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A B S T R A C T

Al–Si alloys are attractive materials for the fabrication of mechanical components, mainly because of their high
strength-to-density ratio. Though the advent of Selective Laser Melting (SLM) has potentially expanded the range
of their applicability, their poor tribological performances limit their effective use. Identifying post-processing
protocols and coating strategies enhancing these properties and compatible with large-scale production is
fundamental to the industrial uptake of SLM-fabricated Al–Si parts. This work tests the possibility of depositing
self-lubricating Diamond-Like Carbon (DLC)-terminated films on AlSi10Mg built by SLM and subjected to
different surface finishing processes. The applied coating architectures consist of an electroless nickel-phos-
phorus buffer layer deposited on the AlSi10Mg surface, plus a series of interlayers and a DLC top film grown by
Plasma Assisted – Chemical Vapor Deposition. The wear resistance and frictional behavior of the samples are
evaluated for different substrate pre-treatments and coating assemblies under two applied loads. Cast substrates,
processed and coated in a similar way, are also studied for comparison. The DLC film lends good tribological
performances to all the coating-substrate combinations explored, being mechanically assisted by the underlying
Ni–P layer. The friction coefficients stabilize around 0.20 at the lowest load, independently of the sample surface
roughness (Sq), which spans the range 0.47–4.6 μm. Conversely, the counterpart wear rates increase with
roughness up to 10− 5 mm3/(N⋅m). Both tribological parameters decrease by nearly 20 % and 70 %, respectively,
after a tenfold increase in load. These results indicate that DLC-terminated multilayers are extremely efficient on
AlSi10Mg even in the presence of significant roughness. Their application requires a limited number of well-
established processing steps also in the case of SLM grown parts.

1. Introduction

Aluminum alloys keep deserving great attention in mechanical ap-
plications, and in particular in the aerospace and automotive industry.
Since the 1980s, improving aircraft and vehicle fuel economy by
reducing the weight of components has been a driving factor for the
development and spread of lightweight materials. The low density of Al
alloys, accompanied by their large strength-to-weight ratio, high ther-
mal conductivity and good corrosion resistance made them the material

of choice in substitution of steel and cast iron [1–4]. Advances in the
composition, manufacturing processes and strengthening approaches
enabled Al alloys to meet high-performance requirements and to be
progressively incorporated in a broad range of components, both
structural and non-structural [1,4–7]. The latter category also includes
engine parts in relative motion, such as engine blocks, cylinder heads
and pistons, where especially Al–Si cast alloys find substantial applica-
tion, even though they have poor inherent tribological performances
[7–9].
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The recent introduction of Additive Manufacturing (AM) techniques
stimulated renewed interest in Al alloys. AM offers unprecedented
design flexibility and part consolidation, implying a net saving of ma-
terials and production costs [10,11]. In addition, the manufacturing
principle of additive techniques for metals, based on the layer-by-layer
melting of the raw material [4], opens up new opportunities and chal-
lenges for the microstructure and mechanical properties of the final
product. At present, Laser-Powder Bed Fusion (L-PBF), also known as
Selective Laser Melting (SLM), is one of the AM techniques most widely
used with Al alloys, having particular affinity with Al–Si alloys like
AlSi10Mg and AlSi12 because of their good weldability [12,13].
Compared to conventional manufacturing methods, SLM confers a finer
and more uniform microstructure to the Al–Si alloys, thanks to the rapid
movement of the laser and the correspondingly fast kinetics of solidifi-
cation [12,13]. In alloys near the eutectic composition (~12 wt% of Si),
the slow cooling rate in the casting process results in a coarse dendritic
structure with grains of several tens of microns in size, separated by
acicular or lamellar eutectic Si of needle or plate shape [14–16], whose
morphology affects ductility and strength [7,17]. Conversely, an ultra-
fine cellular α-Al phase with average diameters down to ~500 nm,
surrounded by a fibrous Si network, is distinctive of SLM Al–Si alloys
resulting in improved tensile properties [12,13,17,18]. Nevertheless, the
ultimate tensile strength of these materials hardly exceeds 400 MPa
[4,12,13], so they are valid candidates mainly for components with low
or moderate load-bearing requirements, as for example the above-
mentioned engine parts, for which the tribological aspects are of great
relevance.

As a consequence of the refined microstructure, as-built SLM Al–Si
alloys also have greater hardness and better wear resistance than their
cast equivalents [19,20]. However, reported wear rates are quite large in
absolute terms, being in the order of 10− 3–10− 4 mm3/(N⋅m) in
conjunction with friction coefficients >0.4, when measured under dry
sliding conditions against hard counterparts [19–22]. Therefore, post-
fabrication strategies aimed at improving these parameters need to be
implemented. Diamond-Like Carbon (DLC) coatings are a well-
established solution to protect metallic parts from wear damage and to
cut down friction losses [23–27]. Basically consisting of carbon atoms in
both sp2 and sp3 hybridization with possible hydrogen incorporation,
DLC coatings have high hardness, self-lubricating behavior, good ther-
mal stability within the temperature range where Al-alloys are usually
employed, and chemical inertness [28–30], which make them more
attractive than other protective coatings. However, the deposition of
DLC films on aluminum-based substrates is challenging, as it is hindered
by the large differences in hardness, elastic modulus and thermal
expansion coefficient which compromise coating adhesion and perfor-
mances [31]. Spontaneous detachment was observed in [32,33] for DLC
films directly grown on aluminum alloys. Malaczynski et al. [34] re-
ported partial flaking and delamination of the coating in the absence of a
bonding interlayer between DLC and A390 alloy. Carbon implantation
and sputter cleaning before DLC deposition improved the coating/sub-
strate adhesion, but minimum friction coefficients around 0.4 were
measured and no conclusive indications on the wear behavior could be
drawn. An a-C:H-terminated multilayer film was applied in [35] to AA
6082-T6 plates. To avoid thermal alteration of the substrate and large
thermal mismatch stresses, the surface activation process was kept at
low energetic levels and a low deposition temperature was maintained.
Early failure of the film occurred in both scratch adhesion and sliding
wear tests because of cracking and spallation. More encouraging results
were obtained after the interposition of a thick (75–125 μm) cermet
layer: thanks to the better mechanical support, the critical cracking load
increased and low values of friction coefficient (0.1–0.2) and wear rate
(10− 6–10− 7 mm3/(N⋅m)), typical of hydrogenated DLC films in humid
air [29], were achieved as long as the film did not crack. Recent studies
have confirmed that properly designed multilayer architectures can be
an effective way to address adhesion issues. Coatings exhibiting excel-
lent tribological properties and durability have been applied on

conventionally fabricated Al alloys in the form of duplex systems
[36–39] or by inserting transition graded [40–42] and/or element-
doped [43,44] layers as the intermediate support for a DLC top film,
aiming to alleviate the mismatch in the thermophysical properties and
add functionalities to the coating. Trying to replicate these results on
SLM Al alloys is still uncharted territory.

The deposition of functional coatings on SLM materials entails
further difficulties. A peculiar defect of SLM parts is the poor surface
finish, meaning mean surface roughness values of several microns
[45–47], which is not only unsuitable for most tribological contacts, but
also detrimental for any thin-film deposition process. Post-treatments
aimed at reducing surface roughness are thus unavoidable, but their
impact on the production effort must be limited, in order to preserve the
economic advantages of additive technologies. A previous work by the
authors [48] showed that DLC films can be successfully grown at a
laboratory scale on SLM AlSi10Mg, and stressed the role of surface
roughness in determining the optimal tribological response: interest-
ingly, the best results were found for non-mirror polished substrates. As
a drawback, the thin interlayer interposed was not able to conform to
substrate bending at increasing contact pressure, and some delamination
occurrences were observed.

The aim of this work is therefore primarily to verify the possibility of
depositing DLC films on an AlSi10Mg alloy built by SLM to confer du-
rable resistance to wear and self-lubricant characteristics to the surfaces
of this material, by following a procedure which is compliant with mass
production of parts. For this reason, substrates and coatings fabricated
and processed with industrial methods are considered. A multilayer
coating is adopted, consisting of an electroless nickel‑phosphorus (Ni–P)
layer as the base for a transition layer, plus a DLC top thin film. The Ni–P
interlayer was chosen to improve the adhesion of the hard topcoat on the
Al-alloy, as suggested in [37], and to add anti-corrosive functionalities
[49–51]. Moreover, the electroless plating method is particularly ad-
vantageous for AM parts, since it enables the formation of coatings of
uniform thickness even on intricate shapes [52,53]. The attention here is
focused on the tribological behavior of the proposed architectures with
reference to their surface finish. The performance of this DLC-based
coating system onto SLM surfaces is evaluated by comparison with a
similar alloy material produced by conventional casting.

2. Experimental

2.1. Substrates and coatings

For the purposes of the present study, DLC-terminated multilayers of
two different types were explored in combination with AlSi10Mg sub-
strates, fabricated both by SLM and by a standard foundry technique, i.e.
casting followed by Lathe Manufacturing (LM). The AlSi10Mg substrates
were provided in the form of thin discs (4.5 cm in diameter), all
annealed after fabrication at a temperature of 160 ◦C for 4 h to remove
possible internal tensions.

Different surface finishing techniques were then applied. SLM sam-
ples were processed by sandblasting and grinding (abrasive discs of
increasing fineness, from P60 to P180) and by tumbling (ceramic par-
ticles, 12 h), which are the standard treatments in the industrial facilities
of origin, resulting in well-distinct levels of roughness. An internal lab-
oratory lapping procedure was performed onto LM samples, instead, in
order to bring their original roughness down to a value included be-
tween those two extremes. In detail, LM samples were first sandblasted
and then lapped with foils of increasing fineness, from P220 to P4000,
and roughened back with a P320 foil.

The discs were subsequently covered with industrially produced
multilayers. The first type of multilayer (Multi-a) consisted of i) a Ni–P
layer of 25 μmnominal thickness, grown by electroless deposition on the
AlSi10Mg substrate, ii) a Cr/WC-C interlayer deposited by Magnetron
Sputtering (MS) and iii) a DLC top layer by Plasma Assisted Chemical
Vapor Deposition (PA-CVD). During the PA-CVD process, the substrate
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reached a max temperature of about 180 ◦C. The architecture of the
second type of multilayer (Multi-b) was nominally identical to the
former one with just the addition of a CrN layer between Cr and WC-C,
thus giving a Cr/CrN/WC-C interlayer. Though the deposition tech-
niques used for the single layers were the same in both cases, it is worth
to note that Multi-a and Multi-b were produced by different suppliers,
presumably implementing different deposition parameters (proprietary
information). While Multi-a was applied on both SLM and LM substrates,
Multi-b was applied to SLM substrates only. In total, five combinations
of AlSi10Mg manufacturing techniques / surface treatments / multi-
layers were explored (2 discs per combination), as outlined in Fig. 1.
Samples prepared with the complete coating architecture, which are the
main objects of the present investigation, are named according to the
substrate manufacturing technique (SLM or LM), the finishing procedure
(G: grinding, T: tumbling, L: lapping) and the applied coating (a: Multi-a,
b: Multi-b). In addition to them, samples from intermediate steps of the
processing sequence, such as uncovered finished substrates (LM-L, SLM-
G and SLM-T) and finished substrates covered with Ni–P only, also
visible in the diagram, were retained, for comparative purposes and for
complementary characterizations. Lastly, a further sample was pro-
duced by depositing the Cr/WC-C interlayer and the DLC top layer
belonging to Multi-a type architecture directly onto a ground SLM
substrate, with no Ni–P buffer layer interposed, as a term of comparison
for the adhesion tests.

2.2. Characterization techniques

The 3-D root mean square roughness (Sq) of the samples was assessed
by scanning portions of the disc surface with a contact profilometer (KLA
Tencor, P-6 Stylus Profiler, 2 μm tip radius, 60◦ cone angle). Maps were
acquired on just one specimen for each category of samples. In partic-
ular, three 2.5 × 2.5 mm2 wide regions were scanned on each of the
selected discs and results were averaged.

The morphology of the DLC top surface and the interfaces between
the various layers of the coatings were observed by means of a Scanning
Electron Microscope (SEM) coupled with a Focused Ion Beam (FIB)
system (FEI Strata DB 235). The thickness of the layers was determined
from the images of ion-milled micro-cross sections. Additional SEM
micrographs (FEI Nova NanoSEM 450) and energy-dispersive X-ray
(EDX) spectroscopy maps (Bruker Quantax-200 EDX microanalysis sys-
tem with X-Flash 6|10 detector) were acquired on cross-sections pre-
pared by standard metallographic techniques. To this end, samples were

cut with a resin-bound Al2O3-based disc in a semi-automatic machine,
hot-mounted in phenol resin, ground with SiC papers from P400 to
P4000, polished with a colloidal silica suspension, and ultrasonically
cleaned in acetone before the observation. The chemical composition of
the SLM and LM substrates and of the electroless Ni–P layers was
assessed by EDX spectroscopy on the same polished cross-sections.
Spectra were acquired at an electron beam acceleration voltage of 15
kV on four randomly-chosen areas on the substrates and three areas on
the Ni–P layers, all imaged at 400×.

The hardness and elastic modulus of the DLC top coatings were
determined by depth-sensing nano-indentation (NHT3, Anton-Paar Tri-
Tec) onto the surfaces of samples with ground substrate, using a Ber-
kovich indenter under a maximum load of 10 mN (loading/unloading
rate 20 mN/min) corresponding to a typical penetration depth of ~200
nm. The load-penetration curves were analyzed according to the Oliver-
Pharr method as described in the ISO 14577-1 standard. The indenter
was also periodically verified against a fused silica reference, as rec-
ommended by the same standard. The results are given as average ±

standard deviation.
The Vickers microhardness of the SLM and LM substrates was

assessed by a conventional indentation method at a 1 N load; 12 indents
were performed on each substrate type. Again, the results are given as
average ± standard deviation.

Scratch tests (Micro-Combi Tester, Anton Paar Tri-Tec) were also
performed on the SLM-G-b sample and on a sample where the DLC-based
coating was deposited directly onto the ground SLM substrate without
the Ni–P layer (as mentioned above). The purpose is to ascertain that the
Ni–P layer provided the expected increase in the load-carrying capacity
of the system. The tests were carried out in accordance with the ISO
20502 standard, operating with linearly increasing load (“progressive
mode scratch test”) in the range of 0.02 N - 30 N. The scratch length was
6 mm and the scratch speed was 6 mm/min. The indenter was a Rock-
well C-type diamond cone with a 120◦ opening, and ending in a
spherical tip with 200 μm radius. A minimum of six indents were per-
formed on each sample. The critical loads for the onset of specific
damage mechanisms were identified by optical microscopy at 200×
magnification, as specified by the ISO 20502 standard, and the results
were reported as average± standard deviation. In particular, the critical
loads for the first chipping of the DLC-based coating along the edges of
the scratch track (LC2) and inside the track (LC3), and the load for its
continuous delamination were identified. In addition, instrumental re-
cordings of acoustic emission, friction force, total and residual

Fig. 1. Diagram of the explored combinations of production techniques. Names highlighted in bold indicate the sample types studied in tribological tests.
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penetration depth were acquired to assist in the analysis.
Information on the chemical composition of the DLC coatings was

gathered by collecting Raman spectra at multiple positions of the coated
discs. A HORIBA Jobin Yvon Raman microscope (LabRAM HR) was
adopted, equipped with a Nd-YAG laser source (wavelength 532 nm,
100 mW emission power). The intensity of the laser beam was filtered to
1 % of its emission power to avoid thermal effects. The available
wavelength allowed for the detection of just the graphite (G) and the
disorder (D) peaks, which are related to carbon bonds (C–C) with sp2

character. The G peak is due to the bond stretching of all pairs of sp2

atoms in both rings and chains while the D peak is due to the breathing
modes of sp2 rings as detailed in [54]. Though peaks relative to sp3 C–C
bonding are not discernible, indications on the sp3-to-sp2 ratio can be
inferred from a deconvolution analysis of the spectra, following the
method suggested in [55,56]. At the same time, the bonded H content
(C–H) can be extracted from the linear background contribution due to
photoluminescence, with the help of the following equation, which was
derived in [56] for Raman spectra at 514 nm excitation wavelength:

H (%) = 21.7+16.6log[m/I(G) (μm) ] (1)

where m is the slope of the background fitting line and I(G) is the in-
tensity of the G peak. Eq. (1) is valid for H contents between 20 % and
50 %.

X-Ray Diffraction (XRD) was applied to evaluate the phase charac-
teristics of the top surface of the AlSi10Mg substrates, Ni–P layers and
multilayers. To this aim, a PANalytical X’Pert PRO diffractometer was
adopted with the grazing incidence setting, equipped with a Cu X-ray
tube operating at 40 mA, 40 kV and a proportional gas detector. The
diffraction angle, 2ϑ, was varied between 20◦ and 85◦ with a step size of
0.02◦. The X’Pert HighScore Plus 2.0 (PANalytical B.V.) software
coupled with the ICDD Powder Diffraction File database (PDF-2) was
used for phase identification.

Further details on the above-listed characterization techniques,
implemented settings and data extraction can be found in [48].

Sliding wear tests were carried out using a ball-on-disc tribometer
(CSM Instruments). Normal loads of 1 and 10 N were applied at a con-
stant sliding speed of 100 mm/s in humid air (50–60 % RH) at room
temperature (20–24 ◦C). 100Cr6 balls with a 2D average roughness (Ra)
of 0.04 μm and a diameter of 6 mm were adopted as the counterpart,
generating initial maximum contact pressures of 0.6 and 1.3 GPa for the
loads of 1 N and 10 N, respectively. Two-three tests per applied load
were performed on each coated disc (1150 revolutions, sufficient for
stabilizing the friction curve) and on bare substrates as well (115 rev-
olutions, in the light of the lower wear resistance of the substrates,
which rapidly developed deep grooves), by changing the track radius.
Two discs per coating configuration and substrate type were employed.
Average friction coefficients (CoFs) and the corresponding standard
deviations were computed for each track, by discarding the first 5 % of
the data. The weighted average of the results from the same load con-
dition on both samples of the same category was computed. Extended
tests (11500 revolutions) were also performed under a load of 10 N on
coated samples only (1 track per sample type), in order to reveal any

possible variation in the tribological behavior due to prolonged sliding.
Specific wear rates were estimated from the analysis of the wear

tracks on the discs and the counterparts. Concerning the disc surfaces,
linear profiles were acquired at four cardinal points on each track. The
average cross-sectional area of the track (A) was thus extracted and
inserted in the following formula:

k =
2πrA
L l

=
A
L N

(2)

where k is the specific wear rate of the sample, r is the track radius, L is
the applied load, and l is the distance covered during the entire test, i.e.
2πrN (being N the number of revolutions). The specific wear rate of the
counterpart (kball), instead, was calculated as:

kball =
Vball

L l
=

πh2(R − h/3)
L l

(3)

where R is the ball radius and Vball the ball worn volume, which was
assumed to be equal to a spherical cap of height h. The value of h was
derived from the area of the ball wear scar, measured from optical mi-
croscope images. Also for the specific wear rate, the weighted averages
of the results from repeated tests were computed. Wear tracks were also
inspected using an Environmental-SEM (FEI Quanta-200) equipped with
an Energy Dispersive X-ray (EDX) spectrometer (Oxford INCA-350) for
microanalysis.

A summary of the properties investigated for each type of sample is
presented in Table 1.

3. Results and discussion

3.1. Topography and morphology of the samples

Themicrostructure of the SLM and the cast (LM) substrates is notably
different in terms of features’ size, as shown in Fig. 2. Namely, in both
cases the microstructure consists of cellular α-Al grains surrounded by
eutectic Si precipitates. In the SLM samples the α-Al grains have a size of
approximately 1 to 2 μm, with sub-micrometric Si particles (Fig. 2b). In
the LM sample, by contrast, the much lower cooling rate resulted in
cellular grains which are 100 times larger (~100–200 μm), with corre-
spondingly coarser Si particles (Fig. 2a). In addition, a few bright in-
clusions appear in the LM sample (Fig. 2a), which are absent in the SLM
sample. Quantitative EDX analyses (Table 2) accordingly show that the
LM sample contains small amounts of Fe and Mn, and it also has a
slightly higher content of Si. These differences likely stem from the use
of different raw materials.

3Dmaps of the samples are displayed in Fig. S1 of the Supplementary
File, relative to the three categories of substrates after surface finishing
and the five categories of coated discs. The associated roughness values
are summarized in Table 3a and b, respectively. Ground SLM substrates
exhibit the lowest Sq, which rises by a factor of three in tumbled samples.
As expected, the manual lapping procedure applied to the cast substrates
results in an intermediate roughness value. Further differences arise
after coating deposition: while the b-type multilayer leaves the initial Sq

Table 1
Summary of the properties investigated for each type of sample.

Coated samples Bare
substrates

Property Multilayer architecture Ni-P only DLC only

Morphology / Microstr. X X X
Topography X X X
Chemical composition X X X
Crystalline phases X X X
Hardness and elasticity X X X
Adhesion X X
Tribological properties X X
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almost unaffected, a noticeable Sq increment is observed in samples
coated with the a-type multilayer, up to values of 3.0 μm and larger.
Such opposing results are attributable to differences in the deposition
parameters adopted for the two multilayers, especially concerning the
nickel plating, as arguable from the comparison of Ni–P covered sub-
strates reported in the Supplementary File. SEM images and 3D maps
shown in Fig. S2, as well as the associated roughness data (Table SI)
reveal two distinct topographies for the two types of Ni–P, the under-
lying substrate being equal in terms of manufacturing technique and
finishing procedure.

Fig. 3 displays SEM images of FIB cross sections obtained on the two
multilayers. In both the architectures, the deposited layers appear uni-
form with no evident features. In Multi-a, a DLC film of 2.2 μm in
thickness is present above a 1.5 μm thick WC-C/Cr interlayer. Multi-b is
globally thinner, the DLC film and the WC-C/Cr/CrN interlayer
measuring 1.5 and 1.2 μm, respectively. EDX maps in Fig. S3 (Supple-
mentary File), acquired on metallographic cross sections of the coatings,
confirm the composition and stratification of the different layers.

Furthermore, EDX spectra indicate that the P contents of the Ni–P
layers in the Multi-a and Multi-b architectures are identical: (10.73 ±

0.11) wt% and (10.46 ± 0.02) wt%, respectively. This means that,
despite the different roughness, both of these layers consist of a rather
typical kind of high‑phosphorus electroless nickel deposition [53].

3.2. Chemical and mechanical characterization

Typical Raman spectra from the DLC top layer on both multilayer
types are displayed in Fig. 4a. In order to identify the H content and the
sp2-to-sp3 ratio, each spectrum is decomposed into three contributions:
the background, the D peak and the G peak, fitted by a linear equation, a
Lorenzian curve and a Gaussian curve, respectively. Data extracted from
the fitting procedure are listed in Table 4: namely, the intensity ratio
between the D and the G peak (I(D)/I(G)), the position of the G peak (G-
position), and the hydrogen concentration (H(%)). The latter was
computed according to Eq. (1). The results indicate that the DLC films
are very similar in their bonding structure, irrespective of the substrate
fabrication method and the finishing technique, and exhibit only a
modest difference in the position of the G peak between the two
multilayer types. The numerical values associated to the G-position,
together with the measured H content (23–26 %), allow to determine an
sp3 content of nearly 40–45 % for the DLCs under investigation, ac-
cording to the three-stage model proposed in [55] for a:C-H films.

The XRD patterns of the two multilayers and the substrates are
shown in Fig. 4b. In the SLM and LM substrates only aluminum (s.g. Fm-
3m, PDF: 00-004-0787) and silicon (s.g. Fd-3m, PDF: 00-027-1402)
phases can be identified. The sharp peaks indicate that both samples
have a comparable, high degree of crystallinity, with just a different
preferential orientation of the crystals, as proven by the change in the
relative intensity of the peaks at 2θ = 35.8◦ and 44.8◦.

The XRD patterns of the two coatings (Multi-a and Multi-b) do not
show any carbon phases, confirming that DLC coatings are amorphous.
The only XRD signals come from the interlayers, whose peculiar struc-
ture, both in terms of composition and thickness, gives rise to two
slightly different spectra. The Multi-b pattern shows a strong and narrow
signal at 35.8◦ and less intense peaks at 41.6, 60.3, 72.6, and 76.5◦

attributable to the WC1-x phase (s.g. Fm-3m, PDF: 00-020-1316) con-
tained in the WC-C layer. In addition, two low intensity signals placed at
37.1◦ and 44.0◦ are attributable to CrN (s.g. Fm-3m, PDF: 03-065-2899)
and Cr (s.g. Im-3m, PDF: 01-085-1336) respectively. The Multi-a pattern
shows only one peak attributable to WC-C, at approximately 36.5◦,
whose large width indicates a lower crystallinity compared to Multi-b.
Furthermore, three Cr peaks are detectable at 44, 64.5 and 81.5◦

respectively. The first intense Cr peak is superimposed on a broad
structure embracing an additional WC-C structure and a residual Ni
signal (s.g. Fm-3m, PDF: 01-088-2326) that comes from the underlying
Ni–P layer, as evident from the Ni–P XRD patterns in Fig. S4.

Depth sensing nano-indentation tests return an elastic modulus (EIT)
and a hardness (HIT) of 160 ± 40 GPa and 20 ± 6 GPa, respectively, for
the Multi-b system. Since the maximum penetration depth of 200 nm is
<20 % of the thickness of the DLC top layer, these values can be
regarded as being mostly representative of the properties of the latter. In
Multi-a coatings, no meaningful results can be extracted with this

Fig. 2. SEM micrographs of metallographic cross-sections of (a) cast (LM) and
(b) SLM substrates. Please note the different scales.

Table 2
Chemical composition of cast (LM) and SLM substrates.

Content (wt%)

Sample Mg Al Si Mn Fe

LM substrate 0.24 ± 0.07 85.70 ± 0.19 13.33 ± 0.14 0.36 ± 0.12 0.33 ± 0.17
SLM substrate 0.26 ± 0.04 90.43 ± 0.03 9.30 ± 0.02 – –

Table 3
Root mean square roughness of the explored sample categories: (a) bare sub-
strates and (b) coated discs.

(a) Bare substrates

SLM-G SLM-T LM-L

Sq (μm) 0.58 ± 0.02 1.8 ± 0.2 1.1 ± 0.1

(b) Coated discs

SLM-G-a SLM-T-a LM-L-a SLM-G-b SLM-T-b

Sq (μm) 3.0 ± 0.2 3.27 ± 0.05 4.6 ± 0.5 0.47 ± 0.05 1.98 ± 0.10

Fig. 3. FIB cross sections of (a) Multi-a and (b) Multi-b coatings.
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method, because of the large surface roughness of the samples. The Sq
value of SLM-G-a, which is the lowest in the Multi-a category, is around
6 times higher than that of the corresponding Multi-b coating, i.e. SLM-
G-b (Table 3). Consequently, the maximum penetration depth that
would be needed with the Multi-a samples would be too large to obtain a
value representative of the DLC top layer alone. Nevertheless, since the
two types of coatings have a nearly identical contents of H and sp3,
which control the DLC mechanical properties, their EIT and HIT can be
reasonably considered equivalent.

The hardness of the AlSi10Mg substrates is notably lower than that of
the DLC top layer. Specifically, the LM sample, characterized by a
coarser microstructure as shown in Section 3.1, has a Vickers micro-
hardness value of (80 ± 12) HV1N. The comparatively finer and more
homogeneous SLM sample has higher average Vicker microhardness
with a correspondingly smaller standard deviation: (96 ± 5) HV1N.
These values are consistent with the literature, where hardness between
0.8 and 1.4 GPa is reported for AlSi10Mg obtained by casting and SLM
manufacturing techniques [12,13,18,20,48].

In both cases, however, the huge difference in hardness with the DLC
top layer implies that, as mentioned in the Introduction, the film cannot
be deposited directly onto the substrate. To confirm this, scratch tests
were performed on the SLM-G-b sample and on a ground SLM substrate
directly coated with the DLC-based system without any Ni–P interlayer,
as described in Section 2.2. The results, listed in Table 5, show that the
DLC film deposited directly onto the ground SLM substrate starts to chip
along the track edges (LC2) at around 10 N, and is entirely delaminated
soon after, at a relatively low load of around 15 N. This is also visible in
the optical image of a scratch track shown in Fig. 5. The instrumental
outputs correspondingly show the abrupt onset of acoustic emission at
LC2 and a peak emission around the delamination event, accompanied

by a sudden increase in the friction coefficient as the diamond indenter
starts sliding against the soft, uncovered metal, and in the total and
penetration depth values. By contrast, the film deposited onto the Ni–P
layer starts to chip (simultaneously along the edge and inside the track)
at 12 N and it never delaminates up to the maximum applied load of 30
N. Correspondingly, the instrumental recordings of the friction coeffi-
cient and the penetration and residual depths become unstable after the
LC3 critical load, due to the intermittent chipping of the top layer, but
they never show a permanent increase as in the previous case. The
different behavior is ascribed to the extensive plastic deformation of the
soft AlSi10Mg substrate, which causes substantial stress concentration in
the stiff, hard DLC-based film and promotes its removal [57]. The Ni–P
interlayer has higher hardness, as measured by depth-sensing nano-
indentation (Supplementary File, Table SI), thus providing better me-
chanical support and a smoother transition from the film to the
AlSi10Mg substrate. For this reason, the tribological tests reported in
Section 3.3 were performed only on systems with the Ni–P interlayer, as
described in Section 2.2.

3.3. Tribological results

From the tribological point of view, all the samples coated with the
multilayer architectures exhibit similar behaviors. This is illustrated by
the curves in Fig. 6, which exemplify the corresponding temporal evo-
lution of the CoF during sliding wear tests at 1 N (Fig. 6a) and 10 N
(Fig. 6b). For better clarity, only few cases are reported, which are
representative of all the explored combinations of substrate-surface
treatment-multilayer. Under a load of 1 N, the multilayer deposited on
the cast substrate (sample LM-L-a) shows the typical CoF trend of a-C:H
films in humid air, characterized by a peak in the first stages of sliding
(occupying nearly 100 revolutions) and by the subsequent stabilization
at low values (CoF = 0.20). Such a behavior reflects the activation after
some cycles of the self-lubricating properties of DLC, with the possible
formation of a carbonaceous transfer layer on the counterpart and the
onset of weak chemical bonds between the mating surfaces [58].
Remarkably, the deposited coating architecture allows the DLC film to
preserve good frictional performances despite the large surface rough-
ness of the top layer (Sq = 4.6 μm). Such a large roughness is perceived
only as noise in the CoF curve. The observed trend is replicated almost
identically also in the coated SLM substrates, independently of the

Fig. 4. (a) Raman spectra of the two multilayers. Fits of the D- and G-peak and of the background are presented for exemplificative purposes only for Multi-a. (b)
XRD patterns of both the multilayers and the bare substrates (only LM-L and SLM-G samples are shown).

Table 4
Raman parameters and H content of the DLC coatings.

Sample name I(D)/I(G) G-position (cm− 1) H content (%)

SLM-G-a 0.44 ± 0.05 1544 ± 4 25 ± 2
SLM-T-a 0.41 ± 0.02 1541.3 ± 1.4 26 ± 2
LM-L-a 0.41 ± 0.02 1543 ± 3 23.6 ± 0.9
SLM-G-b 0.43 ± 0.02 1536.3 ± 1.3 23.1 ± 1.2
SLM-T-b 0.44 ± 0.03 1537 ± 2 23.7 ± 1.0

Table 5
Critical loads for the first chipping of the coating (LC2: along the track edges, LC3: inside the track) and for its continuous delamination.

Sample LC2 (N) LC3 (N) Delamination load (N)

SLM-G-b (with Ni–P) = LC3 12.0 ± 1.5 –
SLM substr. + DLC (w/o Ni–P) 10.2 ± 1.2 12.2 ± 1.6 15.0 ± 0.9
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multilayer type. A different running-in mechanism seems to occur in
Multi-b coating, but with no relevant impact on the subsequent frictional
behavior. Raman spectra collected on the wear scar of the counterpart at
the end of the tests, such as those presented in Fig. 7 for the tests against
sample SLM-G-b, indicate the actual presence of a carbonaceous amor-
phous transfer film, revealed by the broad structures centered in the
carbon’s D and G peak region. The intensity variation of such structures
at different acquisition points signifies the coverage is not uniform, yet
sufficient to facilitate sliding.

When increasing load from 1 to 10 N, the CoF curves slightly shift
towards lower values. Such a tendency becomes more evident when
plotting the mean values of CoF, reported in Fig. 8. The results from the
tests on the coated samples (Fig. 8a) at 1 N are distributed within the
range 0.18–0.22. The Multi-a coatings offer a slightly narrower range of
CoF mean values as compared to the Multi-b coatings, whose CoF rises
from 0.18 to 0.22 if tumbling is applied to the substrates instead of
grinding. In the Multi-a coatings, any possible direct influence of the
substrate fabrication/preparation technique on friction is concealed by
the bigger roughness of the upper layers, induced, probably, by the
nickel plating step, as discussed in Paragraph 3.1. Anyway, the differ-
ences in the mean CoF between the five groups of samples are within the
error range in the majority of cases, with no apparent correlation with

the surface roughness. At 10 N, the spread of the mean CoF values is
further reduced and spans the range 0.156–0.169. As an additional ef-
fect of the higher load, noise in the CoF curves is dampened, indicating a
more stable contact with associated more accurate results.

The decrease in CoF with increased loading was already noticed with
hydrogen-containing DLC films in other works, where it was ascribed to
an enhanced graphitization of the coating [59,60], transfer layer
[59,61] and wear debris [62], implying lower friction forces. However,
no obvious changes in the structure of carbon atoms consequent to the
increase in load can be detected from the current Raman measurements,
on either the counterpart wear scars (Fig. 7), or the disc wear tracks (Fig.
S5). Furthermore, even with the uncoated discs (Fig. 8b), the CoF at the
load of 10 N is once again lower than the value at 1 N, suggesting that
graphitization plays a secondary role in determining the CoF variation
with load under the present conditions. In general, Multi-a and Multi-b
coatings provide far better frictional properties than the bare substrates,
whose CoFs are 4–5 times larger, going from 0.69± 0.04 to 0.92± 0.03,
in line with data reported in other studies [48,63]. At the same time, the
same 1 N-to-10 N CoF ratios obtained for the multilayers (between 1.10
and 1.33) was also found for the bare substrates, as noted above. This
common variation instills the doubt that the linear relationship between
the real contact area and the load, predicted by the most popular contact

Fig. 5. Optical images of the scratch tracks and instrumental outputs relative to scratch adhesion tests on coated samples with (SLM-G-b) and without Ni–P layer
interposed. Please note the change in scale between the plots on the right and those on the left.

Fig. 6. Evolution of the friction coefficient (CoF) during sliding wear tests at (a) 1 N and (b) 10 N for some representative cases relative to coated samples.
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theories for rough surfaces [64,65], is not fulfilled here, so that the
friction coefficient, computed as

CoF = Ff
/
L = τAr

/
L (4)

still preserves a dependence on load. In Eq. (4), Ff is the friction force, τ
the shear stress and Ar the real contact area. As an example, the Pers-
son’s model [66], which takes into account the elastic coupling between
deforming asperities, effectively predicts a deviation from the propor-
tionality between Ar and L when the applied load is sufficiently high.
Trying to model the present problemwith the existing contact theories is
beyond the scope of the present study also for the limited range of tested
loads. We limit ourselves to observe that the dependence of the real
contact area on load can be simply represented here as Ar ∝ L1-x, with 0
< x< 1. Thus, from Eq. (4) we have that CoF ∝ L-x, fromwhich relation x
can be extracted as

x = log10
(
CoF1N
CoF10N

)

(5)

By using data in Fig. 8a and b, values of x falling in the range
0.04–0.12 are computed. A possible explanation of this result may reside
in the elastic bending of the metallic materials (the Al alloy, and the
Ni–P interlayer in the coated systems) under load. Namely, part of the
contact stress is relieved by macro-scale elastic bending and, therefore,
micro-scale asperities deformation does not increase proportionally with
the applied load, resulting in a lower friction coefficient at 10 N. Despite

these bending effects, coating delamination is not observed in these
samples, differently from [48], thanks to the presence of the nickel
interlayer. Nano-indentation data specified in Table SI prove that Ni–P
elasticity is comparable to the DLC one, while its hardness, as noted in
Section 3.2, is intermediate between the value measured for the DLC
film and the AlSi10Mg substrates. Furthermore, for the present systems
the Hertz theory predicts the maximum shear stress to be located within
the Ni–P layer under the applied load of 1 N, or slightly below this layer
under the maximum applied load of 10 N, instead of being deep in the
AlSi10Mg substrate. Thus, the influence of the AlSi10Mg substrate on
the ball-on-disc response is limited. The amount of macro-scale elastic
bending that the substrate would cause to the DLC film without the Ni–P
interlayer would therefore be such that the elastic stress in the film itself
would lead to cracking and delamination. The interposed Ni–P layer
does not prevent elastic bending entirely (as testified by the lower
friction coefficient at 10 N as mentioned above), but it alleviates this
effect and improves the adhesion of the coating system.

With bare substrates, the high CoFs are accompanied by a large wear
of the surface, with specific wear rates (k) of the order of 10− 2 mm3/
(N⋅m). On the contrary, wear tracks on the coated discs are scarcely
detectable, especially on Multi-b coatings. The related SEMmicrographs
in Fig. S6, panels (b) (Supplementary File), only show sparse bright spots
from backscattered electrons, which can be reasonably attributed to a
local wear of the coating. This is confirmed by EDX spectra (Fig. S6,
panels (a)). In general, apparently undamaged wear track regions pro-
duce signals which are identical to those from the surrounding pristine

Fig. 8. Average friction coefficients from repeated tests at 1 N and 10 N on (a) coated samples and (b) bare substrates. Please note the change in the y-axis scale
between the two panels.

Fig. 7. Raman spectra acquired at multiple points (A–D) on the scar area of the counterpart (shown in the insets) after sliding wear tests at (a) 1 N and (b) 10 N
against sample SLM-G-b.
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Fig. 9. Wear tracks on samples SLM-G-a and LM-L-a following sliding wear tests at 10 N load (1150 revolutions): (a) SEM images, (b) EDX spectra of zones A and B
marked in panel b and (c) 2D profile, centered with respect to the track center line.

Fig. 10. Specific wear rates of the counterpart from repeated tests on coated samples at (a) 1 N and (b) 10 N (numbers in labels to be multiplied by 10− 6 mm3/
(N⋅m)). (c) Plot of the ball wear rate as a function of the coating surface roughness.
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surface. After the tests at 10 N, a decrease in the C andW peaks is notable
inside the spots, and Cr peaks appear. It can be deduced that the up-
permost layers of the coating, i.e. the DLC and the WC-C film, have been
locally consumed, enabling the detection of signals from the underlying
elements. In sample SLM-T-b, Fe peaks also become visible, signifying
sticking of material from the 100Cr6 ball. Also on Multi-a coatings the
wear tracks are characterized by bright spots (Fig. S7, panels (b)).
Compared to Multi-b, some differences arise in the corresponding EDX
spectra (panels (a)), due to the different heights of the layers composing
the coating, as shown in Fig. 3. OnMulti-a, wear predominantly involves
the DLC film, producing an intensification of the W peaks and the oc-
casional appearance of Cr and Ni peaks from deeper levels. Signals from
transferred Fe particles are again observable.

By comparing the SEM images in Figs. S6 and S7 it can be seen that
the wear tracks become more evident when increasing the sample
roughness and the normal load. However, the coating wear rate remains
not measurable. The situation is better illustrated in Fig. 9, where details
are provided for the surface of SLM-G-a (Sq = 3.0 μm) and LM-L-a (Sq =
4.6 μm) samples after the tests at 10 N. Themagnified views in panels (a)
show that abrasive wear occurs on the most prominent bulges. As an
effect of the larger surface roughness, more asperities come into contact,
but even on the roughest sample only the top layers of the coating are
involved, as demonstrated by the drop of the carbon signal in EDX
spectra from abraded areas in favor of the underlying elements (plus
counterpart elements, panels (b)). In some asperities, a consumption of
the WC-C layer is found at most, with consequent weakening of the W
peaks. Such spotty thinnings of the film do not translate into any sig-
nificant damage nor into a quantifiable lost volume. Indeed, the track
profiles are not distinguishable from the profiles of the surrounding
coating surface (panels (c)).

By contrast, a quantitative estimate can be provided for the wear loss

of the ball counterpart, by the analysis of optical micrographs of the scar
areas like those shown in Figs. S6 and S7, panels (c). The specific wear
rates of the ball (kball) after the tests against the coated samples are
plotted in Fig. 10. In tests at 1 N load, kball values range from 1.4 to 23.0
⋅10− 6 mm3/(N⋅m). Consistent with the observations from the SEM im-
ages of the disc surfaces, larger wear is found against Multi-a coatings,
the cast disc producing the worst results. From the plot in Fig. 10c, it
becomes evident that it is the surface roughness of the coatings, rather
than any nuance in their composition, which dictates the wear loss of the
ball. Indeed, kball exhibits a clear dependence on Sq, contrary to what
was found for the friction coefficient. A possible explanation of this
dissimilar behavior may reside in the extent of the abrasive wear
occurring during the running-in stage of the tests, which is arguably
more considerable with rougher samples because of the larger number of
asperities coming into contact. As an effect, a larger wear scar forms on
the counterpart when sliding against rougher surfaces, and larger wear
tracks are observable, as visible in Figs. S6 and S7. The initial larger
wear may also retard the formation of the carbonaceous transfer layer,
resulting in a slightly longer duration of the running-in stage, perceiv-
able in Fig. 6. Nonetheless, once developed, the transfer layer allows for
the activation of tribo-chemical mechanisms that are not appreciably
affected by Sq, producing comparable values of the average CoFs. For all
the five combinations, the specific wear rate of the counterpart de-
creases to nearly 30 % of its value at 1 N when increasing the load to 10
N, qualitatively confirming the trend found for the friction coefficient.

A tenfold extension of the test duration in terms of the number of
revolutions leaves the frictional behavior of the coated samples almost
unaltered. CoFs measured after 11500 revolutions are consistent with or
even smaller than those obtained in the aforementioned tests (1150
revolutions) under the same load (Table 6), indicating that durable, low-
friction sliding conditions had already been established in the 1150
revolutions test. Though the wear tracks become larger and more easily
recognizable, their profile still blends into the coating roughness, again
giving rise to no measurable wear. This is true also in the case of the
smoothest sample (SLM-G-b), whose wear tracks at both test durations
are compared in Fig. 11a and b. The most relevant result here is not as
much the limited consumption of the coatings, which is due to the good
mechanical properties of DLC, but rather their resistance to widespread
delamination even on SLM substrates prepared via unrefined, industrial-
like finishing techniques. The tribological behavior of these systems can
be considered comparable to or, as far as wear is concerned, even better
than that of coated, conventionally fabricated substrates.

While still limited, the comparatively larger consumption of the
coating in the endurance tests may feed the formation of a protective

Table 6
Comparison of friction coefficients and ball specific wear rates from repeated
sliding wear tests (1150 revolutions) and single endurance tests (11500 revo-
lutions) at 10 N load on the coated samples.

Load: 10 N CoF kball ⋅10− 6 mm3/(N⋅m)

Sample 1150 revs. 11500 revs. 1150 revs. 11500 revs.

LM-L-a 0.169 ± 0.005 0.155 ± 0.006 6.0 ± 0.2 1.78 ± 0.06
SLM-G-a 0.159 ± 0.007 0.170 ± 0.005 1.5 ± 0.1 0.22 ± 0.01
SLM-T-a 0.156 ± 0.005 0.153 ± 0.006 2.7 ± 0.9 0.28 ± 0.01
SLM-G-b 0.160 ± 0.009 0.162 ± 0.010 0.47 ± 0.05 0.05 ± 0.01
SLM-T-b 0.167 ± 0.002 0.127 ± 0.005 0.70 ± 0.02 0.23 ± 0.02

Fig. 11. SEM images and 2D profiles of wear tracks on sample SLM-G-b following sliding wear tests at 10 N lasting (a) 1150 and (b) 11500 revolutions. Profiles are
centered with respect to the track center line.
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tribo-layer on the counterpart, assisting the preservation of the ball
surface. This would justify the decrease in the specific wear rate of the
ball which emerges from Table 6, reaching values as low as 5⋅10− 8 mm3/
(N⋅m).

4. Conclusions

In this work, DLC-terminated coatings were chosen to improve the
tribological performances of the Al–Si alloy AlSi10Mg fabricated by
SLM. Two important aspects characterize the novelty of this work, also
with reference to the results of a previous study by the authors; namely,
the use of a multilayer architecture with the interposition of an elec-
troless Ni–P interlayer between the DLC coating and the Al–Si alloy
substrate, and the use of industrial methods to process both substrates
and coatings. In particular, two finishing procedures and two slightly
different coating structures were evaluated and compared with a similar
system grown on a cast substrate. The main outcomes can be summa-
rized as follows.

1) Though Ni–P is frequently employed for its well-known anti-corro-
sive properties, not investigated here, its mechanical characteristics
are also important in regard to the overall load bearing capacity of
the coating structure. Scratch tests run on DLC-coated SLM substrates
with and without the Ni–P interlayer show that, in the absence of the
latter, the film delaminates at a relatively low load, in agreement
with already published results. Ni–P interposition helps prevent
delamination up to applied scratch loads of at least 30 N.

2) sliding wear tests carried out at two normal loads (1 N and 10 N)
reveal that all the five explored combinations of manufacturing
technique / finishing procedure / multilayer type produce better
frictional performances with respect to the uncoated alloy. The sur-
face roughness of the coating, Sq, spanning the range 0.47–4.6 μm,
does not affect the average CoFs, which assume values around 0.20
and 0.16 with the minimum and the maximum load, respectively.

3) Similarly, the specific wear rate of the counterpart decreases when
increasing load but, differently from the CoF, it shows a clear
dependence on the coating roughness. This dependence was ascribed
to more severe abrasive wear occurring during the running-in stage
of sliding, due to a greater number of asperities coming into contact
with the ball as Sq increases. On the other hand, no appreciable wear
of the coating can be measured, and only spotty consumption of the
uppermost layers is observable from SEM and EDX analyses of the
wear tracks.

4) Raman spectra prove the formation of a carbonaceous transfer layer
on the counterpart already at the minimum applied load. Though not
uniformly distributed, it accounts for the general good tribological
performances observed for the coatings. No evidence of enhanced
graphitization is detected, within our experimental limits, when
increasing load. The corresponding reduction in CoF could indicate a
slightly non-linear dependence of the contact area on the load due to
elastic deformation of the Al alloy and the Ni–P layer under load.

The obtained results indicate that DLC-terminated multilayer archi-
tectures are extremely efficient on SLM AlSi10Mg components even in
the presence of significant roughness. Notably, good tribological per-
formances are obtained by applying well-assessed protocols compatible
with large-scale production without the need of additional, time-
consuming steps such as mirror finishing to remove surface defects.
The studied solution also extends the possible applications of SLM Al–Si
alloys, with positive implications for resource savings and fuel economy.
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