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Micromechanism of fracture in AI/SiC 
composites 

X. GE*, S. S C H M A U D E R  
Max-Planck-lnstitut fur Metallforschung, Institut fur Werkstoffwissenschaft, Seestrasse 92, 
Stuttgart, Germany 

An SEM study was made of the micromechanism of fracture in SiC particle-reinforced 6061 
aluminium composites. The fracture toughness tests on the composites with SiC volume 
fractions of 0%, 1 0% and 20% were conducted on single-edge notched sheet specimens. Both 
qualitative observations of void nucleation at the notch root of the composite samples and 
quantitative measurements of crack profiles are made to assess the special role of the particle 
effects in these composites. The results are discussed with respect to the micromechanism of 
particle breakage and interface debonding and their effect on the nucleation and propagation 
of microcracks. Two kinds of void are defined to explain the facts that AI/SiC is brittle 
macroscopically and ductile microscopically. The direction of crack propagation in AI/SiC and 
the microstructure in the tip region of the crack are also studied with these results. 

1. In troduct ion  
Engineering materials with a discontinuous second 
phase as a toughener [1] or reinforcement [2] have 
been widely studied in materials science and engineer- 
ing. Investigations of the fracture characteristics of 
SiC particle-reinforced aluminium have shown that 
particle addition usually lowers the fracture toughness 
[3-5]. Reported fracture toughness values for un- 
reinforced aluminium alloys are in the range of 
25-75 MPam l/z, while the composites have plane 
strain toughness values of 7-25 MPam 1/2 [6,7]. 
Many researchers have shown that the effect of micro- 
structure on the fracture toughness is significantly 
affected by the details of the matrix microstructure, 
interface characteristics, and degree of clustering in 
the materials [8-9]. However, SEM fractography has 
revealed that the fracture surface consists of micro- 
voids, corresponding to ductile fracture with dimples 
[10]. The sources of these dimples have been at- 
tributed to fracture of SiC particles [11], inclusions 
and precipitates or decohesion from the matrix as well 
as matrix failure [12, 13]. An attempt to explain these 
special failure characteristics of A1/SiC composite ma- 
terials, which behave macroscopically brittle, but 
microscopically ductile, was the main purpose of this 
work. The fracture toughness tests on the composites 
were carefully designed with single-edge notched sheet 
(SENS) [14] specimens in the SEM. Both qualitative 
observations of void nucleation and quantitative 
measurements of crack profiles were made to assess 
the specific role of the particle-reinforcement mech- 
anism in the composites. The microstructure analysis 
is proposed to understand and explain the particle 

effects during the crack initiation and propagation in 
these composites. 

2. Exper imenta l  p r o c e d u r e  
The composites used consisted of particle-reinforced 
aluminium alloy 6061 manufactured by extruding 
mixtures of aluminium powder and SiC particles. The 
volume fractions of particles in the composites were 
0%, 10% and 20%. The mechanical properties of 
these composites are shown in Table I. Distributions 
of measured SiC particle diameters are shown in 
Fig. la and b. 

The SENS sample was designed according to the 
requirements of the SEM machine. The dimensions of 
the sample are shown in Fig. 2. The test was carried 
out in a Jeol JSM-35 scanning microscope. The ma- 
chine automatically records the applied load versus 
displacement curves, and the monitor is used to exam- 
ine the tip of the notch to understand the notch 
deformation, as well as nucleation, growth and coales- 
cence of voids during loading. A record of the process 
is made by a video recorder. 

3. Results 
3.1. Qualitative observations of void 

nucleation 
General observations were made on the tip and root 
of the notch during the loading process. Voids nu- 
cleated in the middle of the notch root, as observed in 
the SEM, at K o / K  ~ equal to 0.68, 0.784, and 0.85 for 
0%, 10% and 20% SiC volume fraction composites, 
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Figure 1 Distributions of particle diameters. (a) 10% AI/SiC, 
(b) 20% Al/SiC (courtesy J. Wulf). 

respectively, where K~ is the stress intensity factor of 
the sample calculated according to Brown and 
Srawley [15] and K 0 is the fracture toughness. Meas- 
ured data of Ko and K~ are shown in Table II. 

During loading, the first void was observed in the 
centre of the notch root, Figs 3 and 4. Fig. 3 shows a 
stage of void growth at the notch root (arrows 1, 2, 3) 
as well as plastic deformation in the tip region of the 
notch in 0% SiC composites (arrow a). Fig. 4a shows 
void nucleation and growth in a 10% SiC composite 
sample. When the voids grow at the root of the notch, 
two possibilities exist for void growth to cause micro- 
crack initiation in the adjacent free surface: one arises 
at the nearest point to the void in the free surface, 
characterizing the high stress concentration in the 
notch tip (point a); another, about 120 lam away, will 
form a microcrack (point b). As the loading increases, 
the voids at the notch root grow and coalesce towards 
the microcrack and combine directly,with the micro- 
crack. (Fig. 4b). Fig. 4c is the picture of a local 
amplification of point c in Fig. 4b, showing the crack 
propagation. Fig. 4d shows the propagation of the 
main crack. The crack in the A1/20% SiC sample 
propagates so rapidly that it is difficult to record more 
detail during loading. 

3.2. Quantitative measurements of COD 
curves 

CODs of the notch and 2u(x) were measured for the 
specimens, where x is the distance behind the notch tip 

T A B L E  I Mechanical properties of AI/SiC composites used in the 

test a 

Matrix SiC Heat Yield Ultimate Elastic 
particle treatment b strength, strength, modulus, 
(vol %) ~y (MPa) % (MPa) Eo (GPa) 

6061 0 T6 368.5 394 71.7 
6061 10 T6 381.2 420 90.5 
6061 20 T6 397 458 107.8 

"Data in Table I are from Kobe-Steel Corporation. 
b T6 heat treatment: solution treated at 803 K for 2 h, water quen- 
ched, aged at 448 K for 8 h and air cooled. 

T A B L E  1I Fracture toughness of A1/SiC composites" 

0% SiC 10% SiC 20% SiC 

K I (MPa m 1/2) 38.7 25.76 22 
K 0 (MPa m in) 26.4 20.2 18.9 
Ko/K l 0.68 0.784 0.85 

aK l and K 0 are calculated from [15]. 
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Figure 2 Dimensions of SENS specimen. 
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Figure 3 Scanning electron micrograph of void nucleation, growth 
and coalescence in the notch root surface of a pure aluminium 
sample. 



Figure 4 Scanning electron micrographs of void nucleation, growth and coalescence in A1/10% SiC. (a) Void nucleation, growth and 
coalescence, (b) void coalescence and crack initiation, (c) local magnification of point c in (b), (d) the main crack propagation. 
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Figure 5 Schematic drawing of the SENS specimen. Notch length 
Co, crack extension AC, crack profile by COD, 2u(x) at a distance 
behind the crack tip. 

as indicated in Fig. 5. The results are directly meas- 
ured from the scanning electron micrographs and are 
shown in Fig. 6. The crack propagation profile is that 
associated with a plane stress crack with the correl- 
ated applied stress intensity factor, K~ E16] 

u(x) = 8 (2z~ZE (1) 

1 2 0 0  [ . . . . . . . . . . . . . . . .  
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Figure 6 Crack opening displacement versus applied load curves. 
(�9 0% SiC, (D) 10% SiC, (~) 20% SiC. 

where K~ is shown in Table II and E is Young's 
modulus of the composites from Table I. Equation 1 is 
plotted together with experimental data in Fig. 7. The 
experimental data are lower than that predicted by 
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Figure 7 Comparison between ( , - - -) prediction from Equation 1 
and (O, [3) experimental data of the crack profile for ( , O) 10% 
SiC and (---, [3) 20% SiC. 
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Figure 8 Crack resistance curves for AI/SiC composites: (--) 0% 
SiC, ( - -  - -  --)  10% SiC, (---) 20% SiC. 

Figure 10 Scanning electron micrograph of primary and secondary 
voids. 

(point a). Both the size and shape of voids are found to 
be associated with the SiC particles [11], and this is 
called a primary void. Therefore, the surface of these 
voids characterizes cleavage (Fig. 10, point a). The 
other kind of void is nucleated in the matrix ligaments 
between the particles. The dimensions of these voids 
are about 0.3-1.2 lam for A1/20% SiC composites, as 
shown in Fig. 10. From Fig. 10, point b, it can be seen 
that these voids are constrained by interface bond 
forces around them and their sizes are very small 
compared with the primary void. These voids are 
termed secondary voids. They are dimples and charac- 
terize microscopic ductility. However, these void di- 
mensions are affected significantly by particle size, 
volume fractions, and interface properties. 

Figure 9 Scanning electron micrograph showing the properties of 
the primary and secondary voids. 

Equation 1. Fig. 8 is the stress intensity factor for three 
composites measured behind the crack tip during the 
R-curve determination. 

3 . 3 .  P r i m a r y  a n d  s e c o n d a r y  v o i d s  

Void nucleation is significantly altered when the par- 
ticles are present. From Fig. 9, there are at least two 
kinds of void observable in the fracture surface of 
A1/SiC composites. The first kind of void nucleates 
either at broken particles or at decohering interfaces 

1 7 6  

4. Discussion 
In Table II, K o is the toughness when a void nucleates 
as observed in SEM, and K~ is the stress intensity 
factor of the material. K o / K  l can be used to express 
the fracture behaviour of the composites. When a void 
nucleates and grows, the material can still sustain 
additional applied loading if K o < K v When K o / K  ~ is 
smaller, i.e. the stages of void nucleation, growth and 
coalescence are longer, the composites show ductile 
behaviour. If K o / K  ~ increases, and tends to 1 as the 
SiC particle volume fraction increases, the effect of 
void nucleation, growth and coalescence decreases, 
and the material becomes brittle. In Fig. 6 the notch 
opening displacement decreases rapidly as particle 
volume fractions increase. When the voids nucleate 
and grow at the notch root, the curve of load versus 
notch opening displacement does not change its shape 
markedly until the voids coalesce to microcrack, parti- 
cularly in the curve of pure aluminium in Fig. 6. 
Equation 1 is used to describe the Crack profile. 
Compared with curves in Fig. 7 and the data meas- 
ured in the test, all data points are obviously lower 
than predicted by Equation 1, which states the real 
length of the crack in A1/SiC composites is longer than 
that given by Equation 1, and shows the brittle nature 
of the materials. Fig. 8 shows the R-curve of these 
composites in the plane stress state. The resistance to 
the crack propagation in pure aluminium is about 



twice that of A1/20% SiC. During practical ten- 
sile tests, the curve of applied load versus displacement 
characterizes ductile features for pure aluminium sam- 
ples and brittle features for A1/20% SiC samples. 
When an applied load reaches a certain criterion 
value, the crack initiates at the tip of the notch and 
rapidly propagates in A1/20% SiC samples. This situ- 
ation is very similar to crack growth in ceramic matrix 
composites [17]. 

During the tensile test, more detailed examinations 
of A1/10% SiC in the SEM were made of void nucle- 
ation, growth and coalescence, as well as the crack 
initiation. The void was first observed at the symmetry 
plane of the notch root surface (Fig. 4a) because there 
is a high stress constraint region. As the loading 
increases, the first void nucleates and grows and then 
the second and third voids are observed (Fig. 4b). 
Similar situations are found in Fig. 3 in the notch root 
of pure aluminium. Comparing Fig. 3 with Fig. 4a, 
although there is the same number of the voids ob- 
served between the centre of the notch root and the 
free surface in these two materials, the size of the voids 
is very different. The maximum size is about 20 gm for 
pure aluminium, 5 lam for A1/10% SiC. The ratio of 
both void sizes is 4. The deformation of the materials 
has been altered by the particles in the matrix, so the 
void size becomes small and the composite is brittle. 
But voids are not observed in the free surface of the 
notch tip region in Figs 3 and 4. When loading 
increases, the voids coalesce at the notch root, and at 
the same time microcracks initiate in the free surface 
of the notch tip. The shear failure near the notch root 
and free surface can be observed in Fig. 4b. 

After voids coalesce and microcracking initiates, the 
main crack will be formed. The crack meanders micro- 
scopically whereas the failed surface is flat macro- 
scopically, more so when the SiC volume fraction 
increases. Although apparently easy paths for crack 
propagation can develop early in the high straining 
process, the main crack does not necessarily follow 
these routes. The crack propagation is mainly affected 
by the microstructure of the composites. Fig. 4c indic- 
ates three possibilities for crack propagation: point a 
is a stress concentration region caused by a small 
group of cluster particles; point b shows interface 
debonding in the tip region of the crack; point c is a 
possible way to form the secondary crack connected 
with the main crack. The crack will follow the direc- 
tion of the easiest propagation. Finally, the crack goes 
along the point c direction in Fig. 4d. There are two 
reasons to explain why the crack follows this route. 
On the top right in Fig. 4c, the direction of the crack 
has been influenced to turn left by interface debonding 
at the left tip region of the crack, which has inclined to 
the maximum principal strain direction, so it is reas- 
onable for the crack to turn back to the original line; 
on the bottom right in Fig. 4c, a larger debonding is 
formed. The influence of this debonding on the crack 
path is greater than that of points a and b. The crack 
propagation in A1/SiC composites can be described as 
follows: first, the voids nucleate, grow and coalesce at 
the notch root, and a microcrack initiates at the tip of 
the notch in the free surface; then the voids coalesce 

and connect with the microcrack to form the main 
crack; third, the debonding or particle breakage in the 
tip region of the crack occur before the crack advan- 
ces; these debonding or broken particles coalesce with 
the crack, and the crack propagates. 

Observed primary and secondary voids have been 
shown to explain exactly why the A1/SiC composites 
depict microscopically ductile features. The primary 
voids associate with particles, and the particle can be 
found to be located inside the primary void in Figs 9 
and 10. The sources of primary voids are the interface 
debonding or the cracked particles. Points 1 and 2 in 
Fig. 9 show that both the size and shape of the voids 
are associated with the SiC particles in it. Points 3 and 
4 in Fig. 9 show the primary voids for particles that 
may be in the opposite fracture surface. From point a 
in Fig. 10, there are cracked particles, showing typical 
cleavage fracture. It is reported that the particles will 
crack at a relatively low strain level [18, 19]. The 
stress triaxial constraint around the particle makes the 
matrix harder than in the absence of particles. The 
linear elastic part of this constraint has been analysed 
theoretically and quantitatively [20]. The reason for 
debonding and breakage of particles at the tip of the 
notch can be explained by the high constraint effect of 
triaxial stress [21]. HREM analysis of the interface in 
A1/SiC with T6 heat treatment shows the brittle A14C 3 
precipitates [22]. So the primary void characterizes 
the brittle property of composites. Secondary voids 
occur in the spacing between particles during loading. 
These voids follow three stages of nucleation, growth 
and coalescence. However, the dimensions of these 
voids are very small (Fig. 9), and they can only be 
examined clearly by magnifying more than 1000 times 
in the SEM. Secondary voids, which show many small 
dimples in the fracture surface and behave in a ductile 
manner, depend on the spacing of particles and inter- 
face stress constraint. These regions are under a strong 
deformation constraint and plastic strain associated 
with void formation is smaller. For these reasons, the 
processes of nucleation, growth and coalescence of the 
secondary voids are then too small to exhibit tensile 
plastic features of the material. The low fracture 
toughness of these composites is mainly determined 
by primary voids and characterized as brittle events, 
while secondary voids have little influence on the 
ductile behaviour of the materials. 

Because of the high stress concentration at the tip of 
the crack, interface debonding and particle cracking 
develop prior to the main crack arrival. Fig. 11 shows 
the region of the crack tip containing many broken 
particles and interface debondings, which will have a 
great effect on the crack paths. Fig. l la shows the 
debonding or broken particles in this region of 
A1/20% SiC. Fig. l lb  depicts the debonding and 
broken particles near the failed fracture surface. The 
arrows in Fig. 11 gives the direction of crack propa- 
gation. This microstructural region ahead of the main 
crack experiences the rapid propagation conditions 
for macrocracks, and affects the crack path, although 
macroscopically the main crack follows' the directions 
that the maximum principal stress would predict as 
shown in Fig. 4d. This is why the crack propagates so 
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4. The direction of crack propagation depends on 
the microstructure in the tip of the crack, and macro- 
scopically on the maximum principal strain direction. 
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Figure l l  Debonding and broken particles in A1/20% SiC: (a) in 
the notch tip region, (b) near the failed crack surface. 

rapidly in A1/20% SiC samples in the test. The many 
debonding and broken particles in this region of the 
crack tip is the main reason for the brittle fracture and, 
hence is responsible for the low ductility of the com- 
posite materials. However, it is not yet clear quantitat- 
ively at what applied strain level, particle cracking 
occurred and which of the two types of behaviour, 
interface debonding or particle cracking, is pre- 
dominant. 

5. Conclusions 
1. K o / K  ~ can be used to express material tough- 

ness. Ko/K~ is equal to 0.68, 0.784 and 0.85 for 0%, 
10% and 20% M/SiC materials. If K o tends toward 
KI, the material toughness becomes lower. 

2. Two kinds of void have been defined according 
to the properties of the voids in the fracture surface. 
The primary voids govern the brittle property of 
composites, while the secondary voids, governing the 
ductile property, have little influence on the fracture 
toughness. 

3. The voids initially nucleate, grow and coalesce at 
the notch root surface. The crack propagation ob- 
served in the free surface of the samples is associated 
with debonding and particle cracking in the tip region 
of the crack. 
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