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Abstract The room temperature high cycle fatigue

behaviour of stir cast AA 6061-SiCp composites, with

varying reinforcement percentage, is studied. The speci-

mens were tested under fully reversed cyclic deformation

in the peak aged condition. Composite with 20% rein-

forcement exhibit superior fatigue strength over other

composites (with 10,15 and 25% reinforcement). The

experimental results are correlated with scanning electron

micrographs of the failed specimens. Two distinct mor-

phologies namely, crack initiation/ propagation and fast

fracture region, were present. Mode-I type cracking was

found to have dominated the crack initiation. The final

fracture mode was found to be ductile with nucleation,

growth and coalescence of cracks in the matrix.

Introduction

The development of metal matrix composites (MMCs) has

been one of the major innovations in the field of materials

in the past 20 years. The early MMCs were made with

continuous fiber reinforcement, and while work in this area

continues, it was soon apparent that the cost of continuous

fibers, complex fabrication routes, and limited fabricability,

would restrict their use to those applications requiring the

ultimate performance [1]. This led to the development of

discontinuously reinforced composites (DRCs), particu-

larly of aluminium matrix reinforced with Al2O3 and SiC

particles. This class of DRCs, though offering only modest

changes in properties, are more isotropic in nature and have

good potential to be used as low cost substitutional material

for a wide spectrum of applications [2]. In particular, the

reduction in operating cost due to weight saving in ground

transportation is considerably less when compared to avi-

onics or aerospace industries. This relatively lower pre-

mium on weight saving compels the automobile industries

to look for mass production of cheaper alternative materi-

als, with reproducible properties. In this context, the liquid

state processed DRCs seem to be a prospective substitution

material for the automotive sector [3]. Among the DRCs

the most common particulate composite system is the

aluminium matrix reinforced with SiC particles [4].

Moreover, out of the various liquid state routes for pro-

cessing of these DRCs, stir-casting technique appears to

be a promising method for the mass production with

reproducible properties at a less cost [4].

Apart from the encouraging static properties, one

important design criterion in the usage of DRCs is their

fatigue resistance, particularly so in automotive industry,

where High Cycle Fatigue (HCF) resistance is often

demanded [5]. A limited number of experimental studies

have been conducted to determine the HCF behaviour of

solid and liquid state processed DRCs [6–10]. These

studies concluded that, in general, as in other metallic

materials, fatigue life of DRCs under HCF conditions

involves crack nucleation and propagation. Many investi-

gators [11–14] have reported that when stress-controlled

(HCF) experiments are used to characterize fatigue, the
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fatigue lives of DRCs are superior to those of un-reinforced

metals. These improvements are significantly pronounced

at lower stresses, in the high cycle fatigue regime, while at

high stresses, the differences in the properties of the DRCs

and un-reinforced materials are reduced.

Bonnen et al. [13] reported that cracks in the aluminium

matrix DRCs with high volume fraction of reinforcement

initiated near the particle/matrix interface, or by the frac-

ture of individual particles, stressed more than particles

completely embedded within the matrix. Moreover, fatigue

crack initiation and failure in these DRCs are more likely

to take place at defects at the surface of the specimen. Chen

et al. [15] reported that in the low stress range, crack

originated early in fatigue life, at approximately 10% of

total life [15]. On the contrary, in high stress range, the

crack initiation occurred at a later stage. Therefore, in the

low stress range crack propagation was dominant, while at

high stress range crack initiation was more important in

determining fatigue life.

Fatigue crack propagation rates for SiC particulate

reinforced aluminium composites containing fine SiC par-

ticles were higher than those for the un-reinforced matrix

alloys in a given stress intensity factor range, Dk. The

fatigue crack propagation properties for those DRCs con-

taining coarse SiC particles were very similar to that of the

matrix alloy [6]. Moreover, experimental studies demon-

strated that the overall HCF performance as well as the

fatigue limit of DRCs improved with the reinforcement

volume fraction [8, 16, 17]. These changes were generally

associated with an increase in the number of cycles to

initiate a crack and in some cases [18, 19] it was reported

that the fatigue strength of DRCs decreased with the

addition of reinforcement. The above discrepancy is

attributed to the many microstructural variables influencing

[7] the fatigue properties of the DRCs. Therefore, an in

depth understanding on the effects of these variables is

required for the extensive applications of DRCs. Further,

most of the earlier works [6–14] have been done based on

the availability of the DRCs rather than the variables itself.

Thus it has been difficult to clarify the general role of

microstructural factors in fatigue strength of DRCs. Hence

in the present study an attempt has been made to investi-

gate the effect of reinforcing particles on the HCF behav-

iour of stir cast AA 6061-SiCp composites and the results

are compared with that of the un-reinforced alloy processed

by the same technique.

Experimental procedure

AA 6061-SiCp DRCs reinforced with 10,15,20 and 25%

(by weight) of SiC particles were examined in this study.

The reinforcing SiC particles of average size of 23 microns

were introduced into the vortex created by mechanical

stirring of the metal matrix through a separate chute.

Details of the stir casting process for fabricating DRCs is

described elsewhere [4]. The chemical composition of the

AA 6061 aluminium alloy used in the present study is

given in Table 1. The cast billets, 75 mm in diameter were

hot extruded at 420 �C to rods of 17 mm diameter in four

stages using conical type extrusion dies. Figures 1 and 2

shows the microstructures of the extruded DRCs with 20%

and 25% reinforcement.

From the microstructure Fig. 1(a, b) it is observed that

for DRC with 20% reinforcement the SiC particles are

distributed uniformly in the aluminium matrix. The

absence of blow holes, macropores and gravity settling of

SiC in aluminium matrix indicate the suitability of the

casting process adopted. Moreover, some preferential

alignment of the reinforcement particles along the extru-

sion axis is also seen in Figs. 1(b) and 2(b). In the DRC

with 25% reinforcement (Fig. 2(a, b)), agglomerated sites,

consisting of a few large sized SiC particulates, intermin-

gled with smaller, uniform and more regularly shaped

particles, were observed resulting in particle rich and

Table 1 Nominal composition (wt%) of matrix alloy AA 6061 tested

Si Fe Cu Mn Mg Zn A1

0.4–0.8 < 0.7 0.15–0.41 0.15 0.82–1.2 0.25 Balance

Fig. 1 Micrographs of the extruded AA 6061-SiCp composite with

20% reinforcement (a) transverse (b) longitudinal
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particle depleted regions. Apart from this, few intermetallic

inclusions that were formed as a result of the casting pro-

cess is also seen. These inclusions are visible as small dark

particles, which were not dissolved in the matrix. Table 2

compiles the static properties of the extruded DRCs and the

un-reinforced alloy before heat treatment.

Smooth specimens of appropriate dimensions as per

ISO: 1143–1975 was prepared from the extruded bars of

DRCs for rotating bending fatigue testing. Toroidal spec-

imens of gauge section of length 50 mm and 8 mm

diameter at the centre were heat treated by solutionizing for

3 h at 530 �C followed by water quenching and artificial

aging for 4 h at 170 �C [20]. Specimens of similar shape

and dimensions were also prepared from the extruded

un-reinforced alloy. These specimens were subjected to

heat treatment as per T6 condition and were tested for

comparison purpose. The properties of the DRCs and

un-reinforced alloy after heat treatment were tabulated in

Table 3. The test specimen surface preparation followed a

set of procedure. In the final stages of machining a feed rate

of 0.01 mm/rev was used to remove 0.1 mm of material in

the gauge length. Each specimen was then polished lon-

gitudinally, using successive grade of abrasive paper to

remove a final 0.04 mm of material and to impart a surface

finish of 0.025 lm C.L.A. The fatigue tests were carried

out in the ETS INTRALAKEN rotating bending fatigue

testing machine in laboratory environment at 2900 rpm.

Three specimens were tested for each stress level selected

and the average was taken for plotting of S–N curves. The

fatigue fracture surfaces were examined using a scanning

electron microscope.

Results

Figure 3 shows the plot of stress amplitude vs. cycles to

failure for the DRCs with varying reinforcement volume

fractions. Increasing the SiC particle fraction resulted in

higher fatigue strength (taken as the highest stress at which

a specimen survived 107 cycles) up to 20% reinforcement.

However, the fatigue strength of the DRC with 25% rein-

forcement was slightly lesser than that of DRC with 20%

reinforcement. This is in slight deviation from the earlier

works [21, 22], which has reported an increase in fatigue

strength with higher reinforcement fraction. In the present

study this deviation in terms of reduction in the fatigue

strength of DRC with 25% reinforcement may be attrib-

uted to early crack nucleation. In particular, DRC with

20% reinforcement showed a pronounced improvement in

fatigue strength.

The stress vs. cycles to failure curves also showed an

apparent convergence in fatigue lives of the DRCs at high

stresses, which may be attributed to the lower ductility in

Fig. 2 Micrographs of the extruded AA 6061-SiCp composite with

25% reinforcement (a) transverse(b) longitudinal

Table 2 Specification and

static properties of extruded AA

6061-SiCp composites/un-

reinforced alloy

Specification Nominal percentage

of reinforcement (Wt. %)

Average particle

size (lm)

Ultimate tensile

strength (MPa)

% Elongation Hardness

(BHN)

AA6061 – – 290 16 60

AA6061/SiC/10p 10 23 286 7 60

AA6061/SiC/15p 15 23 298 6 62

AA6061/SiC/20p 20 23 321 5 66

AA6061/SiC/25p 25 23 314 3 70

Table 3 Properties of heat treated AA 6061-SiCp composites/un-

reinforced alloy

Specification Ultimate tensile

strength [Mpa]

% Elongation Hardness

[BHN]

AA6061 311 12 75

AA6061/SiC/10p 310 6.0 98

AA6061/SiC/15p 346 5.0 103

AA6061/SiC/20p 478 4.0 107

AA6061/SiC/25p 467 2.0 120
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the DRCs, i.e. ductility exhaustion. At high plastic strains

(i.e. short lives) the cyclic ductility of a material limits the

amount of plastic strain and thus, the number of cycles that

can be accumulated prior to fracture. Therefore, at high

stresses, as the plastic strains are lower in the DRCs, so too

are the cyclic ductility and the resistance to cyclic strains.

Moreover, a wide scatter in the results especially at low

stress level is also noted as compared to higher stress

levels, as in metallic materials.

Figure 4 shows the variation between the ratios of fati-

gue strength of DRCs rc, to the un-reinforced alloy rA, rC/

rA at the number of cycles to failure at 107 cycles and the

percentage of SiCp reinforcement. The fatigue ratio tends

to increase with an increase in the fraction of SiC rein-

forcement and reaches a peak for 20%. However, for DRC

with of 25% reinforcement the value is slightly higher than

that of the matrix alloy, which is ascribed to the early

nucleation of cracks in the matrix.

Similarly Fig. 5 shows the variation of the ratio of

fatigue strengths at 107 cycles (rC/rA), to the tensile

strength (rT), and the percentage of SiCp reinforcement.

The data obtained in this study were distributed in the

range of 0.25–0.3 while the earlier work on DRCs (pro-

cessed through P/M route) has reported a value of about

0.38 [23]. In the present work, the lowest value was for the

DRC with 25% reinforcement than other DRCs due to the

early fatigue crack initiation at particle clustering beneath

the specimen surface. Figure 6 shows the plot of endurance

limit (taken at 107 cycles) and percentage of SiCp rein-

forcement. The endurance limit increases with an increase

in the percentage of reinforcement up to 20%. For the

DRCs, with 25% reinforcement, the presence of SiC

particle clusters in the matrix causes reduction in the

endurance limit.

From the SEM fractograph Fig. 7, of the failed speci-

men with 20% reinforcement two distinct fracture mor-

phologies were observed: a propagation region and a fast

fracture region. In the propagation region equispaced stri-

ation marks oriented perpendicular to the direction of crack

propagation are visible. The fast fracture region is rela-

tively rough with the presence of ductile dimples. For DRC

with 25% reinforcement Fig. 8 more than one crack

propagation region was observed. This observation indi-

cates that the above DRC contained more number of
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stress concentration regions, which has favoured an early

nucleation of crack when compared to other DRCs.

Moreover, in the DRC with 25% reinforcement the

inclusions (Fig. 9) assumed to have originated during

processing as well as the particle clusters (Fig. 10) at the

sub-surface have acted as early crack nucleation sites for

fatigue fracture as reported by several other investigators

[11, 21, 22]. Inclusions present in the matrix act as stress

raisers and formation of particle clusters due to increase in

% reinforcement results in lack of wetting leading to

development of preferential crack initiation sites. Thus,

from the above observation it is felt that stir casting process

is suitable for processing of Al-SiCp DRCs up to 20%

reinforcement beyond which control of uniform distri-

bution of SiC particles in the matrix becomes difficult.

Figure 11(a–c) shows the SEM fractographs of the fatigue-

failed specimens for 10, 15 and 20% reinforced DRCs in

which voids or shrinkage holes were not observed. For

these composites, Mode I type cracking (due to surface and

sub-surface defects) was found to have dominated crack

initiation. The fractured region exhibits a relatively smooth

surface along with the presence of striation patterns. Since
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Fig. 7 SEM fractograph of AA 6061-SiCp (20%) showing propaga-

tion and fast fracture regions

Fig. 8 SEM fractograph of AA 6061-SiCp (25%) showing more than

one crack propagation region

Fig. 9 SEM picture showing presence of inclusions in the (AA 6061-

SiCp/25%) matrix

Fig. 10 SEM picture showing SiC particle clusters in the matrix of

(AA 6061-SiCp/25%)
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the clarity of striation marks depends on the ductility of the

matrix, from Fig. 11(a–c) it can be inferred that the type of

fatigue fracture is more ductile in nature. Moreover, the

appearance of dimples over the entire fractured region

confirms the final fracture mode is also ductile.

Discussion

From the test results it is observed that, the fatigue strength

of all DRCs (with 10, 15, 20 and 25% reinforcement) were

superior to that of the un-reinforced alloy. However,

among the DRCs, the composite with 20% reinforcement

exhibit enhanced fatigue strength over others. In order, to

fully understand fatigue mechanisms in DRCs, it is

appropriate to discuss the increase in modulus and yield

strength of the DRCs with respect to that of the un-rein-

forced alloy. The increase in modulus has been explained

analytically and by the finite element method elsewhere

[24, 25]. The explanation for the increase in yield strength

in the DRCs, on the other hand, is not as simple. Arsenault

and Wu [26] has attributed the increase in strength of the

DRCs to the high dislocation density that arises from

thermal mismatch between the DRCs constituents. Allison

et al. [27] and Nardone and Prewo [28, 29] suggested that

much of the strengthening comes from load transfer from

the matrix to the reinforcement. Nardone and Prewo [28,

29] have used a modified shear-lag type of analysis, due to

the small aspect ratio of the SiC particles, to show that load

transfer from the matrix to the particles does exist. Using

this analysis, the DRCs, yield strength, rc is given by [28]

rc ¼ rm

VpðS þ 4Þ
4

þ Vm

� �
ð1Þ

where rm is the un-reinforced matrix yield strength, S is

the aspect ratio of the reinforcement particle and Vp and

Vm are the volume fractions of particles and matrix

respectively.

A comparison of experimental and predicted yield

strengths based on Eq. 1 is shown in Fig. 12. The predicted

value is in good agreement with the experimental results.

Thus, the modified shear-lag theory accurately predicts

DRCs yield strength for this range of SiC volume fraction.

Another contributing factor for the increase in fatigue

strength may be related to the nature of slip in the matrix

with increasing % reinforcement. If precipitates in the

matrix are sheared by moving dislocations, strain locali-

zation reminiscent of persistent slip bands can occur since

the precipitates are unable to resist any further deformation

[30, 31]. It is likely that precipitate shearing occurs in the

matrix due to small precipitate size and spacing [13, 32].

While the precipitates are deformable, the SiC particles are

non-deformable, and act as obstacles to dislocation motion.

A combination of non-deformable particles in a matrix of

shearable precipitates can result in a beneficial change

in the deformation mechanisms. According to Parker [30]

this condition occurs when the microstructure consists of

Fig. 11 SEM fractographs of

fatigue failed AA 6061-SiCp

specimens (a) 10%

reinforcement (b) 15%

reinforcement (c) 20%

reinforcement
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non-deformable particles with a particle spacing of around

1 lm. The inter particle spacing, k, between SiC particles

in the present study (assuming uniform distribution of SiC

particles in the matrix) is taken as the average centre to

centre spacing between two particles less the particle

diameter and is given by [33].

k � d
1

2f

� �1=3

�1

" #
ð2Þ

where d is the particle diameter and f is the volume fraction

of particles. Figure 13 shows the calculated values for inter

particle spacing in the matrix based on Eq. 2 for DRCs with

10, 15, 20 and 25% reinforcement. It is evident from

Fig. 13 that, the inter particle spacing reduces and

reaches the critical value of about 1 lm with increase in %

reinforcement.

Thus with decreasing interparticle spacing up to the

critical spacing, the fine precipitates give strength to the

matrix while the larger SiC particles prevent the formation

of reversible slip bands when the particles are spaced

closely enough. Parker [30] also stated that the non

deformable particles can act to stabilize the cell structure in

the matrix at low strains, while with increasing strain, a

sharpening of the cell wall structure takes place with slight

disorientation across the cell walls. The fortuitous combi-

nation of closely spaced SiC particles, at large volume

fractions and fine precipitates in the matrix of the DRCs

may serve as an indirect strengthening mechanism.

For DRCs the interfacial bond strength between the

matrix and the reinforcement plays a crucial role in the

crack initiation process [6]. However, the interfacial bond

strength depends on the morophology of the reinforcing

particle and the processing route, which controls the degree

of the reaction at the matrix. For the molten metal

processed composites, the chances for formation of reaction

products (Al4C3 and Silicon) is high, and subsequently the

creation of a brittle zone in which interfacial failures are

more likely to occur. The X-ray diffraction on the DRCs was

performed using Cu Ka radiation for phase identification.

The peaks in the X-ray traces corresponds to the presence of

aluminium and SiC. The absences of any significant reactive

constituents are seen in the XRD Fig. 14.

Therefore, the chances of crack initiation at the SiC

particle interface with the reaction products and the inter-

metalic particles forming a brittle zone aiding to interfacial

failure are negligible. Hence, it can be stated that in DRCs

with 10, 15 and 20% reinforcement, the surface crack

initiation is impeded by the presence of uniformly dis-

tributed particles which are considered to act as barriers to

the development of slip bands thus increasing the strength

of the composites. Therefore, the initiation site shifts from

the specimen surface to subsurface, when the concentrated

stress exceeds the applied stress on the surface or else it

originates at the surface defects similar to the un-reinforced

alloy (Mode I crack by a slip deformation mechanism). On

the other hand for DRC with 25% reinforcement, the main

cause for the crack initiation is the presence of surface or

subsurface particle clusters.

Conclusions

The fatigue strength of AA 6061-SiCp particulate compos-

ites produced by stir casting was evaluated for four different

% reinforcement. Results were compared with those of a AA

6061-T6 un-reinforced alloy produced by the same

technique and the following conclusions were obtained.
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1. The fatigue strength of DRCs was superior when

compared to that of the un-reinforced alloy. Among

the DRCs the composite with 20% reinforcement had

enhanced fatigue strength over others.

2. The ratio of the fatigue strength of DRCs to matrix

alloy and % of SiCp reinforcement were contained in

the range of 1.10–1.37. The maximum value of 1.37 of

fatigue ratio was obtained for DRC with 20% rein-

forcement.

3. The variation of the ratio of fatigue strength, to tensile

strength (rc/rA)/rT and % of SiCp reinforcement were

contained in the range of 0.25–0.31, higher than that of

the un-reinforced alloy (0.25–0.28).

4. The endurance limit (taken at which a specimen sur-

vived 107 cycles) increases linearly with an increase in

the % reinforcement from 10%–20%, but drops to a

lower value for DRC with 25% reinforcement.

5. Two distinct morphologies were observed from the

fatigue failed specimens: an initiation/ propagation

region and a fast fracture region.

6. At low stress levels dimple patterns were observed on

the whole fractured surface in the crack propagation

region for all DRCs.

7. For specimens subjected to high stress levels the

fractured region exhibits a relatively smooth surface

along with the presence of striation patterns.

8. Except for DRC with 25% reinforcement, Mode-I type

of cracking has found to be the cause for crack

initiation.
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