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The nature of the interface, the orientation relationship of 8-SiC whisker (B-SiC,,)-Al
combination, and the misfit dislocation structures at the B-SiC,—Al interfaces in a B-SiC,,—Al
composite have been observed by a high-resolution transmission electron microscopy
(HRTEM). It was shown that quite a good bonding between the whisker and the aluminium
was achieved due largely to the lattice match between SiC and aluminium at the interfaces.
The orientation relationship between the whisker and the aluminium was {00 2}gic | {11 1}a;

{110>sic | {110>4. The interface was clean, faceted and semicoherent. The misfit
dislocation cores were located in the whisker side away from the $-SiC,—Al interfaces.

1. Introduction

In recent years, interfaces in metal matrix composites
have recetved much attention because the mechanical
properties of a metal-matrix composite are strongly
influenced by the characterization of the interface be-
tween the reinforcement and the matrix. This interface
controls the efficiency of the load transfer between the
matrix and the reinforcement. Previous investigations
concerning interface characterization in an SiC-Al
system can be classified mainly into three groups,
according to:

1. the nature of the interface, including the mecha-
nism of the SiC—Al bonding and the composition and
phase analyses of the interface [1-11];

2. the crystallographic orientations of SiC—Al com-
bination [12-16];

3. the interfacial bonding strength and the inter-
facial energy [9, 11, 17-20]

The interface characterization for an SiC—Al system
depends on a variety of factors, such as:

1. the structure of SiC [12, 137;

2. the nature of the SiC surface [4, 21-23];

3. the composition of the aluminium alloy [24, 257;

4. the fabrication technique and processing
[12-16];

5. the heat-treatment conditions applied to the
composite [5, 26].

Available results show that there are reaction prod-
ucts such as Al,C; on the SiC-Al interface [3, 7].
Intermetallic particles such as Mg,Si and FeSiAls and
precipitates [4-8, 27] can also be observed. On the
other hand, the interface is clean in some composites
[13,16], i.e. the interface is simply formed by two
surfaces of SiC and AL

A common point of view is that the bonding
strength between SiC and aluminium is usually quite
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good. An available model proposed by Flom and
Arsenault [18] predicts a lower bound interface
strength in an SiC—6061Al composite to be 1690 MPa.
The work of Li et al. [28] considered that the bond
strength between SiC and aluminium could possibly
be two to three times stronger than the bond between
aluminium and aluminium. On the other hand,
measurements of the interfacial strength in SiC-Al
composites indicate that the values of interfacial
strength are about 1.5 times [20], and 3 times [19] as
high as the UTS of the composites. However, under-
standing of the interface bonding mechanism is still
poor. A mechanism concerning the interface between
SiC and aluminium was proposed based on scanning
Auger microprobe analysis and STEM analysis in
which there is diffusion of aluminium into SiC, and the
diffusion bonding results in a high-strength bond [1].
Inconsistent with this result, one conclusion can be
drawn from the investigation of Cao et al. [2] that the
interaction between SiC and aluminium (including the
interface reaction and diffusion) has only taken place
over a range of 50 nm; silicon and carbon appear not
to diffuse into the aluminium matrix through the in-
terface, and aluminium appears not to diffuse into the
SiC whisker [2], consistent with the recent work of
Arsenault [13]. In addition to the five factors affecting
the interface characterization, as mentioned above,
this difference may also be explained by the following
reasons: {1) the SiC surface has a zigzag shape which
may result in an overlap of SiC and aluminium at the
interface in TEM specimens; (2) the spatial resolution
of the energy-dispersive X-ray analysis is about 30 nm,
which is equivalent to the width of 120 interplanar
spacings of (11 1)g;c, which will certainly have an effect
on the results of the composition analysis of the inter-
face if the interface 1s studied from an atomic viewpoint.
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Previous studies also show that as long as the
matrix is in the liquid state during preparation of the
composite, a consistent result is obtained by different
research groups, i.e. there are orientation relationships
for SiC-Al combination [13, 14, 16]. On the other
hand, when the matrix is in the solid state, inconsistent
results are obtained, i.e. there are orientation relation-
ships for some SiC—Al composites [16] but, there is no
orientation relationship of any kind for other SiC-Al
composites [ 15, 16]. The orientation relationships be-
tween the SiC and aluminium in o-SiC particulate-
6061A1 composites have been reported by several re-
search groups [13—16], but few papers on this aspect in
B-SiC whisker—Al composites have been published. In
addition, understanding of the misfit dislocation struc-
tures at interfaces in SiC—Al composites is still poor,
however, the plastic relaxation of thermal misfit stress
depends directly on the dislocations at the interface.

The purpose of the present work is to determine in
greater detail the interface including the interfacial
nature, the mechanism of SiC-Al bonding, the ori-
entation relationship and the misfit dislocation struc-
tures in a B-SiC,—Al composite.

2. Experimental procedure

The reinforcement used in this work was the B-SiC
whisker obtained from Tokai Carbon Co. Ltd of
Japan. The matrix was commercial pure (99.75%)
aluminium. A 22 vol % B-SiC,—Al composite was fab-
ricated by a squeeze-casting method. The specimens,
5 mm diameter and 0.3 mm thick, were cut from the
as-cast composite by spark erosion. Subsequently,
they were thinned by grinding and dimpling and were
further thinned by ion milling with a 4.5 kV argon ion
beam under an angle of 7°.

The HRTEM observation was performed in a JEM
2000EX~ITI high-resolution electron microscope opet-
ated at 200 kV. The fracture surface of the composite
was in situ examined using a Philips CM;, scann-
ing/transmission electron microscopy.

3. Results and discussion

3.1. The nature of the interface and the
mechanism of SiC—Al bonding

Fig. la and b shows the HRTEM morphologies of

B-SiC,—Al interfaces between aluminium and the

transverse and longitudinal sections of $§-SiC whisker,

respectively. There was no interfacial phase at the

interfaces.

Fig. 2a shows a high-resolution electron micro-
graph of a B-SiC,—Al interface. A high density of
atomic steps with no reaction layer, void or amorph-
ous phase can be found at the interface, i.e. the inter-
face is clean and faceted. A lattice match between SiC
and aluminium is formed. The fracture surface of the
composite is shown in Fig. 3. A layer of aluminium
can be found adhering to the SiC whisker exposed on
the fracture surface (further details about the analysis
of the fracture surface are presented elsewhere [29]).
This indicates that a high interfacial bond strength is
obtained. So it can be concluded that quite a good
bonding between the SiC and aluminium is achieved
due to the direct lattice match between SiC and alumi-
nium.

3.2. The orientation relationship

Fig. 2b and c shows the electron diffraction patterns of
SiC and aluminium in Fig. 2a, respectively. An ori-
entation relationship between SiC and aluminium can

Figure ] HRTEM morphologies showing §-SiC,—Al interfaces between aluminium and (a) transverse and (b} longitudinal sections of $-SiC

whisker.
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Figure 2(a) HRTEM image of B-SiC,—Al interface: (b) and (c) are
the electron diffraction patterns for the whisker and the aluminium,
respectively, in (a) (pole [110]).

1 pm

Figure 3 TEM image of the fracture surface of B-SiC,~Al com-
posite.

be obtained: {002} gic [ {111}a1; <110)gc || {11041,
which can be more clearly shown in Fig. 4, which is
a schematic representation of Fig. 2a, i.e. the projec-
tion of the SiC lattice and the aluminium lattice on
(110)gc and (1 10),, planes, respectively. The crystal-
lographic orientation between SiC and aluminium is
(002)SiC | (TT1)a; <OT 134 [ {TT0>4,. In Fig. 4 the
angle between (111),; and (171 1)gc planes is 15.78°.
This can be further proved by Fig. 5, which shows the
HRTEM image of the SiC—Al interface under different
directions of the electron beam at the same site in
Fig. 2a. The angle between (1 1 1)5; and (11 1)g;c planes
is about 15° measured from the high-resolution image,
with a good agreement with the calculated value. The
interface between (111),, and (11 1)g;c planes is inco-
herent and no regular interfacial dislocations can be
found. According to Fig. 4, the following orientation
relationship can also be deduced: {1 11}gc [ {002}45;

1100sic | <110p4:
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Figure 4 Schematic drawing of the orientation relationship between
SiC and aluminium in Fig. 2a.

Figure 5 HRTEM image of the B-SiC,—Al interface.

The orientation relationship may be analysed as
follows using the schematic drawing in Fig. 6, which
shows the crystalline lattice pattern of the side surface
of the B-SiC whisker in contact with the aluminium in
Fig. 2a. The angle between the (111) plane and the
[111] direction, i.e. the growth axis of B-SiC whisker,
is 9.74°. The side surface of SiC consists of atomic
steps, which are mainly composed of three crystallo-
graphic planes, with indices (T11), (111) and (002),
respectively, as shown in Fig. 6. Those steps will be-
come favourable sites for molten aluminium to nu-
cleate. The closely packed plane and the closely
packed direction of aluminium are {111} and {110},
respectively. In order to decrease the free energy dur-
ing the process of the nucleation and growth of molten
aluminium, the highest growth rate along the {111},
plane and the <1 10),, direction can be achieved [30].
In order to form the preferred orientation relationship
in the B-SiC,—Al combination, the growth rate will
also obey the law of the lowest free energy to choose
which lattice plane and lattice direction of SiC to
match to {111}, and {110,;, due to the difference
in lattice parameter between SiC and aluminium, i.e.
the lowest mismatch should be achieved from the
match between SiC and aluminium to reduce the
interfacial strain energy. The interplanar spacing of
(T11)4; is 0.2338 nm, and the interplaner spacings of
SiC corresponding to (I11), (111) and (002) are
0.251, 0.251 and 0.217 nm, respectively. The difference
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(110)SiC

Figure 6 Schematic illustration of the structure of the side surface of
B-SiC whisker: (@) SiC.

in interplanar spacing, A between (111),, and
(171 Dgic, (11 1gc and (002)g;c can be given by

A = dSiC - dAl (1)

ie. 0.172, 0.172 and — 0.168, respectively. The differ-
ence in the interplanar spacings between (11 1), and
(002)gc is the lowest, and a low interfacial dislocation
density would be generated at the interface, 1.e. the
interfacial strain energy might be the lowest. Thus, as
far as energy is concerned it is favourable to choose
(00 2)g;c as the substrate plane for molten aluminium
to nucleate. This may be the reason why the (T1 1)y,
planes are not bonded parallel to the (11 1);c planes,
even though they have a stacking similar to the
(11 1)sic planes. This appears to be similar to the result
reported by Arsenault [13], in an «-SiC partic-
ulate—Al composite, who found the (112),; planes
instead of (111)s planes bonded parallel to the
{000 1)g;c planes.

3.3. Dislocation structures at the p-SiC,—Al
interface

In Fig 2a the interfacial misfit dislocations are clearly
visible. The core-like feature of the dislocations clearly
indicates that the dislocation lines are paralle] to the
electron beam, i.e. [110] direction. The strain field of
the dislocation appears to be largely limited to the
whisker side of the interface. The number of the
(00 2)g;c lattice planes between two neighbouring edge
dislocations is about 14. The average value of the
spacings between the dislocations measured from the
high-resolution image is about 3.138 nm. The interface
between SiC and aluminium is semicoherent.

The lattice plane spacings of (002)g, and (111),,;
are incommensurate. However, owing to relaxations
along the interface, an epitaxial fit is achieved at the
B-SiC,—Al interface. The mismatch between (111),,
and (002, is accommodated by localized misfit dis-
locations in the whisker. The distance between misfit
dislocations, D, can be calculated from

b = dAldSiC/(dAl - dSiC) (2)

where D, and Dg are the interplanar distances for
aluminium and SiC, respectively, The interplanar dis-
tances of (11 1) planes in.aluminium and (0 02) planes
in SiC are 0.2338 and 0.217 nm, respectively. From
calculation, D = 3.02 nm, which is about 14 times
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greater than the interplanar distance of (002) planes
in SiC, with good agreement to the value measured
from the high-resolution image.

A common observation made for most metal-oxide
interfaces, such as Nb—-Al,O, [31], Ag-MgO [32],
Nb-MgO [33], Cu—MgO and Pd-MgO [34] is that
the misfit dislocation cores are located in the metal
side away from the interface, and the “stand off” dis-
tance varies from system to system, ranging from one
to three interplanar spacings. In o-SiC partic-
ulate-Aluminium composites no regular dislocation
distribution and no distinctive periodic pattern have
been observed [13, 16]. Inconsistent with these obser-
vations, in the present work the edge dislocation cores
are located in the SiC side (not in the metallic alumi-
nium side) away from the B-SiC,—Al interface. It is
clear that the deformation of SiC is difficult owing to
its high elastic modulus, so the observation that the
mismatch can be accommodated by misfit dislocation
in the whisker probably indicates that the formation
of this kind of dislocation structure is favourable from
the free-energy viewpoint, and in order to form the
half atomic plane of the misfit dislocation, a short
distance diffusion for SiC may occur in the surface of
the whisker at high temperature.

4. Conclusions

1. The B-SiC,—Al interface in the p-SiC,—Al com-
posite made by squeeze casting is clean and faceted.
Quite a good bonding between the whisker and the
aluminium is achieved by the lattice match between
SiC and aluminium.

2. An orientation relationship in the B-SiC,—Al
combination is:

{Ooz}sm I {1 1 1}A1§ Q1035 [ 110D 4.
3. The interface is semicoherent. The misfit disloca-

tion cores are located in the whisker side away from
the interface.
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