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The interface bonding characteristics of metal-ceramic joints were investigated using bonded Al-SiC
joints prepared in different processing conditions. Interface microstructures and chemistry were studied
using scanning electron microscope (SEM), energy dispersive spectroscope analysis. The results revealed
that the segregation of Si was increased with increasing holding time and temperature. The reported
microhardness values were also increased towards the interface. The concentrated Si at the interface
alters the interface characteristics positively.
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1. Introduction

The properties of ceramic-matrix interfaces are among the key
factors limiting the potential applications of various metal-ceramic
joints and composites [1]. There are numerous obstacles for suc-
cessful joining, the most important of which is the relative inertness
of ceramic and the coefficient of thermal expansion (CTE) mis-
match. Temperature changes induced during cooling from the
joining temperature and during subsequent service can gener-
ate high internal stresses due to the CTE mismatch and lead to
poor joint strength or failures. While our understanding of the
mechanical behavior of the interface in metal-ceramic bonding has
grown over the last few decades, the study of the interface bond-
ing strength and metallurgical nature at the interface remains in its
infancy.

The interface and interphase regions play a vital role in
limiting the properties of composite materials. Interfaces are
narrow regions separating well designed domains and are primar-
ily responsible for a range of key properties including stiffness,
strength and fracture behavior [2]. The interface strength in the
metal-ceramic joints depends in a very complex way on the resid-
ual stress state, interface microstructure, interface chemistry, etc.
[3]. In the Al/SiC metal ceramic system, the chemical reaction prod-
ucts Al4C3 ensure the chemical reaction at the interface, but this
product tends to weaken the bond at the interface. This reaction
happens due to the segregation of C from SiC. Hence, the reac-
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tion kinetics should be altered to control the reaction, but without
affecting the bonding nature. In the recent past, many models were
developed to study the interface effect on the mechanical proper-
ties and reported [4,5]. Basically, the interaction between a liquid
metal and a ceramic substrate during processing may give rise to
either physical or chemical bonding between them. For chemical
bonding two main effects may be distinguished, one related to the
formation of a solid solution and another leading to the formation
of a reaction product. However, it is very difficult to understand the
formation of metal-ceramic bonding during liquid state processing,
owing to the formation of oxide films and intermetallic compounds
at the interface, and also it is difficult to analyze the interface bond
strength between the matrix and the reinforcement.

The consequences of such interfacial reactions are the chemical
degradation of the reinforcing material associated with a decrease
of its mechanical properties. The formation of brittle reaction prod-
ucts at the interface as well as the release of elements initially
part of the reinforcing material toward the matrix may generate
inopportune metallurgical phases at the vicinity of the reinforcing
materials. In the present work, the interface nature and segre-
gation of elements to the ceramic-matrix interface in different
processing conditions received particular attention. The aim is
to understand how the processing parameter influences interface
bonding between matrix and reinforcement. The interface was
characterized using the scanning electron microscope (SEM) fitted
with energy dispersive spectroscopy facilities.

2. Experimental procedure

SiC plates of 75 x 100 x 6mm? were prepared by a sintering process with
1900°C at 3000 psi for 2 h. These samples were fully dense SiC particles with a den-
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Fig. 1. Scanning electron microscope image of interface of Al/SiC.

sity of 3.2 g/cm? and an elastic modulus of 410 GPa. The bonding surface of SiC was
ground with SiC paper from 320 to 1000 grit and the polished surfaces cleaned by
using acetone before being kept in steel mould. The SiC plate was kept in a special
steel mold and a clay graphite crucible was kept over the mold which contains Al
alloy. A provision is arranged in the crucible with a stop rod to allow the liquid Al
melt to flow to the mould. The whole setup was kept inside the furnace. The heating
rate in the furnace varies between 8 and 15 °C. The experiments were conducted at
different temperatures such as 700, 750, 800, 850 and 900 °C, with different hold-
ing times of 10, 20, 30 min. During the holding time, liquid aluminium contacts
with the SiC plate without any force (natural contact). After it has been allowed for
chemical reaction at different holding times, the mould was taken out and cooled
at room temperature. The cross sections of the bonded Al/SiC sample were cut from
the specimen for the metallographic analysis by standard polishing techniques. The
interface structure of the bonded Al/SiC was examined by the SEM equipped with
an EDS. The interface compounds at the interface were evaluated by the EDS. The
interface strength of the bonded joints was quantified by means of a tensile test
using the FIE tensile machine. The strength of the Al/SiC bonds fabricated at various
temperatures using solid state diffusion bonding was measured and correlated to
the interfacial microstructure. The microhardness was measured at the interface
by using the Wilson Wolpert hardness tester with 500 g load at different locations
across the interface region.

3. Results and discussion
3.1. Interface structure of Al/SiC

The microstructures of the metal-ceramic interfaces have been
studied on a transverse section by the SEM and EDS analyses. All
metallographic sections show a very sharp interface. On viewing
the micrographic structure shown in Fig. 1, good interface bond-
ing is apparent. This SEM image shows the interface of the Al/SiC
fabricated at 850°C in 20 min holding time. The compositions at
the interface were evaluated by using the EDS analysis is shown
in Fig. 2. The interdiffusion of aluminium and silicon can be seen
from Fig. 2 and it can be approximately determined from their con-
centration profile as marked by the dashed line in the SEM image
shown in Fig. 1. When the liquid Al matrix contacts with the solid
SiC, two kinds of reaction take place: the first one is, the solid SiC
segregated into the Si and C [6-8] elements at higher temperature.
The segregated Si element was dissolved in the liquid Al matrix
and diffused. The dissolving rate of Si was faster than that of C. The
second reaction is: C reacts with the liquid Al to form the Al4Cs.
When the processing temperature increases, the segregation level
of SiC was increased. Hence, the concentration of Si was increased
at the interface region of the matrix and it altered the composition
of the matrix. The Al-Si eutectic phase was formed at the inter-
face region in the matrix due to the higher concentration of the Si
element at the interface. Therefore, the higher concentration of Si
may reduce the formation of alumina carbide at the interface [9].
The higher concentration of Si increases the wettability of liquid Al
and it creates the strong interface bond between the matrix and the
reinforcement.

Fig. 2. EDS analysis of interfacial compounds at the interface of Al/SiC.

3.2. Effect of processing temperature on interface bond strength

The interfacial bond strength was analyzed by using a tensile
test. The strain rate is fixed at 10~3 s—1, The dimensions of the speci-
men were prepared as per the standard of ASTM E-338. Fig. 3 shows
the influence of the processing temperature and holding time on
effective bonding strength. The interfacial bond strength was var-
ied with respect to the processing temperature and holding time,
and can be seen from Fig. 3. When the processing temperature
increases, the interface bonding strength was increasing gradually,
despite the fact that the concentrations of silicon at the inter-
faces was increased and it creates the strong interface bond and
minimizes the Al4C3 formation at the interface. When increas-
ing holding time from 10 to 20 min the interface bond strength
was increased. Further, the interface strength was decreased when
holding time at above 20 min because the presence of reaction
products. The reaction products (alumina carbide) are formed dur-
ing prolonged contact between liquid Al matrix with solid SiC. This
reaction product does not allow or transmit the load from matrix
to reinforcement properly. The segregated Si was low at the inter-
face at low temperature. An increase in the processing temperature
can cause a nonwetting to wetting transition for liquid metals in
contact with ceramics. Therefore, the bond strength is very low
at lower temperatures compared to that at higher temperatures.
Simultaneously, the bonding strength was increased whereas the
increase in holding time results in altering the matrix composition;
this modifies the reaction kinetics between the matrix and the rein-
forcement. Thus, a higher concentration of silicon at the interface
increased the wettability around the surface of the reinforcement,

Fig. 3. Load vs displacement of Al/SiC bonding.
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Fig. 4. Microhardness values of Al/SiC system at near the interface with various
processing temperatures and holding time.

and improved the strong interface bond between aluminium and
silicon carbide. From Fig. 3, the bonding strength was slightly
decreased at a holding time of 30 min at the higher temperature
due to more segregation and chemical reaction that takes place
between the matrix and the reinforcement.

3.3. Effect of microhardness distribution at the interface in the
matrix region

The objective of the microhardness measurement experiments
was to assess the changes in the matrix properties near the inter-
face after the Al matrix joined with solid SiC reinforcement at higher
temperature with the holding time. This analysis is used to study
the effect of the interfacial behavior of composites in the inter-
face region, as well as the influence of the segregation element at
the interface. The microhardness value was measured along the
interface of the joined specimen at different intervals of 0.5, 1,
2, and 3 mm. Fig. 4 shows the microhardness distribution in the
bond regions for the Al-SiC samples at different processing tem-
peratures.

Fig. 5 shows the microhardness values at 0.5 mm near the inter-
face with various holding times. A comparison of the different
samples with different bonding times and temperatures shows that
the hardness is higher near the interface than that away from the
interface, when the bonding time is short. However, it increases
close to the level of the interface in matrix metal values as the bond-
ing temperature increases. The increase of hardness in the matrix
metal is probably ascribable to the diffusion of elements like C, Si,
etc. from the solid SiC to the matrix, while the parent metal adja-

Fig. 5. Microhardness values at 0.5 mm near the interface regions with different
holding time.

cent to the interlayer was melting temporarily as a result of the
melting point depressant effect of Si (due to formation of eutectic).
It seems reasonable to consider the diffusions of Si forming Mg,Si,
C forming Al4Cs, etc., at the interface. Diffusion of Si at the inter-
face subsequently strengthens the matrix. Also, the increase of the
bonding holding time will allow diffusion and dissolve the Si ele-
ments at the interface as reflected in thinning the diffusion region
and make the hardness values increase to the level of the interface
in the matrix metal.

The higher concentrations of Si at the interface in the matrix
aluminium alloy have a satisfactory effect in improving the hard-
ness strength of the matrix near the interface region. This is to
be expected since aluminium is a soft material and the Si being
hard, contributes positively in improving the hardness strength
of the composite. The presence of stiffer and stronger Si element
resists plastic deformation near the interface during the microhard-
ness test. The absence of Si elements just away from the interface
region shows a remarkable change in the hardness values in the
samples. The highest hardness value is obtained near the inter-
face where the segregation element accumulation is more, and
lower values are obtained just away from the interface where
the segregation element concentration is lower and is almost
equal to the matrix alloy content. The microhardness measure-
ment in the samples is conducted to understand the distribution
of the Si element in the aluminium matrix in different processing
conditions.

3.4. Effect of holding time

The interface bonding strength of the Al-SiC system has been
increased with increasing holding time. The silicon elements were
segregated from the SiC and diffused into the liquid Al alloy more
efficiently as the holding time was prolonged, which enhances the
contact between the solid SiC and the liquid Al alloy. Therefore,
the concentration of the silicon increases gradually at the interface
with increasing holding time, (as shown in Fig. 6) which decreased
the formation of alumina carbide at the interface of Al/SiC[10]. The
diffusion rate of Si is often satisfactorily expressed by the Arrhe-
nius equation [11]. D = Dy exp(—Ea/RT), Ea = (E3jnt — Ea) Where E,
- the activation energy of Si at the interface, D - diffusion coefficient
or diffusivity, Dg — pre-exponential coefficient, E,j jn¢o — activation
energy for Siin Al, E,; — activation energy of vacancy formation in Al,
R - universal gas constant. The Arrhenius equation is used to deter-
mine the length of diffusion of the Si elements in the Al alloy matrix.
The length of diffusion [12]: L = v/4Dt, where L - diffusion length of
Si, t - time of diffusion between the matrix and the reinforcement.
It has been found that the rate of diffusivity of Si increases with an
increase in the temperature [13] and time. Hence, the diffusion rate

Fig. 6. Diffusion length of sillicon at the interface region at various temperarue.
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of Si in the matrix region depends on the holding temperature and
time.

4. Conclusions

The characteristics of the interface compounds of the Al/SiC sys-
tem have been studied. The following observations could be drawn
from this investigation:

¢ The segregation of the elements of Si and C increased with an
increase in the processing temperature and holding time.

¢ The concentration of Si at the interface increases with an increase
in the holding time at higher temperatures.

¢ The fracture strength of the interface increases with an increase
in the processing temperature. However, the bonding strength
gradually decreases after 20 min holding time due to presence
reaction products at the interface.

e The diffusion length of silicon increased with increasing holding
time.
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