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Abstract

The current study focuses on the fracture toughness behaviour of A359 aluminium
matrix reinforced with 31 wt. % SiC particulates subjected to different heat treatment
conditions. Unreinforced aluminium alloy fracture properties have been also determined
for reference purposes. Three different heat treatment conditions have been applied to
the Al/SiC, composites and the fracture toughness values have been determined for all
specimens. Infrared thermography was used to monitor the plane crack propagation
behaviour of the materials and helped in verifying the validity of the fracture toughness
testing. The results indicate that valid K;c values were obtained, which were found to be
lower than those for the unreinforced matrix alloy, as expected. However, heat
treatment considerably improved the fracture toughness of the composites. In particular,
the specimens heat treated under the T6 condition exhibited enhanced fracture
toughness compared to the other two conditions. This behaviour can be attributed to a
mechanism related to microstructural modifications at the vicinity of the interface due to
the heat treatment. This mechanism is associated with precipitates accumulated at the
interfacial region resulting in material hardening.
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1. Introduction

Aluminium alloys are attractive base materials which, with the addition of
discontinuous ceramic reinforcements, can achieve enhanced mechanical performance,
i.e. elastic properties, wear resistance, strength and coefficient of thermal expansion [1-
6]. The major drawback of the inclusion of the ceramic reinforcement in aluminium
matrix composites is their tendency to brittle behaviour, i.e. low fracture toughness
values, due to the brittle nature of the ceramic reinforcement in an otherwise ductile
matrix [7-15]. The microstructure-dependent fracture mechanisms and their correlation
to the macroscopical mechanical behaviour are not yet well understood in the case of
particulate-reinforced metal matrix composites (MMCs). Furthermore, while
performing fracture mechanics studies in such materials, it is quite difficult to satisfy
specific validity criteria, and often the provisional fracture toughness, Kq, is quoted
instead of the plain strain fracture toughness, Kjc.

The mode I plain strain fracture toughness, Kjc, is a material property
characterising its resistance to fracture under the following conditions: a) a sharp crack
is present under tensile loading, b) in the vicinity of the crack’s front triaxial plane strain
conditions occur and c) the plastic region at the crack-tip is small compared with the
crack size and specimen dimensions. A valid Kj¢c value provides a lower limiting value
of fracture toughness, and is a key parameter in estimating the relationship between
failure stress and defect size for a material in service under similar stress state
conditions [16].

At present, there are no standard fracture toughness testing procedures
specifically for MMCs, therefore, conventional standards for metals such as the ASTM
E399 are normally used [17]. Some of the problems associated with interpreting
toughness test results on MMCs have been considered by Goolsby and Austin [18] who
concluded that there were very few results in the literature that satisfied the ASTM
E399 validity criteria. The main reasons for failing to obtain valid Kjc values were
largely due to excessive crack curvature, non-linearity of the load-displacement curve,
or out-of-plane crack propagation.

To further understand the mechanisms involved with the fracture toughness of
MMCs, microstructural strengthening mechanisms such as precipitation hardening, need
to be addressed. The strengthening micromechanical mechanisms of MMCs are very
complicated due to the several parameters involved. The ability of reinforcement to
improve the overall material mechanical behaviour of the composite is not always
successful for improving each and every mechanical property of the MMC, due to the
fact that the brittle nature of the reinforcement usually diminishes some properties, such
as the fracture toughness.

Some of the factors affecting significantly the fracture properties of particulate
MMCs, are the particles size, interparticle spacing, and volume fraction of the
reinforcement [19-21]. Furthermore, the fracture toughness values of particulate MMCs
can be influenced by complex microstructural mechanisms such as precipitation
hardening achieved by heat treatment processing. Using appropriate heat treatment
conditions, precipitates are formed in the matrix material in a form of separate phases,



leading to an improvement of interfacial strength of the composite, thereby enhancing
the overall strength of the material [22-23].

In this work the influence of the microstructure at the vicinity of the interface on
the fracture behaviour of particulate-reinforced aluminium alloy matrix composites is
studied. Furthermore, a novel approach is being applied to characterise the fracture
behaviour of the particulate composites. Infrared thermography is being used to monitor
the plane crack propagation behaviour of the materials.

2. Materials and Heat Treatment

The metal matrix composites studied in this work consisted of aluminium — silicon
— magnesium alloy matrix A359, reinforced with silicon carbide particulates. Hot rolled
A359 Aluminium alloy with 31% SiC particles per weight with an average particle size
of 17+#1 pm was used (Fig.1). Additionally, unreinforced Aluminium-Copper 2xxx
series alloys have been examined for comparison purposes. The chemical compositions
of the matrix alloys are shown in Table 1.

Table 1. Chemical composition of the matrix materials.

Elements (wt %)

Material Si Mg Mn Cu Fe Zn
A359 aluminium 9.5 0.5 0.1 0.2 0.2 0.1
Al-Cu 2xxx - 15 0.6 4.4 - -

The microstructure of the as received (AR) materials was modified using the following
two heat treatment conditions [24]:

(a) T6 heat treatment: In the solution heat treatment, the alloys were heated to a
temperature just below the initial melting point of the alloy for 2 hours 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 hours and subsequently cooled in air.

(b) HT-1 heat treatment: In the solution heat treatment, the alloys were heated for
1 hour to a temperature lower than the T6 heat treatment that is 45045 ° C, and then
quenched in water. Subsequently, the alloys were heated to an intermediate temperature
of 170 °C for 24 hours in the age hardened stage and then cooled in air.
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Fig.1 SEM image showing an aluminium — silicon —
magnesium alloy matrix, A359, reinforced with 31 wt. %
silicon carbide particles.

3. Experimental Procedure
3.1. Fracture Toughness K¢ Testing

The plane strain fracture toughness test involves the loading to failure of fatigue
pre-cracked, notched specimens in tension or in three-point bending. The calculation of
a valid toughness value can only be determined after the test is completed, via
examination of the load-displacement curve and measurement of the fatigue-crack
length. The provisional fracture toughness value, Kq, is first calculated from the

following equation:
R a
e (Wj (o) M

where Pq is the load corresponding to a defined increment of crack length, B is the
specimen’s thickness, W is the width of the specimen, and f(o/W) is a geometry
dependent factor that relates the compliance of the specimen to the ratio of the crack
length and width, expressed as follows:
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Only when specific validity criteria are satisfied, the provisional fracture toughness, Ko,
can be quoted as the valid plane strain fracture toughness, Kic [16].

The standard used for conducting this experiment, i.e. ASTM E399, has strict
validity criteria to ensure that the plane strain conditions are satisfied during the test.
These criteria include checks on the form and shape of the load versus displacement
curve, requirements on specimen’s size and crack geometry, and the 0.2% proof



strength values at the test temperature. Essentially, these conditions are designed to
ensure that the plastic zone size associated with the pre-crack is small enough so that
plane strain conditions prevail, and that the linear elastic fracture mechanics approach is
applicable.

Fracture toughness tests were conducted using a 100 KN servo-hydraulic
universal testing machine with data acquisition controller. The system was operated on
load control for the fatigue pre-cracking stage, and on position control for the crack
opening displacement (COD) testing. The fatigue test for pre-cracking was conducted at
a frequency of 1 Hz, at a load ratio R = 0.25 and load range of 3.7 - 4.5 KN according to
the materials’ ultimate tensile strength. The COD was monitored by a clip gauge
attached to the specimen with a testing rate set at 1 mm/min. Moreover, a thermal
camera was set for thermographic monitoring of the crack opening displacement.
Compact tension (CT) specimens were prepared for fracture toughness tests according
to ASTM E399; the CT specimen geometry is shown in Fig.2. The thickness B of the
specimens was 9.2 mm for the MMC, and 5 mm for the unreinforced aluminium alloys.
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Fig.2 Fracture Toughness CT specimen geometry according to ASTM E399 standard.
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3.2. Infrared Thermography

Infrared thermography was used to monitor the plane crack propagation behaviour
of the materials. 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 the energy necessary to initiate and propagate the damage is transformed in an
irreversible way into heat [25-26]. 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. By using an adapted detector, thermography records the



two dimensional ‘‘temperature’’ field as it results from the infrared radiation emitted by
the object. The principal advantage of infrared thermography is its noncontact, non-
destructive character.

3.3. Fractography

The microstructure of the fractured 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 Microscope.
4. Results and discussion
4.1 Fracture toughness, KIC

Provisional K values have been calculated according to ASTM E399 standard for
all specimens according to Equations (1) and (2), where Pq = Puna. Load versus
displacement curves for Al/SiCp composites and unreinforced aluminium alloys are

shown in Fig.3. Fracture toughness data for Al/SiC, and unreinforced aluminium alloys
are detailed in Table 2.
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Fig.3 Load — Displacement curves for Al/SiCp composites subjected to T1, T6 and

HT-1 heat treatment conditions and three unreinforced aluminium alloy samples.

From the results shown in Table 2, it becomes obvious that Al/SiC, composites
exhibit lower provisional Kq values than the unreinforced aluminium alloys examined.
In addition, heat treatment processing, and especially T6 treated specimen, have the
highest Kq values compared to the other two heat treatment conditions. According to
the load-displacement curves in Figure 3, composites clearly show more brittle



behaviour than the unreinforced aluminium alloys. T6 heat treated composites have the
highest strength, but the lowest ductility compared to the other materials. Although
these results provide some insight regarding the fracture behaviour of the materials
examined, specific validity criteria have to be satisfied in order to obtain Kjc values.

Particular attention was paid to the influence of the specimen’s thickness and
other validity criteria such as crack curvature and in-plane crack propagation, since
these are the most common reasons for a test to be invalid. In this work the most
important validity criterion related to the crack curvature was found to be satisfied both
for the Al/SiC, composite specimens as well as for the unreinforced aluminium alloys.
Figure 4 shows the optical examination of the crack curvature for various specimens
tested having different thickness. Moreover, for CT specimens, the fracture toughness
standard requires that the surface crack length should not differ from the effective crack
length by more than 15%. The effective crack length ac was calculated as the mean
value of the crack lengths at the centre and quarter thickness positions [16]. These
validity criteria considerations are reflected in Table 2.

Table 2. Fracture toughness data for Al/SiCp and Al alloys and test validity.

Material Heat E Rpo.2 B a/W Olesr Ko Valid Reason
Treatm | (GPa) (MPa) (mm) (mm) (MPa
ent \/m)
2000 series Al AR 71 75 5.10 | 0.552 27.62 55,36 No 2¥*
2000 series Al AR 71 78 5.13 | 0.555 26.76 56,00 No 2¥*
2000 series Al AR 71 72 5.00 | 0.558 28.43 58,48 No 2¥*
A359/SIC/31p T1 108 158 9.20 | 0.456 20.79 19,28 Yes -
A359/SIC/31p T6 116 290 9.21 | 0.462 20.12 22,05 Yes -
A359/SIC/31p HT1 110 155 9.20 | 0.467 21.33 20.75 Yes -
A357/SIC/20p - - 215 - - - 18.60 - -
[16]
A359/S1C/10p - - 300 - - - 17.40 - -
[16]

**Validity criteria:
1 Excessive crack curvature

2 Thickness criteria not satisfied
3 Excessive plasticity
4 a/W out of range

5 Non-symmetrical crack front
6 In plane crack propagation
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Fig.4 Variation in crack curvature with specimen thickness.

Next to the crack curvature, another important validity criterion is the plane crack
propagation. It is very important to have a crack that propagates through the specimen
in plane strain conditions with limited plasticity, in a straight line preferably. Especially
for MMCs reinforced with brittle particles there was a high probability that a crack
deflects by the hard particles, and then propagates out of plane. All specimens showed,
however, valid plane crack propagation behaviour; thermograhic monitoring provided
this evidence shown in Figures 5a, b, and c.

In summary, in the tests performed for all MMC specimens, heat treated in three
different conditions, all validity criteria were met. Therefore, Ko values could be
considered as Kjc valid fracture toughness values. However, the aluminium alloy CT
specimens did not meet the thickness validity criterion. Hence, in this case, the Kq
values were kept for comparison purposes. As expected, fracture toughness values of
the composites were lower than those of unreinforced aluminium alloys, however, heat
treatment significantly improved Kjc of the composites; especially, T6 condition had
more effect in improving the fracture toughness values than the HT-1 condition. Also,
the Kjc values for all heat treatment conditions were higher than other MMC values
documented in the literature, even having lower weight percentage of silicon carbide
particles.

4.2 Thermography

A rectangular area on the specimen, located just in front of the initial pre-cracking
region, was selected, as shown in Fig. 5a. The development of fracture was monitored in
that area using infrared thermography. To accomplish this, the mean temperature in this
area versus time during crack growth was constantly measured. As the specimen is
stretched in tension, stresses are accumulating in the specimen, hence the temperature
increases as a function of time. When the accumulated energy becomes sufficient to



propagate the crack, it results in crack growth, which results in stress relief. This
corresponds to a pick in the temperature-time curve followed by a sudden decrease in
temperature. This behaviour has several repetitions, as shown in Fig. 5b, 5¢ and 5d. In
these figures the thermographic monitoring of Aluminium 2xxx alloy, Al/SiCp T6
composite, and Al/SiCp HT1 composite samples is presented respectively. These
representations show the different stages of crack growth up to the specimen’s final
fracture of each material. As it can be observed, just prior to fracture the plasticity zone
is clearly delineated on the specimen’s surface as a heated region, which may be readily
attributed to local plastic deformation. Furthermore, in all Figures, crack propagation
shows valid in-plane crack propagation throughout the experiment.

CT
specimen

Pre-crack

Selected
monitoring

Fig.5a CT specimen showing the selected area for
thermographic monitoring.
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Fig.5b Thermographic monitoring of Aluminium 2xxx CT sample showing the different stages
of crack growth up to the specimen’s final fracture.
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Fig.5¢ Thermographic monitoring of Al/SiCp T6 composite CT specimen showing the different
stages of crack growth up to the sample’s final fracture.
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Fig.Sd Thermographic monitoring of Al/SiCp HT1 composite CT specimen showing the different

stages of crack growth up to the sample’s final fracture.

A comparison of the thermography graphs in Figs. 5b, 5c, and 5d leads to the
conclusion that different crack propagation behaviour exists for the aluminium alloy and
the Al/SiC, composites. For the aluminium alloy, the temperature versus time curve in
Fig.5b shows some extended plasticity behaviour before final fracture occurs. This
behaviour is evidenced by the constant increase in temperature between the temperature
picks at the 60" and 140" seconds. The small specimen thickness may be the reason for
this behaviour. However, for the T6 heat treated composite material in Fig.5c, fracture
occurs in a more stable manner where elastic behaviour appears to be dominant as
indicated by the multiple temperature picks. Also, plasticity is formed in a more
balanced way regarding the overall fracture process. It was also observed that T6 heat
treated composites exhibited fewer picks compared to the HT1 heat treated specimens
(Fig. 5d). This is due to the presence of stronger interface in the T6 material due to
accumulation of precipitates near the interface, resulting in improvement of the fracture
toughness property of the material.

It can therefore be concluded that the T6 heat treated composite demonstrates
steady elastic crack propagation and this may be attributed to the microstructural
strengthening mechanism, such as precipitation hardening, where precipitates dispersed
in the interfacial region of the composite sustain stresses introduced during loading of
the sample providing balanced fracture behaviour.

4.3 Microstructural examination
Fractography of the rapid overload fracture region in MMC specimens tested did

show some particle fracture, mostly in the T6 heat treatment. This is in accordance with
previous observations [27]. In the T6 condition, SiC particles seem to be cracked but not
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debonded (Fig.6a) indicating a good interfacial bonding. It is usually the larger particles
that break because of the higher probability of finding a flaw of critical size and also
due to the fact those larger particles may have been cracked during fabrication. In the
HT-1 heat treatment condition, shown in Fig.6b, cracking was identified through the
interface region. This is not the desired propagation route since interface has to remain
uncracked to sustain the stresses arising from the crack. The as received condition T1,
shown in Fig.6c, shows some coalescence microvoids, evidence of ductile behaviour.
From the examination of microstructure in these materials becomes evident that heat
treatment clearly improves the fracture properties of the composite. This is related to a
precipitation hardening mechanism mainly due to the accumulation of precipitates at the
interfacial region.

Fig.6a T6 heat treatment condition: SiC particles
cracked but not debonded.

Fig.6b HT-1 heat treatment condition: cracking
through interface.
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Fig.6¢c As received condition: Presence of
coalescence microvoids indicating ductile
behaviour.

5. Conclusions

The determination of valid plane strain fracture toughness (Kjc) for particulate-
reinforced aluminium matrix composites subjected to different heat treatment conditions
has been achieved by satisfying all the validity criteria as per ASTM E399 standard.
Infrared thermography was used to monitor in real-time the various stages of crack
growth up to the specimen’s final fracture, in order to demonstrate that linear elastic
fracture mechanics approach was satisfied and support the validity of fracture toughness
measurements.

It was found that K¢ values reported in this paper are still lower than unreinforced
aluminium alloys, but higher than other MMC values documented in the literature, even
with lower weight percentage of silicon carbide particles.

Heat treatment processing is the key to this improvement, with the T6 heat treated
composite to convene the highest fracture toughness value. This can be attributed to a
dominant mechanism associated to microstructural changes in the composite. This
mechanism relates to the precipitates appearing in the microstructure of the composite at
the vicinity of the interfacial region, which results to the composite’s hardening.

Thermographic examination of the materials show that heat treated composite
samples exhibit regular crack propagation behaviour. Stress concentration, due to the
presence of particle reinforcements, produces controlled crack growth and higher
stresses, which are related to regular energy release by the material during fracture,
indicative of brittle fracture behaviour. However, the aluminium alloy shows large
plastic deformation during the test with few stress-picks.
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