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ABSTRACT

The microstructure and mechanical properties of Laser-Powder Bed Fusion (LPBF)-manufactured Al alloys can be
tailored through heat treatments. To study how this affects the mechanical support offered to DLC-based thin
films, we studied the adhesion of a DLC-based coating onto LPBF AlSi7Mg and AlSi10Mg alloys in four different
conditions: as-built, directly aged, solution-treated, and T6 (solutionized and aged). Notably, the solution-treated
substrates were harder than the T6 ones after coating due to precipitation during the deposition process itself,
whilst the T6 substrates experienced over-aging.

The fraction of delaminated coating area in the Rockwell indentation test increased and the delamination load
in the scratch test decreased when the heat treatment reduced the hardness of the substrate and altered the
eutectic Si network produced by the LPBF process. During ball-on-disc sliding wear tests, all substrates, including
the as-built ones, deformed plastically under the contact stress. The DLC top layer, with its high H/E ratio, could
follow such deformation, but the underlying W-C:H intermediate layer cracked and caused localized spallation of
the film, with increased severity on softer substrates. If the wear track passed through an open pore on the LPBF
substrate, the additional stress concentration produced an even larger spallation or, with the directly aged or
solutionized substrates, a complete delamination. Thus, a softened substrate, coupled with the typical defects of
LPBF materials, worsened the repeatability of the sliding behaviour. After the T6 treatment, further reduction in
hardness caused the film to delaminate systematically under the chosen test conditions.

1. Introduction

substrate profile without introducing much additional roughness, apart
from occasional clusters that result from vacuum deposition processes

Diamond-Like Carbon (DLC) films are amorphous mixtures of sp>-
and sp>-hybridized carbon and, often, some amount of hydrogen.
Depending on hydrogen content and sp® fraction, DLC can be classified
as hydrogen-free amorphous carbon (a-C), hydrogenated amorphous
carbon (a-C:H), or tetrahedral amorphous carbon (ta-C), the latter being
characterized by a very high sp® content and no hydrogen [1]. The sp®
content confers very high hardness, usually around or above 2000 HV,
and unlike a polycrystalline diamond film, the absence of crystalline
grains results in a very smooth surface [2]. DLC films usually follow the
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like Physical and Plasma-Assisted Chemical Vapour Deposition (PVD,
PA-CVD) [1,3,4]. The a-C:H also have a very low surface energy because
the dangling bonds of the surface carbon atoms are saturated by
hydrogen [3-6]. This, together with their tendency to release a transfer
film made of graphite and polymeric hydrocarbon chains on the coun-
terpart, minimizes the adhesive component of friction when sliding
against many types of counterparts. Thus, under vacuum conditions,
ultra-low friction is frequently observed. In air, some oxygen and -OH
groups also intervene to replace the H atoms: the friction coefficient
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Table I

Nominal chemical composition (wt%) of both AlSi7Mg and AlSi10Mg alloys.
Alloys Al Si Mg Mn Fe Cu Zn
AlSi7Mg Bal 7.05 0.59 0.005 0.07 < 0.005 0.011
AlSi10Mg : 9.89 0.30 0.006 0.12 0.001 0.002

Table II

Temperature and duration of the solution heat treatment, the direct and the
artificial aging treatments in peak-aging conditions.

HT conditions AlSi7Mg AlSi10Mg

Direct aging (DA) 175°C-1h 175°C-8h
SHT 505°C-0.5 505°C-4 505°C-0.5 505°C-4

6 h h h h
Artificial aging R 175°C -2 R 175°C- 4
(AA) 175°C-8h h 175°C-8h h

rises, but it usually stays at moderate levels of ~ 0.1-0.2 when sliding
against common metallic or ceramic counterparts [1,3,4,6,7].

Because of these features, DLC films are employed to enhance the
sliding wear performance of a variety of tribosystems, reducing friction
under dry or boundary lubrication conditions and preventing wear in
mechanical parts such as gears, valves, pins, cams, rockers, etc.
[6,8-10], as well as in other application areas like biomedical parts
[10,11]. With a thickness typically in the range of a few micrometres,
they are especially useful for small-sized, precision parts, which can also
be processed cost-effectively in batch-type PVD and/or PA-CVD systems.

In this context, two important trends have recently been emerging,
which pose some peculiar challenges to DLC films. The first is the
increasing tendency to use Al- and Ti-based alloys in a number of ap-
plications, most prominently the automotive and aerospace sectors, to
take advantage of their high strength/density and stiffness/density ra-
tios to achieve a reduction in mass and (in case of moving parts) inertia
[12,13]. Aluminium and titanium alloys are softer than quenched-and-
tempered steels and usually exhibit poorer resistance to sliding wear
[14,15]. This means that they are in particular need for surface coatings
[15,16], but these mechanical characteristics also constitute a signifi-
cant issue for the application of a DLC film. In fact, the contact stress
distribution under usual engineering conditions cannot be borne
entirely by a micrometre-thin film. The sub-surface stress maximum is
generally expected to fall into the substrate. Thus, if the substrate is
more elastically and plastically compliant than the film, the latter can be
compelled to follow a larger elastic or elastic-plastic deformation than it
can accept, resulting in crack propagation within the film and along the
film/substrate interface [17-21].

A recent study by the present authors [22] highlighted that DLC-
based films, i.e. multi-layered systems ending with a DLC top layer,
can crack and delaminate when deposited on LPBF-manufactured Ti-
6Al-4 V, if too severe contact stress concentrations are induced by the
application of large normal loads and/or by an excessively rough sub-
strate surface. The problem could become even worse with Al alloy
substrates, since they are softer than Ti alloys. A common solution that is
often proposed is to produce duplex coatings, where a hard and thick
underlayer improves the load-carrying ability of the softer substrate and
supports the thin, hard and more brittle top layer [16]. For example, Di
Egidio et al. [23,24] recently showed that a DLC-based film applied onto
an AlSi10Mg substrate can withstand substantially higher contact
pressures with the interposition of an electroless Ni(P) interlayer, some
tens of micrometres thick. The interlayer, which has higher hardness and
stiffness than the Al alloy substrate, takes on a substantial share of the
contact stress, deforming less than the bare substrate and avoiding stress
concentration in the DLC film itself. However, in general a duplex
treatment increases the overall complexity and cost of the process, since
it requires the use of two distinct technologies (e.g., electroless
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Fig. 1. Microstructures of Al-Si-Mg samples in AB (A) and T6 (B—C) condi-
tions, where the SHT times was 0.5 h (B) and 4 h (C). Yellow arrows (A)
indicate rod- and circle-shaped Si-nanoparticles.

deposition and PVD/PA-CVD).

The second important trend is the increasing market share of addi-
tive manufacturing (AM) technologies [25,26]. AM is especially useful
to produce the kind of small-sized precision parts which, as mentioned
above, are often coated by DLC-based films. The industrial usage of AM
technologies is spurred by their distinctive advantages: near-net-shape
manufacturing, which minimizes material wastage, and geometrical
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Fig. 2. Hardness variation of Al-Si-Mg substrates before and after the exposure to the DLC deposition temperature.

Table III
Dimensions of both a-Al cells and Si-eutectic network in AlSi7Mg and AlSi10Mg
before and after exposure to 175 °C for 8 h.

AlSi10Mg AISi7Mg

As-built Direct-aged As-built Direct-aged
a-Al cells [nm] 612 +38 595 =+ 45 587 £40 546 + 50
Si-eutectic network [nm] 65 + 20 69 +17 70 £ 10 70 + 18

flexibility, which allows unprecedented design freedom, unattainable
with conventional processing methods like machining, casting, or plastic
deformation [25,26]. Therefore, coating deposition on additively man-
ufactured parts is becoming more and more common, and this trend is
likely bound to continue in the near future.

Laser-powder bed fused (L-PBFed) parts typically have a rather
coarse surface finish, with as-built roughness values (Ra / Sa) around or
above 10 pm [27]. Because a hard DLC-based film would suffer unac-
ceptable concentrations of contact stress if applied on an excessively
rough surface [17], finishing is mandatorily needed. The effect of the
eventual roughness of a finished L-PBF part on the tribological perfor-
mance of DLC-based films was investigated in our previous work on Ti-
6Al-4 V parts cited above [22], as well as in other works, including on
Al-alloy substrates [28]. The results clearly show that, in general,
smooth substrates improve the practical adhesion of DLC-based films
and their resistance to sliding and abrasive wear, because the contact
stress peaks localized on the asperities are reduced. For example, in our
previous work, we found that the scratch adhesion strength of DLC-
based and AICrN films deposited onto Ti-6Al-4 V decreased

continuously, albeit with a large data scatter, as the arithmetic mean
height of the substrate profile increased (starting from a minimum value
of Sa ~ 0.1 pm), irrespective of the heat treatment condition of the
substrate itself [29]. The sliding wear resistance of the films, tested
under unidirectional ball-on-disc configuration [22], was correspond-
ingly improved with smoother Ti-6Al-4 V substrates. Consistently,
Kolawole et al. [30], who compared the performances of DLC-based
films deposited onto AISI 52100 substrates with three different fin-
ishes (Ra = 0.3, 1, and 2 pm), reported an improved scratch adhesion
with the smoother finish. The reciprocating sliding wear resistance,
tested against an uncoated AISI52100 ball at 200 °C, was also enhanced.
The same improvement with smoother substrate finish also occurred
with HiPIMS DLC films onto WC-Co, according to Khan et al. [31].
Micro-abrasive wear conditions apparently benefit from a smoother
substrate as well: Martins et al. reported that the micro-abrasive wear
rate of a DLC-based film onto AISI M2 steel decreased with the rough-
ness of the substrate [32]. However, the literature results are not always
univocal. For example, in the same work by Martins et al. [32], ball-on-
disc sliding wear tests against an AlSi alloy counterpart (both using
coated discs against AlSi balls and coated balls against an AlSi disc) did
not provide univocal results as a function of the substrate finish. Salerno
et al. [28] reported that DLC-coated AlSi10Mg discs suffered a lower
specific wear rate and produced lower friction in a ball-on-disc test
against 100Cr6 when the quadratic mean height (Sq) of the AlSi10Mg
substrate was in the range of ~0.4 ym to 0.9 pm. Worse tribological
performances were observed for substrate roughness values both above
and below this range. Probably, differences in the nature of the DLC
films themselves (e.g., their the spz/spe' ratio and H content), the
interlayer architecture, and the substrate material account for the
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Fig. 3. Backscattered electron SEM micrographs showing the cross-sections of DLC-based films on the 7-AB-T (A) and 10-DA-B samples (B), and EDX spectra acquired
on the coated 7-AB-T sample (C: acquisition areas; D: spectra). The labels in panel A indicate the four layers of the DLC-based film: 1 = Cr, 2 = bright W-C:H sub-

layer, 3 = W-C:H upper sub-layer. 4 = DLC.

Table IV
Results of nanoindentation tests on coated samples.

Sample Err (x 102 Hir (x 10 HV (x 10 HV
GPa) GPa)
DLCon 7-AB-T  1.57 +0.31 2.2+ 0.6 2.06 £ 0.56 2167 + 534
DLCon10-AB-T  1.62+0.25 2.3+06 2.17 £0.53 2056 + 562
W-C:Hon7-AB-  1.36 + 0.15 1.34+0.2 1.24+0.22 1162+ 176
B
W-C:H on 10- 1.35+0.11 1.2+0.2 1.16 £ 0.18 1235 + 227
AB-B

discrepancies existing in the literature, since all these factors would
affect the contact stress distribution and the mechanical response of the
systems. Notably, there seems to be some disagreement on whether the
substrate roughness affects the structure of the DLC top layer itself. For
example, Sheejia et al. [33] suggested that the fraction of sp® bonded
carbon atoms, identified through Raman spectroscopy, may be slightly
higher with a smoother substrate. Likewise, Kolawole et al. [30] indi-
cated that the DLC films deposited onto smoother substrates are slightly
harder than those deposited onto softer substrates. On the other hand,
Martins et al. [32] and Salerno et al. [28] did not observe any change in
the Raman spectrum of the DLC top layer as a function of the substrate
roughness. In fact, any report of an influence of the substrate roughness
on the Raman spectral features and the nanoindentation response of DLC
films should probably be interpreted with care. Increased roughness can
result in artefacts in both cases. A rougher surface may alter the dy-
namics of light scattering and consequently affect the Raman spectrum.

Likewise, nanohardness measurements are reliable only when the
arithmetic mean height of the indented surface (Ra) is <5% of the
maximum penetration depth, according to the ISO 14577 standard.
Nanoindentation of a very rough surface may “squeeze” elastically the
asperities, resulting in an artificial increase of the measured indentation
depth. In this case, hardness and elastic modulus values would be
underestimated.

Despite these remaining open issues, the relation between the
roughness of the substrate and the performance of the DLC-based film is
not the focus of the present study, since here we aim to investigate some
aspects that have been even less frequently studied.

Indeed, L-PBF techniques also result in unique as-built microstruc-
tures, often characterized by a very refined grain size and high per-
centage of alloying elements retained into matrix lattice due to the very
rapid solidification rates of the molten pools [26]. This is certainly true
for the near-eutectic Al alloys such as AlSi1OMg and AlSi7Mg. These
LPBF-manufactured Al-Si-Mg alloys are generally characterized by pri-
mary equiaxed a-Al grains, disposed along the melt pool boundaries,
from which other a-Al grains nucleate and growth with a columnar
texture that follows the solidification heat flow [34,35]. The high so-
lidification rates also induce, within the «-Al grains, the formation of
a-Al cells surrounded by a fine network of Si-eutectic particles [36-38].
This type of microstructure confers to the as-built material very high
hardness and yield strength [36-39]. These values can also be improved
by direct aging heat treatments due to the ability of both as-built
AlSi7Mg and AlSi10Mg to respond to precipitation hardening: the Su-
persaturated Solid Solution (SSS) evolves into f”, p’, and B-MgySi
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Fig. 4. Example of a Raman spectrum acquired on the DLC film on the 7-AB-B substrate, with fitted background (A), and fitting of the D and G peaks after

background subtraction.

Fig. 5. Optical micrographs of representative scratch tracks on the DLC-based
films deposited onto substrates in different treatment conditions, with details of
the critical load morphologies.

precipitates during exposure to aging temperatures [40,41].
Conversely, for LPBF Al-alloys, a T6 heat treatment effectively acts as
a softening process, resulting in lower yield strength and higher

elongation to fracture compared with the as-built condition because it
coarsens the networked as-built microstructure. Therefore, new types of
heat treatments can be considered, and they have indeed been
frequently explored in the literature [39]. As previously mentioned, one
possibility is to perform in-situ or post-processing direct aging heat
treatments (T < 200 °C) that result in improved strength and a slight loss
of ductility compared to the as-built samples if they were manufactured
on a build platform at room temperature [36,39].

The high yield strength (hence, also high hardness) of as-built or
direct-aged LPBF Al—Si alloys can be exploited to improve the me-
chanical support offered to DLC-based films. Thus, provided that the
limited elongation to fracture of these alloys is acceptable for the
intended application, it could be advantageous to coat as-built or
directly aged LPBF-manufactured parts. There is a chance that these
types of substrates offer sufficient mechanical support without the need
for costly interlayers.

The situation is complicated by the fact that, even though the



M.F. Bonilauri et al.

Surface & Coatings Technology 523 (2026) 133203

Fig. 6. SEM micrographs of one of the scratch tracks on the DLC-coated 10-AB-T sample. A: overview of the region around the Lpejam, critical load; B: detail of a
chipping event in the DLC top layer; C: extended chipping event affecting both the DLC top layer and the W-C:H intermediate layer; D: detail of the area marked in
panel C. The arrows indicate cracks existing in the W-C:H intermediate layer but not extending to the DLC top layer.

Table V
Critical loads identified in the scratch adhesion tests on the DLC-based and the
W-C:H terminated films on as-built AISi10Mg and AlSi7Mg substrates.

Sample L [N] Lea [N] Les [N] Lpetam. [N]
DLC-based film on 10-AB-T 3.5+0.2 8.3+0.3 13.9 £ 0.9 15.7 £ 0.5
DLC-based film on 10-AB-B 3.2+0.1 82+04 16.1 + 2.2 171+ 2.1
W-C:H film on 10-AB-B 29+0.3 8.0+1.1 9.2+ 1.2 10.4 +£ 0.7
DLC-based film on 7-AB-T 29+0.1 6.8 + 0.5 13.1 +£0.1 14.1 £ 0.5
DLC-based film on 7-AB-B 3.0+0.1 7.6 £0.4 12.6 + 0.5 14.1 £ 0.5
W-C:H film on 7-AB-B 2.8+0.3 7.3+ 0.6 9.7 +£ 0.3 11.2+ 0.4

deposition of DLC by PA-CVD processes can be performed at relatively
low temperatures of 160-180 °C, these temperatures are, in fact, in the
range of the aging temperatures of Al alloys [36,39]. Thus, an as-built or
solutionized substrate could arguably be effectively aged during the
deposition process itself [42], whereas an aged substrate could experi-
ence over-aging. Lugscheider et al. [43], for example, showed that the
hardness of an Al-alloy substrate could be substantially degraded if the
temperature during a PVD coating process was allowed to increase too
much.

It is therefore necessary to clarify the interplay between the heat
treatment condition of L-PBF Al-alloy substrates, like AlISi10Mg and
AlSi7Mg, and the performance of DLC-coated systems. In this work,
DLC-based films were deposited by a combined PVD and PA-CVD pro-
cess onto AlSi10Mg and AlSi7Mg alloys in four different conditions: as-
built, directly aged, solution-treated and T6 (solutionized and aged).
After a microstructural and mechanical characterization of the sub-
strates in the different conditions and the films, the adhesion and the
tribological performance of the coated systems were assessed by scratch
tests and ball-on-disc dry sliding wear tests, respectively. The resulting
failure mechanisms were investigated by scanning electron microscopy
inspection of worn samples and by Raman spectroscopy analysis of the
wear debris.

2. Experimental
2.1. Substrates and DLC-based coating deposition

Gas-atomized Al-Si-Mg powder particles, whose chemical composi-
tion is listed in Table I, were used to manufacture the AlSi7Mg and
AlSi10Mg substrates. Both powders, manufactured by Tekna®, had di-
ameters ranging from 20 to 63 pm. When both AlSi7Mg (labelled as “7-")
and AlSi10Mg (labelled as “10-"") will be characterized by similar results,
the “Al-Si-Mg” label will be used to refer to them collectively.

The LPBF process was conducted with an SLM®280 machine where
two IPG fibre lasers melted 90 pm-thick powder layers with a power of
370 W, a scanning speed of 1400 mm/s, and a hatch spacing of 70 pm.
Bars of 10x10x300 mm® size were manufactured on a build platform
heated to 150 °C. The substrates used to deposit the DLC-based thin film
were cut from both the farthest (labelled as “top”) and nearest (labelled
as “bottom™) zones from the heated build platform. The as-built top and
bottom substrates will be labelled with the suffixes “-T” and “-B”,
respectively.

Each Al-Si-Mg substrate was first mechanically ground with SiC pa-
pers and then polished with colloidal silica suspension for both the
microstructural investigation and coating deposition process. In fact, as
explained in the Introduction, the effect of substrate roughness on the
performance of the DLC-based films was not the focus of this study.
Therefore, we rather sought to avoid roughness as a confounding factor
[28]. The Sa values of the polished substrates, which were measured
with a non-contact 3D profilometer (Taylor Hobson, Leicester, United
Kingdom), were of 0.07 £+ 0.01 pm. Even though, as discussed in the
Introduction and in [28], such an extremely smooth surface finish may
not maximize the performance of DLC-based films deposited onto Al-Si-
Mg alloy substrates, achieving a reproducible finish on all substrates
allowed to avoid any influence from roughness itself. Moreover, a very
smooth surface means that local stress concentrations at roughness as-
perities were minimized. Therefore, the mechanical response of the
system reflected more clearly the macro-scale stress distribution be-
tween the harder, stiffer film and the substrate. Thus, this was the most
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Fig. 7. SEM micrographs of one of the scratch tracks on the 10-AB-B sample with the W-C:H coating. A: overview of the region around the Lpejam, critical load; B:
detail of the extensive microcracking of the W-C:H layer; C: cracks of increasingly large width expose the AlSi10Mg substrate; D: detail of the cracked film where the

two layers are visible on the fracture.

Fig. 8. Critical loads measured for the DLC-based films on all types of substrates.

suitable experimental condition to highlight the effects of changing the
mechanical properties of the Al-Si-Mg alloy substrates through different
heat treatments.

To evaluate the influence of the hardness of Al-Si-Mg and its ability
to respond to aging phenomena during the DLC deposition process, the
substrates were treated in different conditions as listed in Table II. These
heat-treatment conditions, which represent the peak-aging, were chosen
in relation to the results previously presented and discussed in [44].
Each heat treatment was conducted in a muffle furnace (Nabertherm
GmbH, Lilienthal, Germany), with temperatures controlled with a K-
type thermocouple. To indicate the different substrate conditions, the
labels “AB”, “DA”, “SHT”, and “T6” will hereafter designate the as-built,
direct-aged, solution heat-treated, and artificially-aged substrates,

respectively. Thus, for example, the direct aged top and bottom sub-
strates are labelled as “DA-T” and “DA-B”, respectively. Lastly, the “-30”
and “-4” suffixes of the SHT samples indicate 30 min and 4 h soaking
time at 500 °C, respectively.

The DLC-based film deposited on all substrates consisted of a multi-
layer architecture, namely Cr + W-C:H + DLC (a-C:H type). This means
that adhesion was made with a chromium layer, followed by a W-C:H
support layer and the top functional a-C:H layer.

A Hauzer Techno Coating HTC1200 coating unit was used for the
deposition of the DLC-based film for this work. After an etching step
performed using an Ar plasma generated by a filament source operated
at 180 A with a 100 sccm Ar flow and a pulsed substrate bias of — 150 V,
the adhesion and the support layers were deposited by unbalanced
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Fig. 9. Instrumental recordings of friction coefficient, total penetration depth of the indenter during the test, and residual track depth after the test, plotted as a

function of the applied normal load for the scratch tracks shown in Fig. 5.

Fig. 10. Correlation between the critical loads and the hardness of the
coated substrate.

magnetron sputtering (UBM).

For this purpose, the coating unit was equipped with two Cr 99.9 wt
% and two WC (Co-free) targets, all of 170 x 1000 mm size. For the
deposition of the Cr adhesion layer, the Cr targets were run in pure
Argon plasma at 6 kW power each, with an Ar flow rate of 300 sccm and
a deposition time of 20 min. For the W-C:H intermediate layer, the WC
targets were operated with an Ar + CoHj mixture, at 5.5 kW power each.
The Ar and CyH; flow rates were 300 sccm and 500 sccm, respectively,

and the deposition time was 120 min. The deposition of both the
adhesion and the intermediate layer was run in self-bias mode, i.e., no
external bias voltage was applied to the substrates. The a-C:H top layer
was deposited in a pure CoHy plasma (500 sccm CyHsy flow rate). The
plasma was generated by applying a pulsed bias of —740 V, in voltage
control mode, at a frequency of approximately 40 kHz. The deposition
time was 130 min. In all cases, the deposition pressure was temperature-
and loading-dependent, as the process was flow-controlled. Anyhow, for
the a-C:H step, the pressure value, monitored through a Baratron, was in
the range of 5 x 107> to 8 x 10™> mbar.

Additionally, a deposition run performed only with the as-built
substrates was interrupted after the W-C:H intermediate layer. This
enabled the measurement of the micromechanical properties and the
adhesion strength of the W-C:H layer itself.

The temperature during the deposition process was controlled with
four thermocouples installed inside the coating unit. Two static ther-
mocouples were mounted on the chamber wall, close to the heating
elements, while two rotating thermocouples were mounted directly on
the planetary holder where the parts to be coated were fixed. The static
thermocouples were employed to monitor the heaters temperature,
while the rotating ones governed the process and their temperature
signals were fed into a PID controller that acted on the heating elements
power to reach and stabilize the temperature around the setpoint, in this
specific case 175 °C. As a result, the applied heating power was around
20 kW. The system was heated before the etching and deposition steps;
subsequently, no heating power was employed during the etching and
coating steps, since the exposure to the plasma and the powered targets
was sufficient to keep a quite stable temperature around the previously
attained setpoint value.
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Fig. 11. correlation between the area of delamination and the number of cracks per unit length (A) in the Rockwell indentation test. The optical micrographs show
the entire Rockwell imprint (B) and a portion of the same imprint (C). Panel (D) depicts the failure chart of the VDI 3198 indentation test (reprinted from refer-
ence [22]).

Fig. 12. Correlation between the critical loads in the scratch test and the area of delamination obtained from the Rockwell VDI tests performed on coated Al-Si-
Mg substrates.

2.2. Microstructural and micromechanical characterization of bare and Zeiss, Oberkochen, Germany) equipped with an EDS detector (Ultim®
coated substrates Extreme, Oxford Instruments, Abingdon, Oxfordshire, England).

The Vickers microhardness HV of the substrates was measured before

The microstructure of as-built and heat-treated bare substrates was and after the coating deposition process by using load of 500 gf and

analysed by optical microscopy (OM, DMi8 Leica, Wetzlar, Germany) dwell time of 15 s, according to the ISO 6507 standard. In the latter case,

and scanning electron microscopy (SEM, Auriga compact FIB-SEM, Vickers measurements were performed after coating removal with SiC
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Specific wear rates and average friction coefficients measured during the two replicates of the ball-on-disc sliding wear tests on each sample'. Where the coating
delaminated before the end of the test, no results are given but the sliding distance at which the delamination occurred is noted.

Sample 1st replicate 2nd replicate
Sample wear rate [x10~7 mm?/(Nem)] Friction coefficient Sample wear rate [x10~7 mm?3/(Nem)] Friction coefficient

7-AB-B 9.2+ 1.6 0.13 + 0.01 6.3 + 0.7 0.13 +0.01
7-AB-T 5.3 + 0.6 0.12 + 0.01 5.7 + 0.7 0.13 £ 0.01
7-DA-B 7.6 £2.5 0.13 £ 0.01 Delaminated (~ 600 m)

7-DA-T 74+19 0.12 +£ 0.01 5.3+0.6 0.13 £ 0.01
7-SHT-4 10.8 + 2.5 0.13 + 0.01 11.8 + 4.0 0.13 +0.01
7-SHT-30 12.1 + 1.0 0.14 + 0.01 Delaminated (~ 480 m)

7-T6-4 Delaminated (~ 740 m) Delaminated (~ 380 m)

7-T6-30 Delaminated (~ 780 m) Delaminated (~ 500 m)

10-AB-B 6.8 + 2.5 0.13 + 0.01 4.7 £0.7* 0.09 + 0.01
10-AB-T 3.6 £0.3 0.12 £ 0.01 10.3 £ 2.3 0.13 £ 0.01
10-DA-B 35.2 + 26.8% 0.13 + 0.01 16.6 + 8.1 0.14 + 0.01
10-DA-T 5.7 £ 0.5 0.13 + 0.01 Delaminated (~ 600 m)

10-SHT-4 88 +1.2 0.13 + 0.01 Delaminated (~ 200 m)

10-SHT-30 53+0.7 0.14 £ 0.01 Delaminated (~ 320 m)

10-T6-4 Delaminated (~ 340 m) Delaminated (~ 120 m)

10-T6-30 Delaminated (~ 260 m) Delaminated (~ 360 m)

" Specific wear rate averaged over 3 profile measurements (4th profile returned much higher value).
! The error associated with the sample wear rate was obtained by propagating the error among the 4 profile measurements done on each wear track; the error on the
ball wear rate was propagated from the error on the wear scar diameter measurement.

papers. The associated error was calculated as the standard deviation of
nine indentations.

The microstructure of the coatings was examined on polished and
slightly etched cross-sections. The samples were sectioned with a resin-
bonded Al;O3 disc, cold-mounted in a two-component epoxy resin,
ground with diamond-based discs of P600 and P1200 grit size, and
polished using first a metal-backed pad spread with a 3 pm-size poly-
crystalline diamond suspension. Final polishing was performed with a
colloidal silica suspension (oxide polishing suspension, OPS) of 60 nm
average size on a nonwoven cloth. The polished specimens were etched
with Keller's reagent for ~10-15 s, ultrasonically cleaned in iso-
propanol, and sputter-coated with a ~10 nm-thick Au layer for scanning
electron microscope (SEM) observation. A Nova NanoSEM 450 system
(Thermo Fisher Scientific, Eindhoven, NL), equipped with an energy-
dispersive X-ray (EDX) microanalysis system (Quantax 200 with an
XFlash 6|10 detector — Bruker Nano GmbH, Berlin, DE) was used for the
investigations.

Micro-Raman spectra of the DLC top layer were acquired using a Nd:
YAG laser source with a wavelength of 532 nm. The laser power was
filtered to 3.2 mW to prevent thermal alteration and focused through a
100x objective; the resulting signal was analysed with a 600 g/mm
diffraction grating and a CCD detector. Spectra were obtained by aver-
aging 20 accumulations of 6 s duration.

The hardness of the DLC-based films was measured on their top
surface using a Berkovich nanoindenter (NHT2, Anton Paar TriTec,
Corcelles — CH) at a maximum load of 10 mN (20 mN/min loading and
unloading rate; 15 s hold at maximum load), which corresponded to a
maximum penetration depth around 195 nm and a contact depth of
around 130 nm. The measurements were performed and analysed ac-
cording to the ISO 14577 standard, using an indenter calibrated and
periodically verified against a fused silica reference. A total of 120 in-
dents were performed.

Because the DLC-based film was the same on all substrates and its
growth was reasonably not influenced by the heat treatment condition
of the underlying surface (all samples having been finished to the same
roughness), the cross-section microstructural characterization was pre-
sented only for one type of substrate (as-built AlSi7Mg) and, likewise,
hardness was measured only for the films on the as-built AlSi7Mg and
AlSi10Mg substrates, and Raman spectra were only acquired from the
surface of the 7-AB-B sample. Using the harder as-built surfaces for
nanoindentation ensured that the influence from the substrate was
minimized.
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Additional nanoindentation tests were performed on the as-built
samples coated with the W-C:H layer (without DLC top layer).

2.3. Adhesion testing of the coated systems

The adhesion of the DLC-based films in all combinations of substrate
material, build position, and heat treatment condition, as well as that of
the W-C:H film on the as-built substrates, was studied by scratch testing
(Micro-Combi Tester, Anton Paar TriTec), using a conical diamond
indenter with a 100 pm tip radius and operating over a load range of
0.02-30 N with a 6 mm scratch length and a 6 mm/min speed. Consis-
tent with the ISO 20502 standard, the critical loads for the onset of
damage in the films were determined by optical microscopy, operating
at 200 x magnification. The critical loads identified in this work were the
load for crack formation (L), chipping of the coating along the track
sides (Lco), chipping of the coating across the entire track width (L¢s),
and continuous delamination of the coating (Lpelam.)- The tangential
force on the sample was recorded via a load cell attached to the sample
holder; hence, the friction coefficient was computed as the ratio of the
tangential force over the applied normal load, controlled through a
feedback actuation system with a load cell attached to the indenter tip.
By recording the position of the tip with an LVDT sensor, and by per-
forming pre- and post-scans over the tested area with a low load of 0.02
N, the penetration depth of the indenter during the test (difference be-
tween the position of the indenter during the test and the initial profile)
and the residual depth (difference between the final and initial profile)
were also recorded. These instrumental recordings were employed to
assist in the identification of the critical loads. The scratch tracks on the
DLC- and W-C:H coated AlSi10Mg substrates in as-built conditions were
also observed by SEM (Nova NanoSEM 450).

In addition, the coating/substrate adhesion was also evaluated
through Rockwell VDI test according to VDI 3198 standard [45] by
applying a statistical analysis of the cracks and delaminations formed
during the indentations, as discussed in [22]. Each indentation was
carried out at room temperature by using ZHR Rockwell hardness tester
(Zwick/Roell, Ulm, Germany) with a load of 60 kgf and a conical dia-
mond indenter.

2.4. Dry sliding wear testing of the coated systems

The dry sliding wear behaviour of all samples was studied by uni-
directional rotating ball-on-disc testing (THT, Anton Paar TriTec), using
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Fig. 13. Friction curves measured during the two replicates of the wear tests on the DLC-coated samples 7-AB-B (A), 7-AB-T (B), 7-DA-B (C), 7-DA-T (D), 7-SHT-4 (E),
7-SHT-30 (F), 7-T6-4 (G), and 7-T6-30 (H).
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Fig. 14. SEM micrographs showing the worn surface of the DLC-based film on the 7-AB-B sample at three different locations (A-B, C—D, E-F) — overviews (A, C, E)

and details (B, D, F).

an Al,O3 ball with 3 mm diameter as counterpart. Al;O3 is a chemically
inert material that does not introduce additional tribochemical phe-
nomena that would complicate the analysis of wear mechanisms, and
the choice of a 3 mm-diameter ball was meant to produce a quite high
contact pressure to probe the response of the systems under demanding
conditions. The normal load was 5 N: assuming E = 70 GPa, v = 0.33 for
both AlSi10Mg and AlSi7Mg, and E = 370 GPa, v = 0.23 for the Al,O3
ball, the average contact pressure on an uncoated substrate would be
~815 MPa and the maximum shear stress would be ~380 MPa at a
depth of ~21 pm. This confirms that, even with the DLC-based film, the
maximum shear stress was located in the substrate, and it was high
enough to approach or exceed its yield strength. The wear track diam-
eter was 7 mm, the linear speed was 0.20 m/s and the total sliding
distance was 1000 m. The sample and the ball were cleaned with iso-
propanol before and after each test. Two repeats were done for each
sample type.

The wear volume loss of the samples was measured by optical pro-
filometry (ConfoSurf profilometer, Confovis GmbH, Jena — DE, con-
nected to a Nikon Eclipse LV150N optical microscope) using a structured
illumination method. Profiles were acquired along four stripes of 200
pm length located at 90° from each other around the circular wear track,
operating with a 50x objective. The average cross-sectional area of the
track was thus obtained and multiplied by the length of the circular track
to determine its volume. The results were converted to specific
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volumetric wear rates in units of mm3/(Nom) and expressed as average
+ half-difference.

The worn surfaces of the coated samples and selected cross-sections,
prepared as described in Section 2.2, were observed by SEM (Nova
NanoSEM 450). The worn surfaces of the balls were observed by optical
microscopy (Olympus GS10), and micro-Raman spectra were acquired
on the transfer material visible on the wear track on the ball. Spectra
were acquired in the same conditions as described in Section 2.2,
averaging 6 accumulations of 20 s duration each.

3. Results and discussion
3.1. Microstructure and hardness of the substrates

Fig. 1 A shows a representative AB microstructure of both bottom
and top LPBF-manufactured Al-Si-Mg bare substrates that were formed
by a-Al cells decorated with Si-eutectic particles arranged into a network
structure. The SEM micrograph also revealed the presence of rod- and
circle-shaped Si-nanoparticles into a-Al cells (yellow arrows in Fig. 1 A).
Nevertheless, the exposure to the build platform heated to 150 °C
resulted in some microstructural differences between the substrates
taken from the portions of the bars that were the closest (AB-B) or the
farthest (AB-T) from the build platform. Indeed, the cell-like structure of
the AB-B substrates showed a more equiaxed morphology, attributed to
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Fig. 15. SEM micrographs showing the worn surface of the DLC-based film on the 10-AB-T sample at two different locations (A-B, C—D) and the 10-AB-B sample (E-

F) - overviews (A, C, E) and details (B, D, F).

the presence of sub-grain structures in the a-Al cells, as well as a higher
amount of Mg»Si, f”, and B’ precipitates, compared to the AB-T sub-
strates. These findings were confirmed by TEM observations performed
in [44] on the same bare AB substrates.

As a result of these microstructural differences, Fig. 2, which lists the
hardness of all the AlSi7Mg and AlSi10Mg substrates before and after the
deposition of the DLC-based film, shows that the bare AB-T substrates
(prior to the deposition process) always exhibited lower HV values than
the AB-B ones. The exposure to the direct aging temperature of 175 °C
for 8 h did not alter the networked microstructure in term of its
morphology and size. In fact, the dimensions of the a-Al cells and the
thickness of the Si-eutectic network remained unchanged before and
after the exposure to aging temperature (Table III).

However, there was a measurable change in hardness of the sub-
strates both after the direct aging treatment, and after the deposition of
the DLC-based film, which also involved prolonged exposure to the same
temperature of 175 °C. Accordingly, in most cases the AB substrates after
deposition and the DA substrates before deposition exhibited very
similar hardness (Fig. 2). The high amount of SSS in the AB-T bare
substrates promoted precipitation phenomena during the exposure to
the deposition or the direct aging temperature that resulted in an in-
crease in HV: after deposition, the hardness increased from (111 + 3)
HVy5 and (128 + 3) HV( 5 to (128 + 4) HV 5 and (132 + 4) HV 5 for
the 7-AB-T and the 10-AB-T samples, respectively. The exposure of the
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AB-B bare samples to the deposition or direct aging temperature, on the
contrary, reduced the HV values due to the coarsening of the precipitates
previously formed during the LPBF process, despite the lack of changes
to the Si-eutectic network. These effects cannot be seen by optical mi-
crographs, but they were revealed through TEM observations in [44]
after the exposure of AB-T samples to 175 °C.

When the DA substrates were exposed to the deposition temperature,
the precipitation sequence continued to progress from semi-coherent to
in-coherent precipitates; therefore, both the peak-aged DA-T and DA-B
bare substrates showed a reduction in HV values after the deposition
process (Fig. 2). No other microstructural variations that might have
influenced hardness occurred during the deposition of the DLC-based
film (as previously affirmed and as will be possible to observe in the
cross-section shown in Fig. 18).

The exposure to the SHT temperature of 505 °C, by contrast, trans-
formed the networked microstructure into a composite-like structure
(Fig. 1B,C) where globularized Si-particles were embedded within an
a-Al matrix. The destruction of the Si-eutectic network and the coars-
ening of the a-Al grains during the solution heat treatment significantly
reduced the HV values of both 7-AB and 10-AB substrates (Fig. 2).
Increasing the soaking time from 0.5 h (Fig. 1B) to 4 h (Fig. 1C) coars-
ened the globularized Si-particles, increasing their equivalent diameter
from approximately 1.2 pm to 3.5 pm, and rendered their distribution in
the Al matrix more uniform due to diffusion-controlled phenomena
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Fig. 16. SEM micrographs showing the worn surface of the DLC-based film on the 10-DA-T sample A-B) and the 10-DA-B sample at two different locations (C—D, E-

F) — overviews (A, C) and details (B, D).

[46]. The same diffusion also coarsened the needle-like particles that
can be associated with the brittle Fe-based AlsFeSi intermetallics, based
on the similarity between their morphology and that of the intermetallic
phases revealed and discussed in [47]. Finally, the exposure of AB
samples to 505 °C greatly enlarged the as-built a-Al grains as revealed by
EBSD analysis and channelling contrast in [40,41,48,49]. The coars-
ening of the microstructure with prolonged exposure to the solutionizing
temperature, along with a lower amount of alloying elements in the «-Al
lattice [50], resulted in lower HV values of the SHT-4 with respect to the
SHT-0.5 bare substrates (Fig. 2).

The subsequent exposure to the deposition temperature promoted
precipitation phenomena in the SHT samples that recovered their HV
values from 5975 HV( 5 to 99+110 HV( 5. The HV values of both the
T6-30 and T6-4 substrates, to the contrary, decreased slightly,
following the same trends of the DA Al-Si-Mg bare samples, because,
once again, the deposition process caused the material to exceed the
peak-aging conditions attained during the T6 treatment, resulting in
over-aging. Generally, the HV measurements in Fig. 2 are consistent
with [41,51].

3.2. Microstructure and nanohardness of the DLC-based film

The SEM micrographs (Fig. 3 A-B) and the corresponding EDX ana-
lyses (Fig. 3C—D) confirmed that the architecture of the DLC-based films
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was independent of the substrate and consistent with the nominal one
laid out in Section 2.1. A Cr adhesion layer (label 1 in Fig. 3 A — EDX
spectrum 2 in Fig. 3C—D), ~0.5 pm thick, was deposited directly on the
substrate surface. On top of it, the W-C:H layer, with a brighter bottom
sub-layer (~0.25 pm) and a slightly darker upper sub-layer (~1 pm)
provided a chemical and mechanical transition to the top DLC layer with
a thickness of ~2.5 pm. The film was free of visible defects and followed
the surface profile of the substrate. As specified in Section 2.2, because
all substrates were coated under identical conditions, the microstructure
of the film was observed only on selected specimens.

In the light of the thickness values quoted above, the results of the
nanoindentation tests can be regarded as mainly representative of the
properties of the DLC top layer, since the maximum penetration depth
was less than 10% of the thickness of the DLC layer itself. The hardness
and elastic modulus values, summarized in Table IV, were consistently
unaffected by the substrate material and were comparable with the
typical values for hydrogenated DLC (i.e., a-C:H layers) deposited by PA-
CVD. Interestingly, the DLC layer had a hardness in excess of 2000 HV,
but its elastic modulus was lower than that of ordinary steel. This means
that the DLC top layer possessed good elastic compliance (high H/E
ratio), which could be helpful to tolerate relatively large contact strains
within the elastic deformation regime. In fact, since the substrates,
whose profile the DLC-based films mostly copied, had Sq ~ 0.06 pm and
a mean asperity curvature Ssc ~ 3 x 107> pm™~?, the plasticity index of
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Fig. 17. EDX analyses acquired on the worn surface of the DLC-based film on the 10-DA-B (A-B) and 7-DA-T (C—D) samples.

the films, computed according to the original formulation by Greenwood
and Williamson [52] as y = (E/H) e /o/R, where ¢ = standard devia-
tion of the asperities' height distribution = Sq (when the reference plane
is taken as the mean plane) and R = average curvature radius of the
asperities = 1/Ssc, was y = 0.1. A plasticity index value y< 1 means
that, at the microscale, the asperities of the DLC top layer would not
reach their elasticity limit under contact conditions. When compared to
the H/E values of other DLC-based films and PVD nitrides [53-56], the
H/E = 0.14 of the present DLC layer was indeed among the highest.
Greater H/E values were only attained by special engineering of the film
architecture [56]. Thus, the present results were promising, also in the
light of the findings by Kasiorowski et al. [57], who showed that a PA-
CVD DLC film with similar nanohardness (between 20.5 and 23.5
GPa) and elastic modulus (around 150 GPa) exhibited better sliding
wear resistance than other types of DLC films with lower H/E ratios.

The W-C:H layer had a lower hardness but also an even lower elastic
modulus, compared to the DLC top layer (Table IV), which resulted in a
lower H/E ratio of around 0.09-0.10. Thus, under contact conditions,
the W-C:H layer would be expected to reach the elastic limit before the
DLC top layer.

The Raman spectra (Fig. 4) confirmed that the film had the signature
spectrum of typical a-C:H type DLC. Fitting revealed that the ratio be-
tween the intensities of the D- and G-peaks (I(D)/I(G)) was 0.61 + 0.02,
and the G-peak position was 1542 + 1 cm ™', Based on the trends pub-
lished by Ferrari and Robertson [58], these values indicate an sp3 c—C
bond fraction of around 45%. It should be reminded that, in a-C:H films,
in addition to sp? C=C and sp> C—C bonds, C—H bonds also exist, but
their signal is not meaningfully detectable in the Raman spectra [59].
The presence of hydrogen has a significant effect on the mechanical
properties of DLC, because on the one hand it limits the continuity of the
C—C network. Thus, it reduces the hardness and elastic stiffness of the
film, compared with one having similar sp/sp° bond ratio but lower H
content. On the other hand, hydrogen plays a major role during the PA-
CVD deposition process, facilitating the formation of the sp> C—C bonds
themselves [3]. Thus, in a standard PA-CVD process, the presence of
hydrogen is indeed necessary to obtain a DLC material instead of a
graphite-like coating. According to some authors, [59,60], the amount
of hydrogen in a DLC film can be inferred from the slope of the raising
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background signal that it induces in the Raman spectrum through a
photoluminescence effect. However, as seen in Fig. 4 A, the Raman
spectra of the current samples did not exhibit a raising background. This
could mean that the hydrogen content was below the threshold to
observe a meaningful photoluminescence effect. This reportedly begins
to show at about 34 at.% hydrogen content [60], albeit this is referred to
a slightly lower excitation wavelength (514.5 nm) than was used in the
present work (532 nm). Thus, our ability to excite the photo-
luminescence background may have been a bit lower and the threshold
may have been correspondingly higher than the literature value.
Nonetheless, we can infer that the DLC top layer had a limited H content,
consistent with a typical a-C:H obtained by PA-CVD at a relatively high
(in absolute value) bias voltage of —740 V (see Section 2.1) [3].

The full width of the G peak at half-maximum height (FWHM) was
187 + 2 cm ™}, which, according to the plot by Casiraghi et al. [61]
(though once again obtained for a slightly different excitation wave-
length of 514.5 cm™ 1), was fully consistent with an elastic modulus
around 150 GPa as was found in Table IV.

3.3. Scratch adhesion of the DLC-based film on different substrates

The failure modes observed during the scratch test (Fig. 5) were quite
typical of DLC-based films on metal substrates. Forward-facing fish-bone
cracks started at L due to the compressive stress ahead of the indenter.
Chipping due to compressive destabilization of the film followed at L¢s
and, at L¢s, the chipped areas extended enough to cover the entire width
of the track; afterwards, delamination was triggered.

More in-depth inspection of the scratch tracks on the as-built
AlSi10Mg substrates by SEM (Fig. 6A) confirmed that the DLC top
layer experienced chipping along the edges (Fig. 6B) and, progressively,
also toward the centre of the track (Fig. 6C). More interestingly, when
the W-C:H layer was uncovered, it exhibited even more cracks than the
DLC top layer itself. Fig. 6D indeed shows that, while some cracks
extended across both the DLC top layer and the W-C:H layer, the latter
also exhibited additional cracks, which tended to “disappear” beneath
the surviving DLC top layer. It is thus inferred that, as long as the applied
load was sufficiently low, most of the stress affected the DLC top layer
and its own failure modes, dominated by compressive buckling,
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Fig. 18. SEM micrographs of the polished and etched cross-section of the coated 7-AB-T sample after the sliding wear test — A: overview around the wear track area;
B, C: details of the areas marked in panel A, with circles highlighting cracks in the W-C:H layer; D: detail of an area outside the wear track; E, F: same as C and D but
with digitally enhanced contrast to highlight the microstructure of the AlSi7Mg substrate. The dashed line in panel E indicates an area where the eutectic Si network
of the as-built L-PBF alloy was disrupted by plastic deformation of the primary a-Al grains.

Fig. 19. SEM micrographs of the polished and etched cross-section of the coated 10-SHT-4 sample after the sliding wear test — A: overview around the wear track

area; B: detail of the area marked in panel A.

appeared. However, when the load increased and more strain was put
into the W-C:H interlayer, the latter was in fact the weakest link and
started to crumble. Its failure then accelerated the spallation of the film
and lead to the complete delamination as seen in Fig. 6A. This is
consistent with the expectation, put forward in Section 3.2, that the W-
C:H film would reach the elasticity limit at lower strain levels than the
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DLC film, thus exhibiting more extensive failure.

To verify the failure behaviour of the W-C:H layer alone, additional
scratch tests were performed on as-built substrates coated only with the
Cr / W-C:H system, as indicated in Section 2.1. The results showed that
the critical load for continuous failure across the track width (L¢s) and
the delamination load (Lpelam.) Were indeed lower for the W-C:H-
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Fig. 20. OM micrographs of bare (A) and coated (B) 10-AB-T substrates and the equivalent diameters of spherical- and irregular-shaped pores in function of their

aspect ratio (C) analysed in 10-AB samples.

terminated coating system than for the complete DLC-based film
(Table V). The failure modes were also different (Fig. 7): the W-C:H layer
confirmed its tendency to crumble at high loads, developing an exten-
sive network of through-thickness cracks (Fig. 7B) that uncovered
increasingly wide portions of the substrate (Fig. 7C).

Thus, the W-C:H layer likely started to crack and tear in the same way
also underneath the DLC top layer in the complete coating system,
accelerating its failure. Detailed views showed that the Cr adhesion layer
was firmly attached to the W-C:H layer (Fig. 7D), confirming that the W-
C:H layer, not the adhesion layer, was the actual weakest part of the
coating system.

Considering now the evolution of the critical loads of the DLC-based
films as a function of the substrate treatment condition (Fig. 8), some
interesting trends emerged. In particular, the average values of the
delamination load (Lpejam.) decreased continuously going from as-built
substrates to direct aged, solution treated, and T6 substrates. This
result can be directly visualized through the optical micrographs of the
scratch tracks (Fig. 5), from which the critical loads were measured. The
change in delamination loads is apparent through the emergence of the
metallic shine of the uncovered substrate in the different scratch tracks.
The difference between the average Lpejam. values measured on the as-
built and direct-aged samples was, in most cases, smaller than the
associated error ranges; hence, it was hardly significant from a statistical
point of view. Nonetheless, the differences recurred systematically with
both substrate materials and regardless of the distance from the heated
build platform, namely with both the top and the bottom samples. There
was a marked decrease of the Lpejam. Values after the solution treatment
and, even more, after the T6 treatment. The trends with all other critical
load values were analogous, but going toward lower load values, the
differences became increasingly small and, therefore, less significant.
Interestingly, the delamination load of the DLC-based films on the
AlSil10Mg substrates seemed a bit higher than that of the films on the
AlSi7Mg substrates in the as-built condition, but a bit lower after the
solution treatment and the T6 treatment (Fig. 8), though the difference
was not particularly significant.

This different mechanical behaviour may be based on the different
responses to mechanical loads supported by the networked micro-
structure (AB and DA samples in Fig. 1 A) and the composite-like one
(Fig. 1B,C), along with the influences dictated by the precipitates formed
within the a-Al matrix. As widely investigated in [62], the mechanical
behaviour of the AB and DA substrates was almost completely governed
by the Si-eutectic network, which was extended as a tubular structure
from the bottom to the top region of the sample, regardless of the pre-
cipitate amount within the a-Al cells. Based on these reasons, AlSi10Mg
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substrates could exhibit higher delamination loads likely due presence
of a denser eutectic network compared to the AlSi7Mg substrates. This
statement can be supported by the smaller dimensions of the a-Al cells in
AlSi10Mg compared to AlSi7Mg substrates (see Table III). In fact, for the
same substrate's area, a denser structure of the Si eutectic network
contains less space where a-Al can be enclosed. Focusing on the com-
posite microstructure of the SHT and the T6 substrates, the precipitates
formed in the a-Al matrix after aging greatly affect the mechanical
behaviour and the mechanical load bearing capability of the Al-Si-Mg
alloys [62]. For these reasons, the slightly higher delamination load of
AlSi7Mg substrates may be caused by the higher precipitate amount
within the matrix compared to the AlSilOMg substrates, whereas the
role of the Si particles was diminished by the destruction of the above-
mentioned network. In fact, the AlSi7Mg alloy contained twice the
amount of Mg compared with the AlSi10Mg alloy (see Table I), which
played a key role in the precipitate formation during exposure to aging
temperatures.

The identification of the Lpelam, values was also corroborated by the
instrumental recordings during the scratch test. In fact, the delamination
events were accompanied by a transition from a low-friction regime
(Fig. 9) to higher and more unstable friction coefficient values as the
indenter passed from sliding onto the DLC-based film to sliding onto the
bare Al alloys. The total and residual penetration depths also exhibited
sudden increases corresponding to the occurrence of delamination. All
these shifts occurred around a load of 15 N with the AB substrates and at
a marginally lower load with the DA substrates; they moved toward a
value of 10 N with SHT and T6 samples (Fig. 9).

These findings strongly suggest that the critical loads were closely
related to the hardness of the substrate. Fig. 10 confirms that there was
indeed a linear relation between all critical loads and the hardness of the
corresponding substrates, with quite high R? values in the range of
0.61-+-0.84, particularly for the delamination load.

It is interesting to note that the friction coefficient measured before
the delamination event (Fig. 9) did not remain constant but increased
continuously from ~ 0.1, at the beginning of the test to ~ 0.25, shortly
before the critical load, which was an apparent violation of Amontons'
laws, according to which the friction coefficient should be independent
of the apparent contact area and the normal load. One reason can be a
non-linearity in the adhesive contribution to friction. The latter is a
monotonic function of the z,,/H ratio [63,64], where 7, is the maximum
shear strength of the adhesive junctions formed between contacting
asperities, and H is the hardness of the softer surface, that is, in the
present tests, the coated sample. The shear strength is proportional to
the work of adhesion: 7,cWis = ce (y; +7,), where ¢ = chemical
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Fig. 21. Optical micrographs of the Al,O3 balls after wear testing against the DLC-based films on the 7-AB-B (A), 7-AB-T (C), and 7-SHT-4 (E) samples, with cor-

responding Raman spectra (B, D, F) acquired at the marked locations.

compatibility; y;, y, = surface energies of the mating surfaces [63].
Because hydrogenated DLC [3,5] and diamond both possessed low
surface energy, 7, was low and independent of the applied load. How-
ever, under an increasingly high normal load, the contact stress distri-
bution extended further into the soft Al-alloy substrate. Thus, the
effective hardness of all samples (H) decreased with increasing load,
resulting in a continuous increase in the 7,,, /H ratio that reflected a more-
than-linear increase of the true contact area with the applied normal
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load. Furthermore, because the substrate was deforming plastically
during the scratch test, dissipating energy in the process, there was also
an abrasive contribution to friction. To a first approximation, the
abrasive contribution to friction increases with tand, where 0 is the
attack angle of the abrading asperity [63]. With a spherical indenter, the
average attack angle increased with the penetration depth, thus result-
ing in an increase of the abrasive contribution to friction.

As for the scratch test results, the different microstructures and
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hardness values characterizing the AB, DA, SHT, and T6 substrates
greatly influenced the damage to the coating after Rockwell in-
dentations (Fig. 11), as well. In fact, both the radial cracks and the
delamination areas in the coating increased when changing from Al-Si-
Mg substrates with a networked microstructure (AB, DA) to those
showing a composite-like structure (SHT, T6) (Fig. 11 A). In detail, with
a Si-eutectic network in the substrate, almost only cracking phenomena
were induced in DLC coating, likely because the tubular microstructure
supported the coating, as previously discussed. On the contrary, the lack
of support induced by the composite-like microstructure (Fig. 11C)
resulted in the appearance of small delamination areas (Fig. 11B,C). The
aspects will be corroborated through the dry sliding wear results in
Section 3.4.

Confirming that the delamination events in the Rockwell VDI test
and the scratch test were related to the same mechanisms associated
with the mechanical support from the substrate, Fig. 12 shows a definite
correlation between the reduction in critical loads and the increase in
the area fraction of delaminated coating around the indentation mark.

Despite the appearance of small delamination damage with the SHT
and T6 substrates, the response of the DLC-based coating should always
be ascribed to the HF2 adhesion class, because the delamination areas
were not observable at the lower magnification level required to match
the observed Rockwell imprint in Fig. 11B with the failure chart in
Fig. 11D. The low-magnification OM micrograph in Fig. 11B is thus
representative of all analysed conditions. In this context, it is interesting
to note that the more detailed analysis carried out on the damages
induced by the Rockwell VDI test revealed worse adhesion classes. In
fact, considering that the entire Rockwell imprint should be compared
with the failure chart (Fig. 11D).

3.4. Dry sliding wear behaviour of the coated systems

The results of all dry sliding wear tests (Table VI) show that the
specific wear rates of the coatings deposited on the as-built samples were
mostly <1 x 107° mm3/(Nom), i.e., corresponding to a moderate wear
regime [65]. The friction coefficient was also low, around 0.12-0.13,
which fell within the typical range of the friction coefficient values
produced by hydrogenated DLC films sliding against most types of
counterbodies in humid air [5]. There was no apparent effect of either
the exact composition (AISi10Mg or AlSi7Mg) or the position with
respect to the build platform. In a few cases, however, the scatter in the
data was quite large, as in the second replicates of the wear test on the
10-AB-T and the 10-AB-B samples (Table VI). In the latter case, one of
the four profile measurements was not included in the averaging
because the cross-sectional area measured at that location (see the
procedure described in Section 2.4) was almost one order of magnitude
higher than the other three measurements.

Moving to the direct aged and the solutionized samples, the scatter
increased further. In some tests, the specific wear rates were as low as for
the as-built samples; others returned higher averages with large scatter,
such as the first replicate on sample 10-DA-B and both replicates of
sample 7-SHT-4; and in yet other cases, the coating delaminated
completely before the end of the test, uncovering the Al-alloy substrate.
The delamination event was clearly identifiable through the friction
curves (Fig. 13), where a sharp transition from a low-friction regime to a
high and unstable friction (e.g. see in curve 1 in panel C, curve 2 in panel
D, and both curves in panels G and H) marked the contact between the
ball and the metal substrate, which suffered severe adhesive wear. The
approximate distances where this event occurred are listed in Table IV.

All coatings on the T6 substrates delaminated before the end of the
test (Fig. 13G,H), and, especially with the AlSi1OMg substrates, the
delamination event occurred early on, after a few hundred meters of
sliding.

Some considerations can therefore be made. The frequency of highly
scattered wear data or delamination events increased with decreasing
hardness of the substrate. Thus, scattered data and delamination events
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were more frequent as the critical loads measured by scratch tests
decreased. Even the poorer performance of the 10-T6 samples, where
the coating delaminated earlier than on the corresponding 7-T6 sub-
strates, and of the 10-SHT samples, where the coating delaminated in
two out of four repetitions (considering both the 30’ and the 4 h duration
of the solution treatment) and after a shorter distance, as opposed to one
single delamination event after a longer distance with the 7-SHT sub-
strates, were consistent with the slight difference noted between the
respective scratch test results (Fig. 8).

It is logical that an excessive loss of substrate hardness (Fig. 2),
resulting in a too low critical load in the scratch test (Figs. 8 and 10),
would cause systematic delamination of the coating, as it indeed
occurred with the T6 samples. The fact that, at intermediate levels of
substrate hardness and scratch adhesion, the behaviour of the coatings
became highly scattered is less intuitive and deserves a more in-depth
explanation through an analysis of the wear mechanisms.

SEM inspection of the worn samples revealed three different
morphologies:

1) Some areas along the wear tracks exhibited no major damage, with
only minor polishing wear. The fine-scale roughness of the DLC film
was removed, and shallow grooves were developed (Figs. 14A-B,
15A-B and 16A-B).

2) On the as-built samples, there were local spallations of the film
(Figs. 14E-F and 15E-F) scattered along the wear track. With the
direct aged and the solution treated substrates, the spallations
sometimes degenerated from their onset location into an extended
damage affecting an entire section of the wear track (Fig. 16C-D).

3) Occasionally, the wear track passed through large dales on the
coated surface. The dales were so deep that, in their centre, they did
not exhibit any sign of contact: the ball bridged from one edge of the
dale to the other, without touching the middle part (Figs. 14C-D and
15C-D). This resulted in a large stress concentration on the edge
facing the direction of relative motion, usually triggering a large
delamination event. Again, with the direct aged and solution treated
substrates, the delamination that started at the edge of a dale tended
to extend along an entire portion of the wear track, as exemplified by
Fig. 16E-F. It is most likely that the dales corresponded to open pores
on the polished surface of the L-PBF samples. This was particularly
apparent in Fig. 16F, where unmelted powder particles could be seen
within the dale. This means that the specific dale seen in this
micrograph was a lack-of-fusion defect. In other cases, broader and
more rounded dales might come from gas pores in the LPBF
substrate.

EDX spectra indicated that the delaminated areas initially exposed
the WC-based underlayers (Fig. 17A-B: spectrum 1; Fig. 17C-D: spectra
1, 3, 5, and 6). Successive damage after the initial delamination pre-
sumably removed the remaining coating layers and exposed the Al-
based substrate (Fig. 17A-B: spectra 2, 3, and 5).

The cross-section of the worn 7-AB-T sample showed further
important features:

i) The formation of the wear track was not due to actual wear of the
DLC-based film, whose thickness looked practically unchanged
compared to the outer surface (Fig. 18A,B). The depression identified
and quantified by profilometry was, in fact, mainly the consequence of
plastic deformation of the Al alloy substrate under the contact stress
(Fig. 18A). Thus, it is inferred that the true wear rate of the coating was
far lower than the values reported in Table IV. Accordingly, Kasiorowski
et al. [57] reported specific wear rates of the order of 10~8 mm®/ (Nem)
when a PA-CVD film having comparable hardness, elastic modulus, and
fraction of sp°-bonded carbon was deposited on quenched-and-
tempered medium-carbon steel, with or without a nitriding treatment,
since the steel substrate did not deform plastically under load and thus
the measured volume of the wear track reflected the actual wear loss
from the coating. It is likely that the “intrinsic” wear rate of the present
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films was of the same order. Looking back at the top-surface SEM views,
it can also be noted that the abrasive grooves along the DLC top layer
continued in the WC-based underlayers when the latter were exposed by
small spallation events, such as in Fig. 14F. This means that the grooves
were, in fact, due to plastic deformation of the substrate under the
coating and not to abrasive removal of the coating material itself. As
mentioned in Section 2.4, the hertzian contact stress distribution, which
was only moderately altered by the additional contribution of frictional
stresses on account of the low friction coefficient, had its maximum
within the substrate and exceeded its yield strength. Enhancing the
contrast of the cross-sectional micrographs to visualize the etched
microstructure of the substrate (Fig. 18E,F) showed that, outside the
wear track (Fig. 18F), the as-built Al-Si-Mg alloys possessed a fine
cellular microstructure typical of the LPBF process. Directly below the
wear track, down to a depth of some micrometres, that microstructure
was altered (Fig. 18E: see the area delimited by the dashed line): the
primary a-Al grains flowed plastically under the contact stress and the
surrounding network of eutectic Si was consequently disrupted.

i) There were cracks in the W-C:H layer and at its interface with the
Cr layer (Fig. 18B,C: circled areas), even in the absence of visible cracks
in the DLC layer. Therefore, it was inferred that even the harder as-built
substrates could not prevent plastic deformation under the severe con-
tact stresses intentionally imposed by the chosen wear test conditions.
Thus, the DLC-based film was forced to follow the plastic flow of the
substrate, subjecting it to a quite critical condition. The high H/E ratio of
the DLC top layer (Section 3.2) meant that it had a good ability to
accommodate elastic deformations; for example, McMaster et al. [66]
showed a linear decrease in the fretting wear rate of DLC-based films
with increasing H/E ratio. However, the W-C:H layer has a lower H/E
ratio, indicating a lower elastic strain limit (Section 3.2). Therefore, just
as it happened in the scratch tests (Section 3.2, Figs. 6 and 7), the cross-
sectional views of the worn samples indicated that, in fact, it was the W-
C:H layer that started to crack. Hence, the W-C:H layer was confirmed to
be the weak link in the DLC-based coating system. It is reasonable to
conclude that the localized spallations seen in Figs. 14E-F and 15E-F
were caused by such cracking of the W-C:H layer: when the cracks
extended further and climbed to the top surface, a coating fragment was
detached. The reason why they appeared at some locations and not at
others was probably associated with the random presence of small de-
fects in the coating. When this critical condition was coupled with
further stress concentration associated with large defects on the sub-
strate surface, then wider delaminations were produced.

A decrease in the hardness of the Al alloys resulting from heat
treatments (Fig. 2) at increasingly high temperatures enabled even
larger plastic strains in the substrate. Fig. 19 accordingly showed that
the W-C:H layer on the solution treated substrate was more extensively
cracked. The layer was so extensively fragmented that loose pieces
produced by sectioning were then pushed into the substrate during the
polishing procedure. The W-C:H layer cracked particularly when the
coating touched the aluminium matrix, whilst, when the coating was in
contact with one of the coarse Si particles, this phenomenon was limited
(Fig. 19B). As a result of the more extensive damage of the W-C:H layer
on softened substrates, the delamination areas on the surface of the
coating grew larger and tended to propagate from an initial starting
point, as noted above (Fig. 16C-D). Likewise, the damage produced
when the wear track crossed a defect on the substrate surface also grew
larger when the substrate became softer (Fig. 16E-F). It is likely that,
when the track crossed particularly large and/or numerous defects, the
result was a complete delamination of the coating. The randomness of
the distribution of such defects explained the uneven occurrence of the
delamination events with the direct aged and the solutionized samples
(Table 1V).

Fig. 20 corroborates the conclusion on the defect-correlated damages
during the wear test considering that bare substrates (Fig. 20A) were
characterized by a high amount of both circle-shaped gas pores (aspect
ratio < 2 and equivalent diameter < 100 pm [67], Fig. 20C) and

20

Surface & Coatings Technology 523 (2026) 133203

irregular-shaped lack-of-fusion pores (Fig. 20C), which were not filled
by the DLC-coating during the deposition process. In this context, it is
useful to note that pores with a size smaller than the thickness of the DLC
film (2.5 pm, see Fig. 3) were completely covered (compare Fig. 20A and
B). Tillmann et al. [68] exhibited the ability of the PVD process to coat
pores with relatively large size and limited depth with respect to the size.
In such cases, the coating morphology closely follows that of the pore.
The same authors also demonstrated that, for pores characterized by
significant depth, the PVD process is unable to fully cover the pore, but
instead leads to a reduction in the effective pore size. This latter scenario
describes all lack-of-fusion defects visible in Fig. 20A,B, where a clear
reduction in their size is observed after deposition of the DLC film. Both
gas and lack-of-fusion pores were randomly distributed within the bare
substrates due to the working conditions of LPBF process.

Thus, the interplay between the critical operating conditions of the
coating under contact conditions that trigger plastic deformation of the
substrate, and the random distribution of defects on the substrate sur-
face, was the explanation for the variability observed in the results and
was the reason why delamination of the wear track occurred on some of
the direct aged and solution treated samples, but not others. With the T6
treatment, which caused the greatest drop in hardness and the corre-
spondingly largest decrease in the critical load, the contact conditions
were so severe that delamination happened in every case, regardless of
the presence of localized defects.

To rule out any anomalies in the tribological behaviour of the DLC
coating, which in fact, based on the previous analysis, exhibited an
excellent intrinsic wear resistance, we also examined the nature of the
transfer film on the counterbody in tests where the wear track did not
exhibit excessively large spallations or complete delamination. Optical
micrographs (Fig. 21 A, C, E) show that the counterbody did not exhibit
any meaningful wear, and was just covered by a film which, based on
Raman spectra acquired at different positions (Fig. 21B, D, F), was made
of fine DLC debris with varying degrees of graphitization. This was
indeed the expected tribological behaviour of DLC films and explained
the low friction regime observed in the wear tests (Fig. 13 and Table IV).

4. Conclusions

The characterization of the adhesion and ball-on-disc sliding wear
behaviour of DLC-based films deposited onto LPBF AlSi7Mg and
AlSil0Mg substrates in different treatment conditions (as-built, direct
aged, solution-treated, and T6) led to the following conclusions:

- Aging of the Al alloys during the combined PVD / PA-CVD process
carried out at 175 °C removed any perceivable difference between
the microstructure and hardness of substrates grown close to or far
from the build platform. It also resulted in the solution-treated
samples becoming harder than the T6 ones, since the former were
aged during deposition whilst the latter experienced over-aging.
The scratch adhesion of the coatings, which could be effectively
characterized through the critical load for delamination, was linearly
correlated with the hardness of the substrate. Likewise, the fraction
of delaminated coating area around a Rockwell indentation
increased with decreasing substrate hardness, and showed a corre-
lation with the critical load for delamination.

During sliding wear tests carried out with high initial contact pres-
sure, all Al-alloy substrates experienced plastic deformation. Most of
the apparent volume lost from the wear track was therefore due to
plastic displacement of the substrate material, whilst the actual
reduction in thickness of the coating was minimal.

The DLC-based top layer had a high H/E ratio of about 0.14, which
meant it had some ability to follow elastically the deformation of the
substrate. However, the underlying W-C:H intermediate layer started
to crack during the wear test. When these cracks grew and climbed to
the surface, the film was locally spalled. When the hardness of the
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substrate decreased, damage to the W-C:H interlayer became more
severe and the spalled areas grew larger.
- Open pores were scattered across the surface of the polished LPBF
substrates. When the ball-on-disc wear track intercepted a pore, a
contact stress concentration ensued, which led to larger local spall-
ations of the film.
The interplay between the greater tendency of the film to spall when
deposited on softer substrates and the random presence of open pores
that promote increasingly large damage meant that the DLC-based
film occasionally delaminated from the entire wear track during
the tests with direct-aged or solution-treated substrates. Thus, the net
result of a decreased substrate hardness was a loss in reliability of the
coated system.
- With the highly softened T6 substrates, the coating always delami-
nated under the present test conditions.

Ultimately, it can be concluded that the direct deposition of a DLC-
based film on an LPBF substrate is not recommended for highly loaded
contact conditions. Nonetheless, the use of as-built substrates can pro-
duce satisfactory tribological performances even in rather severe con-
ditions. The role of open pores in a polished LPBF samples also seems to
be of particular importance, and future work might be dedicated to
exploring systematic correlations between porosity (which results from
the LPBF parameters) and tribological performance (particularly the
reliability of the coated systems).
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