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ABSTRACT

This study investigates the influence of the composition and the reinforcement nature of laser cladded metal-matrix
composite (MMC) coatings onto the hardness and the adhesive wear behaviour. Laser cladding was carried out on an
Al-Si-Mg substrate using a cw Nd:YAG laser and a coaxial powder injection system. Coatings were made of an
Al/Si matrix containing 12 wt.% Si and reinforcements of WC (spherical or crushed), TiC or SiC particles with a
volume fraction ranging from 0 to 50 %. Samples were characterised using optical microscopy, hardness
measurement and adhesive wear testing (ball-on-disk device). Reinforcement ratio increased the bulk coating
hardness up to a maximum value of 280 HV; regardless of the reinforcement particle nature. As the volume fraction

of TiC, WC or SiC increases, adhesive wear damage evolved from severe to mild wear and the worn volume can be



reduced by a 20 factor. Regardless of the reinforcement particle type, the higher wear resistance was observed with a
reinforcement ratio of 35 vol. %. The carbide nature did not seem to have a great influence, neither its shape.
Although the mechanical characteristics of the different reinforcement particles are dissimilar, no significant

difference could be observed between laser cladded MMC coatings containing TiC, SiC or WC.

1.0 INTRODUCTION

Aluminium alloys offer important advantages in terms of their specific weight, corrosion resistance and
thermal conductivity. However, they have poor tribological characteristics. This drawback can be corrected using
laser surface treatment, which does not affect the global properties of the bulk material. In the case of aluminium
alloys, two surface treatments have been thoroughly investigated: laser alloying and laser cladding. Laser alloying
consists in melting the aluminium surface with a laser beam while adding element. Laser cladding, as studied in the
present work, consists in covering the substrate surface with a coating of a different nature as illustrated in Fig. 1.a.
This process can be carried out in different ways: wire feeding and lateral [1] or coaxial [2] powder injection (see
Fig. 1.b). In the case of powder injection, the cladding powder is injected into the laser beam by an inert gas flow.
The energy delivered by the laser is absorbed both by the powder stream and the substrate material. This enables the
melting of the in-flight particles and the fusing of the powder onto the substrate surface. A clad is formed by moving
the sample under the laser beam. An uniform layer is obtained by partially overlapping individual clads. A slight
dilution of the cladding material in the substrate generates a perfect metallurgical bonding between them. Over the
last fifteen years, many studies on aluminium laser surface treatment have been carried out with the objective of
improving the mechanical characteristics of coatings (hardness, elastic modulus, wear resistance). Several authors
have already investigated the formation of intermetallic aluminium compounds (alloys Al-Ni [3], Al-Fe [4], Al-Cu
[5], Al-Mo [6] and Al-Cr [7]) and silicon precipitation in Al-Si alloys [8]. Another field of study consisted in the
development of metal matrix composites (MMC) coatings. In laser surface treatment, these materials are composed
of hard reinforcement particles distributed in a softer metal matrix. In the case of aluminium, the reinforcements are
more often silicon carbide [9] and titanium carbide [10]. In the present study, composite coatings were made of an
Al/Si matrix containing 12 wt.% Si and reinforcements of WC (spherical or crushed), TiC or SiC powders with a

volume fraction ranging form 0 to 50 %. The laser cladding is carried out using a coaxial powder injection system



(see Fig. 1.b). Samples were characterised using optical microscopy, hardness measurement and adhesive wear

testing (ball-on-disk device).
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Figure 1: principle of laser cladding with coaxial powder injection.

2.0 EXPERIMENTAL PROCEDURE

Laser cladding was carried out using a continuous wave 4000 W Nd:YAG laser of 1,064 pm wavelength and a 600
um diameter optical fiber. A lens with a 280 mm focal length focus the laser beam. The selected parameters were as
follows: the laser beam power was adjusted to 3700 W on the workpiece surface, with a spot diameter of 4 mm; the
calculated power density is then 290 W.mm™. The angle between the laser beam and the surface sample was set at
80°. Normal incidence was not used to avoid the risk of beam reflection, which could damage the optical fibre or the
laser cavity. Samples were placed on an X-Y table. The sample translation velocity was varied from 0.4 to 0.6
m.min’’ depending on the coating composition. Laser treated specimens were circular to allow wear tests with a ball-
on-disk-type device. Substrates were composed of Al 10% Si 1% Mg (wt.%) and their size was @60 x 8 mm. Their
surface was sand-papered using a 120-grit SiC paper followed by cleaning with acetone prior to laser treatment.
Powders of pre-allied Al/Si matrix (12 wt.% Si content) and reinforcement particles were premixed prior the
injection with a volume fraction ranging form 0 to 50 % (see Table 1). These were injected inside the laser beam at a

rate ranging from 8 to 12 g.min"'. Argon at 1 bar pressure and 0.05 L.s” flow rate was used as a carrying gas.



Table 1: Characteristics and mechanical properties of used materials [11].

Nature of powders Al 12Si Spherical WC Crushed WC TiC SiC
Composition (wt.%) 12 Si 88 Al 99,5 WC 99,5 WC 99,5 TiC 99,5 SiC
Particule size range (um) 45-90 50-150 50-150 50-150 50-150
Melting point (°C) 550 2870 2870 3250 2700
p (g/em®) S 14,9 14,9 4,95 3,2
Hardness (HV,) 80 2500 2500 3200 3350
Elastic modulus (GPa) 77 725 725 422 330

Microstructure examination was performed by optical microscopy after mechanical polishing (diamond with 1 pm
grain size) and chemical etching using Keller's reagent. Vickers hardness measurements were performed with a load
of 50 N on the coating surface after machining. A ball-on-disk-type tribometer was used for wear experiments under
dry-sliding conditions. The laser coating was machined to obtain a flat surface of about 2 mm wide (Ra = 6 um) and
cleaned with acetone. A tungsten carbide ball (diameter of 6 mm, hardness of 1400 Hvy, and load of 5 N) slided on
the machined circular coating as the substrate was rotated. The tangential speed was 0.4 m.s™ and the sliding distance
was fixed at 1600 m. The wear experiments were not carried out under a controlled atmosphere. Wear was
characterised using the worn volume of the specimen and by observing the wear tracks. The worn volume was
calculated from the coating density and the sample mass loss (measured with an accuracy of + 0.1 mg). The coating
density can be adequately estimated using the law of mixture between the matrix and the carbides [12]. This
approximation was valid, as the coatings were not porous. On the other hand, comparison of mass loss is not
significant due to the large difference of used carbide densities (see Table 1). Moreover, direct worm measurement
was not possible due to the strong damage observed on the low carbide content coatings. Observation of wear scars
was performed by microtopography and SEM. The mass variation of the WC ball was not measured.
Microtopographic data of wear tracks were obtained by an extended field confocal microscope with a vertical

resolution of 0.01 um and lateral resolution of 2 pum. The topography was measured on a 5 x 3 mm’ surface, with a

sampling step of 2 pm in the horizontal plan. The SEM used was a Phillips type XL30.



3.0 RESULTS AND DISCUSSION

3.1 Microstructural analysis

Coatings were produced with a AI/Si matrix containing 12 wt.% Si and reinforcements of WC (spherical or
crushed), TiC or SiC powders with a volume fraction ranging form 0 to 50 %. The coatings were free of pores or
cracks and showed a metallurgical bonding to the substrate. The typical coatings were approximately 1.5 mm thick

and 4 mm wide. All coatings showed a homogeneous carbide distribution, as shown in Fig. 2.a. Moreover, these

coatings were uniform: microstructure scale and type were similar through the entire coatings.
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Pigﬁre 2: (a) Cross section of Al 12Si- 50vol.%TiC coating produced with a scanning speed of 0.4 m.min” and

-

powder feed rate of 10 g.min” (b) Micrograph of Al 12Si- 50vol.%TiC coating.

For TiC reinforcement, microstructures were composed of intact TiC particles, white a-A4/ primary dendrites and a
dark AV/Si eutectic component (see Fig. 2.b). The single eutectic microstructure predicted by the binary diagram at
12% Si was not observed. This phenomenon can be explained by the rapid solidification rate peculiar to the laser
process. Under dynamic conditions, zones of phase existence can be modified and the eutectic composition is shifted
to the silicon side of the diagram in case of rapidly solidified Al-Si alloys [13]. Similar phenomenon can be observed
in laser treated Al-Cu alloys [5]. Microscopic observations revealed no superficial dissolution of the TiC particles in
the aluminium matrix nor the presence of any Al,C; aluminium carbides as previously observed by Lietchi et al. in
Al-TiC laser cladding [9]. Even though the TiC melting temperature is higher than the boiling point of aluminium,

this can be possible as the absorption coefficient of TiC at the laser wavelength is three times the one of aluminium



WC. This phenomenon can be explained by the ALC; carbide precipitation observed previously. This led to matrix

strengthening and then to a bulk hardness increase.
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Figure 3: Vickers hardness evolution vs. WC, SiC and TiC contents. Each value is an average of six measurements

taken with a load of 50 N on the coating surface after machining.

3.3 Wear experiments

Wear resistance was characterised using the worn volume of the specimen: Fig. 4 shows these results as a function of
WC, SiC and TiC content. Increase of carbide content improved the wear behaviour of the coatings: the wear rate
was decreased by a 20-ratio. In spite of the heterogeneous properties of the carbides used (see Table 1), no significant
difference was observed on the wear resistance. This can be explained by the strong hardness difference between the
carbides and the AlSi matrix (see Table 1). Nevertheless, the spherical WC particles showed a higher wear
resistance than the crushed WC ones. In fact, the angular shapes of the crushed particles are more sensible to the
failure and to the picking out the matrix. A similar phenomenon has been observed by Lagrange [16] for the laser
cladding of steel substrate with WC reinforcement. For all MMC coatings, the lowest wear rate is observed at around
35 vol.% carbide reinforcement (see Fig. 4). Two behaviours are noted on the wear tracks: a severe adhesive wear
that evolves to a mild wear when the carbide ratio increases. The mild/severe wear transition is observed between 23
to 30 vol.% for spherical WC reinforcement, between 29 to 38 vol.% for crushed WC reinforcement, at 21 vol.% for

TiC reinforcement and between 14 to 17 vol.% for SiC reinforcement.
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Figure 4: Worn volume evolution vs. WC, SiC and TiC contents: a) spherical and crushed WC reinforcements, b)

SiC and TiC reinforcements.

In the case of severe wear, tests led to a strong damage of the surface with material transfer from the sample to the
ball. Plastic zones were noticed where the material is pushed leading to a wave type profile (see Fig. 5). After a
sliding distance of 1600 m, the wear track depth evolved from 50 to 150 um on the Al 12Si coating (see Fig. 5.a) and

from 20 to 70 pm on the Al 12Si- 14vol.%WC coating (see Fig. 5.b). SEM micrographies confirmed this point by

showing a high deformation of track (see Fig. 6.a).
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Figure 5: Microtopographies and transverse sections of wear tracks after the 1600-m sliding test on: a) a coating

performed from Al 12Si, b) a coating performed from Al 128i- 14vol.%WC (spherical particles).



SEM observations revealed also many wear scars. These may have a large size: up to 1 mm long and 0,5 mm wide.
This delamination appears when the breaking stress is reached in the subsurface. The crack then growths to the
surface forming a wear debris as shown in Fig. 6.b. This wear mechanism can be associated with “severe wear” as
observed by Zhang and Alpas [17] during wear experiments on bulk aluminium-silicon alloys at high-applied loads.
According to these authors, severe wear involves massive surface damage, high wear rate and large scale material

transfer to the counterface.

Figure 6: SEM micrographies of wear tracks after 1600 m sliding on a coating performed from Al 128i- 14vol.%WC

(spherical particles): a) plastic strain zones, b) delamination in progress.

Mild wear is characterised by a regular track depth (Fig. 7), a wear rate reduction (Fig. 4), a homogeneous wear track
(Fig. 8.a) and the formation of fine black debris. This type of damage gathers the characteristics of “mild wear” as
observed by Zhang and Alpas [17] during wear experiments on bulk aluminium-silicon alloys at low-applied loads.
For example, for the Al 128i- 44vol.%WC coating, the track depth was constant at around 30 um as shown in Fig
7.b. Moreover, the wear rate was significantly lower than the one observed with the lower carbide content: for Al
128i- 35vol.%WC coating, it was 0,3.10° mm’ m™ compared with 2,5.10° mm®.m™ in case of Al 12Si- 7vol.%WC
coating or 4,0.10° mm®.m™ in case of Al 12Si coating. The wear rate was reduced by a factor ranging from 8 to 13.
The same phenomenon was also noticed with the SiC- and TiC-reinforced coatings. The severe/mild transition can be
explained as follows. Deuis et al. [18)] showed that adhesive wear occurs when surfaces slide against each other and
the pressure between the contacting asperities is high enough to cause local plastic strain. The hardness of the surface

determines then the real area of contact between both contacting materials. In the present study, a correlation was



noted between the carbide content and the bulk hardness as shown in Fig. 3. As a result, this enhancement can
explain the wear depth reduction as a function of reinforcement content (see Fig. 5 and 7) since the plastic
deformation (Y,) is linked to the hardness (H) according to the Eq. 1 [19]. A hardness increase causes therefore a

plastic strain reduction, a wear depth reduction and a transition from severe wear to mild wear.

H=3Y,

Eq. 1: Connection between plastic deformation (¥,) of a material for an average strain & and hardness (H) for a

metallic material.
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Figure 7: Microtopographies and transverse sections of wear tracks after the 1600-m sliding test on: a) a coating
performed from Al 12Si- 29vol.%WC (spherical particles), b) a coating performed from Al 12Si- 44vol.%WC

(spherical particles).

Mild wear is also characterised by the lack of strongly delaminated zones (Fig. 8.a). SEM observations only revealed
some delaminations of fine sizes (10-100 pum) and small depth (around 10 pm) compared with severe wear. This
small delamination can be explained by the plastic strain of the Al/Si matrix. In fact, during the sliding, the ductile
Al/Si matrix is spread on the wear track, forming a tribolayer. The effect of the Hertz stresses caused subsurface

fractures between this tribolayer and the reinforcement particles. Crack growth within the coating is limited by the



reinforcement particles under the tribolayer. These cracks grow up to the surface leading to the removal of the
fractured fragments. Consequently, delamination mechanism only appears in the tribolayer that covered the wear

track. This reduces the size and thickness of the scars and, as a consequence, decreases the wear rate. This

phenomenon is well illustrated in the Fig. 8.c.

Figure 8: SEM micrographies of wear tracks after 1600 m sliding on a coating performed from Al 12Si- 29vol.%WC

(spherical particles).

At high magnitude, the track surface of mild wear was composed of encrusted carbide debris (size ranging from 0,1
to 2 um), as shown in Fig. 8.b. EDS analysis of this tribolayer showed also a high quantity of oxygen (around 20
at.%) compared with the as-deposited coating (oxygen content lower than 1 at.%). These EDS measurements were
carried out on several coatings and wear zones. This may indicate that a certain volume of Al;O; was precipitated
during the sliding and an oxidation wear was possibly established. Like carbide debris, ALO; oxide has high
mechanical properties and high wear resistance [18]. The simultaneous presence of carbide debris and Al O,
precipitates contributes to the protective properties of the tribolayer and the wear rate decrease. On the other hand,
tribolayer effects were limited during severe wear. High plastic deformations and large debris delaminations
contributed to the tribolayer disappearance. At a high reinforcement ratio (> 35 vol.%), SEM observations revealed
the fracture of many carbides as shown on the Fig 9.a. These fragile particles were fractured by the ball impacts. This
lead to the formation of fine debris and to the protective tribolayer (Fig 8.b). However, the ball can embed a carbide
debris of large size in a reinforcement carbide, leading to an important failure (see Fig 9.b). All these phenomena can
explain the wear rate increase for coatings containing a reinforcement ratio higher than 35 vol.% (Fig. 4). As carbides
have a density much higher than the Al/Si matrix (see Table 1), their failure increases quickly the mass loss and

consequently the calculated worn loss.
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tracks after 1600 m sliding on a caﬁng performed from Al 128i- 29vol.%WC

(spherical particles).

4.0 CONCLUSIONS

ii.

iii.

iv.

Al-based MMC laser cladding on Al substrate was successfully carried out using a Nd:YAG laser and a coaxial
powder injection system. Composite coatings were made of an Al/Si matrix (12 wt.% Si content) and
reinforcements of WC (spherical or crushed), TiC or SiC powders (volume fraction ranging form 0 to 50 %).
Coatings were free of pores or cracks and very well bonded to the substrate. Carbides were uniformly distributed
in the surface and appeared unaffected by the treatment, except for SiC adding.

Carbide reinforcement increased the bulk coating hardness up to a maximum value of 280 HV regardless of the
reinforcement nature. This can be mainly explained by the shielding effect between reinforcement particles and
Al/Si matrix.

As the volume fraction of TiC, WC or SiC increases, damage evolved from a severe to a mild wear and the worn
volume was reduced by a 20 factor. Combination of three phenomena can explain this improvement: the
decrease of surface deformation, the tribolayer formation and the lack of delamination.

Regardless of the reinforcement particle type, the higher wear resistances were observed with reinforcement
ratios of around 35 vol. %. The carbide nature did not seem to have a great influence, neither its shape. Although
the mechanical characteristics of the different reinforcement particles are dissimilar, no significant difference

could be observed between MMC laser cladded coatings containing TiC, SiC or WC.
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