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Abstract: Aluminum matrix composites reinforced with silicon carbide particles (SiCp) were deposited
by laser cladding on AA6082 aluminum alloy. Different compositions of the matrix of the composites
coating were used and different amounts of Si and Ti were added to a base of Al-12Si in order to
control the reactivity between molten aluminum and SiCp during laser cladding. The corrosion
behavior of the coatings deposited was evaluated in 3.5 wt.% NaCl solution using gravimetric
analyses and electrochemical polarization tests. The corrosion products observed were Al(OH)3 and
Al2O3, and they formed a layer that limited the evolution of corrosion. However, the presence of
discontinuities in it reduced the corrosion resistance of the coating. The corrosion mechanisms were
different depending on the coating composition. The addiction of Ti to the alloy allowed for better
corrosion behavior for the composite coating than that of the aluminum substrate.
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1. Introduction

The need of weight reduction and increased mechanical properties, mainly in aerospace and
automobile sectors, have stimulated engineers to develop new material combinations with high
mechanical properties [1,2]. Aluminum matrix composites reinforced with SiC particles (SiCp) have
better tribological properties than the equivalent alloys [3,4]. The possibility of fabricating Al/SiCp

coatings on aluminum could be a possible solution to obtain light components with high tribological
properties [5–8]. However, the incorporation of a ceramic phase into an aluminum matrix can change
its corrosion behavior. Several factors determine the corrosion behavior of metal-matrix composites
such as the composition of the matrix alloy and its microstructure, the reinforcement dispersion and
the technique used to fabricate the composite [9].

Laser cladding is an effective fabrication process to obtain composite coatings as it provides
compact coatings with high adhesion to the substrates and it also has a very high versatility [10,11].
For the formulation of Al/SiCp, it is a very interesting process because it allows a direct interaction of
SiC particles and molten aluminum at a controlled temperature. However, it is known that between
667 ◦C and 1347 ◦C, Al and SiCp react and dissolve the reinforcing SiCp, while Si and Al4C3 are formed.
Particularly, the Al4C3 formation must be avoided because it is a brittle and hygroscopic intermetallic,
and it strongly degrades the properties of the composite [12–17].

In previous research, laser cladding with Al/SiCp on aluminum alloys were successfully carried
out [18,19], and the effect of the addition of other alloying elements (silicon and titanium) to the matrix
of the composite coating was investigated [20]. The addition of silicon into the Al matrix displaces
the reaction between Al and SiCp to the products, inhibiting the aluminum carbide formation [21–23]
and, therefore, reducing the degradation of the silicon carbide particles. For the cladding processes,

Coatings 2020, 10, 673; doi:10.3390/coatings10070673 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0003-0837-3437
http://www.mdpi.com/2079-6412/10/7/673?type=check_update&version=1
http://dx.doi.org/10.3390/coatings10070673
http://www.mdpi.com/journal/coatings


Coatings 2020, 10, 673 2 of 12

it is needed the addition of at least 40 wt.% Si in the Al/SiCp composite matrix to inhibit the Al4C3

formation. The microstructure of this coating consists in an Al-Si hypereutectic matrix reinforced
with undegraded SiC particles [20]. Also, the addition of 20 wt.% Ti avoided the presence of Al4C3

in the composite matrix. In this case, the avidity of Ti to C and Si favored the formation of TiC and
TiSi2 instead of producing other carbides [24–26]. The main advantage of the modified systems is that
the new phases formed are not harmful, and they even act as hardening elements, so that they also
contribute to the composite as an in-situ precipitated reinforcement [1].

Present study describes and compares the corrosion resistance of AA6082 aluminum alloy with
that of some Al/SiCp composite coatings with different compositions deposited on an AA6082 in
3.5 wt.% NaCl solution at room temperature. The strategies used for avoiding the degradation of the
reinforcement were the addition of 40 wt.% Si and of 20 wt.% Ti. The evolution of the corrosion behavior
with immersion time has been studied and different corrosion mechanisms have been proposed.

2. Materials and Methods

Coatings were deposited on 30 × 30 × 5 mm3 AA6082 coupons with a T6 treatment were supplied
by Fundiciones Gómez (La Rioja, Spain). The main alloying elements of the AA6082 were (in wt.%):
1.05 Si; 0.23 Fe; 0.03 Cu; 0.57 Mg, 0.57 Mn; 0.02 Zn; 0.02 Ti, and balance Al. The surface of the substrates
was prepared by blasting using brown corundum (D50 = 60 µm) for 1 min. For the cladding process,
commercial powder of aluminum, silicon carbide, silicon and titanium (Table 1) were mixed on a ball
mill for 5 h with different proportions in order to obtain different composite powders (Table 2).

Table 1. Powders properties and suppliers.

Product Supplier D50 (µm) ρ (g·cm−3)

Al 12 wt.% Si Metco 52C-NS 71 2.7

SiC Navarro S.A
F-360 26.2 2–2.3

Si Alfa Aesar 44 2.3
Ti Alfa Aesar 100 4.5

Table 2. Cladding powder proportions.

Percentage Abbreviated Name

Al 12 wt.% Si—30 wt.% SiC Al 12Si/SiC
Al 40 wt.% Si—30 wt.% SiC Al 40Si/SiC

Al 12Si wt.%—20 wt.% Ti—30 wt.% SiC Al 12Si 20Ti/SiC

The coatings were prepared by laser cladding using a 1300 W and 808–940 nm wavelength
continuous wave diode laser (ROFIN DL013S, Santa Clara, CA, USA) connected to an ABB IRB2400
robot (Asea Brown Boveri, Zurich, Switzerland). The powder was sprayed coaxially to the laser
beam trough a coaxial nozzle (Fraunhofer IWS COAX 8, Fraunhofer Institute for Material and Beam
Technology, Winterbergstraße, Dresden, Germany). The processing parameters were set on preliminary
research and Table 3 shows the laser control parameters used during the test.

Table 3. Fabrication control parameters.

Laser Power
(W)

Scan Speed
(mm/s)

Distance Between Consecutive Laser Lines
(mm)

Powder Feeding Rate
(g/min)

1000 10 0.7 3
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The corrosion behavior of Al/SiC coatings on AA6082 aluminum alloy was evaluated. In addition,
their corrosion behavior was compared with that of the uncoated substrate. Electrochemical measurements
were made in an aerated 3.5 wt.% NaCl solution using an Autolab PGStat 30 (Metrohm AG, Herisau,
Switzerland), exposing an area of 0.78 cm2 of the sample to the test medium. All electrochemical tests were
carried out at room temperature without stirring. A three-electrode cell was used for the electrochemical
measurements; the working electrode was the own tested material and the counter and reference electrodes
were graphite and silver/silver chloride (Ag/AgCl), respectively. A potential of ±20 mV around the
corrosion potential (Ecorr) with 1 mV/s scanning rate was applied for different immersion times in the
electrolyte to calculate the polarization resistance (Rp). Anodic–cathodic polarization measurements were
carried out at 0.005 V/s scan rate from −0.01 to 0.015 V with respect to Ecorr. Tafel method was used to
calculate the corrosion current density, according to ASTM standard G102 89 (1994) [27]. The corrosion
products generated after immersion test were analyzed by a Scanning Electron Microscope (SEM) from
Hitachi S3400N (Tokyo, Japan) equipped with an Energy Dispersive X-ray Spectrometer (EDS) from
Brucker AXS X flash Detector 5010 (Billerica, MA, USA).

3. Results and Discussion

3.1. Coatings Microstructure

The cross section of the different Al/SiCp coatings deposited on AA6082 by laser cladding is
shown in Figure 1. SEM images of Al12Si/SiC, Al40Si/SiC and Al12Si20Ti/SiC are shown in Figure 1a–c,
respectively. In all cases, a thick and continuous layer was deposited and a continuous metallurgical
interface between substrate and coating can be observed. However, the microstructure of the different
coatings shows many particularities, as it can be observed in the SEM images shown in Figure 2.

Al12Si/SiC microstructure (Figure 2a) main characteristic is the degradation of the SiCp

reinforcement by the aluminum of the matrix. After the fabrication process the particles have
lost their defined perimeter and show a serrated profile. It can also be observed the presence of Al4C3

platelets that appear as lines in the image and Si particles. This microstructure can be observed in
other works [13,14,20]. In the Al40Si/SiC coating (Figure 2b), the SiC particles were not degraded and
there was no presence of Al4C3. However, primary Si particles were observed [20]. These particles
were formed because of the addition of Si as alloying element and not by the formation of Si because
of the degradation of the SiCp. Finally, the Al 12Si 20Ti/SiC microstructure was characterized by
SiC particles, TiC and TiSi2 in an Al-Si matrix (Figure 2c–d). Around the SiC particles, there was a
characteristic Al inner ring and an outer TiC ring. The reason is that the Al reacts with SiC to form
Al4C3 and Si. Also, Ti reacts with SiCp and forms TiC. In addition, Ti reacts with the Si and forms
TiSi2. [20]. The presence of these products in the composite matrix decreases the amount of the initial
reinforcement, causing that in some cases, only a ring of TiC remains in the surroundings of a zone
where a SiC particle existed is observed.
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3.2. Corrosion Properties

The potentiodynamic anodic-cathodic polarization curves were obtained for different immersion
times in 3.5% NaCl solution (1 h, 17 h, 24 h, 48 h, 72 h, 96 h and 168 h) for the uncoated AA6082 and
Al12Si/SiC, Al40Si/SiC and Al12Si-20Ti/SiC coatings. Figure 3 resumes the main corrosion parameters
obtained from the curves, i.e., the Open-circuit potential (OCP) and the corrosion current density,
in Figure 3a,b, respectively. Polarization resistance was evaluated for the coatings at different immersion
times (Figure 3c) and a gravimetric test was also made (Figure 3c).

Open-circuit potential (OCP) strongly varies with immersion time in the aggressive solution for
all the systems (Figure 3a). For uncoated aluminum, Ecorr gradually increased for the first 72 h and for
higher immersion times Ecorr kept constant. This can be explained by the formation of a superficial oxide
layer that can partially protect the aluminum alloy from the corrosive effect of the chloride ions. In all
coated systems, Ecorr showed a strong increase in the first hour of immersion, but then it decreased and
for the first 48 h it showed instability and strong deviation between similar samples (large error bars).
This behavior can be explained by the fast reaction between the species in the coatings with the corrosive
media which would have formed a superficial oxide layer. However, the lack of homogeneity and stability
of the coating may have caused its breaking and the strong changes observed in the behavior of the
coatings. For long immersion times, the Ecorr values of the Al12Si/SiC coatings were similar to those of
the AA6082 substrate, suggesting the formation of similar corrosion products However, the Al40Si/SiC
coating was more active than AA6082 substrate, and Al12Si20Ti/SiC coating was nobler than the substrate.
This indicates that the addition of Si or Ti, and the formation of different precipitated phases in this latter
case, modifies the interaction of the coatings with the sodium chloride media.

The corrosion current density at OCP were measured under potentiostatically controlled conditions.
Figure 3b shows the variation of corrosion current density with time for uncoated and Al/SiC coatings.
For the first 24 h, the uncoated substrate had higher current density than the coated ones, indicating
the occurrence of a fast anodic reaction. However for higher immersion times, the protective oxide
layer formation increased its thickness, giving rise to a higher electrical resistance and a reduction in the
corrosion current density, which kept nearly constant, suggesting that its thickness does not increase after
the first 48 h of immersion. At the beginning of the experiment, the coatings that had nobler corrosion
potentials, i.e.,Al12Si/SiC and Al12Si-Ti/SiC, had lower corrosion current densities than the substrate. Also,
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for the first 24 h, they followed a similar behavior in which the current density decreased. Again, this
suggests the formation of a protective layer. However, for higher immersion times, their behavior changes
in function of their composition. Al12Si/SiC coating current density keep constant, but at 72 h, the current
density increased steadily, indicating that the material is not capable of forming a protective oxide layer,
and that corrosion is constantly progressing in the coating. The Al12Si-Ti/SiC coating current density kept
constant for all times, although its values were higher than those of the AA6082 substrate. Finally, the
current density of the Al40Si/SiC coating is lower than in the other systems for the first 24 h, but then it
increased quickly indicating the presence of a speed anodic reaction.

Corrosion behavior of uncoated substrates and Al/SiC coatings was also studied in terms of the
evolution of polarization resistance (Rp) with immersion time (Figure 3c). Rp of the uncoated AA6082
increased in the first 24 h, again suggesting the formation of a superficial oxide protective layer which
stabilized afterwards. The coated systems had a similar behavior, but the decreases observed in the
evolution of Rp suggest, again, the breaking of the protective superficial layer, which indicates that the
oxide layers formed are not stable.

At the start of the experiment, nobler coatings (Al12Si/SiC and Al12Si-Ti/SiC) had higher Rp

values than uncoated AA6082 but at 24 h immersion time, the Rp of the Al12Si/SiC decreased below
that of the uncoated AA6082 and then kept constant. This indicates that there is a worse corrosion
behavior than in the uncoated sample. Al40Si/SiC Rp is lower than the uncoated AA6082 one, but it
was constant for all immersion time. The Al12Si20Ti/SiC coating had the highest Rp value, indicating
that it had their best corrosion behavior. However the value oscillated throughout the immersion time,
indicating, again, evolution in the structure of the oxide layer.

Figure 3d shows the mass gain of the samples with immersion time. In all cases, from 75 h mass
increased. The Al12Si/SiC coating showed a nearly instant mass gain. Al40Si/SiC coating had the
highest mass gain followed and the Al12Si20Ti/SiC had a similar mass gain than the uncoated AA6082.
These behaviors can be explained by the species observed in the microstructure of the coatings. In the
case of the Al12Si/SiC coating, Al4C3 was formed, but it is a very unstable compound that hydrates in
the presence of humid environments, favoring the formation of different corrosion products. In the
case of the Al40Si/SiC coating, the mass gain is associated with the large number of phases present,
and therefore of interfaces, which act as preferred places of initial corrosion.
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Figure 3. Corrosion values with time for the Al12Si/SiC, Al40Si/SiC, Al12Si-Ti/SiC coatings and for
the uncoated AA6082 in 3.5% NaCl solution with time: (a) OCP measurement; (b) current density;
(c) polarization resistance (Rp); and (d) mass gain.

3.3. Corrosion Products and Corrosion Mechanism

Uncoated and coated samples were analyzed by SEM and EDS to identify the morphology and
composition of the corrosion products when the materials were immersed in 3.5 wt.% NaCl at 25 ◦C
for 168 h. The corrosion attack occurred in different ways in the different systems.

The AA6082 alloy substrate surface before the test surface is shown in Figure 4a. The surface
morphology of uncoated AA6082 immersed in the test solution for 168 h is shown in Figure 4b.
This surface presented generalized corrosion. A continuous layer of oxidized products was observed
on the surface and the corrosion products were preferably deposited on the grinding peaks. A detail can
be observed in Figure 4c and the EDS made on the surface shown in Figure 4d, revealed the presence of
oxygen due to the presence of an oxidized layer (Figure 4e), which suggest that the corrosion products
are mainly aluminum oxide.
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Figure 4. SEM images of the uncoated AA6082 alloy: (a) general view of surface before the immersion
test in 3.5 wt.% NaCl; (b) general view after 168 h of immersion in 3.5 wt.% NaCl; (c) morphology of a
corrosion product; (d) detail of (c); and (e) EDS analysis of zone marked in (d).
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Al12Si/SiC coating corrosion surface is shown in Figure 5. A products layer with spongy
appearance was formed in the surface (Figure 5a). A detail of the surface is shown in Figure 5b,c.
The spongy corrosion products are mainly formed by oxygen and aluminum as determined by EDS
(Figure 5d) made on the zone shown in Figure 5b. In some zones, this oxide layer broke and revealed
the substrate surface as it is shown in Figure 5c. The EDS made on this zone reveal that these zones
were rich in carbon, suggesting that it is caused by the presence of Al4C3.
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(d) 

O Element series [norm. wt.%] [norm. at.%] Error in %

Aluminium K-series 11.43 7.35 1.32

Carbon K-series 8.51 12.29 5.74

Oxygen K-series 64.87 72.20 17.85

Chlorine K-series 2.41 1.18 0.53

Sodium K-series 8.76 6.61 1.29

Gold M-series 3.99 0.35 0.72

Sum: 100 100

(a) (c) (b) 

O

Al

(d) 

(e) 
Element series [norm. wt.%] [norm. at.%] Error in %

Aluminium K-series 11.74 7.01 1.18

Carbon K-series 24.06 32.29 9.61

Oxygen K-series 52.70 54.87 12.77

Chlorine K-series 0.83 0.38 0.22

Sodium K-series 7.39 5.18 1.01

Gold K-series 3.27 0.26 0.23

Sum: 100 100

Figure 5. SEM images of the surface of the Al12Si/SiC coating after 168 h of immersion in 3.5 wt.%
NaCl: (a) general view of surface; (b) and (c) details of the morphology of the corrosion products
formed; general view; (d) and (e) EDS analysis of zones marked in (b) and (c), respectively.

Figure 6 shows the corroded surface of the Al40Si/SiC coating. Like in the Al12Si/SiC coating, in
the Al40Si/SiC coating there was a spongy oxide products layer, although pitting corrosion was also
observed (Figure 6a). In other zones, the corrosion products layer had broken as a result of localized
attack by chlorides and the substrate surface beneath could be observed (Figure 6b). In these zones,
signs of nucleation and growth of a new layer of oxidized products were also present. Figure 6c shows
a detail of the surface in which the structure of the corrosion products can be seen. The EDS determined
that the zones that conform the continuous corrosion products layer are mainly formed by oxygen and
aluminum as determined by EDS (Figure 6d), being presumably Al2O3. In the zones were the coating
has broken and in which localized corrosion is observed the EDS showed the presence of oxygen and
silicon (e). These indicates that the zones in which these morphologies appear correspond with zones
in which Si particles are located at the surface of the sample. Indicating that the presence of Si particles
limits the formation of a continuous corrosion layer, and favors the attack by the Cl− ions.
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Figure 6. SEM images of the surface of the Al40Si/SiC coating after 168 h of immersion in 3.5 wt.%
NaCl: (a) and (b) general view of two different zones of the surface; (c) detail of (b); (d) EDS analysis of
point 1 in (c); and (e) EDS analysis of point 2 in (c).

Al12Si20Ti/SiC surface (Figure 7a) presents the same oxide products layer, although in this case
the coating was less continuous, as it can be seen in the detail shown in Figure 7b. Cracked zones of
the corrosion products layer (Figure 7c) and zones where pitting corrosion has taken place could be
observed (Figure 7d). The EDS tests (Figure 7e,f) evidenced that the cracks formed because of pitting
corrosion were formed in the vicinity of Ti rich zones, and the compositions observed correspond with
TiSi2 and TiAl3. Therefore, it seems that the formation of the precipitates caused the appearance of
microgalvanic couples which helped to the initiation and progression of corrosion in these coatings.

Figure 8 shows diagrams of the different corrosion mechanisms of the coating. The differences in
the corrosion mechanism that the coatings present are conditioned by the quantity and nature of the
phases present in each of them. In general, the localized attack on the aluminum matrix composite
materials is favored by the irregularities of the passive layer of Al2O3, prior to the test, due to the
presence of the reinforcement and intermetallic phases.

The phase-matrix interfaces act as areas where the Cl− ion can penetrate more easily, favoring
a localized attack [28]. Pitting corrosion progresses through interfaces, grain boundaries, and stress
concentration zones. In these zones, the Cl− ion reacts with the passive alumina layer, forming
soluble species that dissolve the layer, leaving the alloy exposed to the medium. The hydrolysis of the
Al3+ cation occurs, which causes a decrease in the pH of the medium due to the formation of acidic
species, such as AlCl3 and H+ according to the reactions [29,30]. A porous layer of corrosion products
accumulates on the surface of the sample, such as Al2O3·3H2O (bayerite) and AlO(OH), whose nature
has been determined by other authors in similar materials [31].
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Figure 7. SEM images of the surface of the Al12Si20Ti/SiC coating after 168 h of immersion in 3.5 wt.%
NaCl: (a) general view; (b) detail of the morphology of the coating; (c,d) details of (b); (e) EDS analysis
of point marked in (c); and (f) EDS analysis of point marked in (d).
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Figure 8. Corrosion mechanisms scheme in the surface of the different coatings: (a) Al12Si/SiC;
(b) Al40Si/SiC; (c) Al12Si-Ti/SiC coating surface.

In the case of the Al12Si/SiC coating (Figure 8a), in addition to the reinforcement and the
intermetallic phases, the presence of aluminum carbide was observed. This carbide greatly influences
the corrosion behavior of this type of materials, since in the presence of humid environments it hydrates
and forms aluminum hydroxide according to reaction (5), which increases its volume and causes the
oxide layer breaks, which accelerates the corrosion process in its vicinity [32].

Al3+ + 3H2O� Al(OH)3 + 3H+ (1)

2Al + 4H2O� 2AlO(OH) + 3H2 (2)

Al2O3 +2nCl− + 6H+� 2AlCln(3−n)+ + 3H2O (3)

O2 + 2H2O +4e−� 4OH− (4)

Al4C3 + 12 H2O� 4Al(OH)3 +3 CH4 (5)

Al40Si/SiC corrosion mechanism is shown in Figure 8b. This material does not have Al4C3, so a
fast degradation of the material does not take place. However, there is a large amount of Si in form
of big particles, apart from SiCp itself. This causes that there was a great irregularity in the oxidized
layer formed, as it is not equally formed in the particles and in the aluminum, and there was also a
large number of interfaces. Silicon-rich zones and SiC particles act as preferential pitting zones and the
corrosion progresses through the interfaces producing the detachment of some of them and promoting
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the advancement of pitting. Preferential accumulation of circular corrosion products occurs around
active pitting when the particle has been removed.

Figure 8c shows the corrosion mechanism that takes place in the Al12Si-Ti/SiC system. The oxide
layer is less discontinuous than in the previous cases, since there are fewer phases that are prone to the
attack by the humid environment or by the chloride ions. The interfaces between the matrix and the
precipitated phases observed, i.e., TiSi2, TiAl3 and TiC, are zones of discontinuities on the oxide layer
and they are the only zones in which the degradation occurs. The formation of oxides in the form of a
chimney is associated with the accumulation of corrosion products around the pit, which continues to
be active while the transport of O2 into it is possible.

4. Conclusions

The corrosion behavior of different composition Al/SiC composite coatings on AA6082 aluminum
alloy have been evaluated in 3.5 wt.% NaCl solution for 168 h. At long immersion times (>168 h)
Al12Si/SiC coating on AA6082 presents similar corrosion behavior than the AA6082 substrate.
Al40Si/SiC are more active than the substrate and Al12Si-Ti/SiC are nobler than the others including
the aluminum substrate.

The main corrosion products are, in all cases, oxyhydroxides, Al(OH)3 and Al2O3, however the
corrosion mechanisms are different in function of the coating composition. The failures of the protective
nature of the coatings are due to the presence of discontinuities on the surface corrosion products
layer. In the case of the Al12Si/SiC coating the discontinuities are SiC particles, Al4C3 platelets and
intermetallic phases. Primary silicon are the main discontinuities in Al14Si/SiC coating. And, in the
case of Al12Si-Ti/SiC the corrosion advances through the discontinuities formed by TiSi2, TiAl3 and TiC.
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