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Fracture behaviour of pressure die-cast 
aluminium-graphite composites 

U.T.S. PILLAI, B.C. PAl, K.G. SATYANARAYANA,  A.D. DAMODARAN 
Regional Research Laboratory (CSfR), Trivandrum 695019, India 

Fracture toughness values of pressure die-cast AI-7Si-3 Mg-5 graphite composites were 
measured and found to be in the range 8-10 MPa m 1/2. Detailed microstructure of the 
composite and the fractured surfaces were examined. Defects such as clusters, 
agglomerations and segregation of graphite particles, play a dominant rote in accelerating 
the fracture process. In addition, the acicular silicon phase present in the matrix and the 
casting defects, such as gas and shrinkage porosities, also initiated and accelerated the 
crack, thus lowering the fracture toughness of the composites. 

1. Introduction 
The fracture properties of a composite is largely con- 
trolled by the type and property of the dispersoid, the 
nature of the distribution of the dispersoid, the kind of 
interface that exists between the dispersoid and the 
matrix, and the properties of the matrix. In addition, 
the synthesizing route will have strong influence on 
the fracture properties. Detailed reviews have recently 
been published [ t -5 ]  on the above aspects. The inven- 
tion of the stir-casting route [6] for synthesizing alu- 
minium-alloy matrix composites has made them an 
economically viable engineering material. Among the 
cast composite systems, graphite particle-dispersed 
aluminium alloy composites have been considered as 
potential bearing material [7]. The wear [8] and 
mechanical properties [9] of this composite system 
have been well characterized. The effect of the size and 
volume fraction of the dispersed graphite on the frac- 
ture toughness and fatigue crack growth in gravity 
die-cast [10] composites have been studied. The lower 
fracture toughness values of these composites were 
attributed to non-uniform distribution of the graphite 
particles, as well as the casting defects in the com- 
posite. By using pressure die casting [11] these defects 
could be reduced. The present paper presents detailed 
studies on the fracture process in A1-7Si-3Mg-5 
graphite pressure die-cast composites which deals 
with the morphology of the graphite distribution on 
the fracture properties. 

2. Experimental procedure 
The material used in the present investigation was 
AI-7Si-3Mg-5 graphite (wt %) pressure die-cast 
plates of dimension 120 mm x 120 mm x 12 ram. Pro- 
cessing details of these composite plates using the 
master composite ingots have been discussed else- 
where [1 t]. 

The pressure die-cast composite plates were ultra- 
sonically screened for internal defects and flaws. 

Defect-free plates (flaw size < 0.1 ram) were chosen 
for mechanical property evaluation. The tensile, com- 
pression and bend tests were carried out using an 
universal testing machine (Instron) with sample size 
conforming to ASTM E-8 specification. Impact tests 
were also carried out using an instrumented Charpy 
impact tester. 

For Mode I fracture toughness tests, the compact 
tension (CT) specimens prepared (dimensions given in 
Fig. 1) in accordance with ASTM standard E-399. 
These specimens were chevron notched because the 
plane strain condition is well maintained in a chev- 
ron-notched ligament [1], which allows the use of 
smaller specimens than those recommended in ASTM 
E-399. Even though the chevron-notched specimen 
does not require fatigue precracking, in the present 
study, the fracture toughness specimens were fatigue 
precracked by applying a peak load of 300 kg at 30 Hz 
on a servohydraulic Instron testing machine Model 
8032 of capacity 10 ton (dynamic). These specimens 
were tested on the above machine in the tensile mode 
and the load-displacement diagrams were obtained. 

Fracture toughness values were measured using 
Mode I stress intensity factor analysis as described in 
ASTM E-399 and the conditional fracture toughness, 
Kq, was calculated using the following relation [12] 

eq 
Kq = ~ f ( a / W )  (1) 

where Pq is the load obtained from the load-displace- 
ment diagram, B the thickness of the CT specimen, 
W the width of the CT specimen, a the crack length, 
and 

f ( a / W )  = 29 .6 (a /W)  1/2 - 185.5(a/W) 3/2 

+ 655 .7(a /W)  5/~ 

-- lO17(a/W)7/2 + 639(a/W) 9t2 
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Figure 1 Compact tension specimen used for fracture toughness 
tests. 

The Kq values thus calculated were checked for 
validity of plane strain fracture toughness criterion 

B, W -  a /> 2.5(Kq/~ys) (3) 

where Oy, is the yield strength of the composite. It wa s 
found that the values do not satisfy the plane strain 
condition. Thus the Kq values obtained for this com- 
posite correspond to conditional fracture toughness 
but not to plane strain fracture toughness. 

Because the microstructural variables, such as dis- 
tribution of dispersoids, level of porosity, clusters, 
segregation and agglomeration of particles play an 
important role in determining the fracture toughness 
of the composite, the following microstructural studies 
were carried out on the composites to understand the 
mechanism involved in the fracture process: 

1. optical microstructure of the polished section of 
the pressure die-cast composite; 

2. SEM studies on the fatigue crack path on the CT 
specimens; and 

3. SEM studies on the fractured surface of the ten- 
sile and fracture toughness tested specimens. 

3. Results and discussions 
3.1. Mechanical properties 
Table I gives the mechanical properties (ultimate ten- 
sile strength (UTS, %), elongation, compressive 
strength, impact strength and bend strength) of 5 wt % 

graphite-dispersed aluminium-alloy composite under 
gravity die-cast and pressure die-cast conditions. It is 
clear from the results, that pressure die-casting im- 
proved the UTS to 135 MPa from 90 MPa without 
affecting ductility as measured by per cent elongation. 
The improvement in strength values observed in the 
pressure die-cast composite is due to decreased defect 
level (e.g. gas porosities) as shown by density measure- 
ment (gravity die-cast 2.65 g cm-3, pressure die-cast 
2.67 g cm- 3. When cast under similar conditions, the 
pressure die-cast composite exhibited slightly lower 
UTS (135 MPa) than the base alloy (145 MPa). 
Weaker bonding between the particle and the matrix 
could be the reason for this, as is evident from the 
microstructure which showed debonding of the par- 
ticles from the matrix. 

3.2. Fracture toughness and its 
mechanisms 

The fracture toughness values of the composites were 
found to be lower than that of the gravity die-cast base 
alloy (Table I). The reasons for this Were investigated 
through microstructural studies. 

The microstructure of the composite showed three 
types of particle-related defects as described below. 

1. A cluster of particles is defined as a bunch of 
particles which are loosely bonded and which are not 
separated during dispersion or subsequent stirring of 
the melt. The bonding between the particles is either 
mechanical or pure u type. 

2. Agglomerations are normally formed by a set of 
particles coming nearer to each other during stirring 
or solidification. The particles are normally in contact 
with each other in certain points/areas only. This 
happens because of the gas film present over the par- 
ticles and its tendency to bring partic!es together [13]. 

3. Yet another type of particle crowding is called 
segregation which takes place due to gravity consider- 
ations or pushing by the moving solidification front. 
In this case the particles are individually dispersed in 
the melt but concentrated at certain regions. 

Fig. 2a-c schematically illustrates the above three 
types of defects. 

From the observed graphite particle distribution in 
the composites and the other matrix defects, the mi- 
cromechanisms on the fractured surfaces and their 
effects on the fracture process can be subsequently 
discussed. 

TABLE I Comparison of mechanical properties of LM25 and AI-5 wt % graphite composites cast under gravity and pressure die-cast 
conditions 

Composite system UTS Elong. Compressive Impact Bend Hardness, Fracture 
(MPa) (%) strength energy strength BHN toughness, Kq 

(MPa) (MN) (MPa) (MPa m a/2) 

AI-5 wt % graphite composite 
(gravity die-cast) [-10] 90 2 
AI-5 wt % graphite composite 
(pressure die-cast) 135 2 
Base alloy pressure die-cast 145 4 
Base alloy gravity die-cast 140 2 

349.8 1.0 369 85-93 8 10 
483.8 2.5 334 70-80 - 

- - 70 80 13-15 
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Figure 2 Schematic diagram showing three types of particle distri- 
bution: (a) clusters, (b) segregation, (c) agglomeration. 

Figure 4 Typical agglomeration of graphite particles present in the 
composite. 

Figure 3 Structure showing clusters of graphite particles in the 
composite. 

3.2. 1. Clusters 
The distribution of graphite particles in the matrix is 
predominantly homogeneous and uniform. However, 
about 3%-5% of the total particles are in the clus- 
tered form (Fig. 3). When a growing crack approaches 
a cluster (see Fig. 2a), it finds an easy path to travel 
though the cluster without taking any additional load. 
Because there is no matrix material inside the cluster, 
the degree of plastic constraint within the clusters 
could be much higher than the rest of the matrix as 
a result of the increase in triaxial stress state during 
deformation [4]. 

3.2.2. Agglomeration 
The agglomeration of particles observed in the pres- 
sure die-cast aluminium-graphite composite is shown 
in Fig. 4. Distribution of agglomeration of particles in 
the matrix can be considered as a damaged or defec- 
tive particle. This defective particle can significantly 
degrade the mechanical properties of the composite by 
nucleating cracks at the surface or in the core [14]. 
Because the particles are notch sensitive, the stress 
that is required to break the agglomeration or the 
stress required for the extension of a growing crack 
through the agglomeration, is much less than that 
predicted from the case of an ideal particle. Thus the 
fracture process becomes accelerated, if the path en- 
counters an agglomeration. 

3 . 2 . 3 .  Segregation 
Fig. 5 shows the typical appearance of graphite par- 
ticle segregation in the aluminium matrix. Segregation 

Figure 5 Segregation of graphite particles in the composite. 

of particles not only leads to a higher volume fraction 
but also reduces the interparticle spacing. The com- 
bined effect of the nucleation and growth of crack 
within the segregation increases the fracture process, 
thus reducing the toughness of the composite. During 
pressure die-casting, because of the faster cooling rate, 
the solidification-aided graphite particle segregation is 
minimized; however, in the present case, improper 
dissolution of the master composite has led to small 
amotmts  of segregation. This accounts for about 
10 vol % of the total graphite particles in the seg- 
regated condition. 

3.2.4. Larger size particles 
In addition to the above-mentioned Particle defects, 
the presence of a few larger sized (50-100 ~m) graphite 
particles also contributed to the decrease in the frac- 
ture toughness values. As reported earlier [3], as the 
particle size increases above a certain diameter, tough- 
ness decreases and the proportion of the cracked par- 
ticles increases. This is substantiated by the existence 
of cracks in the fractured particles (Fig. 6). In addition, 
the larger the size of the particles, the more the total 
path is cleaved by the particles. This means that a lar- 
ger proportion of the composite fails in a brittle man- 
ner, which is also observed from the fractograph. 
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ing from the tip of the silicon phase. Attempts to 
modify the shape of the silicon phase from acicular to 
a more spherical one by suitable heat treatment failed 
in the present context, due to the appearance of blis- 
ters on the surface of the pressure die-cast samples 
during such treatment. In addition, the microshrink- 
age porosities present in the composites (Fig. 7d) also 
contribute to the lowering of the fracture toughness of 
the composite. 

Figure 6 Cracks on the fractured particle and the brittle type of 
fracture around the larger particles ( - 100 pm size). 

3.2.5. Intermetallics and other defects 
In general, intermetallics, inclusions, precipitates, etc. 
present in the matrix can influence the fracture tough- 
ness of the composite material [14]. The microstruc- 
ture (Fig. 7a-c) revealed higher concentration of 
silicon needles along the grain boundary (Fig. 7a) and 
at the graphite-matrix interface (Fig. 7b). This 
needle-shaped silicon l~hase initiated the crack (see 
Fig. 7c) around the graphite particles and at the inter- 
face, due to the increased stress concentration result- 

3.3. Studies on crack path 
SEM studies carried out on the polished surface of the 
fatigue-cracked, but not fractured, CT specimen fur- 
ther strengthened the above observations. 

1. The growing crack finds an easy path along the 
larger particles (Fig. 8). 

2. The appearance of the sharp crack tip (see Fig. 8) 
confirms the absence of crack blunting. 

3. In addition to the primary crack, many second- 
ary and tertiary cracks are also seen in the matrix (see 
Fig. 9a). These short microcracks are associated with 
the clusters, agglomeration and segregation of graph- 
ite particles as well as silicon phase present in the 
matrix. Similar observations were reported by Folm 
and Arsenault for A1-SiCp composites [4] where 
cracking took place in the matrix ahead of the crack 
tip by forming a damaged zone, and the crack growth 

Figure 7 Silicon phase and other intermetallics around the graphite particles. (a) Silicon phase along the grain boundary; (b) silicon phase around 
the graphite particles; (c) silicon phase initiating cracking along the graphite particle; (d) microfractograph showing the shrinkage porosities. 
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Figure 8 The crack path on the fatigue cracked fracture toughness specimen. 

Figure 9 Crack path showing (a) secondary and tertiary cracks along with the primary crack, as well as the presence of voids on the crack 
path, (b) a number of microcracks joining to form the primary crack. 

occurred by connecting these continuous short micro- 
cracks (secondary cracks) (see Fig. 9b). 

4. The presence of voids seen on the fracture path 
(see Fig. 9a) confirms that the fracture occurred by 
nucleation, growth and coalescence of voids giving 
rise to a ductile fracture mode of failure. 

3.4. Microfractography 
SEM observations of the fractured surfaces of the CT 
specimens, shown in Fig. 10a-e, revealed that the 
fracture occurred in the composite in a ductile mode, 
even though they exhibited limited ductility on the 
macroscopic scale (see Fig. 10a). Similar observations 
have been reported by other researchers for A1-SiC 
[4], A1-A1/O3 [33, Al-graphite [10] and Al-zircon 
[-10] composites. These fractographs suggest that the 
fracture toughness of this composite was mainly con- 
trolled by the particles present in the matrix and the 
cracks nucleating near the weak interface because of 

local stress concentration. Once the local stress ex- 
ceeds the interfacial bond strength, crack extension, 
as well  as particle decohesion occurs [15]. The 
cracked particles suggested that these particles 
participated in the fracture process. Fig. 10b shows 
the interfacial cracks as well as particle cracking. 
Evidence of debonding is seen with a clear gap be- 
tween the particles and the matrix (see Fig. 10c) and, 
in some cases, cavities can be seen, indicating the 
removal of particles from the matrix (Fig. 10d). 
In addition, a number of matrix cracks and shrinkage 
porosities are also observed on the fracture surface 
(Fig. 7d). 

Attempts were made to observe the details of the 
fracture modes due to clusters, segregation and de- 
cohesion of the graphite particles on the fracture sur- 
faces, including the matching pair of fracture surfaces. 
However, these efforts were not completely successful 
because of graphite particles falling out of the frac- 
tured surfaces during handling. 
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Figure 10 Fractured surfaces showing (a) ductile mode of fracture, (b) interfacial cracks as well as particle cracking, (c) debonding of a single 
particle, and (d) cavities, indicating removal of particles from the matrix. 

In summary, the particle distribution (clusters, ag- 
glomeration and segregation) plays an important rote 
in the fracture process, with the order of preference, 
the worst being clusters (because of its inherent na- 
ture) followed by agglomeration and then segregation. 
In addition, the larger particles as well as the presence 
of silicon needlesat the graphite-matrix interface, also 
initiate and accelerate the crack growth. 
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4. Conclusions 
1. The strength properties of the pressure die-cast 

plates are superior to those of the gravity die-cast 
samples. 

2. Fracture toughness values evaluated by testing 
the precracked fracture toughness specimens from the 
pressure die-cast composites were found to be in the 
range 8-10 MPam I/2. 

3. Fracture toughness of this composite is primarily 
controlled by graphite particle distribution, i.e. clus- 
ters, agglomeration and segregation, as well as silicon 
phase present in the matrix. 

4. Larger particles can reduce the fracture tough- 
ness, because the crack finds an easy path through 
them. 

5. The fracture surface of the composite exhibits the 
combined effect of debonding and cracking of par- 
ticles and the matrix cracks. In addition to this, 
shrinkage and gas porosities are also seen. 
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