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Abstract

Ceramic particles typically do not have a sufficiently high wettability for incorporation into molten metal during
aluminum matrix composite manufacturing. Metallic coatings on ceramic particles could improve their
wettability by the molten aluminum and hence provide a better bonding between the reinforcement and matrix. In
this study, micrometer-sized SiC particles were coated by copper, nickel, and cobalt metallic layers using electroless
deposition method. These metallic layers were produced separately prior to ceramic incorporation into molten
pure aluminum, in order to compare their effects on the microstructure and mechanical properties of the
produced composites. The experimental results showed that copper was the most effective and nickel the least
effective of these coating metals for incorporation of the SiC particles into the molten aluminum. It was
additionally found that the composite, which contained the copper coated SiC particles, produced the highest
microhardness and tensile strength, while that fabricated with the cobalt-coated SiC particles produced the lowest
microhardness and tensile strength.
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1 Introduction

Aluminum metal matrix composites (AMMCs) have gained significant attention in recent years. This is
primarily due to their lightweight, low coefficient of thermal expansion (CTE), machinability, and improved
mechanical properties, such as increased 0.2 % vyield strength (YS), ultimate tensile strength (UTS), and
hardness [1-5]. Due to these advantages, they are used in aerospace industries (airframe and aerospace
components), automobile industries (engine pistons), and electronic components [6-11].

Stir casting (vortex technique) is generally accepted commercially as a low-cost method for
manufacturing of AMMCs. Its advantages lie in its simplicity, flexibility, and applicability to large volume
production. This process allows very large-sized components to be fabricated. However, methods of
achieving the following in stir casting most be considered: (i) no adverse chemical reaction between the
reinforcement material and matrix alloy, (ii) no or very low porosity in the cast AMMCs, (iii) wettability
between the two main phases, and (iv) achieving a uniform distribution of the reinforcement material [12-17].

Some of the methods used to achieve these goals during stir casting of AMMCs are the modification of the
alloy composition, coating or specific treatments to the reinforcements, and control of the process parameters
(stirring temperature, time, etc.) [16, 18-20]. Among these, coating of the reinforcement is a successful technique
used to promote wetting of the particles by aluminum through decreasing the surface energy of the solid-liquid (
s1)- Metallic coatings of nickel or copper have been widely used to improve the wettability of carbon fibers and
ceramic particles by molten aluminum alloys [16, 21-24]. The success of metallic coating layer for
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incorporation of the ceramic particles into molten metal depends on the reaction tendency with molten metal
and the melting temperature of metallic layer. It seems that a metal with a melting temperature close to that
of the matrix material would not be a good choice in this regard. In fact, the metallic coating layer should
not be immediately dissolved just after incorporation into molten metal, which this occurrence depends on the
melting temperature of a metallic coating and its tendency for reaction with molten metal. The best condition in
this regard is for this layer to remain around the particle after stirring and solidification of the matrix. The
weight of metallic layer might also be an important parameter to control in order to aid further ceramic
incorporation. From an economic viewpoint, Cu, Ni, and Co are metals that could be deposited via low-cost
process of electroless deposition (ED), in comparison to expensive alternatives such as Au, Ag, Pt, and Pd. To the
best of our knowledge, no attempt has been made to compare the operation of copper, nickel, and cobalt coating
layers on the degree of incorporation of ceramic particles in a molten metal while using the same stir casting
conditions to indicate which one has the above requirements as carrier of ceramic powders into the molten metal.

In this study, micrometer-sized SiC particles were coated with Cu, Ni, and Co using the ED method. The
coated particles were then incorporated into the molten pure aluminum to assess their effects on the ceramic
incorporation. The mechanical properties of the final composites were evaluated for comparison.

2 Experimental procedures

Aluminum ingot with 99.8 wt% commercial purity was used as a matrix. Table 1 tabulates the chemical
composition of the used ingot obtained using an M5000 optical emission spectrometer. As can be seen, the
amount of Si and Fe was almost negligible.

Micrometer-sized SiC particles with an average particle size of 80 um and 99.9 % purity were supplied
(Shanghai Dinghan Chemical Co., Ltd. China) as the reinforcement of AMMCs. The morphology of the
silicon carbide particles used in this study was shown in our previous studies [19, 20] using scanning
electron microscopy (SEM) micrographs.

The preparation procedure of ED used for production of the metallic coating on SiC particles was also reported
in these studies [19, 20]. Tables 2, 3, and 4 show the chemicals that were used for cobalt, nickel, and copper
electroless coatings, respectively, as well as their concentrations. In addition, the amounts of pH and bath
temperature are reported in these tables. Magnetic stirring speed was set at 400 rpm for all the baths.

Four sample types were fabricated in this study. Table 5 summarizes the four types of samples prepared.
One gram of reinforcement powder from each sample was encapsulated carefully in an aluminum foil packet

before the casting process in order to fabricate a composite with 3 wt%SiC (=2.54 vol.%SiC) as

reinforcement. These packets
were preheated at 350 °C for 2 h for removing the moisture and impurities from the powders. The pure
aluminum was heated to 680 °C within a bottom-pouring furnace. A graphite stirrer was placed below the surface
of meltand rotated with a speed of 500 rpm, and simultaneously, argon with a high purity (99.9999 %) was used
as a protective shroud on the melt surface. The packets were added to the vortex center, and the stirring was
continued for 6 min. The composite slurry was poured into the preheated low-carbon steel mold (at 450 °C).
The schematic of the vortex-casting set-up was shown in detail in our previous study [4].

Microhardness test was conducted according to ASTM E384 using an applied load of 25 g for a 15-s
duration. At least ten measurements were taken from fabricated samples. The tensile tests were performed at
room temperature using an Instron-type testing machine operating at a constant rate of crosshead

displacement, with an initial strain rate of 2x 107 s™. The YS, UTS, and ductility (percent elongation to
break) were measured and averaged over three test samples. The dog-bone-shaped tensile specimens had a
gauge size of 6 mm in diameter and 30 mm in length, according to ASTM B557M-10. Finally, SiC powders,
which were coated with all three metals, were exposed to X-ray analysis (Bruker’s D8 advance system,
Germany) using Cu Ka (A=0.15405 nm) radiation to investigate the phase analysis after ED process.
Microstructural investigations were performed using a scanning electron microscope (SEM, Cam Scan
Mv2300, equipped with EDAX analysis) and an optical microscopy. An image analysis software (ImageJ,
Gaithersburg, MD, USA) was used to determine the average thickness of the coating layer obtained by the
SEM characterization from three different parts. For this purpose, the samples were polished and etched with



Keller’s reagent (190 ml water, 5 ml HNOs, 3 ml HCI, and 2 ml HF). Finally, the incorporation percent of ceramic
particles into the molten pure aluminum was examined using a graphical method, in which the full details of this
method, which could quantitatively make a connection between the percentage of SiC incorporated within the
solidified composite and the wettability of different coated particles, were published by Hashim et al. [25].

3 Results and discussion

Our previous studies [4, 18] indicated that uncoated silicon carbide particles could not be highly
incorporated into the molten pure aluminum, meaning that a special process is necessary to improve
the wettability of ceramic particles by molten metal. Figure 1 shows the microstructure of sample S,
in which uncoated SiC particles were used as reinforcement. As can be seen, the amount of ceramic
particles is not considerable, and agglomerated particles were observed in some parts.

In order to improve the incorporation of these particles, metallic coatings of cobalt, nickel, and copper were
used. Figure 2a shows the morphology of SiC powders coated by cobalt. The coating layer appears to be well
adhered. It seems that even the edges of the surfaces were uniformly covered by cobalt layer. For evaluation of the
coating uniformity, the coated ceramic particles were cold-pressed, and the uniformity was studied after breaking
of the coated layers. By cold pressing the coated particles, it was found that a uniform coating of cobalt on the SiC
particles was formed (see Fig. 2b). An average thickness of the coating layer was determined to be around
1.83 um. XRD analysis of cobalt-coated SiC particles also shows the formation and detection of SiC and Co phases
after the ED process (Fig. 2c), and point EDAX analysis (Fig. 2d) of the yellow-colored cross shown in Fig.
2a indicated the presence of Co, P, and Au elements. Au is detected due to the usage of gold coating, which was
applied for SEM characterization. These analyses indicated the success of ED process for coating of Co-P layer
on the SiC particles.

SEM MAG: 72X DET: SE Detector
HV: 200KV 1 mm Vega @Tescan
VAC: HiVac Device: TS5136MM Digital Microscopy Imaging

Fig. 1 The SEM microstructure of sample S,, in which uncoated SiC
particles were incorporated as reinforcement
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Fig. 2 The SEM morphology of Co-coated SiC particles a after ED process and b after cold pressing, ¢ XRD analysis of Co-coated
particles after ED, and d point-EDAX analysis of the yellow colored cross shown in a

These Co-coated SiC particles were carefully encapsulated in the aluminum foil and injected into the molten
pure aluminum, as described earlier, to form sample S,. Figure 3 shows the SEM image of this sample
microstructure as obtained after vortex casting. It is evident in the figure that the number of SiC particles is
appreciable in respect to that of sample S;. For sample S,, a composite with a relatively uniform distribution of
ceramic particles was obtained. The uniform distribution of the ceramic particles indicated in Fig. 3 shows that this
method (ED process of cobalt) might be also useful to avoid ceramic particle agglomeration. The formation of
gas pores could also be seen in the microstructure of sample S,, their formation of which is expected after 6
min stirring at 680 °C. Figure 4 shows a high magnification SEM micrograph of a SiC particle in sample S;
where a fingerprint-like structure was formed around the SiC particles (white-colored parts). Both point and
line EDAX analyses indicated that this structure is rich in cobalt, meaning that separation of cobalt layer from the
ceramic particles occurred during incorporation and stirring at 680 °C. Point EDAX analysis (red-colored square)
shows the presence of about 14 % atomic cobalt in this part. Based on the Al-Co phase diagram [26], AlsCog,
Ali3Cos, and AlsCo are the phases, which could be formed via exothermic-nature reactions between
cobalt with the molten aluminum [27, 28]. It seems that atomic percent of cobalt versus aluminum obtained
in this study is close to AlsCo, phase with monoclinic structure [26].

The microstructure of nickel-coated SiC particles is shown in Fig. 5. This coating quality was obtained in our
previous study [20] as the best condition, which could be prepared using the mentioned bath (see Table 3).
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Fig. 3 The low-magnification SEM microstructure of sample S; after casting

From Fig. 5a (the morphology of Ni coated SiC particles) and b (cold-pressed Ni coated SiC particles), it
seems that the nickel layer almost covered all the ceramics surfaces with a relative uniformity. An average
thickness of about 1.02 um was obtained for the Ni-P coating layer (see Fig. 5b). It is important to note that Si
was detected beside Ni and P after point EDAX analysis (Fig. 5c) of the yellow-colored cross shown in
Fig. 5a; this element had not been detected for Co-coated SiC particles. This means that the thickness of the
coating layer might be effective on the detection of silicon, as it was found that a lower amount of average
thickness was obtained for nickel (1.02 pm) compared with that of cobalt (1.83 pum). The XRD result
(Fig. 5d) also shows the formation of intensive SiC peaks as well as reveal Ni and P peaks after ED process.
Figure 6a shows the microstructure of as-cast sample S; indicating the considerable presence of SiC particles
that incorporated into the molten aluminum. However, it seems that, irrespective of a relative good distribution of
ceramic particles, the amount of reinforcement is lower than that of the sample S,. A high-magnification SEM
image (see Fig. 6b) for sample S; indicated that nickel was separated from the SiC particles like cobalt, entered
in the molten Al, and might react with the matrix to form intermetallic phases, which Rajan et al. [29] indicated
that the nature of reaction between the molten aluminum with nickel coating layer is exothermic. Point EDAX
analysis of white-colored parts indicated the presence of only 5 at.% of nickel; this amount is lower than that
obtained after point EDAX analysis of white-colored parts (red-colored cross shown in Fig. 6b) of sample
S,. Figure 7 is related to a line EDAX analysis related to sample Ss. This figure indicates a remain of a part of
nickel layer on the SiC particles after grinding and polishing, suggesting that nickel layer might be strongly
adhered to the particles after ED process in some parts. In fact, this figure shows that the separation of the
coating layer at 680 °C for 6 min stirring is not peremptory, and based on the coating adhesion to the ceramic
surface, it is possible to observe a partial layer on the ceramic particle after casting and solidification.
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Fig.5 The SEM morphology of Ni-coated SiC particles a after ED process and b after cold pressing, ¢ point EDAX analysis of the yellow
colored cross shown in a, and d XRD analysis of Ni-coated particles after ED
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Fig.6 The SEM microstructures of sample Sz as well as point EDAX analysis of the red colored cross: a low magnification and b high
magnification

However, as Figs. 2b and 5b show, the metallic coatings on ceramic particles do not have sufficient flexibility
and adhesion, and after cold pressing, they were broken. This means that the shear stress caused by vortex
formation at 680 °C could separate the metallic coating during stirring. It should be noted that the tendency of the
coating layer for dissolution and reaction with the molten aluminum could be another strong reason as well as
the lack of enough flexibility and adhesion of the coating layer for separating from the reinforcement phase
during liquid-state preparation of AMMCs. It was reported in the study of Rajan et al. [29] that the exothermic
nature of possible reactions that might have occurred between the coating layers with the molten aluminum
increases the mobility of coating layer that may lead to its sweeping away from the ceramic interface. This
occurrence might reduce the potential of metallic layer regarding the improvement of ceramic particles
incorporation. It should be noted that the main benefit of the ED process in this study was to maximize the
ceramics incorporation into the molten metal when they passed through the surface of the aluminum melt
and entered the vortex. The second benefit of using ED process is to fabricate a hybrid composite material with
two kinds of the reinforcement as the metallic layer could react with molten metal and form some phases, which
the mechanical properties results indicated that these phases increased the strength of the composite.

Figure 8a shows the morphology of copper-coated SiC particles after the ED process. The bath parameters
for copper coating were previously optimized in our previous study [19]. As can be seen from this figure, a
relatively thick layer of copper was formed uniformly on the SiC particles. The uniformity of the coating could
be observed in Fig. 8b, which the coated particles were cold-pressed. It was found that the average thickness of
the copper coating layer is about 1.79 pym, which is very close to that of cobalt. The results of XRD
analysis (Fig. 8c) of the Cu-coated particles and point EDAX analysis (Fig. 8d) of the yellow-colored cross shown
inFig. 8a indicated the formation of copper and SiC after ED process without the detection of the other phases.

Figure 9a shows the microstructure of as-cast sample Sa, containing the SiC particles, which were covered
by a copper layer. The incorporation of a wide number of ceramic particles is evident for this sample. However, it
seems that the agglomeration of these particles occurred in some parts, in which this phenomenon is inevitable
during the casting process. All the as-cast microstructures of the samples indicate that a secondary high-
temperature process like extrusion or rolling might be needed after casting to decrease the amount of porosities
and improve the distribution of reinforcement phase especially via separation of agglomerated particles.
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The formation of an AI-SiC interface with a good bonding is also observed for this sample from high-
magnification SEM image (see. Fig. 9b). Such a defect-less bonding could not be observed in the microstructure
of the previous samples. Many authors also reported that a strong bonding would be formed between ceramic
particles and metal matrix if copper is coated on the surface of ceramic particles [30, 31]. Line EDAX analysis for
sample S, indicated that white-colored areas are related to the presence of copper in the matrix of aluminum. It
was reported [29] that copper dissolution in the molten aluminum has an endothermic nature, which helped the
coating layer to be retained around the ceramic surface. This phenomenon could lead to the formation of a more
strong boding between Al and SiC. In addition, the retention of the coating layer could increase the incorporation
percentage of ceramic particles.

As mentioned, the presence of a metallic layer provides improved wettability of micrometer-sized ceramic
particles. Figure 10 shows a schematic of casting process when uncoated and metal-coated ceramic particles were
injected into the molten aluminum at 680 °C after 6 min stirring. This schematic shows the usage of an aluminum
foil, a ceramic plug in the bottom of crucible, and a graphite stirrer for casting process. As can be seen, a layer
oxide film is always present on the surface of the melt, especially when argon is not used. As this figure shows,
the uncoated SiC particles could not be entered into the molten metal due to the poor wetting by the matrix.
Even 6 min stirring was not effective in order to trap these particles via the vortex casting method. The
schematics at the bottom of Fig. 10 indicate the considerable effect of metallic coating on the ceramic
incorporation. The main reason, which was responsible for this, was a sharp reduction of wetting contact
angle (alpha) due to the applied metallic coating. The extent of wetting on a solid-liquid interface, such as
molten aluminum in contact with SiC particles, can be described using the Young-Dupre equation [16]:

¥y COS 0= Yoy - ¥ alp

where denotes surface tension, and the subscriptsL, S,and V' denote liquid, solid, and vapor. a is the contact angle



between solid and liquid (see Fig. 10). Contact angle is a metric for the degree of wetting. A liquid is
considered to wet a solid for cosa>0, or when sy> s.. In that situation, the solid would prefer to form
interfaces with the liquid over the vapor, since coverage by a liquid would lower the free energy of the solid

by (sv— sL)dA [16]. In fact, by applying a metallic coating on

SiC particles, a metal/metal interaction would occur when the particles pass through the surface of the melt. This
would decrease the s, and therefore, a lower amount of contact angle would be obtained. Drew and his co-
workers [21, 32, 33] indicated that using nickel and copper on the SiC particles would decrease the wetting contact
angle of the liquid drop on the ceramic substrate from about 120 to <40 ° after about 6 min.

Figure 11 shows the effect of cobalt, nickel, and copper coatings on the ceramic incorporation percentage.
As can be seen, copper, cobalt, and nickel are effective as regards ceramic incorporation, respectively. This ability
for improving the ceramic incorporation might be related to many factors such as the weight and melting
temperature of coating metal, the tendency for reaction and dissolution in the matrix, and the thickness of the
coating layer. As mentioned, the exothermic reactions increase the mobility of the coating layers and might
reduce the incorporation percentage of ceramic particles. It is obvious from Fig. 11 that copper with
endothermic reactions with molten aluminum causes the sample Ssto have the highest amount of ceramic
incorporation. In addition, the thickness value of the nickel layer is lower than that of the copper and cobalt
layers and that this matter might also cause the sample Ss to have the lowest amount of ceramic incorporation
percentage.

During the solidification of a composite, internal stresses are developed around the ceramics due to a
difference in the CTE of the aluminum and the SiC particle, and they are relieved by formation and movement
of dislocations [34-36]. In order to evaluate the effect of the metallic coatings on the mechanical properties of
the fabricated samples, ten random points were selected within each sample for microhardness measurements
(Vickers, 25 g load).
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Fig. 8 The SEM morphology of Cu-coated SiC particles a after ED process and b after cold pressing, ¢ XRD analysis of Cu-coated SiC
particles after ED, and d point-EDAX analysis of the yellow colored cross shown in a




Table 6 shows the mechanical property values of the samples. As can be seen, sample S, was harder than the
other samples, and the usage of metallic coating highly increased the microhardness value as just about 44 HV
microhardness was obtained for sample Si. Sample Ss that contains a lower amount of SiC particles was also
revealed to be harder than sample S, which might be due to the structure of intermetallic compounds, which
were formed during stirring. It is very important to note that the amount of porosities was not considerable for
all the samples, and it seems that this parameter was not effective on the microhardness values. Hence, the quantity
of ceramic particlesas well as intermetallic compounds formed during casting might be two important factors that
affect the hardness of the composites. As can be seen, the usage of metallic coating also made a very intensive
effect on the strength and ductility of the composites in respect to those of sample S;. Similar to the values of
microhardness, the same trend seems to be obtained for YS and UTS values of the samples. The most important
point, which could be drawn from Table 6, is the value of break strain (%) or ductility of sample S4. In fact,
sample S, that contains Cu-coated SiC particles has a higher microhardness, YS, and UTS values,
while a higher value of ductility was obtained for this sample in respect to those of samples S; and Ss.

[CF——— Gas pores

DET: BSE Detector MAG: 500 x M "
HV: 200KV 1 mm Vega ©Tescan HV: 20.0kV 200 um Vega ©Tescan
VAC: HiVac Device: TS5136MM Digital Microscopy Imaging VAC: HIVac Device: TS5136MM Dightal Microscopy Imaging

Fig. 9 The SEM microstructures of sample S, as well as line EDAX analysis from the shown region: a low magnification and b high
maghnification

This occurrence could be emanated from the formation of a better bonding at the ceramic/matrix interface for this
sample (see Fig. 9b). Another possible reason is the possible difference in the nature and mechanical properties of
intermetallic compounds, which might be formed due to the entrance of Cu, Co, and Ni to the matrix during stirring.
It was also obtained that the samples containing metal-coated ceramic particles have a lower ductility amount
mainly due to incorporation of a higher amount of ceramic particles, and sample Ss has the lowest amount of
ductility.

4 Conclusions
In this study, the behavior of cobalt, copper, and nickel coatings on the SiC particles were compared and studied
using the same casting parameters to indicate which one is more suitable for ceramic incorporation. From the

experimental results, the following conclusions could be drawn:

1. No crack formation and uncovered parts could be seen on the SiC particles for all the three metals. In
addition, a uniform coating layer was revealed for all of them. However, a lower average thickness was



obtained for the Ni-P coating layer (1.02 um) compared with that of copper (1.79 um) and cobalt (1.83
pm).

2. For a composite containing Cu-coated SiC particles,

98.8 % incorporation was obtained, while 84.6 and 71.2 incorporation percents were obtained for
composites that contain Co-P and Ni-P coated SiC particles, respectively.

3. The coating characteristics, in particular its thickness and its nature of reaction with the molten aluminum
(exothermic or endothermic), affect the incorporation quantity of the ceramic reinforcement.

4. The microhardness, YS, and UTS values of the composites were dependent on the amount of
ceramic particles, the quality of bonding at the matrix/ceramics interfaces, and intermetallic
compounds, which are formed during casting process. In comparison between the coating metals
investigated, copper coatings produced the highest microhardness and strength, and cobalt the
lowest. A higher value of ductility was obtained for the samples, which contained Cu-coated SiC
particles, which may be a result of the formation of better bonding at the ceramic/matrix interface.
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Table 6 The mechanical

properties for the samp|es Sample uTsS (MPa) Break strain (%) YS (MPa)
Hardness (HV)
Sample S; 85+6 13+2 57+4 4443
Sample S; (Co) 131+6 612 89+4 117+6
Sample S; (Ni) 14345 4+1 97+4 12746
Sample S, (Cu) 15448 8+2 10945 13646
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