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ABSTRACT: In this work, we describe the fatigue behaviour of silicon carbide (SiCP)-reinforced A359 aluminium alloy matrix composite

considering its microstructure and thermo-mechanical properties. A variety of heat treatments have been performed for the 20 vol. % SiCp

composite, which resulted in different strength and elongation behaviour of the material. The fatigue behaviour was monitored, and the

corresponding S–N curves were experimentally derived for all heat treatments. The fatigue strength was found to depend strongly on the

heat treatment. In addition, the fatigue behaviour was monitored non-destructively via the use of lock-in thermography. The heat wave,

generated by the thermo-mechanical coupling and the intrinsic dissipated energy during mechanical loading of the sample, is detected by a

thermal camera.
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Introduction
The use of silicon carbide (SiC) particulate-reinforced alu-

minium alloy composites as a substitute of monolithic alu-

minium alloys in structural applications, especially in the

aerospace and automobile industry, is becoming increas-

ingly attractive. This is because of their superior strength,

and stiffness, which is combined with their good perfor-

mance in low cycle fatigue, corrosion fatigue and wear.

The mechanical behaviour of the aforementioned com-

posites is dominated by the interface between the alu-

minium matrix and the SiC particles. While strengthening

relies on the load transfer at the interface, toughness is

influenced by the behaviour of the crack at the boundary

between the matrix and the reinforcement, and ductility is

affected by the relaxation of peak stresses near the interface

because of the plastic flow ahead of the crack tip [1, 2]. As a

result, the non-elastic behaviour of the composite is dom-

inated firstly by the time-dependent stress field, i.e. the

imposed stress rate, and secondly by the induced changes

in the microstructure because of the presence of the rein-

forcement. These changes consist of segregation and pre-

cipitation caused by the thermal treatment that in turn is

expected to drastically affect the fatigue strength and the

fatigue life behaviour of the Al/SiC composites [3].

The response of the structural element to fatigue is critical

for many applications. In the case of metal matrix com-

posites (MMCs), the fatigue behaviour differs from that of

unreinforced metals in several ways. In the case of particle-

reinforced metals, numerous studies have focused on

understanding the influence of the reinforcing particle on

the matrix microstructure and the corresponding effect on

the fatigue behaviour of the MMCs [4–8]. The size and

percentage of the reinforcement are also affecting the fati-

gue life. In some cases, the fatigue strength may deteriorate

by the addition of the reinforcement [9, 10]. The interaction

of different mechanisms because of the presence of the

reinforcement may lead to adverse effects on the fatigue life.

She fatigue strength of silicon carbide (SiCP)-reinforced

A359 aluminium alloy matrix composites has been

reported to be mainly influenced by the thermo-mechani-

cal processing history of the composite. Recent studies

have discussed the influence of heat treatment on the

interfacial strength and the mechanical properties of sili-

con carbide (SiCP)-reinforced A359 aluminium alloy matrix

composite [11]. The results indicated the interrelation

between the heat treatment, the filler/matrix interface

quality and the static failure mode of the composite. Fur-

ther to the static properties, the heat treatment is expected

to be of significant importance for the dynamic behaviour

of these materials.

The scope of this study involved the application of two

different heat treatment protocols on stripes of Al/SiCP 20%

specimens with the aim of tailoring the fatigue properties

of the composite. As-received specimens have also been

examined under fatigue. Fatigue tests were performed at

three stress levels, and microstructural analysis of the

fractured surface was performed using scanning electron

microscopy (SEM). Simultaneously, the stress field on the

sample was monitored non-destructively as imaged by the

transient temperature gradient per fatigue cycle using lock-

in thermography.

Material and Microstructure
The MMCs studied in this work consisted of aluminium–

silicon–magnesium alloy matrix A359, reinforced with sil-

icon carbide particles. Hot rolled A359 aluminium alloy

with 20% SiC particles per weight with an average particle

size of 17 ± 1 lm was used. In Table 1, the chemical com-

position of the matrix alloy is shown.

The Al–Si–Mg alloys are the most widely used in the

foundry industry because of their good castability and high

strength to weight ratio. Silicon improves the fluidity of

aluminium in the molten state and, also, Si particulates

improve the wear resistance of reinforced aluminium alloy.

By adding magnesium, an Al–Si alloy becomes age harde-

nable through the precipitation of Mg2Si particulates. An

additional advantage of Al–Si alloys for casting applications

is that silicon expands on solidification and Si is needed to
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form Mg2Si. The precipitation sequence is supersaturated

solid solution fi GP zones fi b¢ fi b (Mg2Si) [12–14].

The microstructure of the composites was investigated in

the as-received and heat-treated conditions, using a Philips

XL40 Scanning Electron Microscope with a link 860 EDAX

and a Philips FEI Nova Nano-Scanning Electron Micro-

scope. The microstructure of the examined MMCs in the

unetched, as-received condition (T1) has four distinct

microphases as clearly marked on the image micrographs,

which are as follows: the aluminium matrix, the SiC par-

ticles, the eutectic region of aluminium and silicon and the

Mg phase (Figure 1A,B). SEM/mapping analysis has been

also performed to confirm the above-mentioned phases. Al,

Si and Mg elements were found present in the micro-

structure as shown in Figure 2.

The role of the reinforcement is crucial in the microde-

formation behaviour. The addition of SiC to aluminium

alloy increases strength and results in high internal stres-

ses, in addition to the ones caused by the strengthening

precipitates. Furthermore, the SiC-reinforced particles are

not affected by the heat treatment process. A great deal of

attention has been recently devoted for understanding the

strengthening mechanisms in MMCs, which are distin-

guished by a large particulate volume fraction and rela-

tively large diameter. Another important matter in

understanding and modelling the strength of particulate

MMCs is to consider the effect of particle shape, size and

clustering [15, 16]. Lewandowski et al. [17] illustrated the

important effects of clustering of reinforcement on the

macroscopic behaviour as well as the effects of segregation

to SiC/Al interfaces. Rozak et al. [18] presented the effects

of casting condition and subsequent swaging on the

microstructure, clustering and properties of Al/SiC com-

posites.

The specimens under investigation have been manufac-

tured by a stir-casting approach where the desired alu-

minium alloy is melted and carefully sized; ceramic (silicon

carbide) particles are stirred in by means of an efficient

vacuum-assisted mixing process [19]. The process allows

good wetting and a very strong bond between the ceramic

particles and aluminium matrix. The composites have then

been hot cross-rolled. Even by this stir-casting approach,

homogeneous distribution of the reinforcement cannot be

achieved and therefore clustering and other forms of

imperfections can occur. Some form of clustering has been

observed (Figure 3) throughout the microstructural exam-

ination. This is mainly attributed to solidification shrink-

age phenomena, but it is not considered as a major

imperfection.

Heat treatment of composites though has an additional

aspect to consider, the particles introduced into the matrix.

These particles may alter the alloy’s surface characteristics

and increase the surface energies [20]. Within the scope of

this study was to select the heat treatment cycle that pro-

duced the most favourable precipitate size and distribution

pattern.

Table 1: Chemical composition of the silicon carbide (SiCP)-
reinforced A359 aluminium alloy matrix composite

Elements (wt %)

Material Si Mg Mn Cu Fe Zn

A359/SiCP 20% 9.5 0.5 0.1 0.2 0.2 0.1

 SiC 

Al Si 

(A) (B)

Figure 1: (A,B) Aluminium/SiC particulate composite showing Al, SiCp, Al-Si eutectic, Si and Mg phases

Figure 2: Scanning electron microscopy/Elemental Mapping
analysis for Aluminium/SiC particulate Composite showing Al, Si
and Mg elements present in the microstructure

334 � 2012 Blackwell Publishing Ltd j Strain (2012) 48, 333–341
doi: 10.1111/j.1475-1305.2011.00827.x

Fatigue Behaviour of Al/SiCP Composites : D. P. Myriounis, T. E. Matikas and S. T. Hasan



Two different heat treatments were used for this study; T6

and modified T6 (HT-1) [21]. The two different heat treat-

ments were selected to observe the different precipitation

hardening mechanisms that can be produced. By control-

ling the solutionised temperature and time, the solute

atoms are expected to dissolve at a different way and form

the initial precipitate solid solution phases, while during

the age hardening process those precipitates will grow.

The T6 heat treatment process consisted of the following

steps: solution heat treatment, quench and age hardening.

In the solution heat treatment, the alloys were heated to a

temperature just below the initial melting point of the

alloy for 2 h at 530±5 �C. Thus, all the solute atoms were

allowed to dissolve to form a single-phase solid solution

before being quenched in water. Next, the composites were

heated to a temperature of 155 �C for 5 h and subsequently

cooled in air. The microstructure of the heat-treated com-

posite in this condition has been observed by using SEM

microscopy and shows main phases indentified in the T6

condition as well as some Mg2Si fully grown precipitates

(Figure 4). Furthermore, the presence of Mg2Si precipitates

has been observed by XRD technique as shown in Figure 5.

The second heat treatment process was a modified T6

(HT-1) heat treatment, where the alloys in the solution

treatment were heated to a temperature lower than the T6

heat treatment that is 450±5 �C for 1 h and then quenched

in water. Subsequently, the alloys were heated to an

intermediate temperature of 170 �C for 24 h in the age

hardened stage and then cooled in air. This treatment is

specific to alloy composition and the effect of addition of

SiC and precipitation and segregation behaviour in terms

of strength of MMCs. The microstructure in this condition

does not show any fully grown precipitates formed (Fig-

ure 6) There are some b’ rod shaped phases that are shown

instead. This evidence shows that b’ phase has been formed

with magnesium and silicon reacting together but b phases

forming platelets of precipitates have not been formed in

this HT-1 heat treatment, and this is probably due to the

solution treatment temperature that did not allow enough

reactivity time for the kinetics dissolution of the main

alloying elements [11].

Figure 3: Clustering of SiCp observed in as received cross rolled
microstructure

SiC

Al

Interface

Mg2Si

Figure 4: Hot rolled – T6 A359/20 vol. % SiCp showing interface of
Al/SiCp and also small precipitates of Mg2Si (white particles close to
the interface)

Figure 5: XRD of hot rolled – T6 A359/20 vol. % SiCp sample showing amongst phases the Mg2Si phase
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Experimental Work

Tensile properties
Prior to the fatigue testing, tensile tests were performed

to determine the ultimate tensile strength (UTS) of the

composites. Aluminium A359 with 20 vol. % SiC particu-

late composite specimens was tested in tension in the

as-received state, and after two heat treatments: the previ-

ously described HT-1 and the standard T6 heat treatment.

Tensile tests were conducted using a 100KN Instron

hydraulic universal testing machine, and the strain was

monitored using a clip gauge. The dimensions of the test

coupons were 12.5 mm width, and 1.55 mm thickness. All

the tensile tests were performed using 0.25 mm min)1

crosshead speed. At least three specimens were tested for

each condition.

Fatigue testing
Tension-tension fatigue tests were conducted using a

100KN Instron hydraulic universal testing machine with

complementary data acquisition computer and software.

The system was operated under load control, applying a

harmonic tensile stress with constant amplitude. By spec-

ifying the maximum and the minimum stress levels, the

other stress parameters could be easily determined. These

were the stress range, rr, stress amplitude, ra, mean stress,

rm, and fatigue stress ratio, R (=rmin/rmax).

Throughout this study, all fatigue tests were carried out

at a frequency of 5 Hz and at a stress ratio R = 0.1. Different

stress levels between the UTS and the fatigue limit were

selected, resulting in so-called Wöhler or S–N curves. Tests

exceeding 106 cycles without specimen failure were termi-

nated. Specimens that failed in or close to the grips were

discarded. The geometry of the samples was the same as

those used for the tensile characterisation, i.e. rectangular

strips of 12.5 mm width, and 1.55 mm thickness.

Real-time thermographic characterisation
Thermography is a non-contact non-destructive technique

that provides an image of the distribution of the tempera-

ture on the surface of the examined object. Using an

adapted detector, thermography records the two-dimen-

sional ‘temperature’ field as it results from the infrared

radiation emitted by any object. The principal advantage of

infrared thermography is its non-intrusive character. There

has been substantial work carried out in this area, and

plastic zone as well as crack growth has been monitored

non-destructively in numerous papers [22–28].

The deformation of solid materials is almost always

accompanied by heat release. When the material becomes

deformed or is damaged and fractured, a part of energy

necessary to initiate and propagate the damage is trans-

formed in an irreversible way into heat [29, 30]. The heat

wave, generated by the thermo-mechanical coupling and

the intrinsic dissipated energy during mechanical loading

of the sample, is detected by the thermal camera. The stress

field has been monitored in relation to the cycles under-

gone by the sample. The important material property in

radiation heat transfer is the emissivity e of a test surface.

The emissivity indicates the efficiency of a surface as a

radiator of electromagnetic radiation. Blackbodies are the

most efficient radiators and absorbers of electromagnetic

radiation and have an emissivity of 1.0. All other bodies

have an emissivity <1.0. To achieve an emissivity level as

close as possible to that of a black body, a uniform coating

of water soluble matt black paint was applied on the test

samples. This allowed uniform heat transfer into (or from)

the subject and produced a reasonably uniform emissivity

[31]. All three fatigue stress levels were thermographically

monitored for the 20% per weight Al/SiC composite. The

thermographic image capture was set to 30 s per frame.

Results and Discussion
The results of the tensile tests for all the heat treatments of

the MMCs are summarised in Table 2. The microhardness

results of the samples for three different conditions, T6,

HT1 and T1, are also tabulated. Details on the microhard-

ness testing are reported in a previous publication [32].

In Figure 7, the fatigue behaviour of all studied systems is

depicted. All systems exhibit typical S–N behaviour,

reaching the fatigue limit before 106 cycles, which was set

as the run-out point for the fatigue experiments. While the

HT1 system failed at approximately the same absolute

stress level as the T1 system, the S–N curve of the T6 system

was shifted to considerably higher stress values. In this

context, the T6 heat treatment yielded higher fatigue

strength than both the T1 and HT1 systems. As can be

observed, the heat treatment had significant influence on

the fatigue response of Al/SiCp composites. This is in

agreement with previous observations [33], concluding

that the heat treatment strongly affects both the static

properties, as well as the failure mechanisms during quasi-

Table 2: Al/SiCp 20% tensile testing and microhardness results

Material Condition r0.2 (MPa) ruts (MPa) e (%) E HV0.5

A359/

SiCP-20%

T1 141 151 1.5 101 114

HT-1 127 163 4.0 104 172

T6 210 252 2.1 129 223

Figure 6: Hot rolled – HT1 A359/20 vol. % SiCp showing rod shape
b’ phases of Mg2Si around the matrix and the interface of the
reinforcement
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static tensile loading. It is also observed that aggressive heat

treatment reduces the damage tolerance of the composites.

The results have been compared with some published

fatigue data for similar composites as well as aluminium

alloys [34, 35]. Specifically, and according to Figure 7

forged 2080 aluminium reinforced with 20% of SiC under

T6 treatment exhibited higher fatigue strength compared

with the composites used in this work. This may mainly

attributed to the different nature of material forming and

processing (forged, casted, cross-rolled, etc.), which plays

an important role in the microstructural phenomena and

consequently to the fatigue strength/behaviour of the

composites. On the contrary, referenced A359-20% SiC and

A356-20% SiC composites exhibited lower fatigue strength

compared with this work’s results.

It can be concluded that similar strengthening mech-

anisms present in those composites affect the fatigue

strength and fatigue life performance. In addition, the

fatigue slope for A356-T6 aluminium alloy shows high

fatigue endurance limit but much lower fatigue strength

values in comparison with the reinforced composites,

showing that reinforcement plays a crucial role in the

fatigue strength of the materials.

A direct comparison of the fatigue performance of the

composite with the corresponding quasi-static performance

in tension reveals some interesting details (see Table 1).

Undoubtedly, the T6 heat treatment improved the strength

of the composite. This can be attributed to a dominant

mechanism related to the changes in the microstructure of

the composite. This mechanism relates to the precipitates

appearing in the microstructure of the composite at the

vicinity of the interphase area, which results to the com-

posite hardening. The creation of the interphase together

with the improved stress transfer may be regarded as the

main contributing parameters to the improved mechanical

properties of the particulate-reinforced composite. The

improved static strength is followed by a less spectacular

performance in fatigue, with the fatigue limit of the mate-

rial falling to the 70% of the UTS.

In this work, T6 specimens are quite brittle with low

ductility compared with the HT1 specimens and therefore,

crack initiation appears earlier at high stress levels, where

the material’s strain capability is not sufficient to impede

crack initiation and propagation. This behaviour can be

explained by the presence of high stress concentrations

that in their turn are because of the embrittlement caused

by the precipitates formed in the matrix and interfacial

areas during the age hardening process. The lower HT1 heat

treatment temperatures render the composite substantially

more ductile than both the untreated (T1 specimens) and

the T6 specimens.

When a crack approaches a reinforcing particle is either

deflected by the hard reinforcement and continues around

it or propagates through the reinforcement by cracking it.

In the T6 condition, because of the strengthening of the

matrix and interphase region with hard precipitates of

Mg2Si phases, the interface is much stronger. As the crack

approaches the interphase area, the crack energy tends to

be absorbed by the SiC particles, leading them to fracture

and an overall rapid failure. Thus the reinforcement no

longer plays the role of stress relief site but behaves in a

brittle manner, with the crack propagating through it. In

lower stress levels, the composite behaves in a different

manner as the crack is arrested by the interphase.

Fractography has been employed to verify the afore-

mentioned mechanisms. In the T6 condition, SiC particles

seem to be cracked but not debonded (Figure 8A,B) indi-

cating good interfacial bonding. It is usually the larger

particles that break because of the higher probability of

finding a flaw of critical size and because larger particles

may have been cracked during fabrication. The extent of

plastic zone ahead of the crack tip depends on the stress

intensity factor. As a result, the number of particles within

the elevated stress zone increases, resulting in a larger

Figure 7: Stress amplitude versus fatigue cycles for various aluminum–SiC composite materials and aluminium alloys, including the
present work
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number volume of influence and finally to fracture. How-

ever, it is unclear that the breaking particles have much of

an influence on the fatigue crack growth rate [36]. Fur-

thermore, the small particles shown in Figure 8b are Mg2Si

precipitates produced during heat treatment. These pre-

cipitates seem to remain intact during fracture. Their small

size eliminates their tendency to fracture.

As the fractographic examination revealed for the T6

condition, the fractured surface at 28 542 cycles at 90% of

UTS fatigue (Figure 9A,B) showed striations formed in the

aluminium matrix. This further supports the fact that high

local stresses induce plastic flow of the matrix. As shown in

Figure 9B, crack initiation occurred at the edge of the

fractured surface. This crack defect at the edge of the

sample is caused by extensive fatigue. In this fractured

surface, ductile matrix and/or interfacial mechanisms

cannot withstand and/or relieve the local stresses; there-

fore, the ceramic reinforcement (SiCp) are exposed to

extensive fatigue and higher stress concentrations, which

eventually will lead to crack initiation.

HT1 specimen exhibited distinctly different behaviour.

Fully grown precipitates were not observed, as it was in the

case of T6 condition. However, the existence of other phases

and especially b‘ phases appeared to improve the strength of

the composite and most importantly its strain to failure.

The HT1 composites exhibit slightly higher strength than

the as-received composites but significantly enhanced

ductility, and this is mainly attributed to the precipitation

hardening mechanisms. These not fully grown precipitates

act as relaxation mechanisms at the interfacial sites and at

the same time strengthen the matrix (aluminium). Specifi-

cally for HT1 composites, the existence of these phases

produced a much more homogenous microstructure, thus

the strain to failure performance has been improved. The

fractographic examination revealed that the interface

bonding is not as good as in case of the T6 condition. HT1

condition exhibits lower static and fatigue strength than the

T6 condition. In this case, the crack is propagated mainly

through the interface region leaving the reinforcement

intact (Figure 10A,B). The above postulation was validated

by the clear evidence of debonded SiC reinforcement and

the mark caused by the sliding of the reinforcement on the

soft matrix (Figure 10B). Many similar marks have been

indentified on the fracture surfaces examined. These marks

may also be some form of striations. Owing to the presence

of hard SiC particles, striation marks loose their appearance

and appear on rough surface. Moreover Figure 10B shows

evidence of striations on the ductile matrix as well as coa-

lescence microvoids close by the SiC reinforcement.

The matrix ductility is also clearly indicated by the rip-

pling effect caused by extensive fatigue of the sample

(Figure 11A). As in the case of the T6 specimen, crack ini-

tiation sites were observed at the edge of the specimen

surface (Figure 11B). Although the ductile nature of the

HT1 treatment was obvious in the quasi-static tensile tests,

its fatigue behaviour was not improved compared with the

untreated T1 condition (Figure 7).

The T1 (as-received) condition composites were the least

sensitive to fatigue testing. The T1 specimens exhibited a

fatigue limit equal or higher to 85% of the UTS. As can be

Al Matrix

 Crack

Mg2Si
precipitates SiC

 Crack

(A) (B)

Figure 8: (A) T6 condition-SiC particles cracked but not debonded. (B) Cracked SiC particles-Mg2Si precipitates formation

Crack initiator

Striations in the matrix
(A) (B)

Figure 9: (A) T6 condition sample fractured surface at 226 MPa stress level fractures at 28 542 cycles-Striations shown in Al matrix. (B).
Crack initiator at edge of fractured surface
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seen in Figure 12A,B, the composite is clearly dominated

by its ductile matrix, and the reinforcement plays a sec-

ondary role in the fatigue strength. The fractographic

examination revealed the existence of coalescence that

supports the aforementioned argument. Although the T1

specimens exhibited less ductile behaviour in quasi-static

tension, this is not mirrored in the fatigue performance of

the composites, where the untreated T1 condition per-

formed equally well to the HT1 condition.

Finally, the thermographic characterisation revealed that

the temperature/cycle slope rose more dramatically as the

stress field increased. In Figure 13A,B,C, thermographic

images are presented to demonstrate the development of

damage close to the vicinity of the fracture area. As can be

seen in Figure 13C just prior to fracture, the plasticity area

is clearly delineated on the specimen’s surface as a round

Crack initiator

RiRipple effect
(A) (B)

Figure 11: (A) HT1-Sample fractured surface at 133 MPa stress level fractures at 782 063 cycles-Rippling showing extensive fatigue. (B)
Crack initiator close to surface edge

Interfacial crack 
Coalescence

(A) (B)

Figure 12: (A) T1 condition fatigue sample at 125 MPa stress level fractures around 1 000 000 cycles – Cracking through interface. (B)
Coalescence microvoids evidence of ductile behaviour

SiC 

Interface crack

SiC

SiC sliding 
mark

(A) (B)

Figure 10: (A) Al/SiCp -HT1 condition- cracking through interface. (B) Sliding of SiCp on the Al matrix showing weak interface. Striations
and coalescence microvoids also present

(A) (B) (C)
–12.5 mm-

Specimen

Plastic zone 

Figure 13: Thermographic images of fatigued Al/SiC composite
specimen (T1 condition) at 143 MPa, showing the formation of
plasticity zone before fracture occurs, (A) at 246 500 cycles, (B) at
248 600 cycles, and (C) at 251 861 cycles, which corresponds to
the specimen’s fracture point
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heated region that may be readily attributed to local plastic

deformation. This real-time thermographic characterisa-

tion allowed the prediction of the fracture location of the

specific sample approximately 25 min or 5361 cycles before

failure occurs.

Conclusions
The tension-tension fatigue properties of Al/SiCp compos-

ites have been studied as a function of heat treatment. The

possible damage development mechanisms have been dis-

cussed. The composites exhibited endurance limits ranging

from 70 to 85% of their UTS.

The T6 composites performed significantly better in

absolute values, but their fatigue limit fell to the 70% of

their UTS. This behaviour is linked to the microstructure

and the good matrix-particulate interfacial properties. The

enhanced cohesion is mainly attributed to the strength-

ening mechanisms produced during heat treatment. These

mechanisms in the case of T6 condition are the Mg2Si fully

grown precipitates that are reinforcing the matrix and

produce a much better interfacial bonding.

In the case of the HT1 condition, the weak interfacial

strength led to particle/matrix de-bonding, and this is be-

cause of the lack of fully grown precipitates. In the T1

condition, the fatigue behaviour is similar to the HT1

condition although the quasi-static tensile tests revealed a

less ductile nature. In this condition, SiC reinforcement is

the only strengthening mechanism present and does not

affect to a great extent the fatigue behaviour of the com-

posite. To conclude T6 condition showed the greater

enhancement in the fatigue properties than the other two

conditions. HT1 condition was expected to achieve higher

values but the microstructure was pretty weak.

The above observations have been further supported by

the metallographic examination of the fractured surfaces.

Finally, thermographic images delineated the plasticity

areas well before the failure of the specimen. This non-

destructive evaluation tool is useful for analysing and

studying fatigue and fracture mechanisms.
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