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Abstract: Joining metals and ceramics plays a crucial role in many engineering applications. The
current research aims to develop a simple and convenient approach for dissimilar material joining
between SiC and Al alloys. In this work, Al alloys with Si contents varying from 7 wt.% to 50 wt.%
were bonded with SiC at a high temperature of 1100 ◦C by a pressure-less bonding process in a
vacuum furnace, and shear tests were carried out to study the bonding strength. When using low-Si
Al alloys to bond with SiC, the bonding strength was very low. The bonding strength of Al/SiC
joints increased significantly through the use of high-Si Al alloys with 30 wt.% and 50 wt.% Si. The
shear strength achieved (28.8 MPa) is far higher than those reported previously. The remarkable
improvement in bonding strength is attributed to the suppression of brittle interfacial products and
reduced thermal stresses. This research provides a new strategy for joining between SiC and a wide
range of Al alloys through the use of high-Si Al alloys as the interlayers.

Keywords: Al-ceramic joining; dissimilar material joining; high-Si Al alloy; interfacial reaction;
bonding strength

1. Introduction

Joining metals and ceramics to combine the advantages of both material classes has
been attractive for many engineering applications. SiC is a ceramic typically employed for
joining with metals because of its high strength, extraordinary hardness, thermal properties,
and electrical conductivity. The combination of SiC with light alloys such as Al alloys,
exhibits potential engineering applications [1].

There has been considerable research on joining between SiC and steels [2–6] or nickel-
based alloys [7–9]; however, surprisingly, there have been only a few reports in the literature
on joining between SiC and Al alloys [1,10–12]. This may be due to the inherent technical
difficulty of achieving good bonding between SiC and Al alloys.

First, because of the low melting point of Al alloys (typically below 660 ◦C), it is difficult
to braze Al alloys and SiC using copper- or silver-based active filler materials [13,14], whose
melting points are usually above those of Al alloys. Teng et al. [12] reported a brazing
process using an Al20Cu6SiNiMg filler alloy to achieve the bonding of aluminum alloy
2219 to a pre-metalized SiC, but the maximum shear strength of the joints was low, at
16 MPa only.

Second, it is difficult to join Al alloys to SiC through the melting of the alloys because
the wettability between molten Al alloys and SiC is usually poor [15]. Sozhamannan et al.
studied the effect of temperature around 700 ◦C to 900 ◦C on the Al/SiC interfacial bonding
but achieved a very low bonding strength (<0.5 MPa) in both Al6061/SiC joints [10] and
Al-11Si/SiC joints [11].
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Third, another major issue is the large mismatch of the coefficient of thermal expansion
(CTE) between Al alloys and SiC. The large mismatch in the CTE may result in high residual
stresses between the two dissimilar materials and lead to a low strength of the joints [16].

With the increasingly widespread use of ceramic particulate-reinforced aluminum ma-
trix composites in automotive and other industries, many studies have been carried out on
the wetting behavior and interfacial reactions of Al/SiC system [15,17–19]. Cong et al. [17]
reported that the wettability of Al/SiC at 1000 ◦C was improved with the addition of 7 wt.%
(weight percentage) and 12 wt.% Si in Al melt. Huang et al. [19] observed that the contact
angle of Al/SiC at 1050 ◦C decreased considerably from 62◦ to 23◦ when the Si content
increased from 4.8 at.% (atomic percentage) to 29.2 at.%. The addition of the Si element in
Al alloys is generally found to help improve the wettability of Al/SiC at high temperatures
(1000 ◦C or above). Therefore, it is possible to improve the bonding strength of Al/SiC by
adding large amounts of Si to Al alloys.

Moreover, when the Si content in aluminum alloys increases to very high levels
(e.g., 30 wt.% or more), the CTE of the alloys decreases significantly [20,21]. This helps
reduce the mismatch in the CTE in the Al/SiC joint. However, to the best of the authors’
knowledge, no papers have been published studying dissimilar material joining between
Al and SiC using high-Si Al alloys.

In the current research, four types of Al alloys with different Si contents (7 wt.%,
12 wt.%, 30 wt.%, and 50 wt.%) were explored for pressure-less bonding with SiC at high
temperature. The study has succeeded in producing strong Al/SiC joints through the use
of high-Si alloys. The shear strength achieved (28.8 MPa) is far higher than those reported
previously by Teng et al. (16 MPa) [12] and by Sozhamannan et al. (<0.5 MPa) [10,11].

2. Materials and Methods

Four types of Al alloys with varying Si contents were used for the study of dissimilar
material joining between SiC and Al alloys. The SiC was purchased from Kaihongfei
Electronic Co., Ltd., Guangzhou, China. The A356 and Al4047 alloys were purchased from
SL Metal Pte Ltd., Singapore, and Jiaming Boye Non-ferrous Metals Ltd., Beijing, China,
respectively. The high-Si Al alloys (Al-30Si and Al-50Si) were prepared by casting using
high-purity Al (99.9%) and Si (99.9%). The chemical compositions of the Al alloys are
shown in Table 1.

Table 1. Chemical compositions of the Al alloys used in this study (wt.%).

Al Type Al Si Fe Cu Mg Zn Mn Ni

A356 balance 7 0.2 0.2 0.3 0.1 0.1 -
Al4047 balance 12 0.3 0.8 1.0 - 0.1 0.8
Al-30Si balance 30 ≤0.1 - - - - -
Al-50Si balance 50 ≤0.1 - - - - -

The Al alloys and SiC blocks were ground using SiC paper and resin-bonded diamond,
respectively, and then cleaned in an ultrasonic bath prior to the joining process. The
dissimilar material joining process was carried out in a vacuum tube furnace (Lenton, Hope
Valley, UK) under a vacuum pressure of 10−4 mBar. The Al alloys of 0.7 g in weight were
melted onto SiC blocks with 10 mm × 10 mm × 10 mm dimensions at a temperature of
1100 ◦C, as shown in Figure 1. The heating rate was set at 5 ◦C·min−1, and the holding
time at 1100 ◦C was 30 min. The samples were cooled down to room temperature in the
vacuum furnace.
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Norwood, MA, USA) at room temperature using displacement control at a fixed rate of 
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displacement curves of different Al/SiC joints are shown in Figure 3a–d and compared in 
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Figure 1. Photos showing (a) placement of 0.7 g Al alloy on SiC block before heating and (b) the
sample after the completion of the bonding process.

A JEOL-7600 field emission scanning electron microscope (SEM; JEOL, Tokyo, Japan)
was used to observe the microstructures of the Al/SiC joints. The interfacial reaction
products were identified by energy dispersive spectroscopy (EDS; Oxford Instruments,
Abingdon, UK) and X-ray diffraction (XRD; Panalytical Empyrean, Malvern, UK).

Shear tests were conducted on an Instron-5569 universal testing system (Instron,
Norwood, MA, USA) at room temperature using displacement control at a fixed rate of
0.5 mm·min−1 [22]. Figure 2 shows the in-house designed jig used for the shear test.
For each type of Al/SiC joint, at least three samples were tested to obtain an average
bonding strength.
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3. Results and Discussion
3.1. Effect of Si Content on Bonding Strength

The shear fracture loads were low for the joints between SiC and the two types of Al
alloys with low Si contents (i.e., A356 and Al4047) but became considerably higher for the
joints between SiC and the two high-Si Al alloys (i.e., Al-30Si and Al-50Si). Typical load–
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displacement curves of different Al/SiC joints are shown in Figure 3a–d and compared
in Figure 3e.
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Figure 3. Typical load–displacement curve of (a) A356/SiC joint, (b) Al4047/SiC joint, (c) Al-30Si/SiC
joint, and (d) Al-50Si/SiC joint; (e) comparison of the load–displacement curves of the four different
Al/SiC joints.
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The bonding strengths were calculated as the maximum load from the load–displacement
curve divided by the bonding surface area and are shown in Figure 4 as a function of the Si
content. The bonding strengths between SiC and the low-Si alloys were low, at 1.9 MPa for
A356/SiC and 3 MPa for Al4047/SiC. It is clearly seen that the bonding strength of Al/SiC
improved remarkably with the increase in Si content in Al alloys. The maximum bonding
strength of 28.8 MPa was achieved for the Al-30Si/SiC joint. It is noted that this value was
about 15 times higher than that of the Al A356/SiC joint. The bonding strength of the joint
with the higher Si content alloy (i.e., Al-50Si) did not show further improvement.
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Figure 4. Plot showing the effect of Si content on the bonding strength of the Al/SiC joint (error bar
represents standard deviation in tested samples).

3.2. Effect of Si Content on CTE

Table 2 compares the CTE values of the materials used in this study. The CTE of
the Al alloys is much higher than that of SiC. This difference in the CTE would naturally
generate thermal stresses in the Al/SiC joints that could cause cracking in the joints and,
consequently, lower the bonding strength [16].

Table 2. CTE values of the materials.

Materials Si Content (wt.%) CTE (×10−6 K−1) Refs.

SiC - 4.7 [12]
A356 7 21.4 [23]

Al4047 12 19.4 [23]
Al-30Si 30 14~16 [24]
Al-50Si 50 10~12 [25]

It can be noted from Table 2 that the CTE tends to decrease with increasing Si content
in the Al alloys. The CTE values for A356 and Al4047 are about 20 × 10−6 K−1. With the
increase in Si content to 30 wt.%, the CTE value for the Al-30Si alloy is reduced to about
15 × 10−6 K−1. The 25% reduction in the CTE value is significant, and the reduction in
the CTE mismatch may contribute to the improvement in the bonding strength. However,
it should be noted that the CTE value for the Al-50Si alloy is further reduced by about
one-third compared with that of the Al-30Si alloy, but the bonding strength was not further
improved (Figure 4). It can be deduced from the analyses that the reduction in the CTE
mismatch contributes to the improvement in bonding strength, but there may be more
important factors influencing the bonding strength.
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3.3. Effect of Si Content on Interfacial Reactions

To illustrate the effect of Si content on the interfacial microstructure, one joint between
SiC and low-Si Al alloy (Al4047/SiC) and one joint between SiC and high-Si Al alloy
(Al-50Si/SiC) were chosen. The backscattered electron SEM image of the Al4047/SiC
interface is shown in Figure 5a. A clear reaction layer with a thickness of a few micrometers
could be seen at the interface, and several cracks as marked by arrows were observed in
this reaction layer.
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Figure 5. (a) Backscattered electron micrograph of Al4047/SiC joint showing interfacial layer and
microcracks (arrowed) in the layer; (b) XRD pattern of Al4047/SiC joint; (c) SEM image showing the
rectangular area for EDS in the Al4047/SiC joint; and (d) corresponding EDS mapping results of the
area in (c). (The white dashed lines denote the reaction layer in the interfacial area).

The XRD patterns (Figure 5b) show some peaks belonging to Al4C3 phase formed
at the interface of Al4047/SiC. Given the relatively small volume fraction of interfacial
products, it is understandably difficult to identify by conventional XRD in terms of the
detection limit of the peak intensity. In addition, some Al4C3 peaks overlapped with other
peaks from the SiC substrates, as shown in the XRD data in Figure 5b. The occurrence
of Al4C3 peaks at the given 2-theta positions in the XRD spectrum was also reported by
Ma et al. [26].



Metals 2022, 12, 887 7 of 10

Figure 5c,d show the EDS elemental mapping results at the interface. This reaction
layer consisted mostly of Al along with Si and O. A high concentration of oxygen at the
interface was noted. The high oxygen concentration could be linked to the formation of
Al2O3 during the heating stage and its retention at the interface through the cooling cycle.
The hexagonal Al4C3 structure has a high c/a ratio of ~7.48 and would thus be more prone
to delamination, in this case, by solidification stresses predominantly along the slender
crystallographic c-axis. This would imply that the observed cracks were along the basal
planes of the carbides wherein local O attack consequently occurred (Figure 5d).

In contrast to the results of the observation of the Al4047/SiC interface, there was no
obvious reaction layer at the Al-50Si/SiC interface, and no Al4C3 was detected, as shown
in Figure 6.
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The formation of Al4C3 has been reported in SiC-reinforced aluminum composites
produced by stir casting [27] through the following reaction:

4Al + 3SiC = Al4C3 + 3Si (1)

During the heating stage, the reaction starts occurring above the melting point of Al,
and SiC also becomes unstable in the meantime [28]. When the Al alloys completely melt
with continued heating, changes arising from the reaction of SiC with the liquid phase are
observed in the system until an equilibrium Si concentration in Al melt is attained. At
1100 ◦C, this equilibrium concentration is approximately 18 wt.% Si [29], below which Al
alloys react with SiC to form Al4C3, as was the case in the Al4047/SiC (12 wt.% Si) joint.

The reaction between Al and SiC is believed to be necessary to achieve the metal/ceramic
bonding, but the kinetics and the extent of the interfacial reaction can vary under different
conditions. Above the equilibrium concentration, such as in Al-50Si wherein the liquid Al
phase has a 50 wt.% Si concentration, the reverse of reaction occurs between the alloy and
the already-formed Al4C3, resulting in SiC and Al formation.

Besides this reaction, particularly in the low-Si Al alloys (Al4047 and A356), the
dissolution of C from SiC would take place, causing further nucleation of Al4C3 precipitates
in the liquid Al [30]. However, because of the presence of high Si content in the liquid melt
(Al-30Si and Al-50Si), the C-solubility is also dramatically reduced, thereby preventing the
formation of the brittle carbide phase.
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The low bonding strength of the joints between SiC and low-Si Al alloys is mainly
attributed to the brittleness of Al4C3 carbide, which is evident from the presence of cracks
within the phase. On the other hand, the presence of the thin Al-rich metallic film at the
interface of the joints by the suppression of the brittle Al4C3 phase is also believed to be
responsible for the improved strength of the metal/ceramic joints.

3.4. Perspectives

Due to the excellent mechanical properties of the joint, high-Si Al alloys have the
potential to be used to bond with SiC. This could be effective in solving the poor wetting
problem and reducing the large thermal stresses between Al and SiC. Moreover, this method
provides an alternative strategy to achieve easier bonding of SiC with other types of Al
alloys subsequently, as shown in Figure 7. The filler materials could be Zn-based, Sn-based,
or Cu interlayers, which have been successfully used for brazing high-Si Al alloys [31–35].
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use of high-Si Al alloys.

It is noted that the melting point of the Al-50Si alloy is 1050 ◦C according to the Al-Si
binary phase diagram, and the bonding temperature used in this study was 1100 ◦C. With
the addition of more Si, the melting point of the Al-Si alloys increases. High-Si Al alloys
with over 50 wt.% Si may not melt or achieve good bonding with SiC at 1100 ◦C. Therefore,
no Al alloy with Si content higher than 50 wt.% was tested in the current study. It would be
interesting to carry out further research to study the bonding behavior of high-Si Al alloys
with more than 50 wt.% Si or 18–30 wt.% Si at various bonding temperatures to find the
optimum parameters for bonding with SiC.

4. Conclusions

In this study, dissimilar material joining between SiC and Al was carried out success-
fully using Al alloys with varying Si contents (7–50 wt.%) through a pressure-less bonding
process. The mechanical properties and microstructures of the joints were characterized.
The main conclusions are as follows:



Metals 2022, 12, 887 9 of 10

(1) The bonding strength of the joints was low when using low-Si Al alloys (A356 and
Al4047) to bond with SiC. A significant improvement in bonding strength was found
in high-Si Al/SiC joints (Al-30Si/SiC and Al-50Si/SiC).

(2) Microstructure characterization revealed that a reaction layer with a thickness of a
few micrometers occurred at the interface in the Al4047/SiC joint. The reaction layer
consisted of brittle Al4C3 phase, resulting in a lower bonding strength of the joints.

(3) The remarkable improvement in bonding strength in high-Si Al/SiC joints could
be attributed to the reduced thermal stresses and the suppression of brittle reaction
products at the interface.
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