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Abstract

The peculiar microstructure of the AISil0Mg alloy produced by the laser-based powder bed fusion (L-PBF) process requires the
development of specific heat treatments and coatings to exploit its potential fully. The study aims to evaluate the effect of the
deposition of an anti-friction/wear Ni-9%P + DLC (hydrogenated amorphous carbon, a-C:H) multilayer coating produced in an
industrial environment by the electroless process followed by Arc-Evaporation Physical Vapor Deposition (PVD), on the
mechanical properties of the L-PBF AlSi10Mg alloy. In the processing sequence, the DLC deposition phase replaces the artificial
aging step in the TS (direct aging) and T6R (solution treatment, quenching, and aging) heat treatments to reduce industrial costs
thanks to comparable temperatures and soaking times. Therefore, the coated samples undergo the following post-production
cycles: (i) Ni-P + DLC deposition (T5-like heat treatment) and (ii) rapid solution (SHTR) (10 min at 510 °C) + Ni-P + DLC
deposition (T6R-like heat treatment). Tensile tests highlight a significant reduction in ductility for T6R-like and T5-like
specimens due to the different mechanical responses under static load between the multilayer coating and the substrate. At the
same time, no significant differences are found in terms of strength properties. In conclusion, the variation in the static
mechanical property trade-off of L-PBF AlSi10Mg induced by this processing cycle reveals critical points to be taken into
account when applying a multilayer coating to structural components.
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1. Introduction

Al alloys have found widespread applications in the automotive and aerospace sectors due to their excellent
properties, such as high strength-to-weight ratio, high thermal conductivity, and good corrosion resistance. However,
the production of complex-shaped components can lead to manufacturing issues when traditional subtractive
manufacturing methods are used. The laser-based powder bed fusion (L-PBF) process has proven capable of
producing custom-designed components using a layer-by-layer deposition strategy, suiting industrial sectors with a
low production volume of high-value-added parts. Additionally, the L-PBF process reduces the total number of
components via the Design for Additive Manufacturing (DAM) approach, thus lowering manufacturing cost and risk
of failure, improving the component's performance by a higher strength-to-weight ratio and reducing material usage
as the complexity of the part increases. For these reasons, aerospace and automotive industries have adopted L-PBF-
produced components on a large scale, transitioning from rapid prototyping into mass production [1,2].

Currently, the Al-Si hypoeutectic alloys represent the most widely used and studied Al alloys for L-PBF printing
(mostly with 7 - 12 wt% Si and up to 0.6 wt% Mg) as a narrow solidification range characterizes the almost eutectic
composition, which reduces the hot cracking susceptibility. In particular, the AISi10Mg alloy has received the most
industrial and academic attention within the Al-Si family due to its excellent balance between mechanical properties
and printability [3].

Among non-ferrous alloys, Al alloys constitute the largest group of substrates suitable for electroless nickel (Ni-
P) plating, improving the hardness and resistance to abrasion, wear, and corrosion of these alloys [4]. Engine piston
represents a successful combination of Al-Si substrate and Ni-P: lightweight moving components work more
efficiently, while Ni-P coating provides wear resistance to extend the useful life [5].

To further enhance the tribological properties of the L-PBF AlSil0Mg alloy, a Diamond-like Carbon (DLC)
coating, characterized by high hardness and surface quality, low friction coefficient, and good wear resistance, can
be applied as the top coating of the Ni-P interlayer [6]. In particular, the hydrogenated amorphous carbon (a-C:H)
form has been widely used in the past few years to reduce contact friction [7]. However, hard DLC coatings should
not be directly deposited on a soft substrate such as AISilOMg unless an interlayer, such as the Ni-P coating, is
deposited [8]. Furthermore, high residual stresses in the DLC coating may promote delamination phenomena and
low durability, not allowing the deposition of thick films (maximum 2 - 3 um).

Even though the literature has reported the advantages of multilayer coatings on the tribological properties of Al
alloys [5-11], a small number of investigations have been conducted on the effects of overlay coatings on the tensile
properties [4,12-14], and none on the innovative L-PBF AlSi10Mg alloy. Considering the high mechanical stress to
which Al-based structural components are subjected, it is essential to know how the mechanical properties of parts
change in coated and uncoated conditions.

The present work analyzes the integration of the Ni-9%P + DLC multilayer coating deposition into a heat
treatment cycle, obtaining good mechanical performance and reducing industrial time and costs. In particular, DLC
deposition replaces the artificial aging (AA) step based on comparable treatment temperatures and times. Therefore,
the study performs mechanical and fractographic characterization of the L-PBF AlSil0Mg alloy subjected to two
different integrated cycles: (i) T5-like heat treatment, consisting of the Ni-P + DLC deposition; (ii) T6R-like heat
treatment, i.e., Ni-P deposition, followed by a rapid solution (SHTR) at 510 °C for 1 h, optimized in previous work
[15], and DLC deposition to induce the precipitation hardening.

2. Experimental procedure

2.1 Samples production

An industrial SLMS500 printing system produced vertical rod specimens (diameter of 9 mm and height of 77 mm)
into a building chamber filled with high-purity Ar gas (O: level below 0.2 vol.%), using the following process
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parameters: (i) laser power: 350 W, (ii) scan rate: 1150 mm/s, (iii) layer thickness: 50 pum, (iv) hatch distance: 170
um, and (v) heated platform: 150 °C. The printing process took about 30 h. A bidirectional stripe scan strategy and a
67° counter-clockwise rotation between subsequent layers were adopted. Further information about the powder
physical properties and chemical composition are reported in [15].

2.2 Integrated cycles

The study aims to develop integrated post-process cycles for the L-PBF AlSi10Mg alloy consisting of heat
treatment and coating deposition. The aim of the two heat treatments is different: (i) maximizing the mechanical
strength and reducing residual stress (T5-like) and (ii) increasing the strength-to-ductility trade-off (T6R-like). More
details on heat treatment optimization can be found in our previous works [15,16]. In this study, the DLC deposition
replaced the AA phase in both heat treatments to reduce post-processing time and cost. Therefore, two integrated
cycles were designed, T5-like and T6R-like (Figure 1), used respectively to obtain coated samples, hereafter referred
to as T5-C and T6R-C, and uncoated samples, hereafter referred to as T5-U and T6R-U, useful for the comparison.

As-built machined sample
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Fig. 1. Industrial cycle explored in this research compared to the conventional industrial procedure. The load axis of the tensile specimen is
parallel to the building direction (z-axis) to increase the number of components on a single platform. SHTR: rapid solution at 510 °C for 10 min;
AA: artificial aging.

Round dog-bone tensile samples (gauge length Lo = 25 mm, gauge diameter do = 5 mm) (Figure 1) were
machined from the as-built (AB) specimens and subjected to the deposition coating sequence (Ni-P and DLC). Only
the T6R-like specimens were SHTRed before the deposition sequence. SHTR step was carried out in an electric
furnace with a temperature control of + 5 °C. Medium Ni-P coating (9 wt.% P) was deposited in an industrial facility
at temperatures lower than 100 °C; consequently, the effects on the microstructure of the substrate are negligible
considering the temperature of the heated platform (150 °C) and the printing time (30 h). For the T6R alloy, Ni-P
deposition occurred post-SHT step to avoid the formation of thin Ni oxide and consequent problems during the DLC
coating deposition using the Arc-Evaporation Physical Vapor Deposition (PVD) process.

2.2 Mechanical characterization

HV, hardness and tensile tests were performed on T5-like and T6R-like. In particular, hardness tests were
performed to check the substrate condition post-deposition cycle and compare it with the aging curves reported in a
previous study on the L-PBF AlISi10Mg alloy [15]. Tensile tests were carried out at room temperature on a screw-
testing machine at a strain rate of 3.3x1073 s™! according to DIN EN ISO 6892-1:2020. Yield Strength (YS),
Ultimate Tensile Strength (UTS), and elongation to failure (ef) were evaluated as the average of at least three
samples for each investigated condition.

2.3 Microstructural and fractographical analysis

Cross-sections for microstructural analysis were extracted from tensile specimens, embedded in conductive resin,
grounded, and finally polished with diamond suspensions up to 1 pm, according to ASTM E3-11(2017). Then, they
were etched with Weck's reagent (3g NH4HF>, 4 mL HCI, 100 mL H,O) according to ASTM E407-07(2015).
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Microstructural analyses were carried out by MIRA3 FEG-SEM (TESCAN, Brno, Czech Republic) with Energy-
Dispersive X-ray Spectroscopy (EDS, Brucker Quantax 200/30 mm?, Billerica, Massachusetts, US). At the same
time, fractographic analyses were carried out to assess the coating and substrate failure mechanisms using a multi-
focus 3D-digital microscope (HIROX, Tokyo, Japan) and MIRA3 FEG-SEM.

3. Results

3.1. Effect of DLC deposition on substrate hardness

The DLC coating was deposited in an industrial facility where the temperature is not measured directly on the
specimens. Therefore, identifying the thermal exposure effects during the DLC deposition on the L-PBF AlSi10Mg
alloy is fundamental for verifying the feasibility of substituting the AA in the integrated cycle.

After T5-like heat treatment (Ni-P + DLC deposition), the substrate is characterized by a hardness equal to 130 +
2 HV,. In contrast, after T6R-like heat treatment (SHTR + Ni-P + DLC deposition), the value decreases to 91 + 4
HV,. By comparing with the aging curves reported in [14] (Figure 2), the specimens may have been subjected to
thermal exposure during the DLC deposition, equivalent to 4 - 5 h at 180 °C. As a result, the coating deposition
conditions promote alloy overaging compared to optimized AA conditions [14].
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Fig. 2. Artificial aging curves carried out on AB alloy (T5-like) and after SHTR treatment (T6-like) (adapted from [14]). The thick dotted lines
indicate average hardness values measured on the substrate after the NI-P+DLC deposition. The colored bands show the standard deviation.

3.2 Microstructural characterization

EDS analysis shows that the Ni-P interlayer's average P content is 9.3 wt.%. Therefore, this coating can be
classified as "medium phosphorus" [17]. As reported in the literature [12,18], this P content results in amorphous
microstructure, higher hardness, and smoother surface roughness compared to lower P deposits and a compressive
residual stress state. Furthermore, the Ni-P coating is characterized by a thickness equal to 16.5 = 1.5 pm and good
adhesion to the substrate (Figure 3). A Cr-W bond layer (1.5 = 0.1 pm) is used to improve the adhesion between the
Ni-P interlayer and DLC top-coating (1.3 = 0.1 um). The substrate shows typical heat-treated L-PBF AlSil0Mg
microstructure: (i) submicrometer a-Al cells surrounded by a eutectic-Si fibrous network for T5-like heat-treated
alloy (Figure 3(a)), and (ii) homogeneous distribution of spheroidal Si particles embedded into Al matrix for T6R-
heat-treated like alloy (Figure 3(b)).
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Fig. 3. Detail of( thl superficial zone of the T5-like (a) and T6R—(1ik?: (b) specimens.

T5-like and T6R-like heat treatments do not induce significant or macroscopical modification of the substrate
microstructure (Figure 4). Therefore, the slight decrease in hardness observed after coating deposition is due to the
coarsening of strengthening precipitates (nano-sized Si particles and Mg,Si precursor phases) induced by diffusion
phenomena [19]. n particular, the coarser reinforcing precipitates that form with increasing thermal exposure
(temperature or steep time) offer lower resistance to dislocation motion, thereby reducing the hardness of the heat-
treated alloy.
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Fig. 4. Detail of the microstructure after T5-like (a) and T6R-like (c) heat treatment compared to the microstructure obtained after optimized TS
(b) and T6R (d) heat treatment reported in [14].
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3.3 Tensile test

Tensile behavior was evaluated on coated (T5-C and T6R-C) and uncoated (T5-U and T6R-U) samples, which
were polished to remove the multilayer coating to perform the tensile tests on samples subjected to the same thermal
exposure. Tensile properties (Y'S, UTS, and es) are reported in Figure 5.
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Fig. 5. Tensile properties (YS (a), UTS (b), and e (c)) of the T5 and T6R alloy tested in different conditions: (i) coated (T5-C and T6R-C), (ii)
uncoated (T5-U and T6R-U). The T-bars represent standard deviations.

As can be appreciated by Figure 5, the multilayer coating slightly modifies the strength properties. YS remains
almost unchanged, while UTS is higher in T6R-C (about 10%) but lower in T5-C (about 10%). The Ni-P coating has
higher tensile properties than Al alloys, and, as observed in other coated Al alloys [4,12,13], it can increase the
strength properties of the system, as occurs in the T6R-C alloy [20]. Conversely, in the T5-C alloy, severe damage
originates from the eutectic-Si network at a low strain since the Si phase is interconnected and can not accommodate
high strain before failure [21]. In this heat-treated condition, this feature of the Si network can lead to incipient
failure at the substrate/interlayer interface and a significant reduction in UTS due to the absence of necking
phenomena [15].

Furthermore, the as-deposited Ni-P interlayer has an amorphous structure characterized by limited ductility
[22,23] and can sustain only a limited plastic deformation (er value of 1 - 1.5%) [13,14]: as load exceeds YS value, it
is more difficult for the multilayer coating to accommodate the Al substrate strain. Therefore, cracks form at the Ni-
P/Al interface [24] and propagate during substrate plastic deformation, leading to a premature failure of the coated
samples. The results support this consideration, showing that by removing the multilayer coating, the er values
increase by 129% and 33% for the T5-U and T6R-U conditions, respectively.

3.4 Fractography

The coating surfaces of the T5-C (Figure 6(a)) and T6R-C (Figure 6(c)) samples show different morphology.
TOR-C has a high crack density that increases close to the fracture surface (macroscopically visible circumferential
cracks indicated by the arrow in Fig. 6(c)), where the high strain of the substrate leads to extensive delamination and
fracture of the coating due to its lower ductility. In particular, considering the lower e and limited necking
phenomena characterizing the T6R-C (Figure 6(c)) sample compared to the T6R-U (Figure 6(d)) one, the Ni-P
interlayer acts as a highly brittle material and, once cracked under loading, transfers strain energy to the Al substrate
due to the good adhesion (Figure 3), thus leading to a fast sample failure. The higher ductility of T6R-U compared
to T6R-C is also evident by observing the smaller resistant area; even though the T6R heat treatment promotes a
microstructural evolution, the lower ductility of the Ni-P interlayer leads to premature failure of the T6R-C sample

Both T5 samples (coated/uncoated) show no significant plastic deformation; however, they are characterized by
different crack morphology. The T5-U (Figure 6(b)) has an inclined failure surface corresponding to the maximum
shear stress planes (45° to the tensile axis). Conversely, the T5-C (Figure 6(a)) shows a fracture line perpendicular to
the load direction and aligned with the circumferential detachment lines due to the compressive-tensile stress
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condition at the substrate/coating interface [14]. The lower strain-bearing ability of the eutectic-Si network lead to
material detachment along circumferential paths and incipient failure of the T5-C samples.

T5-C TS5-U T6R-C T6R-U
'

(@) (b) (© (d)
Fig. 6. State of the superficial coating and fracture morphology of the TS and T6R alloy tested in different conditions: (i) coated (T5-C (a) and
T6R-C (c)), (ii) uncoated (T5-U (b) and T6R-U (d)). The arrow in (c) points out macroscopically visible circumferential cracks.
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Fig. 7. T6R-C: fracture and detachment of the Ni-P interlayer from the substrate (a) (b). Different fracture mechanisms in the substrate (ductile)
and Ni-P interlayer (brittle) (c,d). Ripped dimples formed in the A1Sil0Mg substrate due to Ni-P interlayer delamination (d).

At high magnification, the multilayer coating on the T6R-C samples (Figure 7) is heavily cracked and extensively
delaminated from the substrate, with wedge-shaped pieces tearing off during the tensile test (Figure 7(a,b)). In
particular, Figures 7(c,d) show a Mode I crack opening for the Ni-P coating (with a typical dome-like surface
morphology, fully replicated by the dark-grey DLC topcoat), characterized by flat faces and brittle fracture, while
the Al substrate shows a ductile fracture morphology. During tensile loading, the load conditions induce
circumferential compressive stresses in the coating and tensile stresses in the substrate [14], leading to debonding of
Ni-P from the AISi10Mg substrate. At room temperature, the deformation is inhomogeneous in amorphous materials
(such as Ni-P and DLC) and almost entirely confined in intense shear bands [24]. Consequently, delamination
phenomena may be associated with the shear stress at the substrate-Ni-P interface.
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Fig. 8. Cracking of the multilayer coating close to the fracture surface of the T5-C sample (a,b). Different fracture mechanisms in the Al substrate
(ductile) and Ni-P interlayer (brittle) are observable.
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Conversely, T5 shows very light marks only close to the failure surface (Figure 8(a,b)). The interconnected
eutectic-Si network of the TS alloy is characterized by high load-bearing capacity and strain-hardening capability.
However, the hard Si phase of the eutectic-Si network can not accommodate high strain before failure [21,25].
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Therefore, the debonding at the Ni-P/substrate interface results from the compressive stresses developed in the
coating due to the difference in the Poisson ratio and young's modulus between coating and substrate [14], which
leads to a fast crack initiation and sample failure promoted by T5 microstructure.

Even though the Ni-P coating shows good overall adhesion to the L-PBF AlSi10Mg substrate (Figure 3), the
higher Si phase density in TS than in T6R (Fig. 4), as well as more capillary distribution and highly branched
morphology of the eutectic-Si network, reduce the Ni-P substrate interface area and hence the adhesion of Ni-P to
the substrate (Figure 9(a)). Conversely, the T6 composite-like microstructure provides a larger contact area between
the Al matrix and the Ni-P coating, thus increasing both the adhesion and the ability of the coating to follow the
plastic deformation of the substrate. This condition is highlighted by the fracture occurring within the substrate, a
few microns underneath the Ni-P-substrate interface, with a layer of substrate material remaining well adherent to
the Ni-P interlayer (Figure 9(b)).

(@)

Fig. 9. High magnification of the fracture zone at the Al substrate/Ni-P coating interface of the T5-C (a) and T6R-C (b). Yellow arrows indicate

chevron markings in the Ni-P interlayer typical of a brittle fracture. Red arrows point out submicrometric (a) and micrometric dimples (b). White
dashed lines indicate the position of the substrate-Ni-P interface

Even though different er values characterize coated and uncoated samples, they show comparable failure
mechanisms in the bulk material, mainly influenced by the heat treatment conditions. In particular, T5-C and T5-U
samples (Figure 10(a,b)) show shallow dimples associated with the detachment of Al cells from the edges of the
eutectic-Si network. Conversely, the T6-C and T6-U samples show a comparable ductile failure mode, characterized
by deep dimples (Figure 10(c,d)) induced by the plastic deformation of the Al matrix around the Si particles.
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Fig. 10. Fracture morphologies of T5-C (a), T5-U (b), T6R-C (c), and T6R-U (d) samples. Yellow arrows indicate Si particles in (c) and (d).

4. Conclusions

This work investigated the influence of a Ni-9%P + DLC (a-C:H) multilayer coating on the tensile properties of
the L-PBF AlSi10Mg alloy subjected to different integrated cycles: (i) Ni-P + DLC deposition (T5-like heat
treatment) and (ii)) SHT + Ni-P + DLC deposition (T6R-like heat treatment). Microstructural and mechanical
characterizations were carried out to evaluate the effects of substituting artificial aging with DLC deposition. Failure
mechanisms were analyzed to identify substrate and multilayer coating damage mechanisms. The following
conclusions can be drawn:

* Integrating the heat treatment cycle in multilayer coating deposition does not induce significant
microstructural modifications ;

*  The multilayer coating increases the tensile properties of the T6R-like alloy (YS = +4%, UTS = +10%).
Conversely, the UTS value of the T5-like alloy decreases by 12%;

*  Uncoated samples (T5-U and T6R-U) have an er value of about 129% and 33% higher than coated samples,
respectively, T5-C and T6R-C;

*  Compressive/tensile stress condition at the Ni-P coating/substrate interface leads to coating cracking and
delamination during tensile loading;

*  The Ni-P interlayer shows a higher adhesion on the T6 composite-like microstructure compared to the
microstructure with a continuous eutectic-Si network of the T5-like one;

*  The multilayer coating does not modify the main fracture mechanisms of the heat-treated substrate.

In conclusion, the variation in the tensile property balance of the L-PBF AlSi10Mg alloy reveals some critical points
that should be considered when applying a multilayer coating to structural components. However, integrated cycle
conditions (i.e., the above-described T5-like and T6R-like cycles, where coating deposition contributes to heat
treatment) can result in a good compromise between technological and mechanical requirements. Further analyses,
such as fatigue tests, will be carried out to validate this solution.
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