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Materials with high specific strengths as well as damage tolerance are of great importance for automotive
and aerospace applications. Ceramic reinforced metal matrix composites (MMCs) show good potential for
these uses but have been hampered by insufficient ductility and production issues, both of which this
work looks to resolve. Nanoparticle reinforced 6061 aluminium alloy matrix composites have been pro-
duced by a powder metallurgy route and shown to exhibit high strength and Young’s modulus alongside
good ductility and low density.

A powder metallurgy route consisting of high energy ball milling, hot isostatic pressing (HIP) and
extrusion has proved a highly effective process for achieving a homogeneous distribution of particles,
with minimal clustering of the nanoparticles, at an industrially relevant scale. After heat treatment the
composites display high strengths, owing to SiC nanoparticle reinforcement as well as the age hardening
effect. The remarkable feature of nanoparticle reinforced MMCs compared to micron size reinforcements
is that particle fracture does not occur and effective particle–matrix bonding can be taking place, result-
ing in a greater combination of strength and toughness.

The combination of properties achieved by the composites studied in this work are superior to most of
the micron sized particle reinforced MMCs reported elsewhere and are well beyond what is possible with
traditional aluminium alloys.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Particle reinforced metal matrix composites (MMCs) are attrac-
tive materials for automotive and aeronautic applications due to
their high strengths and low densities. They are also interesting
for their high temperature behavior, good creep and wear resis-
tance, higher stiffness than Al alloys and ageing response [1–3].

Particle containing MMCs have significant benefits in process-
ability over continuous fiber MMCs but tend to have lower ductil-
ity. The majority of studies have concentrated on the mechanical
properties of Al alloy composites reinforced with micro-sized par-
ticles [4,5]. The effects of nano-sized reinforcements on the
mechanical properties have not been thoroughly studied [6]. This
class of MMCs has been shown to realise high strengths alongside
respectable ductility, but are reliant on homogeneous microstruc-
tures [7] and are more complicated to process, typically using pow-
der metallurgy (PM) techniques [8].
Aluminium alloys are regularly chosen as a matrix because of
their low density, good isotropic mechanical properties, excellent
corrosion resistance and reasonable cost. Amongst aluminium al-
loys, 6061 is an Al–Mg–Si alloy widely used for structural applica-
tions due to its good strength, weldability, corrosion resistance,
immunity to stress corrosion cracking as well as heat treatability,
forming precipitates that increase the strength at the cost of some-
what reduced ductility [9,10]. SiC is commonly chosen as a rein-
forcement phase due to its suitable properties, such as high
strength, Young’s modulus, thermal shock resistance, and because
it can form a strong bond to aluminium [11]. The matrix–particle
interface strength is important as it governs the efficiency of load
transfer, affecting the strengthening, as well as the ease of decohe-
sion, which has implications for the composite’s failure mechanism
[12]. The formation of Al4C3 in Al/SiC composites degrades the par-
ticles and the fibers, and results in composites with poor mechan-
ical properties. Therefore, during the composite fabrication, three
primary techniques have been employed for controlling the delete-
rious interfacial reactions: (1) modification of matrix chemical
composition: for example, Si was added into the aluminum alloy
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Fig. 1. X-ray diffractograms of cross sections of the samples in the as-extruded and
heat treated conditions.
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matrix, in order to hinder the above interfacial reaction [13]; (2)
surface reinforcement modification: the surface reinforcement
modification by coating or passive oxidation has been successful
to some extent in preventing the detrimental interfacial reaction
and enhancing the materials wettability [14,15]; (3) processing
parameter is controlled so that the extent of the interfacial reaction
can be limited. Examples are controlling the processing tempera-
ture and holding time during composite fabrication. Thereby, the
various composite processing methods such as compocasting,
squeeze casting, semisolid forming, spray forming, and powder
metallurgy can be used for the composite fabrication [8,16,17].

The two main parameters related to the reinforcement particles
are the volume fraction and size of the reinforcing particles. With
increasing particles’ volume fraction the strength is improved
due to a greater number of dislocation barriers but at the cost of
reduced ductility, as deformation is localised on a smaller volume
of the plastic matrix which is then less able to accommodate the
deformation [18]. An increase in strength can be obtained with
decreasing particle size, owing to a greater number of particles
for the same volume fraction, whilst at the same time ductility is
preserved because, below a critical size, particles no longer
fracture [4]. As well as Orowan strengthening, particles pin grain
boundaries, stabilise substructure cells, can accelerate the ageing
response and increase the work hardening rate [10,19]. Particu-
larly, an accelerated ageing process was observed in Al alloy matrix
composites reinforced with SiC particles due to the thermal expan-
sion coefficient (CTE) differences between the Al matrix and the SiC
reinforcement [20].The present work aims to develop high-
strength, ductile and low density composites for structural applica-
tions. It focuses on novel Al 6061 alloy composites reinforced with
SiC produced by means of a powder metallurgy process using SiC
nanoparticles (<500 nm) and a low temperature ageing treatment.

2. Experimental procedure

Composite billets with 10 wt% and 15 wt% SiC reinforcement particles with
average size lower than 500 nm diameter were provided by Aerospace Metal Com-
posites Ltd. (AMC). These were produced by a proprietary process including high
energy ball milling followed by hot isostatic pressing (HIP).

To allow comparisons to be made, an unreinforced alloy was produced from
sieved Al 6061 powder, average diameter 10 lm. This was cold unidirectionally
compacted with a load of 50 Tons to produce billets of 30 mm diameter and
30 mm height.

All these materials were then extruded in a Fogg & Young extruder with an
extrusion ratio of 14:1 obtaining bars of 7.5 mm in diameter and �1 m in length.
Samples were heated to 450 �C in 15 min and held for 20 min prior to extrusion.
An extrusion speed of 8 mm/s was used. After extrusion the samples were allowed
to air cool.

Following extrusion, a solutionising, T4, heat treatment at 525 �C for 1 h was ap-
plied followed by water quenching. An artificial ageing, T6, treatment was then per-
formed at 125 �C for 8 h followed by air cooling. A lower ageing temperature was
used in contrast with that normally used in the literature (160 to 185 �C) in order
to obtain a very refined precipitation and higher ductility and toughness. It is ex-
pected that at this low temperature it can be obtained an optimum T6 condition
for the composites and strong bonds between the SiC and the Al matrix without
brittle particles formed at the Al–SiC interface [10,19–21].

Microstructural characterisation was performed in the pre-extruded, as-ex-
truded, solutionised and aged states. For this X-ray diffractometry (XRD) was car-
ried out in a h�2h diffractometer Philips 1810 using Cu Ka radiation, voltage of
35 kV, current of 50 mA and step size 0.02�, while scanning electron microscopy
(SEM) was performed on JEOL 6300 and JEOL 840A with an energy dispersive X-
ray spectrometer (EDX), and JEOL 840F field emission gun (FEG) microscope. Trans-
mission election microscopy (TEM) was performed on a Philips CM20 and a JEOL
2000FX with an energy dispersive X-ray spectrometer (EDX).

After microstructural characterisation the mechanical properties were evalu-
ated. Microhardness measurements were performed on a Wilson Instruments Vick-
ers microhardness tester with a load of 500 g for 20 s. The values recorded for each
sample were made from an average of 20 indents across the extruded bar. In addi-
tion, tensile tests were performed on a 100 kN Instron tensile test machine, at room
temperature at a strain rate of 10�4 s�1. The samples were machined to ASTM stan-
dard ‘E 8 small-size specimen 4’ with 16.0 ± 0.1 mm gage length, 4.0 ± 0.1 mm gage
diameter. Two specimens of each material were tested to evaluate the consistency
of the response.
3. Results and discussion

3.1. Microstructural characterisation

Fig. 1 shows the X-ray diffractograms of cross sections of the
samples in the as-extruded and aged conditions. The a-Al peaks
are clearly visible. The peak observed for the 6061 alloy and com-
posites at �36.5� remained after the ageing heat treatment and
was assigned to the a-AlFeSi intermetallic [22]. Lastly, peaks of
the 6H–SiC phase can be seen in the two composites; with higher
peak intensities for the 15 wt% SiC sample, as would be expected.
No peaks of the Al4C3 phase were observed, suggesting that little
or no interfacial reaction has occurred, which is known to embrittle
the composite when present [11].

The higher relative intensity of the peak (111) with respect to
the standard pattern for the Al suggests Al grain texture in {111}
along the extrusion direction, as has been seen by Poudens et al.
[23].

Secondary electron images of the composites in the as-extruded
condition are shown in Fig. 2 in which a homogenous distribution
of blocky <500 nm particles, identified as SiC by EDX, are seen. No
clustered particles were observed. Samples were also analysed in
the heat treated state, with no major difference in the microstruc-
ture observed.

TEM bright field images representative of the as-extruded 6061
Al alloy and composite samples are shown in Fig. 3. It can be seen
that the 6061 Al alloy in the as-extruded condition has <100 nm
precipitates within the Al grains and also at the grain boundaries,
as shown by the arrows (Fig. 3(a)). A combination of <500 nm SiC
particles and the <100 nm precipitates can be seen for the SiC com-
posites in the as-extruded condition (Fig. 3(b) and (c)). EDX was
carried out on particle A (Fig. 3(d)) and particle B (Fig. 3(e)) in
the as-extruded composites and the result is displayed in
Fig. 3(f), strongly suggesting that these particles are SiC. During
TEM analysis no clear aluminium carbides or intermetallics were
observed at the Al matrix–SiC particle interface, agreeing with
the XRD findings. As the SiC in Al is thermodynamically unstable
the Al4C3 phase is normally formed at the interface during the
composite fabrication with the melted Al or with the solid state
Al matrix during long time at high temperature treatments
[16,20,24]. Other authors also observed intermetallic precipitates
at the Al matrix–SiC interface, for example, Mahon et al. [20] ob-
served fine intermetallics containing Mg and Cu precipitated at
the Al 2124 matrix–SiC interface after an ageing treatment at



Fig. 2. Secondary electron images of (a) 10 wt% SiC composite and (b) 15 wt% SiC composite in the as-extruded condition.

Fig. 3. TEM Bright field images of (a) as-extruded 6061 Al alloy (arrows show precipitates at a grain boundary), (b) as-extruded 10 wt% SiC, (c) as-extruded 15 wt% SiC
samples, (d) a SiC particle ‘A’ in 10 wt% SiC, (e) a SiC particle ‘B’ in 15 wt% SiC and (f) EDX results on particle ‘A’ and ‘B’.
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177 �C for 8 h. In the present work the whole process was per-
formed in the solid state and the ageing treatment was carried
out for 8 h at 125 �C which hindered the formation of any carbide
and intermetallics at the Al matrix–SiC particle interface. The
microstructure of the composites has been found to have an even
dispersion of blocky <500 nm SiC particles within the 6061 alloy
matrix that also contains smaller, <100 nm, intermetallic precipi-
tated inside the Al grains and at the Al grain boundaries, produced
during the extrusion and the thermal treatment of the composites.

3.2. Mechanical properties

The results of microhardness testing are summarised in Table 1.
A clear trend of increasing hardness with volume fraction of rein-
forcement is seen in both the as-extruded and aged conditions.
Also notable is that the SiC containing composites exhibit a greater
increase in hardness after heat treatment, which is thought to be
due to the SiC particles facilitating an improvement in ageing re-
sponse, as it was observed previously for other Al based compos-
ites [25,26]. This has been attributed partially to the presence of
a high dislocation density around particles, generated during cool-
ing due to the thermal expansion coefficient (CTE) differences. The
dislocations are punched out at the reinforcement–matrix inter-
faces to relax the stress generated due to the mismatch in the CTEs
of Al (24 � 10�6 K�1) and SiC (4 � 10�6 K�1) [27,28]. The greater
dislocation density would increase solute atom diffusion rates as
well as reducing the activation energy for nuclei formation
[25,26,29,30]. Due to this effect the composites may reach their
peak hardness after shorter heat treatment times or at lower tem-
perature than the unreinforced alloy [26].

The tensile engineering stress–strain curves are shown in Fig. 4,
and the material properties evaluated from them, in Table 1. There
is a clear trend of increasing yield stress (0.2% offset), ultimate ten-
sile stress (UTS) and Young’s modulus with increasing particle vol-
ume fraction. The increase in Young’s modulus (E) implies there is
good load transfer occurring between the particles and matrix, by a
strong bonding between Al and SiC [11,33]. The values achieved
are high for particle based composites, which are inherently lim-
ited in the extent of loading possible as is the case for short fiber
composites [34]. The E values measured for the 6061 Al alloys
and SiCp composites studied are in correlation with the E values re-
ported for the commercial composites summarized in Table 1.

The yield stress and the UTS values obtained are also in correla-
tion with the corresponding values reported for the commercial
composites summarized in Table 1.

The strain to failure decreases with SiCp volume fraction, as
would be expected when adding a brittle component. However,
the decrease is not as severe as is often seen with micron sized



Table 1
Summary of mechanical properties of the 6061 Al alloy and their SiCp composites studied and for comparison commercially produced composites with micron sized
reinforcements from Alcan [31] and DWA composites [32] are also shown. Vickers microhardness in as-extruded and aged conditions, tensile testing results: Young’s modulus (E),
yield stress (ry, 0.2% offset), ultimate tensile strength (UTS), strain to failure (ef), energy to fracture (calculated by the area under the stress strain curves) and average dimple size,
in as-extruded and aged conditions.

Material Vickers microhardness
(lHV500 ± S.D.)

Average values of tensile tests
As-extruded samples (E)
Heat treated samples (HT)

As-extruded heat treated (E)
Heat treated (HT)

E
(GPa)

ry

(MPa)
UTS
(MPa)

ef

(%)
Energy to fracture
(J m�3)

Avg. dimple size
(lm)

Al 6061 (E) 57.4 ± 1.1 68.5 131 205 16.5 30 1.22
Al 6061 (HT) 82.1 ± 1.8 69.5 226 342 20.5 55.5 1.11

Al 6061 + 10 wt% SiC (E) 88.1 ± 1.8 87 192 287 15 39.5 1.42
Al 6061 + 10 wt% SiC (HT) 126.1 ± 2.0 90 281 424 17 58.5 0.93

Al 6061 + 15 wt% SiC (E) 101.9 ± 2.0 103 229 329 14 41 1.45
Al 6061 + 15 wt% SiC (HT) 137.6 ± 1.7 99 307 449 15.5 56 0.98

Al 6061 T6 + 15 vol% SiC * Cospray Alcan
[31]

– 96 350 420 8 – –

Al 6092 T6 + 17.5 vol% SiC * DWA [32] – 105.5 400 460 3 – –
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Fig. 4. Engineering stress–strain curves of 6061 Al alloy and 10 wt% SiC and 15 wt%
SiC composites samples in the as-extruded and heat treated conditions.
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reinforcements, such as those shown in Table 1 for commercial
composites produced by co-spray by Alcan International Ltd. [31]
and DWA Aluminum Composites [32]. It is worth noting that the
strain to failure obtained for 15 wt% SiCp (<500 nm) composite is
2 times higher than that developed by co-spray by Alcan for the
same matrix and volume fraction of SiC particles but with lm size
[31]. It should be noted that because of the increase in strength and
the small reduction in strain the area under the stress–strain
Fig. 5. Fractography of (a) 6061 alloy, (b) 10 wt% SiC a
tensile curves (energy to fracture), which is an indication of ‘‘static
toughness’’, is maintained for the composites studied.

The maintenance of the energy to fracture with reinforcing par-
ticles present can be in part attributed to the particles being suffi-
ciently small that there is no chance of a fracture event occurring
within the particle. This is due to (i) good particle distribution with
no clustering since clusters are known to fail prematurely and are
less effective at transferring loads [35] and (ii) the reduced stress
within each particle as well as the reduction in flaw size [5]. The
trends observed can be seen in both the as-extruded and heat trea-
ted conditions with a large boost in properties achieved by the heat
treatment. The low temperature ageing treatment chosen (125 �C
for 8 h) improved all the mechanical properties values, microhard-
ness, yield stress, UTS, Young’s modulus and even the strain to fail-
ure. As a main consequence the ‘‘energy to failure’’ has been
increased strongly. This benefit can be explained by a strong bond
between Al matrix and SiC particles with no brittle phase precipi-
tating at the interface, and very fine precipitates distribution inside
the Al grains.

The fractured surfaces of the samples tested are shown in Fig. 5.
All the samples showed failure by macro-void coalescence due to
the ductile 6061 alloy matrix. This would be expected because par-
ticles often initiate voids, as has been observed in micron rein-
forced composites [36] but the average void size (see Table 1)
was found to have little change with the addition of the nanopar-
ticles. It was not clear whether voids systematically contained
ceramic particles as few were found with particles, but the empty
voids may have lost their initiating particle after fracture. There
nd (c) 15 wt% SiC all in the as-extruded condition.
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was also no evidence of single particle fracture. The lack of particle
fracture can be attested by the fact that no drop in the Young’s
modulus was observed after small strains. Such a drop is typical
for composites with larger sized particles, where particle fracture
occurs during the early stages of straining, reducing their stiffening
effect [20].

The smaller dimple size found for the aged samples respect to
the as-extruded samples could be related to the very fine distribu-
tion precipitates obtained by the low heat treatment temperature.
4. Conclusions

The powder metallurgy route used, consisting of high energy
ball milling, HIP and then extrusion, was found to be an effective
method of producing composites with a homogeneous distribution
of particles, without clustering which led to maximise the benefits
that particle reinforcement brings to the mechanical properties.

The process and the heat treatment used for the artificial ageing
during 8 h at 125 �C allowed hindering the formation of the detri-
mental Al4C3 and brittle intermetallics at the Al matrix–SiC particle
interface, but obtaining a strong particle–matrix bonding which al-
lows an effective load transfer that results in an effective improve-
ment in the Young’s modulus.

The fine SiC reinforcement sizes (<500 nm) used contribute to
more efficient strengthening of the composites than a similar vol-
ume fraction of larger particles, because there are a greater number
of barriers to dislocations and the particles do not fracture during
the deformation, which results in high strength preserving the ‘‘en-
ergy to fracture’’ under tensile stress deformation.

The composites produced in this research, combining the use of
small SiC particles (<500 nm) and low ageing temperature, display
high strength and hardness whilst maintaining remarkable ductil-
ity. The combination of these properties is superior to existing al-
loys and similar composites.
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