus of the Al2O3 ball was 
370 GPa [52] and that Poisson’s ratios were 0.22 for both Al2O3 [52] 
and the two coatings [53]. It is important to remark that the values in 
Table 4 are purely indicative, mostly because Hertz’s equations are valid 
only for homogeneous materials, whilst the present samples are coated. 
Accordingly, the computed depth of the sub-surface shear stress 
maximum shows that it falls below the coating (Table 4). Hence, it 
would be necessary to account for the mechanical properties of both the 
coating and the substrate, which would likely yield lower values for the 
nominal (average and maximum) contact pressures and shear stresses 
and higher sub-surface depths of the shear stress maximum. The elastic 
modulus of the Ti-6Al-4V substrate is indeed lower than that of the 
coatings and introduces more compliance into the system. 

The friction coefficient was calculated during the ball-on-disc test by 
measuring the tangential force acting on the ball-holding arm with a 
load cell. The wear volume loss of the ball was calculated by measuring 
the diameter of the circular wear scar with an optical microscope 

(Olympus GX51). The volume loss of the coating was measured by 
acquiring the profile of the wear track with a structured illumination 
microscope (ConfoCam) operating with a 50× objective (0.80 numerical 
aperture) and a 0.05 μm z-scan step size. Four 340 × 340 μm areas were 
acquired along the wear scar: from the wear scar volume within each 
area, an average cross-sectional wear scar area was computed and 
subsequently multiplied by the length of the circular track to obtain the 
overall volume. 

Micro-Raman spectra were acquired on worn coating surfaces and on 
any wear debris found around the wear track, using the same conditions 
listed in Section 2.3. To acquire spectra on the debris of the DLC-based 
coatings, the laser power was filtered to 10 % instead of 25 % to prevent 
any thermal alteration. 

The worn surfaces of the samples were observed first by optical 
microscopy (Olympus GX51) and then, after ultrasonic cleaning in 
acetone to remove any loose debris, by SEM (Nova NanoSEM 450). 
Cross-sections of selected samples were prepared according to the same 
cutting, mounting, grinding, polishing and etching procedures listed in 
Section 2.3. 

3. Results and discussion 

3.1. Structure, microstructure and micromechanical properties of the 
films 

On both smooth (Fig. 2a) and rough (Fig. 2b) surfaces, the DLC-based 
films follow the substrate profile. As was expected, the deposition of 
these films did not cause any visible microstructural alteration in the 
near-surface region of the substrate. Indeed, the deposition occurred at 
temperatures far below the heat treatment temperatures of the sub
strates and ionic bombardment during deposition was not strong enough 
to produce significant effects. 

In more detail, the SEM analysis (Fig. 2c) together with related EDX 
spectra (Fig. 2e, f) and EDX linescans (Fig. 2g, h) highlight the multi- 
layered architecture of the DLC-based film. A Cr-based interlayer 
(Fig. 2c – label 1, EDX spectrum 1 in Fig. 2e, f), a Cr–W layer (Fig. 2c – 
label 2), a WC-based layer (Fig. 2c – label 3, EDX spectrum 2 in Fig. 2e, 
f), and a WC-C layer with slightly higher C/W ratio (Fig. 2c, label 4, EDX 
spectrum 3 in Fig. 2e, f) constitute the adhesion layers that provide a 

Fig. 3. Example of a (background-subtracted) micro-Raman spectrum acquired on the DLC-based film deposited onto a smooth Ti64 substrate heat-treated at 
1050 ◦C, outside the ball-on-disc wear track, with peak fitting. 
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smooth transition from the substrate to the DLC top layer in terms of 
both chemical composition and mechanical properties. The overall 
thickness of the film is 2.1 ± 0.1 μm, with an approximately 1:1 thick
ness ratio between the interlayer system and the top layer (the DLC layer 
being 1.1 ± 0.1 μm thick, Fig. 2c, label 5). In a magnified view, the top 
surface of the DLC film is characterized by a cluster morphology 
(Fig. 2d) that is typical of this type of coating [54]. 

The DLC film does not contain any detectable doping elements: EDX 
signal from W and minor peaks from Al and Ti (Fig. 2e, f – spectrum 5 
and linescans in Fig. 2g, h) are due to some contribution from the sub
strate and the underlying layers because of the spread of the electron 
interaction volume in the sample at 15 kV acceleration voltage. 

A representative micro-Raman spectrum of the DLC top layer, which 
is unaffected by the substrate characteristics, is shown in Fig. 3, and it is 
typical of hydrogenated amorphous carbon (a-C:H) layers obtained by a 
PE-CVD process [55–57]. Fitting of the “D” and “G” bands with pseudo- 
Voigt functions (Fig. 3) allows to identify characteristic parameters, 
specifically the G-peak position at approximately 1535 cm− 1 and the 
intensity ratios between the D and G bands (I(D)/(G)) of around 0.6. 
Based on the trends published by Ferrari and Robertson [55], both 
values consistently indicate a fraction of sp3 C–C bonds of about 40 at. 
%. The absence of a photoluminescence background (i.e. a linearly 
increasing background intensity in the Raman spectra) indicates that the 
hydrogen content in the film is below the limit at which such back
ground starts appearing. Marchon et al. identified this limit at about 34 
at.% [58]; the more extensive dataset by Casiraghi et al. further clarified 
that, with a negligible background slope, the H content is not greater 
than 20 at.% [57], even though it should be remarked that both of the 
studies mentioned above employed a laser excitation wavelength of 514 
nm, slightly different from the 532 nm source employed in this work 
(Section 2.3). 

Nanoindentation tests (Table 5) returned hardness values in the 
range of 2100–2500 HV and elastic moduli around 200 GPa for the DLC 

Table 5 
Nano-indentation results for coatings onto smooth substrates.   

EIT [GPa] HIT [GPa] HV 

DLC (740 ◦C-HT substrate) 218 ± 74 27.2 ± 9.5 2517 ± 882 
DLC (1050 ◦C-HT substrate) 179 ± 15 22.4 ± 2.8 2076 ± 259 
AlCrN (740 ◦C-HT substrate) 444 ± 160 33.6 ± 12.6 3113 ± 1164 
AlCrN (1050 ◦C-HT substrate) 430 ± 199 33.3 ± 13.3 3087 ± 1232  

Fig. 4. SEM micrographs of AlCrN films deposited onto substrates heat-treated at 740 ◦C: general cross-sectional views on smooth (a) and rough (b) substrate, 
magnified detail on smooth substrate (c) and top-surface detail (d); fractured section of the AlCrN film deposited onto a silicon wafer (e) with corresponding EDX 
spectrum (f). 
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layer. The data exhibited somewhat large error ranges, because even the 
smooth substrates still exhibited a non-negligible roughness (Table 2), 
whose amplitude was slightly increased by the topographical features of 
the film itself (Fig. 2d). Roughness is known to increase the scatter of 
depth-sensing indentation results [59]. Nonetheless, these values fall 
squarely within the typical range for a-C:H films [22]. 

It is further noted that the maximum penetration depth in the present 
nanoindentation experiments was around 180–190 nm, i.e. <10 % of the 
overall film thickness and a bit less than 20 % of the thickness of the DLC 
top layer. Thus, the present results are mainly sensitive to the properties 
of the top layer itself. 

Casiraghi et al. [57] suggested that the mechanical properties of an a- 
C:H film correlate with the width of the G-band in its Raman spectrum. 
In fact, the latter parameter reflects the amount of C–C sp3 bonds, 
which contribute the most to the creation of the three-dimensional 
glassy network of the film and, therefore, are mostly responsible for 
its strength and stiffness. Trends of elastic modulus as a function of the 
full width at half-maximum height (FWHM) of the G-band (albeit for a 
514 nm-wavelength excitation source, as noted previously) [57] show 
that, with a FWHM around 195 cm− 1, as in our case (Fig. 3), the elastic 
modulus should be around 200 GPa. This result is in particularly good 
agreement with the nanoindentation data in Table 5, thus confirming 
that the present films have the typical properties of a-C:H. 

The AlCrN coating also follows the profile of both the “smooth” and 
“rough” substrates (Fig. 4a and b, respectively) with no microstructural 
alteration in the near-surface region of the substrate. It consists of a 2.9 
± 0.2 μm thick layer made of densely packed, slightly tapered columnar 
grains identifiable both by the electron channelling contrast in the 
backscattered electrons – SEM view of Fig. 4c and in the fracture surface 
of the coating deposited onto a silicon wafer in Fig. 4e. The angular 
extremities of those fine columnar grains are also visible in a magnified 
view of the top surface (Fig. 4d). This dense microstructure is typical of 
“zone T” according to the modified Thornton model of possible PVD 

films’ microstructures [60]. 
The AlCrN film is compositionally uniform. Quantitative analysis 

based on EDX spectra acquired on the fractured section of the AlCrN film 
(such as the spectrum shown in Fig. 4f) indicates an Al fraction of 0.61 
± 0.01. According to Kaindl et al. [61,62], it is also possible to derive 
compositional information on AlCrN films from their Raman spectra 
(Fig. 5). Indeed, although the centrosymmetric structure of AlCrN, 
which possesses the same face-centred cubic lattice of pure AlN and CrN 
up to an Al fraction of 0.7, should not exhibit any Raman scattering, the 
distortions and defects brought about by the mixing of Al and Cr in the 
lattice sites cause symmetry violations and result in Raman scatting from 
the defect sites themselves [62]. Specifically, the position of the Raman 
scattering band due to combined acoustic and optic vibration modes (A 
+ O), νA+O, located roughly in the 700–750 cm− 1 region, is correlated to 
the Al fraction, χAl, by the relation χAl ≈ (νA+O – 629.58) /174.84 [62]. 
Fitting of our Raman spectra (Fig. 5) shows that the A + O band of the 
present AlCrN samples is centred in the range from 722 to 732 cm− 1. 
According to the above relation, this corresponds to χAl ≈ 0.53–0.58, 
which is in fairly good agreement with the EDX results, considering the 
approximate nature of the extrapolation from Raman spectra (on the one 
hand) and the limits to the quantitative accuracy of the EDX method (on 
the other hand). 

In terms of micromechanical properties, the AlCrN film, irrespective 
of the heat treatment condition of the substrate, is characterized by 
higher hardness and much higher elastic modulus than the DLC-based 
one (Table 5), which also means that the AlCrN film has lower H/E 
ratio than the DLC-based layer. Hardness values around 33–34 GPa are 
quite consistent with the values of 32.5 ± 6.5 GPa [63] and 31.6 ± 1.0 
GPa [48] listed in the literature for AlCrN films with Al fractions of 70 % 
and 60 %, respectively. 

Fig. 5. Example of a (background-subtracted) micro-Raman spectrum acquired on the AlCrN film deposited onto a smooth substrate heat-treated at 1050 ◦C outside 
the wear track, with peak fitting. 
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3.2. Adhesion/cohesion strength 

Scratch tests allow the identification of the LC2 and LC3 critical loads 
as defined in the ISO 20502 standard, namely the load for the onset of 
chipping damage and the load for the first continuous chipping across 
the track width. Additionally, the delamination load, i.e. the load for 
continuous perforation of the film, is also identifiable. On the other 
hand, it was not possible to identify with confidence the LC1 critical load 

for the onset of cracking, because the surface irregularities, even on the 
smooth substrate, are such that the earliest, smallest cracks are hardly 
visible. 

With both DLC-based and AlCrN films, the results (Table 6) show few 
differences in scratch performance between smooth and rough sub
strates. On the other hand, despite the scatter in some of the data, a 
difference emerges between the scratch adhesion/cohesion of films 
deposited on the harder substrate, heat-treated at 740 ◦C, and on the 
softer one, heat-treated at 1050 ◦C. As could be expected, indeed, the 
softer substrate systematically results in lower critical loads. As 
explained in the Introduction, due to their higher hardness the films 
cannot follow the extensive plastic deformation that the substrate un
dergoes once it yields. Therefore, as the softer substrate starts to deform 
plastically at lower loads during the scratch test, it causes the coatings to 
experience overloading and cracking earlier than does the harder sub
strate. This mechanism was confirmed by Wang et al. [15] through finite 
element modelling of scratch tests on thin films deposited onto grade-2 
titanium substrates in the as-supplied condition or after mechanical 
hardening. 

The scratch failure modes seen in both DLC-based and AlCrN films 
were quite similar (Fig. 6). First, at the critical load LC2, the outer part of 
the coating chipped off the side of the scratch track (see the magnified 
details taken at loads above LC2 in Fig. 6). The spalled areas became 
progressively larger with further increases in load, until they extended 
across the entire width of the track at LC3 (Fig. 6). Then, at the delam
ination load, the entire coating was spalled off and the substrate was 
exposed. 

In more detail, the initial chipping failure at LC2 and LC3 never 
occurred at the coating/substrate interface. In the DLC-based film, the 
rounded cracks typical of an amorphous material propagated across the 

Table 6 
Critical loads measured by scratch testing and VDI class for all coating/substrate 
combinations.  

Sample LC2 [N] LC3 [N] Delamination 
[N] 

VDI 
class 

DLC (740 ◦C-HT substrate – 
smooth) 

7.7 ±
1.0 

13.1 ±
4.1 

15.0 ± 2.5 

HF3 

DLC (740 ◦C-HT substrate – 
rough) 

6.7 ±
3.7 

11.2 ±
3.5 

14.0 ± 3.9 

DLC (1050 ◦C-HT substrate 
– smooth) 

5.5 ±
4.7 

6.0 ±
4.2 12.8 ± 1.7 

DLC (1050 ◦C-HT substrate 
– rough) 

4.9 ±
0.8 

8.5 ±
0.6 11.1 ± 0.7 

AlCrN (740 ◦C-HT substrate 
– smooth) 

10.2 ±
0.9 

15.0 ±
4.9 

19.5 ± 1.6 HF3 

AlCrN (740 ◦C-HT substrate 
– rough) 

10.1 ±
0.7 

11.2 ±
1.7 

17.3 ± 0.6 

HF2 
AlCrN (1050 ◦C-HT 

substrate – smooth) 
1.0 ±
0.3 

5.7 ±
0.9 12.8 ± 0.5 

AlCrN (1050 ◦C-HT 
substrate – rough) 

7.1 ±
2.3 

7.1 ±
2.3* 

16.6 ± 0.5  

* In this sample, LC2 and LC3 were always coincident, i.e. the first chipping 
directly extended across the entire width of the scratch track. 

Fig. 6. SEM overviews of scratch tracks onto the DLC-based (a) and the AlCrN (b) film, both deposited onto the smooth substrate heat-treated at 740 ◦C, with 
magnified details and EDX spectra. The overview images were obtained by stitching of multiple secondary electron-SEM micrographs. 
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top layer and were deflected along its interface with the WC-C interlayer 
and/or within such interlayer, which was consequently exposed. This is 
seen not only by its obviously brighter contrast, but also through the 
EDX spectrum 1 in the magnified view of the DLC film in Fig. 6. This 
spectrum is dominated by an intense W peak, different from spectrum 2, 
acquired in an undamaged part of the track, which reveals only a minor 
W signal because the X-ray generation volume extends a bit deeper than 
the thickness of the DLC layer itself. 

This suggests that the architecture of the DLC-based film provided 
crack deflection mechanisms that improved the interface toughness and 
resulted in good adhesion. In comparison, DLC-based films with simpler 
architectures, e.g. consisting of a single adhesion layer of CrN between 
the DLC layer and a β-Ti alloy (with similar mechanical properties as the 
present 740 ◦C-heat treated substrate) [64], or of a SiC adhesion layer 
onto a Ti-6Al-4V ELI substrate [65], exhibited LC2 values around 5 N 
when scratch-tested with a 200 μm-radius tip. This means that the 
simpler coating systems possessed much lower adhesion strength 
compared with the present samples, where higher LC2 values were ob
tained with a sharper tip. Similarly, Zhang et al. [66] found very low 
critical load values for DLC films deposited directly (without interlayers) 
onto Ti-6Al-4V by filtered cathodic vacuum arc. Wang et al. [15] and 
Avelar-Batista et al. [67] studied somewhat more complex architectures 
that provided better adhesion, yet they both reported that several types 
of DLC-based films deposited onto Ti-6Al-4V substrates exhibited 
delamination loads <30 N when tested with a standard, 200 μm-radius 
tip. In preliminary tests, we found that it was not possible to delaminate 
the present DLC-based films using a 200 μm-radius tip up to the 
maximum load value of 30 N afforded by the experimental apparatus, 
which was the reason we employed a non-standard, 100 μm-radius tip. 

Similarly, in the AlCrN film, cracks proceeded transversely along the 
columnar grain boundaries, crossing part of the coating thickness, but 
they were deflected along a longitudinal path above the substrate 
interface (see the corresponding magnifications in Fig. 6), as confirmed 

by the EDX spectrum 1 in Fig. 6, where the Ti signal from the substrate 
becomes only marginally stronger than in the undamaged region 
(spectrum 2). Thus, like the DLC-based film, the AlCrN layer also 
possessed rather good adhesion to the substrate, so that initial failure is 
of a cohesive nature, and complete coating removal occurs only at a later 
stage. 

It is concluded that, using the L-PBF Ti64 substrates (especially when 
subjected to the lower-temperature heat-treatment at 740 ◦C), we could 
attain an adhesion strength comparable to or significantly competitive 
with the adhesion to conventionally manufactured substrates. 

Unlike the scratch tests, the Rockwell VDI test (Table 6) could not 
differentiate between the various substrate treatment conditions. The 
response of the DLC-based films was always attributable to the HF3 class 
(Fig. 7), in which both cracks and detached areas were observed by 
optical microscopy. This result is in line with the findings by Kashyap 
et al. [68], who concluded that a DLC-based coating deposited on a cast 
Ti6Al4V substrate through the PVD technique shows good coating/ 
substrate adhesion (HF1-HF3). The AlCrN films exhibited only cracks 
but no delaminations, except for the sample with the smooth 740 ◦C-HT 
substrate, where slight delaminations also appeared. Lastly, the different 
substrate-coating combinations did not influence the inter-crack spacing 
in the AlCrN films, which remained constant at around 14 μm in all 
cases. 

Notably, Tillmann et al. [24] found an HF4 adhesion class in the VDI 
adhesion test of a magnetron-sputtered, non‑hydrogenated a-C film 
deposited on an additively manufactured α + β Ti6Al7Nb alloy similar to 
the present Ti64 one, which was poorer than the present results (Table 6, 
Fig. 7). 

Despite the several coating/substrate combinations that were ana
lysed, the fraction of delaminated area and the number of cracks were 
well correlated (Fig. 7a). In fact, the detached areas (white arrow in 
Fig. 7b) were always localized between two adjacent cracks and close to 
the boundary of the indentation mark; therefore, their extension 

Fig. 7. Correlation between the percentage of delaminated area and number of cracks per mm (a) in all samples that exhibited an HF3 response. The optical mi
croscope micrographs show a portion of the Rockwell indentation performed on the AlCrN and DLC (740 ◦C-HT substrate – smooth) films (b). 
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increased exponentially with the number of cracks (yellow arrow in 
Fig. 7b). 

Interestingly, the same failure modes observed in the scratch test 
were also triggered by the VDI test, which means that both tests elicited 
similar damage mechanisms, although the VDI test was less sensitive to 
differences in adhesion/cohesion strength. More specifically, FIB cross- 
sections of the VDI failures (Fig. 8a) allow to confirm that cracks in the 
DLC-based film propagate across the WC-C interlayer rather than along 
its interface with the DLC top layer (Fig. 8a). This indicates a good 
chemical bonding between the two layers, as well as a higher toughness 
for the more “metallic” Cr-based underlayer. Likewise, cracks in the 
AlCrN film deflected in the longitudinal direction shortly above the 

substrate (Fig. 8b), which testifies to its good interface toughness. 
As a matter of fact, the base of the delaminated areas present in both 

DLC-based (Fig. 8b) and AlCrN (Fig. 8e) films after the VDI tests 
continue to show a thin layer well-adherent to the substrate, just like in 
the scratch tests at loads below the delamination threshold. EDX spectra 
confirm the presence of W, Cr (spectrum 1 in Fig. 8b, c) and N, Al and Cr 
(spectrum 1 in Fig. 8e, f) in the delaminated areas of the DLC-based and 
AlCrN films, respectively. For these reasons, it is possible to conclude 
that the HF3 VDI class assigned to these samples (Table 6) should 
probably be considered as HF2, since the VDI 3198 standard reports that 
delamination must expose the substrate, although this distinction was 
not possible by optical microscopy inspection as prescribed by the 

Fig. 8. SEM micrographs showing FIB cross-sections (a, d) and top surfaces (b, e) of the VDI failures of DLC-based (a, b) and AlCrN (d, e) films, and corresponding 
EDX spectra (c, f) that highlight the differences between the coatings and their delaminated parts. SEM images (a, b, d, e) were tilted by 36◦ with respect to the 
electron beam axis. 
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standard itself. 

3.3. Sliding wear behaviour 

3.3.1. Specific wear rates and friction coefficients 
The specific wear rates measured on the DLC-coated samples (Fig. 9) 

are mostly comprised between ≈0.9 × 10− 7 mm3/(N•m) and ≈3 × 10− 7 

mm3/(N•m). These values are within the general range for a-C:H films 
sliding in humid air, which is reportedly 0.1–10 × 10− 7 mm3/(N•m) 
[69]. In more detail, Avelar-Batista et al. [67] reported specific wear 
rates of ≈1 × 10− 7 mm3/(N•m) after ball-on-disc testing of several types 
of DLC-based films deposited onto conventionally manufactured Ti-6Al- 
4V substrates. It should be noted that the test conditions employed in 
[67] were not the same as in the present work, since a 10 mm-diameter 
100Cr6 ball was employed as counterface, instead of a 3 mm-diameter 
Al2O3 ball. Nonetheless, Scharf and Singer [70] reported that the per
formance of DLC-based films tested against steel or alumina balls is 
usually similar, because the tribological behaviour is in both cases 
dominated by the same tribochemical phenomena based on the forma
tion of transfer layers. Thus, it can be concluded that, also from a 
tribological point of view, the present DLC-based films deposited on L- 
PBF Ti64 substrates have analogous performance as those deposited 
onto conventionally manufactured substrates. 

A detailed comparison between the sliding wear rates of the various 
DLC-coated samples (Fig. 9) shows that, contrary to the scratch adhesion 
results, the heat treatment of the substrate had little effect on the 
tribological performance of the system, whilst the roughness of the 
substrate did have a significant effect. Specific wear rates are also very 
slightly higher at the lower load of 5 N (i.e. the overall wear volume 
increases slightly less than linearly with the applied load), but the dif
ferences are of the same order as the associated error ranges and are 
therefore of little significance. Average steady-state friction coefficients, 
on the other hand, are always around 0.1 irrespective of the substrate 
condition and the applied normal load (Fig. 9). The friction curves are 
indeed very similar to one another (Fig. 10a-d) and show that the steady 
state was usually attained within <50 m of sliding, though a few curves 
exhibit a slightly unstable trend and/or some oscillations. 

The tribological response of the AlCrN film was conspicuously 
different. First, it produced much higher average friction (μ ≈ 0.65 at the 
steady state, Figs. 9 and 10e). Notably, Chen et al. [48] also found 
identical friction coefficient values of ∼0.66 in a dry sliding ball-on-disc 
wear test of AlCrN films against Al2O3 in air. Other authors reported 
friction coefficient values roughly comprised between 0.6 and 0.8 for 
unidirectional ball-on-disc tests of AlCrN coatings against Si3N4 balls 

[63,71–73]. Second, the AlCrN films could not withstand the same 
sliding distance of 1000 m that was used to test the DLC-based films. The 
friction curve in Fig. 10f shows that the AlCrN film deposited on 
“smooth” substrates delaminated after approximately 450 m of sliding, 
when the friction coefficient value first became unstable and, then, 
dropped to a lower level with significantly greater instability as the hard 
Al2O3 ball (and the trapped debris) cut through the uncovered titanium 
substrate. On rough substrates, delamination happened almost instantly 
at the beginning of the test, i.e. after sliding for just a few metres, so that 
no results could be provided in Fig. 9. 

For these reasons, systematic wear tests were only performed with 
smooth substrates and at 5 N load, over a distance of 250 m (see Section 
2.4). Within the 250 m distance, the specific wear rate of the AlCrN films 
was comparable to that of the DLC-based ones (Fig. 9), which means that 
the films were in a mild wear regime. Other authors also found specific 
wear rates in the mild wear range of 10− 7 to 10− 6 mm3/(N•m) in uni
directional dry sliding tests of AlCrN films against various counter
bodies, even when the films were deposited onto very hard substrates 
capable of providing better mechanical support, like cemented carbides 
[71,73,74]. Only in one case was a lower specific wear rate of ∼5 ×
10− 8 mm3/(N•m) found for an AlCrN film onto a cemented carbide 
substrate after dry sliding against an Al2O3 ball [48]. 

3.3.2. Wear mechanisms: DLC-based films 
Analysing the wear mechanisms, DLC-based coatings onto smooth 

surfaces tested at 5 N load (Fig. 11a, b) show mild abrasive (polishing) 
wear together with the tribochemical effects typical of DLC-based films. 
Namely, some debris was found around the wear scars after the sample 
(Fig. 11a – circled area) and the counterbody (Fig. 11b - arrows) were 
removed from the tribometer at the end of the test. 

Raman spectra acquired on the debris around the wear scar on the 
coated sample (Fig. 12b) differ from those found on the as-deposited 
films: the more pronounced D-band is typical of disordered graphite, i. 
e. debris graphitization occurred [22,69]. The graphitization process 
was limited to the debris: the Raman spectra acquired on the coating 
itself inside the wear scars (Fig. 12a) are qualitatively identical to those 
acquired on the pristine (unworn) surface, i.e. there was no tri
bochemical alteration of the DLC film. Fitting of the Raman spectra 
confirms that G-band positions, I(D)/I(G) intensity ratios, and the 
FWHM of the G band obtained inside the wear scars are identical (within 
error range) to those found outside the wear scars on the same samples 
(Table 7). Thus, it is inferred that the stably low friction coefficient seen 
in Figs. 9 and 10a-d resulted from the presence of graphitized debris. 
Although the debris was seen along the edges of the wear scars when the 

Fig. 9. Specific wear rates of the coated samples and average steady-state friction coefficients obtained through ball-on-disc testing.  
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samples were retrieved after the test, during sliding some of this debris 
was likely sheared between the surfaces, as previously discussed by 
Scharf and Singer [70]. 

SEM micrographs (which were acquired on samples cleaned in an 
ultrasonic bath with acetone to remove the loose debris seen in Fig. 11a) 
confirm a very mild form of abrasion for the DLC coatings onto smooth 
substrates when tested at 5 N load (Fig. 13a, e). Occasional bright spots, 
which might indicate uncovering of the WC-C interlayer, were probably 

due to the removal of a few anomalously large clusters among those 
previously described in Fig. 2d. 

On the rough substrates (Fig. 13b, f and d, h), by contrast, the WC-C 
interlayer was more systematically uncovered on the roughness crests, 
both at the same 5 N load and at 10 N load (also see the corresponding 
EDX spectra: Fig. 14c, d – spectra 1–3). From Fig. 13f and h, it looks like 
the removal of the DLC layer on the crests occurred by two mechanisms. 
On the one hand, because the real contact with the ball was localized on 

Fig. 10. Representative friction curves obtained during ball-on-disc tests: (a-d) DLC-based films deposited onto Ti64 substrates heat-treated at 740 ◦C (a – smooth 
substrate, b – rough substrate) and 1050 ◦C (c – smooth substrate, d – rough substrate), tested over a 1000 m distance; (e) AlCrN films onto smooth substrates under 
both heat-treatment conditions, tested over a 250 m distance; (f) the same AlCrN film onto a smooth substrate heat-treated at 1050 ◦C, tested over a sliding distance 
of 1000 m. 
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small areas on the crests, the DLC layer was progressively abraded at a 
higher rate than it happened on “smooth” substrates, until the under
lying layer was exposed. On the other hand, several of these areas show 
signs of chipping and spallation, i.e. well before the DLC-based layer was 
gradually worn out, brittle failure happened. This was also the mecha
nism that likely occurred in each of the three uncovered areas marked 
for EDX spectroscopy in Fig. 14c. Cross-sectional views of the worn 
samples also confirm that the WC-C interlayer was exposed by either 
progressive wear (Fig. 15a – label 1) or brittle spallation (label 2). In 
other instances, spallation was confined within the DLC film and did not 
result in exposure of the interlayer (label 3 and detail in panel b). Very 
interestingly, the cracks deflected along an angled path in the WC-C 
interlayer (Fig. 15a, b: in particular, see the arrow in panel b) in the 
same way as was seen in the FIB sections after the VDI test (Section 3.2, 
Fig. 8). 

It is interesting to try to explain why the ball-on-disc test was so 
much more sensitive to the substrate finishing than were the scratch test 
results discussed in Section 3.2. First, it is noted that possible discrep
ancies between scratch testing, VDI testing and ball-on-disc testing in 
rating the load-carrying ability of DLC-coated systems have already been 
found by Ronkainen et al. [14]. In the scratch tests, the comparatively 
much sharper (100 μm radius) tip always contacted the surface in a very 
small area, as Ronkainen et al. also discussed in the paper cited above. 
For example, applying Hertz’s contact model for a 100 μm-radius dia
mond sphere (E = 1141 GPa, ν = 0.07) pressed onto a flat surface with 
the elastic modulus of the present DLC samples (E ≈ 200 GPa, Table 5), 
the contact radius is computed to be around 14 μm at a load of 7 N 
(roughly corresponding to the LC2 values listed in Table 6). This 
computation is highly approximate, but it shows that the contact radius 
is comparable to the width of the roughness crests seen in Fig. 13b, f. 
Thus, highly localized contact occurred regardless of whether the films 
were deposited onto a smooth or rough substrate. Moreover, the scratch 
tester had a feedback system to control the normal load; therefore, it 
could adjust the load to avoid unwanted overloads on the crests of the 
rough surface. 

By contrast, in the ball-on-disc test, the radius of the counterpart was 
more than one order of magnitude larger (1.5 mm). Thus, the contact 
radius during the test was correspondingly larger, as also noted by 
Ronkainen et al. [14]. Assuming E = 370 GPa, ν = 0.22 for sintered 
alumina (see Section 2.4), a contact radius of about 35 μm is computed 
at 5 N load. Further, this is likely an underestimation because this 
calculation neglects the elastic deformation of the less stiff titanium 

alloy substrate (E ≈ 114 GPa [75]), as also explained previously in 
Section 2.4. Thus, multiple asperities were contacted by the ball at the 
same time, and the determining factor that controlled the coating’s 
response was whether the real area of contact, which depends on the 
mechanical properties of the mating bodies and their surface roughness, 
was large enough to keep the asperities within an elastic deformation 
regime. 

This can be assessed, to a first approximation, using the plasticity 
index (ψ) proposed by Greenwood and Williamson [76]: 

ψ = (E*/H)
̅̅̅̅̅̅̅̅
σ/R

√
(1) 

where: 
H = hardness of the worn surface; 
E* =

(
E*

1
− 1

+ E*
2
− 1)− 1 

= reduced plane-strain elastic modulus; 

E*
1,2 = E1,2/

(
1 − ν2

1,2

)
= plane-strain elastic moduli of the two mat

ing surfaces, with E1,2 = Young’s moduli, ν1,2 = Poisson’s ratios, and the 
subscripts 1 and 2 indicate the two different mating bodies; 

σ = standard deviation of the height distribution of the “composite” 
surface profile, which coincides with the root mean square height Sq if 
the mean line of the profile is taken as the reference to define the height 
values, as it is in fact prescribed by the roughness measurement 
standards; 

R = mean curvature radius of the asperities of the “composite” sur
face profile = 1/Spc. 

Because the ball surface (Table 3) is much smoother than the coated 
samples (Table 2), the “composite” profile of the mating bodies practi
cally coincides with that of the coating. Indeed, even compared to the 
“smooth” samples, the Sq and Spc values of the ball counterpart are 
almost one order of magnitude lower; thus, encompassing their effect on 
the “composite” surface profile would result in minimal changes. 
Therefore, the root mean square height Sq and arithmetic mean peak 
curvature Spc of the substrates (Table 2) can be used in Eq. (1). Note that 
the SEM micrographs in Fig. 13a, b, e, f, combined with the very short 
running-in stage of the friction curves in Fig. 10a-d, suggest that the 
additional roughness due to the surface clusters on the DLC films was 
smoothed down soon after the beginning of the test. Therefore, it is more 
appropriate to use the roughness of the substrates rather than that of the 
coated samples, where a slight increase in roughness would have been 
detected because of these clusters. With the mechanical properties (E1,2 
and ν1,2) of the DLC-based films and the alumina counterbody 
mentioned above, the plasticity index values listed in Table 8 are 

Fig. 11. Optical micrograph of the wear track produced on the DLC-based film deposited onto a smooth substrate heat-treated at 740 ◦C (a) and on the corresponding 
Al2O3 ball counterpart (b). The circle in panel (a) and the arrows in panel (b) indicate debris around the wear scar. 
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obtained. 
In general, the elastic limit is exceeded at all contacting asperities if 

ψ > 1 [76]. Therefore, the results in Table 8 show that, with a rough 
substrate, the DLC coating was well past the elasticity limit during the 
ball-on-disc test (Table 8). Due to the very limited plastic deformability 
of DLC, exceeding the elastic limit by such a conspicuous amount 
induced brittle fracture, which explains the behaviour seen in Fig. 13b, f. 
On the other hand, also considering the very approximate nature of 
these computations, it can be inferred that the smooth substrate pro
vided a sufficiently large contact area to avoid systematic brittle 
fracture. 

Increasing the load to 10 N, despite the absence of any significant 
variation in the specific wear rates (or even a slight decrease, Fig. 9), 
caused very small cracks even on the “smooth” substrate (Fig. 13c, g), 
again exposing the WC-C interlayer (see EDX spectra 1 and 2 in Fig. 14a, 
b). The plasticity index (Eq. (1)) is independent of the applied load, 

Fig. 12. Comparison between micro-Raman spectra acquired inside and outside the ball-on-disc wear tracks on the DLC-based films deposited onto smooth and 
rough Ti64 substrates heat-treated at 1050 ◦C (a), and between micro-Raman spectra acquired inside a wear track and on the debris along the track edges (b). 

Table 7 
Position of the G-band, ratio between the intensities of the D and G bands (I(D)/I 
(G)) and full width of the G band at half-maximum height (FWMH(G)) obtained 
by fitting the Raman spectra acquired on DLC-based coatings deposited on 
smooth substrates heat-treated at 1050 ◦C, inside and outside the ball-on-disc 
wear tracks obtained at 5 N and 10 N normal load.   

Normal load: 5 N load Normal load: 10 N load 

Wear scar Outer area Wear scar Outer area 

G-band position 
(cm− 1) 

1538.0 ±
0.8 

1539.4 ±
0.5 

1535.5 ±
1.6 

1537.1 ±
0.5 

I(D)/I(G) 0.58 ± 0.01 0.59 ± 0.01 0.61 ± 0.04 0.59 ± 0.01 
FWHM(G) (cm− 1) 195.3 ± 1.9 194.5 ± 1.1 193.0 ± 3.6 195.3 ± 1.3  
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because to a first approximation the real contact pressure is independent 
of the applied normal load in both the elastic and plastic contact regime. 
However, another factor becomes relevant: the elastoplastic properties’ 
mismatch between the coating and the substrate, which became more 
relevant in tests at 10 N load than at 5 N because the sub-surface stress 
peak moved to a greater depth and increased in magnitude, thus eliciting 
an increasingly large deformation in the substrate. Even if the substrate 
remained in an elastic deformation regime, its lower elastic modulus in 
comparison to the DLC-based film (≈114 GPa for the substrate vs. ≈200 
GPa for the film, as specified above) means that the coating was sub
jected to a concentration of bending stresses as coating and substrate 
deformed together under the applied load. Such additional stress was 
compounded with the micro-scale contact stresses and thus triggered 

some brittle fracture. 
Clearly, with a rough substrate under 10 N load, the effect was even 

more magnified; thus, brittle fracture happened more extensively than 
at 5 N load (Fig. 13d, h), resulting in an approximately linear increase in 
the overall wear volume that means an approximately constant specific 
wear rate, as noted previously. 

3.3.3. Wear mechanisms: AlCrN films 
As mentioned in Section 3.3.1, the tribological response of the AlCrN 

film differed much from that of the DLC-based ones. First of all, the 
AlCrN film did not withstand the higher normal load of 10 N and/or the 
use of a “rough” substrate, delaminating after just a few metres: Fig. 16c 
and d accordingly show deep ploughing and cutting grooves in the 

Fig. 13. SEM micrographs of the worn DLC surfaces after ball-on-disc testing: 5 N normal load with smooth (a, e) and rough (b, f) substrate heat-treated at 740 ◦C; 
10 N normal load with smooth substrate heat-treated at 1050 ◦C (c, g) and rough substrate heat-treated at 740 ◦C (d, h) – general views (a-d) and details (e-h). 
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uncovered substrate at the end of a test run for 250 m at 5 N load with a 
“rough” substrate. 

On the other hand, the AlCrN films deposited onto a “smooth” sub
strate survived a 250 m-long test at 5 N load with very low specific wear 
rates, of the same order of those on the DLC films. Accordingly, Fig. 17a 
and b show a very shallow wear scar, partly covered by a film of debris 

with a darker contrast. The scar is so shallow that, in optical micro
graphs (Fig. 16a), it would be almost indistinguishable from the sur
rounding material, were it not for the distinctive colours of the debris 
film (possibly partly due to interference phenomena). The detail in 
Fig. 17b especially shows an accumulation of such debris in the dales of 
the surface, e.g. residual dales from deep grinding grooves that were not 

Fig. 14. SEM micrographs of the worn surfaces of the DLC films deposited onto a smooth substrate heat-treated at 1050 ◦C, 10 N load (a), and onto a rough substrate 
heat-treated at 1050 ◦C, 5 N load (c), with corresponding EDX spectra (b, d). 

Fig. 15. Cross-sectional SEM micrographs of the DLC-based film deposited onto the rough substrate heat-treated at 1050 ◦C after ball-on-disc testing at 10 N load: 
overview (a) and detail (b). Label 1 = progressive wear of the DLC top layer uncovers the WC-C interlayer; 2 = brittle fracture led to complete spallation of the DLC 
top layer; 3 = brittle fracture with partial spallation of the DLC top layer. The arrow in panel (b) shows a microcrack deflecting and finally stopping in the WC- 
C interlayer. 
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removed completely by the finer grinding steps (see the negative Ssk 
value in Table 2). 

The optical micrograph of Fig. 16b shows that the worn surface of the 
ball is also covered by a thick layer of debris. In Fig. 17b, sub- 
micrometric “rolls” appear (see arrows). They consist of secondary 
debris: rolls were formed by the extrusion of thin sheets from the debris 
clusters that adhered to the surface, and were curled up under the large 
shear stress exerted as they were being extruded. Their formation is a 
known phenomenon during sliding wear of ceramic materials [77]. 

EDX analyses (Fig. 17c, d: spectra 2 and 3) show an oxygen peak in 
the spectra of the debris film, suggesting that it was at least partly tribo- 
oxidized. Micro-Raman spectra (Fig. 18) acquired on the coloured debris 
seen in Fig. 16a, however, contain prominent peaks of AlCrN, indicating 
that tribo-oxidation of the debris was not complete. Additional peaks 
around 860 cm− 1 and 1005 cm− 1 can be interpreted as being produced 
by a mixture of Cr3+ and Cr6+ oxides/hydroxides (or also by compounds 
where Cr is in an intermediate oxidation state), and by Cr6+ compounds, 
respectively [77]. These are the compounds resulting from tribo- 
oxidation. The formation of Cr oxides with various valence states in 
the tribo-oxidized debris produced during sliding wear of AlCrN films is 
consistent with [63]. 

The removal of the AlCrN film onto “smooth” substrates over longer 
sliding distances was thus not due to progressive wear: the mild wear 

rates shown in Fig. 9, confirmed by the shallow groove in Fig. 17a-c and 
Fig. 16a, would have allowed the film to survive the same distance of 
1000 m as the DLC-based films. Removal was likely the consequence of 
fatigue accumulation leading to cracking and spallation. Accordingly, 
Fig. 17e and f, which show the surface of a worn AlCrN sample where 
spallation started shortly before the end of the 250 m-long test, highlight 
a brittle fracture running along intercolumnar boundaries (see the 
circled area in panel f). Note that due to the anomalously early onset of 
fatigue failure, the result of this test was not included in the computation 
of the average specific wear rates of Fig. 9. 

The previously cited literature studies where unidirectional ball-on- 
disc tests were carried out with AlCrN films onto cemented carbide 
substrates [48,71,73,74] never reported the occurrence of fatigue 
spallation, but it should also be noted that the sliding distance and track 
radii employed in [71,73,74] were such that the overall number of 
revolutions of the coated disc (i.e. the number of fatigue cycles experi
enced by every point on the coated surface within the wear track) was 
lower than in the present test. Therefore, it is possible that the tests did 
not last long enough to see fatigue spallation, also considering that, 
although the normal load in the cited papers was the same as in the 
present tests, i.e. 5 N, the ball counterparts had larger diameter. Hence, 
the nominal contact pressure was lower. Only in [48] was the number of 
revolutions significantly higher than in the present tests: almost 40,000 
revolutions were performed, against the 9925 revolutions of the present, 
250 m-long test. Since no spallation was reported in [48], we can infer 
that the poorer mechanical support provided by the Ti-6Al-4V substrates 
promoted this kind of fatigue spallation compared to a harder and 
elastically stiffer cemented carbide, although the initial nominal contact 
pressure used in [48] was lower than in our tests (the applied load was 5 
N and the ball material was Al2O3, as in the present work, but the ball 
diameter was 6 mm instead of 3 mm). 

Nonetheless, the present wear test results also indicate that, just as in 
the case of the DLC-based films, the performances of the AlCrN coatings 

Table 8 
Plasticity index (ψ) values computed for coatings deposited onto smooth and 
rough substrates.   

DLC-based coating AlCrN coating 

Smooth 
substrate 

Rough 
substrate 

Smooth 
substrate 

Rough 
substrate 

Plasticity 
index ψ 

1.1 6.4 1.3 7.3  

Fig. 16. Optical micrographs of the wear tracks produced at 5 N normal load on the AlCrN film deposited onto a “smooth” substrate heat-treated at 740 ◦C (a), with 
the corresponding Al2O3 counterpart (b), and onto a “rough” substrate heat-treated at the same temperature (c), with a magnified detail (d). The arrows in panel (a) 
indicate a tribolayer on the wear scar. 
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deposited onto additively manufactured substrates are comparable to or 
competitive with those on conventionally manufactured parts. 

Interestingly, the spallation crack that propagated across the film 
was deflected longitudinally next to the substrate interface (Fig. 19), just 
as it did in the scratch and VDI tests. Hence, the failure modes seen in 
those scratch tests were truly representative of actual spallation modes 
encountered under severe service conditions. We indeed found this to be 
true for both the DLC-based films (see the previous considerations in 
Section 3.3.2) and the AlCrN ones. 

The almost instantaneous delamination of the AlCrN films on the 
rough substrates, as well as the fatigue failure of those on smooth sub
strates as discussed above, cannot be ascribed to poorer adhesion of 
AlCrN compared to the DLC-based film. In fact, their scratch and VDI test 
results were analogous (Section 3.2). Therefore, failure must be ascribed 
to a more severe stress state to which the AlCrN films were subjected 
during the ball-on-disc test, compared with the DLC-based ones. On the 
one hand, the AlCrN coating has ≈1.5 times higher hardness but >2 
times higher elastic modulus compared to the DLC-based one (Table 5), 
i.e. it has lower H/E ratio. Therefore, higher plasticity index values are 
computed onto both smooth and rough substrates (Table 8). Moreover, a 
film with lower hardness-to-modulus ratio is even more sensitive to the 

stress peaks due to elastic or plastic bending of the substrate under the 
applied load (as discussed previously). On the other hand, the higher 
friction coefficient indicates that a larger friction force, resulting in in- 
plane normal stress and out-of-plane shear stress components, was 
exerted onto the AlCrN films during the sliding wear test. Thus, the 
highly stressed AlCrN films tended to accumulate contact fatigue and 
spall. 

It is indeed clear that the partly oxidized tribo-film seen in Fig. 17a- 
d was not conducive to low friction (Figs. 9 and 10e, f). Perhaps, the fact 
that the debris filled the surface dales (Fig. 17b) had a negative effect, 
because it increased the real area of contact with the counterbody. 
Indeed, for a given strength of the adhesive interactions between the 
mating surfaces at their contact points (τm), an increase in the real area 
of contact (Ar) results in a larger overall tangential force (FT = τm × Ar) 
to keep the bodies in relative motion [78]. Interaction with humidity 
might also have made this debris “sticky”, so that the τm values that were 
produced as the debris film on the sample interacted with the counter
face were high. Accordingly, Souza et al. [79] showed that the surface 
energy of AlCrN is dominated by a polar component of non-negligible 
magnitude (∼20 mJ/m2), which makes it chemically affine to polar 
water molecules. Likewise, it is expected that the chromium-based 

Fig. 17. Ball-on-disc wear scars on the AlCrN films deposited onto “smooth” substrates heat-treated at 740 ◦C: SEM micrographs (a: overview, b: detail, c: 
backscattered-electrons view) with corresponding EDX spectra (d); and SEM micrographs of a sample where spallation initiated shortly before the end of the 250 m- 
long test (e: overview; f = detail; circle = intercolumnar fracture). 
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Fig. 18. Micro-Raman spectra acquired on the AlCrN films deposited onto smooth substrates heat-treated at 740 ◦C and 1050 ◦C, inside and outside the wear tracks.  

Fig. 19. Cross-sectional SEM micrograph of the spallation area in the “anomalous” ball-on-disc test of an AlCrN coating onto the smooth, 740 ◦C-treated substrate 
that started to fail shortly before 250 m. 
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oxides found by Raman spectroscopy, due to their chemical nature, have 
a dominant polar surface energy component. Thus, both the non- 
oxidized and the tribo-oxidized constituents of the debris layer were 
likely to interact with humidity. Interestingly, Liew et al. [46] found 
higher friction coefficients when ball-on-disc testing of AlCrN was car
ried out in humid air, compared to tests in vacuum. This lends some 
support to the above considerations on the role of humidity, although 
Liew et al. employed different test conditions (with a sintered WC-Co 
counterpart instead of an Al2O3 one) and did not analyse the tribolog
ical mechanisms to identify the causes for those different friction 
responses. 

As a final note, it is seen from Fig. 9 that the heat treatment condition 
of the substrate probably had a small but perceivable effect on the 
specific wear rate of the AlCrN film, unlike with the DLC-based ones. 
Namely, the softer substrate treated at 1050 ◦C resulted in a higher 
specific wear rate. Due to the more severe stress state to which the AlCrN 
films were subjected because of their unfavourable H/E ratio and the 
higher friction coefficient they produced, a further stress increase 
because of plastic deformation of a softer substrate under a higher 
normal load might have had a more pronounced effect than it did with 
the DLC-based coatings. 

4. Conclusions 

In this work, we studied the deposition of thin-film coatings onto 
Laser-Powder Bed Fusion (L-PBF) Ti-6Al-4V alloy substrates. Specif
ically, the focus was on how the post-process heat treatment of the 
substrate (below or above the β-transus temperature) and its surface 
finish (a “rough” or a “smooth” surface, obtained by grinding with 
different grit sizes) affected the adhesion and sliding wear performance 
of two thin-film coatings: a DLC-based coating obtained by a combined 
PVD + PE-CVD technique and a PVD AlCrN coating. 

The results allowed to draw the following conclusions:  

• The films exhibited better scratch adhesion to the harder substrates 
treated below the β-transus, because these substrates offered better 
mechanical support. 

On the other hand, the roughness of the substrate had little effect 
on scratch adhesion. Probably, the small curvature radius of the 
indenter resulted in a contact area so small, that there was not much 
difference between its extension with either a “smooth” or a “rough” 
substrate surface. 

There was also little difference between the scratch adhesion of the 
AlCrN and DLC-based films.  

• In ball-on-disc adhesion tests, on the other hand, major differences 
emerged between the AlCrN and DLC-based films and, for each type 
of coating, the substrate roughness was more influential than its 
heat-treatment condition.  

• The DLC-based film on a “smooth” substrate survived a 1000 m-long 
ball-on-disc wear test at a load of 5 N with no crack formation. Mild 
polishing wear and the formation of a layer of graphitized debris 
resulted in a low specific wear rate of ∼10− 7 mm3/(N•m) and a 
friction coefficient around 0.1 against an Al2O3 counterpart. Micro
cracking and chipping of the film off the roughness crests happened 
with a “rough” substrate finish and/or with a higher normal load of 
10 N, although there was little or no measurable effect on the specific 
wear rate and the friction coefficient.  

• The AlCrN film on a “smooth” substrate delaminated because of 
contact fatigue at a load of 5 N after sliding distances of 250–450 m, 
though it retained a mild specific wear rate of ∼2–4 × 10− 7 mm3/ 
(N•m) up to 250 m of sliding. A chromium oxide/hydroxide-based 
tribofilm was developed on the AlCrN film, but it did not possess 
the same solid-lubrication capability as the graphitized DLC debris. 
“Rough” substrates and/or a load of 10 N resulted in almost imme
diate spallation of the AlCrN film.  

• The tribological response of the DLC-based film was insensitive to the 
substrate heat treatment condition. By contrast, slightly higher wear 
was observed with the AlCrN film onto the softer substrate treated 
above the β-transus. 

• The different response of DLC-based and AlCrN films can be inter
preted through the plasticity index, which, accounting for both the 
H/E ratio and the surface roughness, indicates whether the elastic 
limit is exceeded at the real contact points. Whilst this value is 
around 1 for the DLC-based film onto the “smooth” substrate, it is 
higher for the AlCrN film and, in both cases, it increases substantially 
when the films are deposited onto the “rough” substrate. Thus, the 
plasticity index can be an especially useful parameter for a pre
liminary estimation of the suitability of the contact conditions. 

The plasticity index is independent of the normal load, but an in
crease from 5 N to 10 N resulted in a greater depth of the contact 
stress maximum, implying even greater deformation of the Ti-6Al-4V 
substrate. Thus, further stress was imposed on the films, with AlCrN 
suffering the most severe damage because of its lower elastic 
compliance (lower H/E ratio).  

• Overall, it is concluded that thin-film coatings can be deposited onto 
L-PBF Ti-6Al-4V substrates with performances analogous to those 
known for conventionally machined parts, but the surface finishing 
and, to a minor extent, the heat-treatment condition of the substrate 
must be taken into account when considering the type of coating and 
the admissible contact conditions. Future developments of this work 
might include exploring a wider range of surface finishes and 
studying the tribological response of the AlCrN-coated systems at 
higher temperatures. 
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