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a b s t  r  a c  t

Al 5083  alloy  powder  with  10 wt.%  (� 8.43  vol.%)  of  silicon  carbide  (SiCp)  nanoparticulates  having  size
of  � 20 nm  were  milled  using  a high-energy  planetary  ball  mill  to  produce  Al 5083/10  wt.%  SiCp (Al
5083/SiCp)  nanocomposite.  Subsequently,  the  milled  powders  were  consolidated  and  sintered  by  employ-
ing spark  plasma  sintering  (SPS)  technique  in order  to  attain  the  near  theoretical  densi�cation  while
retaining  the  nanostructure  of  Al  5083  matrix  embedded  with  uniformly  distributed  SiCp. High  resolu-
tion  transmission  microscopy  (HR-TEM)  analysis  revealed  the  grain  morphology  and  grain  size  of  the
owder metallurgy
lectron microscopy
l 5083/10 wt.% SiCp nanocomposite
park plasma sintering
nterfaces

Al 5083  matrix  along  with  the interfacial  microstructure  between  Al  5083  matrix  and  SiCp particulates.
The  crystallite  size  of  ball  milled  Al 5083  matrix  was  observed  to be  � 25  nm  and  was coarsened  up to
30  nm  after  rapid  consolidation  and  sintering  using  SPS.  Compressive  strength  and  elastic  modulus  of  Al
5083/SiCp metal  matrix  nanocomposites  was signi�cantly  increased  to  that  of  the  un-reinforced  Al  5083
alloy.  Nanoindentation  measurements  on these  nanocomposites  demonstrated  the  hardness  of  � 280  HV
with an  elastic  modulus  of 126 GPa.
.  Introduction

Al alloy/SiCp based nanocomposites are �nding numerous appli-
ations in the design and construction of automobile and aerospace
tructures, which possess high strength and elastic modulus [1].  Al
ased composites are important for manufacturing brake drums,
ylinder liners, cylinder blocks, drive shafts, rotor vanes, rotor
lates in automobile and as well an in aerospace industries [2,3].
l 5083 alloy has been chosen for this study because of its high
trength and non-heat-treatable in commercial use. It has good
eldability, formability, excellent tensile strength and corrosion

esistance. These properties are desirable for structural applica-
ions requiring high strength and moderate ductility. In general,
anocomposites are the materials that incorporate nano-sized
eramic particles into the matrix of standard alloy, which results
n drastic improvement in properties such as mechanical strength,
oughness in Al based composites, etc. [4]. There are quite a few

ethods available to synthesize metal matrix composites in bulk
uantity at inexpensive production cost, e.g., squeeze casting [5],

iquid metal in�ltration [6] and ball milling. In the case of squeeze

asting and in�ltration methods, the addition of nanoparticles to
he melt leads to inhomogenity of second phase distribution in the

atrix, due to their poor wettability and the formation of undesired

� Corresponding author. Tel.: +91 11 45608443; fax: +91 11 45609310.
E-mail  addresses: bsivaiah@gmail.com, sivaiahb@mail.nplindia.org (S. Bathula).
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' 2012 Elsevier B.V. All rights reserved.

intermetallic phases and undesired residual porosity. Ball milling
[7] is a technique for the production of nanocomposite powders.
The action of re-welding and fracturing of ceramic and metallic
powders in a highly activated milling media leads to achieve ultra-
�ne grained or nanostructures in the matrix.

Subsequently the powders are consolidated and sintered by
various conventional sintering techniques. However, conventional
sintering of nanocomposites with longer duration of sintering
cycles leads to excess grain growth in the material, due to the
excess free energy associated with the large amount of grain
boundary area of the nanostructured matrix, which thermodynam-
ically favours grain growth. It is well recognized that the pressure,
temperature and sintering time are the critical parameters for con-
solidation and sintering of nanocomposite powders. There are few
approaches available in the literature for consolidation and sinter-
ing of nanocomposites such as, hot pressing, hot isostatic pressing
(HIPing), resistance sintering process and spark plasma sintering
(SPS), etc. HIPing technique was  used [8] for the densi�cation of
nanostructured materials. The densi�cation was  associated to the
nucleation and growth of neck formation at contact points that �ll
up the pores accomplished by plastic deformation during applica-
tion of stress associated with power-law creep and mass diffusion
to the remaining free surfaces. The grain growth of the materials

would lead to near theoretical densi�cation, however, it adversely
affects the mechanical properties. The same sintering technique
was used for consolidation of cryomilled Al 5083/SiCp nanocom-
posite powders [9] had a grain size of the order of 30 nm and it was

dx.doi.org/10.1016/j.msea.2012.02.095
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
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ncreased to 100�200 nm.  The microstructure had shown bimodal
istribution of grain sizes with the inter-particle regions formed via
lemental diffusion due to longer duration of HIP sintering cycle.
he higher sintering temperatures in HIPing improved the wetta-
ility of SiCp with matrix of Al alloys, however, it resulted in the
ormation of Al4C3 and free silicon at interface reducing the crack
oughness properties of bulk material. Similar rapid sintering tech-
ique such as, resistance sintering [10] was used to consolidate
l/SiCp nanocomposites at higher heating rates and shorter sinter-

ng (� 1 s) cycles to produce high strength nanocomposites. This
echnique resulted in narrow pores and voids in the microstruc-
ure that limits the densi�cation. These constraints can minimized
o lowest possible extent with the use of rapid sintering technique
uch as SPS and this technique was the most successful for consoli-
ation and sintering of nanocomposite powders for obtaining near
heoretical densi�cation with enhanced mechanical properties. The
apid heating rates and shorter sintering cycles with simultaneous
pplication of load avoids grain growth in nanocomposites on the
omposite powders are favoured to have prohibition in terms of
rain growth.

In the present investigation we adapted a ball milling technique
ollowed by SPS to synthesize the Al 5083/10 wt.% SiCp nanocom-
osite in bulk with improved mechanical properties. The absence of
ores and voids in the microstructure with near theoretical density
as been demonstrated and discussed. Mechanical characteristics
y evaluating the data of nanoindentation delineated the hard-
ess and strength pro�les of these composites in the matrix and
atrix/SiCp interface as well.

.  Experimental  procedure

Al 5083 alloy (Al�4.5Mg, 0.9Mn, 0.4Mn, 0.4Si, 0.2Cu, 0.15Ti,
.25Zn) powder having a size � 15 � m (density: 2.66 g/cm3) was
all milled along with 10 wt.% of SiCp nanoparticulates of size
20 nm (density: 3.21 g/cm3) in a Fritsch  make Pulverisette-4  ball
ill for 15 h. The vial of the ball-mill and the milling media were
ade up of stainless steel. The ball-to-powder weight ratio was
aintained at 20:1 and milled in argon atmosphere with a milling

peed of 400 rpm for 5 min  on- and off-cycles, respectively. In order
o prevent the re-welding and promote the fracturing of powder
articles, 2 wt.% of stearic acid was added as a process control
gent. Prior to consolidation and sintering, ball milled nanocom-
osite powder was kept in Mbraun  make  glove box to minimize
xidation and other atmospheric contamination.

Crystallite size measurements were carried out using an X-ray
iffractometer (model: D8  Advanced, make: Bruker ). In order to
alculate the �nal crystallite size of milled powders, full width
alf maxima (FWHM) values were subtracted for instrumen-
al broadening and K� 2 corrections. Average crystallite size was
alculated using Scherrer and Williamson…Hall  methods by con-
idering four high intensity peaks obtained for Al 5083 matrix,
.e., (1 1 1), (2 0 0), (2 2 0) and (3 1 1). Nanocomposite powders of
l5083/10 wt.% SiCp were subsequently consolidated and sintered
nder vacuum (� 4 Pa) using SPS (model: SPS 725, make: Dr.  Sinter,
apan) at a pressure of 50 MPa, at 500 � C for 3 min  using graphite
ie and punches. The heating rate was maintained at 300 � C per
in. The surface morphology of ball milled powders and sin-

ered pellets were studied by scanning electron microscope (SEM
odel: EVO MA10 ,  make: Zeiss). Micro hardness measurements
ere done using Vickers microhardness tester (model: FM-e7)
ith a load of 100 g for 10 s of indentation time. The density of
omposites was measured by conventional Archimedes principle.
igh resolution transmission microscopy (HR-TEM, Model: Tec-
ai  G2 F 30  STWIN, FEG source, electron  accelerating  voltage  300  kV)
as carried out on milled powders and SPS samples to study the
Fig.  1.  (a) XRD peak pro�le of (a) un-milled Al 5083 alloy, (b) Al 5083/SiCp high
energy ball milled for 15 h and (c) Al 5083/SiCp after SPS process.

dispersion of different nano-constituents in the matrix and the
interface of Al 5083/SiCp nanocomposites. Elastic modulus and
hardness measurements were performed using nanoindentation
technique (M/s  Fischer-Cripps  Laboratories  Pvt. Limited,  Australia ) at
a load of 50 mN.  The mechanical properties were derived from the
measured load�penetration depth curves under loading/unloading
through standard data analysis software. Compression test has
been performed at room temperature as per ASTM standard (ASTM
E9-09) with a length/diameter ratio of 2.0 using INSTRON 4204  test-
ing facility under uni-axial loading with a strain rate of 5 × 10Š5 sŠ1.

3.  Results  and  discussion

X-ray diffraction analyses (XRD) were carried out for un-milled,
milled for 15 h and SPS derived Al 5083/SiCp nanocomposites.
Scherrer and Williamson…Hall  methods [11] were used to calculate
crystallite size and lattice strain of the Al 5083 matrix. The charac-
teristic XRD peak pro�le shown in Fig. 1 indicates a sharp decrease
in peak intensity with an increased peak broadening for the pow-
ders ball milled for 15 h. It is known that the impact and shear
forces of milling media induces crystalline defects such as dislo-
cations and stacking faults [12]. This further leads to increase in
the stored energy of the system up to a critical value. Beyond this,
reduction of energy takes place by forming sub-grains and high
angle grain boundaries over the entire volume of milling powder
leading to nanostructure. The �nal grain size of Al 5083 matrix
composite powders depends primarily on SiCp content and the
milling time [13]. The average crystallite size and lattice strain were
measured to be � 25 nm and 0.43 respectively, after 15 h of high
energy ball milling. The SEM micrographs of both as-received and
milled powders for 15 h have been shown in Fig. 2(a) and (b). The
powders at the starting stage of milling were spherical in shape
with an average size of 15 � m and the ball milled powders have
shown facetted morphology with the particle size between � 40 and
50 � m (Fig. 2(b)). The increase in particle size could be explained
on the basis of welding of particles at the �rst instant followed by
fracture at the second [14]. During milling, the hard particles of
SiCp nanoparticles were distributed homogeneously as shown in
Fig. 3(a) and are embedded into the deformed Al 5083 soft matrix
forming agglomerated particles of Al 5083/SiCp composite powders
(Fig. 3(b)). It is further to note that the energy dispersive X-ray anal-
ysis (EDX) analysis did not reveal any evidence of the formation of

reactive products such as Al4C3 and free silicon after 15 h of milling.
This is further to mention that EDS analysis showed the dispersion
of SiC nanoparticulates in Al 5083 alloy matrix (Fig. 3(c)). High res-
olution TEM bright-�eld images (Fig. 4) of ball milled Al 5083/SiCp
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Fig.  2.  SEM images of Al 5083/SiCp powders after (a) un-milled A

anocomposite powders depicted the average grain size of � 28 nm
ith a homogeneous dispersion of SiCp.

A detailed microscopy of SPS nanocomposites elucidated some
mportant features at nano and lattice scale. It is known that SPS

echnique works mainly based on the electric spark discharge,
here a high energy pulsated current momentarily generate

park plasma between the particles resulting in highly localized

ig.  3.  (a, b) SEM images of Al 5083/SiCp powders after 15 h of high energy ball milling, sh
3 alloy and (b) Al 5083/SiC after 15 h of high energy ball milling.

temperatures. It is recognized that the heat generated at the point
contacts of the particles vaporize contaminants and break the oxide
layer on the surface of Al 5083 particles prior to neck formation
[15]. In the present work, the high resolution SEM images of spark

plasma sintered Al 5083/SiCp nanocomposite shown in Fig. 5(a)
and (b) indicates the nano-sized SiCp distributed uniformly in the
Al 5083 matrix. The rapid heating rates of SPS resulted in the

owing the dispersion of SiCp and (c) EDS spectrum of SiC particle as indicated in (b).
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Fig.  4.  (a, b) TEM bright-�eld images of Al 5083/SiCp powders after 15 h of high energy ball milling, showing SiCp dispersion.

Cp nan

f
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Fig.  5.  (a, b) SEM images of spark plasma sintered Al 5083/Si
ormation of half-liquid and half-solid tendency in the Al 5083 par-
icles with the simultaneous application of load. Due to the shorter
intering time cycle, the mass transport is limited and therefore
he interior portion of the particles consisting of nanocrystalline

Fig.  6.  HR-TEM image of spark plasma sintered Al 5083/SiCp nanocomposite afte
ocomposite powders after SPS, showing minimum porosity.
grains remains unchanged. This leads to free �ow ability of particles
occupying the SiCp nanoparticles regions containing the gaps/pores
resulting in maximum densi�cation. Apart from the reinforce-
ment, neither voids nor cracks were detected and nanoparticles

r SPS, showing large number of �ne grains aligned in different directions.
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Fig.  7.  HR-TEM images of spark plasma sintered Al 5083/SiCp nanocomposite after SPS, (a) large number of nanocrystalline grains over entire matrix of Al 5083 alloy along
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tive for improving the mechanical properties. A similar study [22]
revealed that the average grain size was � 220 nm.  Addition of SiCp
to the Al 5083 alloy had shown 26% increase in UTS, but a 92%
decrease in elongation, in comparison with the tensile properties
ith  a SiCp, (b) interface between Al 5083 and SiCp and (c) Al 5083 alloy matrix latt
n  the sample, X-axis: keV, Y-axis: intensity (arb. unit), inset in (c) shows correspon

f SiCp surrounded with the nanostructured Al 5083 grains have
een clearly observed in Fig. 5(b). However, the high magni�cation
icrographs recorded employing HR-TEM revealed a �ne grained
icrostructure with the networked dislocations. A representative

f such image is shown in Fig. 6. Further detailed analysis eluci-
ated that a good interface was evolved around the SiCp in the
-Al matrix (Fig. 7(a)). Moreover, there has been no visible poros-

ty delineated at the interface around SiCp even at nano-scale.
he EDAX spectrum of the SiC nanoparticle dispersed in Al-matrix
xhibits the presence of the peaks corresponding to C at 0.27 keV
energy level: CK� 1,2 is 0.277 keV), Al at 1.49 keV (energy levels:
lK� and AlK� are 1.487 and 1.553 keV) and Si at 1.79 keV (energy

evels: SiK� 1,2 and SiK� are 1.74 and 1.829 keV), as displayed in
he inset of Fig. 7(a). The lattice scale imaging shown in Fig. 7(b)
evealed that the planes of SiCp (d-spacing: 0.25 nm) and Al 5083
d-spacing: 0.23 nm)  with an interface thickness of � 1.5�2 nm has
een observed. One of the grains of Al 5083 matrix resolved at lat-
ice scale had shown the arrangement of (1 1 1) planes through
ut the microstructure as shown in Fig. 7(c). The corresponding

nset exhibits the fast Fourier transform (FFT) oriented along [0 1 1]
one axis, con�rming the face centered cubic crystal (fcc) struc-
ure of � -Al. Apart from the retained nanostructure, there is no
ppearance of any intermetallics formation has been observed.
arlier results on Al 5083/5.97 wt.% SiCp nanocomposite [16,17]
repared by cryomilling and consolidation by HIPing technique
ad shown dispersed SiCp particles and free of SiCp regions with
imodal grain size distribution in the microstructure. The reasons
or SiCp free regions are mainly attributed to elemental diffusion
nto the inter-particle pores during the HIPing process of longer
intering cycle. However, in the present work, SPS processed Al
083/SiCp nanocomposite exhibited homogeneous distribution of
iCp in Al 5083 matrix due to the faster heating rates of SPS with
horter sintering cycles and the simultaneous application of load.

.  Mechanical  properties  and  nanoindentation

Microhardness was recorded on Al 5083/SiCp nanocomposite
nd nanostructured Al 5083 alloy has shown hardness values of
250 and 148 HV, respectively. Signi�cant enhancement in the

ompressive strength of � 824 MPa  was observed for Al 5083/SiCp
anocomposite due to dislocation pile-ups related to that of
rowan strengthening at grain boundaries. It is reasonable to admit

hat the shear band could not be formed in these composites, due

o its dif�culty in the dislocation movement through the dense SiCp
articulates dispersed in the nano-crystalline Al 5083 matrix [18].
s a result, the ductility of the nanostructured matrix reinforced
ith SiCp regions was observed to be low. But, as per the inverse
aging. Inset in (a) is EDAX spectrum showing the presence of C, Al and Si elements
FT.

Hall�Petch effect, ductility in the nanomaterials is still possible with
the reduction in grain sizes, which in turn results in a larger fraction
of the atoms decorating the grain boundaries and suppressing the
dislocation pile-ups. However, dislocation movement through mul-
tiple grains and sliding of grain boundaries becomes easier driven
by high stress, even in the absence of thermally activated process
[19]. Porosity level was  very minimum for Al 5083/SiCp nanocom-
posites after SPS, whereas for the sintered samples it was  observed
to be at the higher side as reported for HIPing technique [16]. Al
5083/SiCp nanocomposites have achieved almost theoretical den-
sity, due to absence of void or crevice formation in our case.

Compressive strength test after SPS was conducted at room
temperature under uni-axial compressive loading and stress�strain
curves of the Al 5083 alloy and Al 5083/SiCp were shown in Fig. 8.
As sintered cylindrical samples with an L/D ratio of 2.0 were tested
under uni-axial compression test between two  �at and paral-
lel platens. The relationship for the bulge correction factor was
derived using an analytical procedure [20,21]. The bulge correc-
tion factor was used during the calculation of actual �ow stress for
un-reinforced and un-milled Al 5083 alloy along with nanostruc-
tured Al 5083 alloy and Al 5083/SiCp nanocomposite. The bulge
corrected �ow stress values were shown in Fig. 8. The addition of
the nanostructured reinforcement was found to be highly effec-
Fig.  8.  Typical stress�strain curves from the compression test for un-milled Al5083
alloy, nanostructured Al 5083 alloy and Al 5083/SiCp nanocomposite.
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ig.  9.  Hardness and elastic modulus of the Al5083/SiCp nanocomposite with the
ariation of SiCp content.

eported for the nanocrystalline Al 5083 alloy [22]. In the present
tudy, nanostructured Al 5083 alloy after 15 h of milling and with
he addition of the 10 wt.% of SiCp has been resulted in apparent
ncrease of the compressive strength from 629 MPa  to � 824 MPa,

here as the compressive strength of un-reinforced and un-milled
l 5083 alloy was found to be 305 MPa. Percentage elongation was

imited to 2.5% for Al 5083/SiCp nanocomposite and it was observed
.12% for nanostructured Al 5083 alloy as compared to that of 13.8%
or Al 5083 alloy. The inferior ductility or the ductile instability was
eported mainly due to the lack of strain hardening in nanocrys-
alline materials with the low activity of dislocations [23]. Ductility
an also be improved by introducing coarse-grained regions in the
anocomposites, which increases the strain hardening effect and
cts as crack arrester in turn improving the ductility of the mate-
ial. However, introducing the coarse grained structure into the
anostructured materials signi�cantly affects the tensile and com-
ressive strength levels.

In order to study the elastic and plastic behavior of Al 5083/SiCp
anocomposite at microscopic level nanoindentation test was
erformed [24]. This test was operated in the submicron depth
ange with nanometer resolution. The hardness and elastic mod-
lus of Al 5083/SiCp nanocomposite was evaluated from the load
50 mN)�penetration depth curves obtained in nanoindentation
ests. Fig. 9 shows the enhancement in hardness and elastic mod-
lus of the metal matrix nanocomposite with the variation of SiCp
ontent. Measured hardness and elastic modulus values for un-
illed and un-reinforced Al 5083 alloy were found to be 98 HV and

8 GPa and by ball milling of Al 5083 alloy for 15 h, these values
re enhanced to 148 HV and 78 GPa. With the addition of 10 wt.%
iCp to Al 5083 alloy had shown signi�cant improvement in hard-
ess of � 280 HV and elastic modulus of 126 GPa. Hardness values
f Al 5083/SiCp nanocomposite obtained by Vickers microhardness
ester was in good agreement with nano-indention hardness val-
es. Similar behavior in other metal matrix nanocomposite [25]
evealed that the addition of 20 vol.% Al2O3 to the Al 356 matrix
ncreased the hardness and elastic modulus from 75 HV and 74 GPa
o 216 HV and 86 GPa, respectively. Elastic modulus of the com-
osites increased from 70 GPa for pure Al to 75 GPa and 85 GPa
or the composites with 20 and 40 vol.% of Al70Ti20Ni10 reinforce-

ent, respectively [26]. In the present study, the enhancement of
he mechanical properties with the addition of the nano-sized rein-
orcement has been observed with an improvement in the elastic
odulus of the nanocomposites. The strength improvement was
bserved in the present case is similar to that of grain re�ne-
ent and homogeneous dispersion of SiCp resulted in effective

[
[
[

ngineering  A 545 (2012) 97… 102

inhibition of dislocation movement at matrix�particle interface
[27]. In the present study Al 5083/SiCp nanocomposite contain-
ing interface with a thickness of � 2 nm clearly indicates that the
strengthening effect of particles in metal matrix nanocomposites
is generally attributed from the load sharing mechanism by the
applied stress directly from the matrix [28,29].

5.  Conclusions

Al 5083/10 wt.% SiCp metal matrix nanocomposites were suc-
cessfully synthesized by employing ball milling followed by spark
plasma sintering (SPS). These nanocomposites contained only � -Al
and SiC phases with clear interface of thickness of � 1.5�2 nm and
retained nano-grained network as evidenced by microscopy anal-
ysis. Further there was no evidence of formation of intermetallics
has been observed due to the processing conditions we  employed.
The crystallite size of the ball milled Al 5083 matrix was observed
to be � 25 nm and coarsened up to 30 nm after rapid consolida-
tion and sintering using SPS. HRTEM investigations have shown
homogeneous distribution of SiCp and neither voids nor cracks
are detected at the interface of Al 5083/SiCp. Nanoindentation
measurements on these metal nanocomposites demonstrated that
the hardness of � 280 HV with an elastic modulus of 126 GPa and
this was  mainly due to the homogeneous dispersion of reinforce-
ments and retained nano-grained microstructure of the matrix
after SPS.
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