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In this article, an innovative concept of using intercon-
nected reinforcement architecture as a potentially vi-
able reinforcement for a non heat-treatable aluminum
alloy is presented and discussed. The candidate alu-
minum alloy chosen is 1050 and the reinforcement are
wires of galvanized iron. The technique of conventional
casting followed by hot extrusion was used to synthesize
the composite material. The extruded aluminum alloy
composite exhibited good interfacial integrity between
the matrix metal and the wire-reinforcing phase. Thermo-
mechanical analysis revealed a lower coefficient of
thermal expansion for the aluminum alloy composite
material when compared to the monolithic counter-
part. Mechanical property characterization revealed
enhanced matrix hardness, elastic modulus, yield strength
and ultimate tensile strength of the reinforced aluminum
alloy metal matrix when compared to the un-reinforced
counterpart, i.e. monolithic aluminum. The conjoint
influence of reinforcement architecture in the metal
matrix and volume fraction on properties is rationalized
in light of intrinsic microstructural effects, nature of
loading and macroscopic aspects of fracture.

THE emergence of composite materials resulted from a need
to have materials that offered a combination of improved
mechanical properties such as specific modulus (Z£/p),
strength, resistance to fatigue, improved resistance to wear
and corrosion, and enhanced performance at elevated tempe-
ratures' . Sustained research and development efforts in the
time period spanning the last three decades has resulted in
the emergence of metal matrix composites (MMCs) as a
potentially viable and economically affordable candidate for
a spectrum of performance critical engineering applications.
This is due to their innate ability to exhibit properties that can
easily be tailored by changing the type, nature, volume
fraction and architecture of the reinforcing phase with concur-
rent changes in microstructure of the matrix’ *. Candidate
reinforcement choices for metal matrices are particulates,
whiskers or short fibres, and continuous fibres'*°. In con-
tinuous fibre-reinforced metal matrices, the reinforcing phase
can be aligned along specific directions to meet and/or exceed
the property requirements of the end-application. Generally,
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the elastic modulus (F) of the fibre-reinforced metal matrix
conforms well with the rule-of-mixtures (ROM) prediction,
when the composite material is loaded in the direction of the
reinforcing fibres'"'>. Spurred by the interest in MMCs,
recent investigations have attempted to use a unique approach
of interconnecting the reinforcing fibres. The resultant
modulus of the reinforced metal matrix was noticeably
higher than the value predicted by the theory of rule-of-mix-
tures ROM. Besides, the reinforced metal matrix revealed
significant improvements in coefficient of thermal expansion
(CTE), tensile strength and damping capacity'” . The
observed improvement in these properties was realized even
for low volume fractions (<« 5%) of the reinforcing phase,
while retaining the primary processing technique to be
that of conventional casting. Results documented in the
published literature reveal that in all of these studies, the
emphasis has been on examining: (a) intrinsic influence of
nature of reinforcement, and (b) reinforcement architecture
and interconnectivity, on both physical and mechanical prop-
erties of metal matrices, such as aluminum, magnesium
and titanium”'®. However, there exists no systematic
analysis to comprehensively examine the effect of volume
fraction of interconnected reinforcement on mechanical res-
ponse of the MMC material.

Accordingly, the objective of the present study was to
synthesize using the technique of conventional casting and
also characterize an aluminum alloy reinforced with three
different volume fractions of three-dimensional reinforcement
preforms composed of interconnected galvanized iron wires
having a square mesh opening. The as-cast aluminum alloy
composite material was then hot-extruded. The initial micro-
structure of the as-extruded composite and its mechanical
properties were determined. Particular emphasis was placed
to investigate the volume fraction of interconnected metallic
wire preforms on microstructural development, physical and
mechanical properties of the chosen aluminum alloy.

Experimental procedures

Material selection

In this study, high purity aluminum alloy 1050 (99.5 weight%
aluminum) was chosen to be the matrix material and galva-
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nized iron wire (AISI 1008) of diameter 0.06 mm, with an
equivalent of 10.80 volume percentage zinc in the form of
coating, as the reinforcing phase. Three types of reinforce-
ment patterns or architecture were chosen, having 1.6, 3.1
and 4.7 volume percentage of the wire reinforcement. A pro-
file of the reinforcement architecture is shown in Figure 1.

Materials processing

The aluminum alloy-based metal matrix composites
(AAMMCs) were synthesized using the conventional casting
technique in accordance with the following sequence: (i)
thoroughly cleaned pieces of the aluminum alloy 1050
were initially super-heated to 750°C in a graphite crucible;
(ii) the reinforcement preform was kept inside a steel mould
(40 mm in diameter), (iii) upon reaching the superheat tempe-
rature, the molten melt was continuously stirred for 2 min,
using a twin-blade impeller, to facilitate homogenization of
the temperature. The impeller was coated with Zirtex 25 (86%
Z10,, 8.8% Y,05, 3.6% SiO; 1.2% K,;Na,0, and a trace
(0.3%) of inorganic) to prevent the iron from contaminating
the molten metal. Following stirring, the melt was slowly
poured from the crucible into the mould. The resultant
composite material was removed from the mould. Synthesis
of the composite material was carried out in an atmosphere
of argon gas to minimize oxidation of the aluminum alloy.
Similar parameters were used for synthesizing the monolithic
aluminum alloy, except that no preform was placed in the
mould. The ingots obtained following the conventional
casting process were precision-machined to a diameter of
35 mm and then hot-extruded at 350°C on a 150-ton hydraulic
press at an extrusion ratio of 13: 1. Colloidal graphite was
used as the lubricant during hot-extrusion. The composite
ingots were heated at 400°C for 45 min in a constant tempe-
rature furnace prior to extrusion.
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Figure 1. Schematic diagram showing types of reinforcement struc-

tures: {a) Al/1.6% Fe, (b) Al/3.1% Fe and (c) Al/4.7% Fe.
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Reinforcement volume fraction, density, and
porosity

The volume fraction of the wire reinforcement was calcu-
lated from the weight of the reinforcement preforms and
the composite ingot. The weight fraction of the reinforcement
was computed'® using the recorded weights and converted
to volume fraction by considering the density of aluminum
to be 2.705 g/cm’, the density of galvanized iron as
7.791 g/em’ and the presence of 10.8 volume percentage of
zinc in the form of coating. The density of the monolithic
aluminum alloy and the reinforced counterpart was meas-
ured using Archimedes’ principle. Precise details of these
measurements and calculations can be found elsewhere'*".
The densities, derived from the recorded weights, were
compared with the theoretical value to help establish the
volume fraction on micro-porosity.

Characterization of initial microstructure

Samples for microstructural characterization of the composite
samples in the extruded condition were prepared using
standard metallographic techniques. The polished and etched
samples were examined in a Scanning Electron Microscope
[SEM (Model JEOL JSM T330A)] equipped with energy
dispersive spectroscopy (EDS). Examination of intrinsic
microstructural features, both at low and high magnifica-
tions, helps determine: (i) the presence, nature and distribution
of microscopic pores, and (ii) interfacial integrity between
the reinforcing phase, i.e. galvanized iron wire, and the
aluminum alloy metal matrix.

Coefficient of thermal expansion

CTE of both monolithic aluminum alloy and reinforced com-
posite counterpart was determined using an automated vertical
push rod-type thermo-mechanical analyser. The displacement
experienced by samples of monolithic aluminum alloy and
the composite was measured as a function of temperature in
the range 50-400°C, using an alumina probe and in an
atmosphere of argon. This value was used to determine
the coefficient of thermal expansion. The heating rate of the
samples was maintained at 10°C/min and gas, i.e. argon flow
rate was maintained at 1.1 I/min. The experimentally deter-
mined value of CTE was correlated with the value predicted
by classical theory. The equations used for comparing CTE
are: (i) ROM (eq. (1)), and (ii) Schapery equation (eq. (2))
for longitudinal thermal expansion of continuous fibre-rein-
forced composites'"'®.

Oc = 0V + Vi (D

Oc = [((x'f VfEf + ameEm)/(VfEf + VmEm)] (2)

In eqs (1) and (2), o, denotes the coefficient of thermal
expansion of the composite material, and oy Vg E; and
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Oy, Vi En denote the coefficient of thermal expansion,
volume fraction and elastic modulus of the reinforcing fibre
and the aluminum alloy metal matrix, respectively.

Mechanical properties

A systematic characterization of the mechanical properties of
the composite samples was carried out using microhardness
measurements and uniaxial tensile tests. Microhardness mea-
surements were made on samples of the un-reinforced alumi-
num alloy and the reinforced counterpart using a digital micro-
hardness tester. Microhardness measurements were made
with a pyramidal diamond indenter having an included angle
(i.e. face angle) of 136° using an indenting load of 25 gram-
force for a dwell time of 15 s. For samples of the reinforced
aluminum alloy metal matrix, microhardness measurements
were made at the following locations: (i) the 1050 aluminum
alloy matrix, (ii) the reinforcing galvanized wire, and (iii)
at the matrix—reinforcement interfaces. Smooth bar tensile
properties of both the monolithic alloy and the composite
material were determined in accordance with procedures
outlined in ASTM test method E8-96. The tensile tests were
conducted on cylindrical specimens, having a gauge diameter
of 5 mm and a gauge length of 25 mm, on a fully automated
servo-hydraulic mechanical test machine [Model: INSTRON
8516] at an initial strain rate of 2.1 x 107/s.

Analysis of fracture-failure

Fracture surface characterization studies were carried out on
the deformed and failed samples of the monolithic aluminum
alloy and the reinforced counterpart, so as to provide an
insight into the macroscopic fracture mode and the intrinsic
microscopic mechanisms governing fracture during uniaxial
loading. The fracture surfaces were examined in an SEM
equipped with EDS (Model: JEOL JSM-T330A).

Results
Density

Results pertaining to the volume fraction of the reinforcing
phase, measurement of density and volume fraction (per-
centage) of micro-porosity are summarized in Table 1. The
relatively lower volume fraction of porosity in the fibre-
reinforced aluminum alloy metal matrix is an indication of the
potential of the processing technique used, i.e. conven-
tional casting followed by hot extrusion.

Initial microstructure

SEM observations of the wire reinforced aluminum alloy
specimens revealed good interfacial integrity between the
reinforcing wire and the aluminum alloy metal matrix
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(Figure 2). Evidence of limited interfacial reaction was
distinctly observed at the fringes of the reinforcing wire
(Figure 2).

Coefficient of thermal expansion

The results of CTE measurements on monolithic aluminum
and its composite counterparts are shown in Table 2. The
results reveal that the average value of the CTE of the 1050
aluminum alloy noticeably decreases with an incorporation
of the reinforcing phase.

Table 1. Density and porosity for aluminum and its composites
Density (g/cm®)
Percentage
Material Theoretical Experimental porosity
Monolithic Al 2.710 2.699 £ 0.0004 0.4+0.2
Al/1.6% Fe 2.786 2.767 £ 0.006 0.7+0.2
Al/3.1% Fe 2.862 2.834+0.014 1.0+ 0.5
Al/4.7% Fe 2.949 2.882+0.020 2.3+0.7

[—
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Figure 2. Representative SEM micrographs showing interfacial integ-
rity between the reinforcement wire and the matrix in (@) Al/3.1% Fe,
and (b) Al/4.7% Fe composites.
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Hardness and tensile behaviour

The results of microhardness measurements made on the
monolithic aluminum alloy and its composite counterpart
are summarized in Table 3. The micro-hardness of the metal
matrix containing 1.6% Fe and 3.1% Fe reinforcement was
only marginally higher than that of the unreinforced alumi-
num alloy metal matrix. However, microhardness of the alu-
minum alloy containing 4.7% Fe (I1,=54) was noticeably
higher than that of the un-reinforced aluminum alloy metal
matrix (7, = 43). The hardness of the interfacial reaction zone
was found to be noticeably higher than that of the reinforcing
wire. Further, results reveal than an increase in volume frac-
tion of the reinforcing phase causes a noticeable increase in
the value of average microhardness of the metal matrix.

The results obtained from ambient temperature tensile tests
are summarized in Table 4. Results reveal that the presence
of wire preforms as the reinforcing phase causes a noticeable
increase in elastic modulus, yield strength and ultimate
tensile strength, with a concurrent degradation in ductility
of the un-reinforced aluminum alloy metal matrix. The value
of elastic modulus obtained by ROM was also computed in
order to compare the experimentally determined value with
the theoretical prediction. The upper and lower bounds of
elastic modulus summarized in Table 4 were calculated
as follows:

The upper bound value of elastic modulus using ROM was
calculated by taking the elastic modulus of aluminum alloy
AA1050 to be 68 GPa (average experimental value for alumi-
num alloy AA 1050) and that of galvanized iron wire re-
inforcement to be 200 GPa (£ = 200 GPa)'® and ignoring
the presence of zinc, which has a lower elastic modulus
(E = 96.5 GPa)™.

The lower bound value of elastic modulus using ROM was
calculated by assuming the elastic modulus of aluminum alloy

Table 2. Coefficient of thermal expansion of Al alloy AA1050 and its
composites in the temperature range of 50-400°C
Coefficient of thermal expansion (CTE) x 107
Material Exp. value Schapery (7, 8)* ROM*
Monolithic Al 26.610.4 - -
Al/1.6% Fe 263102 26.16 26.44
Al/3.1% Fe 253x1.2 25.77 26.28
Al/4.7% Fe 249+ 1.6 25.37 26.12

*Theoretical CTE values were corrected for the presence of Zn (CTE:
39.7 x 107%).

Table 3. Vickers microhardness (H,) measurement
Material Matrix Wire Interfacial zone
Monolithic Al 43+ 1 - -
Al/1.6% Fe 46t 1 166 +3 489 £ 60
Al/3.1% Fe 47+x1 158+3 570 £ 44
Al/4.7% Fe 54+2 175+ 4 543 £20
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1050 to be 68 GPa (average experimental value for AA 1050)
and galvanized iron to be 188.8 GPa. The elastic modulus of
galvanized iron was computed by considering 0.108 volume
fraction of zinc to be present as coating on the iron wire.

Fracture behaviour

The tensile fracture surface features of the un-reinforced
aluminum alloy and the composite counterpart are shown in

Figure 3. Representative low magnification SEM micrographs taken
from tensile fracture surface of (¢) monolithic aluminum, (b) Al/3.1% Fe
and (c) Al/4.7% Fe composites.

CURRENT SCIENCE, VOL. 88, NO. 9, 10 MAY 2005
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Table 4.

Room temperature tensile properties

Elastic modulus (GPa)

Exp. ROM considering ROM ignoring 0.2% YS UTsS Ductility
Material value presence of zinc*  presence of zinc** (MPa) (MPa) (%)
Monolithic Al 68 £2 - - 117+7 135+12 245
Al/1.6% Fe 74 t4 69.8 70.1 134+ 11 155+ 11 8x1
Al/3.1% Fe 77x1 71.7 72.0 1657 1856 3+0.5
Al/4.7% Fe 80+4 73.6 74.1 170 £ 35 195+ 42 0.7+ 0.2

*To get a lower bound, since Zn has lower elastic modulus (E£7, = 96.5 GPa) when compared to iron.
**To get an upper bound, since Zn has lower elastic modulus when compared to iron {Eg, = 200 GPa).

Figure 4.
ing matrix fracture characteristics.

Figures 3 and 4. SEM observations revealed a predominantly
cup and cone type of fracture at the macroscopic level with
dimples of varying size and shape at the microscopic level,
indicative of localized micro plastic deformation. The com-
posite material exhibited a mixed-mode fracture comprising
transgranular and intergranular regions, with evidence of
fibre breakage and fibre pull-out from the metal matrix. The
matrix revealed: (i) a population of fine microscopic voids
and dimples of varying sizes and shapes, indicative of locally
ductile failure mechanisms and (ii) fibre pull-out and deco-
hesion at matrix—fibre interfaces, indicative of locally brittle
mechanisms.

Discussion

Synthesis of AAMMCs containing three different volume
percentages of inter-connected wire preforms was success-
fully accomplished by conventional casting followed by
hot extrusion. The effectiveness of this fabrication route to
synthesize interconnected wire preform reinforced aluminum
alloy metal matrix, even for low volume fraction of inter-
connected wire, i.e. 0.015, was evident from an absence of
macroscopic pores and a minimal amount of fine micro-
scopic pores in the material in the as-cast condition. The
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Representative SEM micrographs taken from tensile fracture surface of (¢) monolithic aluminum and (b) Al/4.7% Fe composite show-

results of density and porosity measurements indicate that
the fabrication methodology adopted is capable of minimizing
porosity, thus enabling the production of near dense materials.
Results of this study show the feasibility of the synthesis
methodology to be a cost-effective alternative to several other
cost-intensive methodologies currently in practice for fibre-
reinforced MMCs*' .

Limited interfacial reaction was observed at the interface
between the reinforcing wire and the aluminum alloy metal
matrix (Figure 2). The interfacial integrity of the reinforcing
iron wire with the aluminum alloy metal matrix is assessed
in terms of interfacial debonding and presence of voids, and
is found to be good for all of the composite samples examined
in this study. The results reveal overall suitability of: (i) soli-
dification processing parameters, such as melt superheat
temperature, distance of deposition, and heat dissipation by
mould material, and (ii) extrusion parameters to include
soaking temperature, time, extrusion temperature and extru-
sion ratio, to govern the overall cooling rate and solidifi-
cation of the matrix around the reinforcing phase.

Results of CTE measurement in the temperature range
50-400°C, revealed that the incorporation of intercon-
nected wire reinforcement in the aluminum alloy metal
matrix reduces the average CTE of the metal matrix. The
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average experimental values of CTE for the Al/3.1%Fe
and Al/4.7%Fe composites were lower than the theoretical
predictions, and for Al/1.6% Fe, CTE was lower than the
prediction made of ROM. The ROM is expected to give a
higher value, since it generally assumes an upper limit.
Even the Schapery equation, which uses a thermodynamic
model to minimize the difference between the upper and
lower bound solutions for long fibre reinforced metal matri-
ces, predicted a marginally higher value than the experi-
mental CTE for Al/3.1% Fe and Al/4.7% Fe composites.
The lower value of longitudinal CTE exhibited by Al/3.1%
Fe and Al/4.7% Fe composite specimens is attributed to the
constraints induced by the reinforcing wire phase on preferen-
tial deformation and/or flow of the aluminum alloy metal
matrix. This is consistent with the findings of other inves-
tigators who reported a decrease in CTE of the composite
material with an increase in the reinforcing phase in the
metal matrix”**. For the Al/1.6% Fe composite, the ob-
served marginal improvement in CTE is attributed to the
lower-than-threshold volume fraction of the reinforcing
phase that is capable of restraining expansion of the metal
matrix. However, experimental CTE values overlap with
those predicted by Schapery’s model, if standard deviation
is considered.

The results of microhardness measurements reveal the
reinforced AAMMC:s to exhibit significantly higher matrix
hardness compared to the monolithic counterpart (Table 3).
The average value of microhardness of the composite sample
increases with an increase in volume fraction of the reinforc-
ing phase in the aluminum alloy metal matrix. This can be
attributed to the conjoint and mutually interactive influ-
ence of: (i) presence of a harder (158-175 H,) reinforcing
phase in the aluminum alloy matrix, and (ii) limited solid
solution/age hardening of the metal matrix as a result of disso-
lution of zinc, which is present as a coating on the rein-
forcing wire.

The microhardness value of the matrix adjacent to the
reinforcing wire, i.e. the interfacial zone, was found to be
significantly higher than the un-reinforced metal matrix.
The higher hardness exhibited by the interfacial region is
ascribed to: (i) the formation and presence of intermetallic
particles, and (ii) creation of pockets of high dislocation
density in the aluminum alloy metal matrix adjacent to the
reinforcing wire due to intrinsic differences in CTE between
the matrix phase and the reinforcing wire phase.

Results of tensile tests revealed that the use of wire rein-
forcements in interconnected form causes an increase in
elastic modulus (£), yield strength and ultimate tensile
strength with a resultant degradation in ductility of the
aluminum alloy matrix. The experimentally determined
modulus values of the composite materials exceeded the
value predicted by ROM (Table 4). The average elastic
modulus of the composite material was significantly higher
than the upper bound prediction using ROM. Considering
standard deviation, the elastic modulus of the metal matrix
containing 1.6 volume percentage of the wire reinforce-
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ment was well within the upper bound prediction of ROM.
This is partially attributed to a lower volume fraction of the
interconnected reinforcement. The resultant effectiveness
of the interconnection of the reinforcing phase is not as
significant as for the aluminum alloy metal matrix, which
is reinforced with a higher volume fraction. A noticeable
increase in elastic modulus of the MMC is attributed to the
innate capability of the wire reinforcements, in inter-connec-
ted form, to effectively constrain deformation of the metal
matrix when compared to the presence of individual iron
wires or strands in the metal matrix. This is achieved by
facilitating better load transfer within the wire network.
The observed results are promising in developing an entirely
new class of reinforced metal matrices for applications that
demand high elastic modulus or stiffness as the primary
criterion for design.

Results of tensile tests also reveal the composite materials
to exhibit a higher offset (0.2%) yield strength and ultimate
tensile strength when compared to the monolithic coun-
terpart. The observed increase in strength of the composite
microstructure is ascribed to good interfacial bonding between
the reinforcing phase and the aluminum alloy metal matrix,
which facilitates an efficient transfer of load from the
metal matrix to the reinforcing fibres. The ultimate tensile
strength of the composite material was noticeably higher than
that of monolithic aluminum even after taking standard
deviation into consideration, except for the metal matrix
reinforced with 1.6 volume percentage of the wire rein-
forcement. The ductility of the composite material was
inferior when compared to the un-reinforced aluminum alloy.
The reduction in ductility of the composite material is
attributed to a decrease in cavitation resistance of the alu-
minum alloy metal matrix. This reduction in cavitation
resistance is due to: (i) the presence of a harder and stronger
reinforcing phase, and (ii) the increased brittleness of the
aluminum alloy as a consequence of dissolution of zinc from
the reinforcing wire during processing, i.e. casting and
extrusion. The results are consistent with the experimen-
tal findings documented in Tables 3 and 4 and shown in
Figure 3.

Tensile fracture surface of the monolithic aluminum al-
loy showed the presence of a population of dimples, which
is indicative of locally ductile failure mechanisms (Figures
3 and 4). The scanning electron micrographs of the composite
samples revealed the following features: presence of pulled-
out fibres, circular cavities, and isolated pockets of broken
fibres. The presence of fibre pull-out suggests that during
tensile loading, the initiation of crack and subsequent propa-
gation is facilitated through the matrix—wire interfacial region.
The presence of shallow cavities rather than deep circular
cavities, further indicates the mutually interactive influence
of: (i) failure of interconnections during tensile loading
followed by fibre pull-out, and (ii) Partial damage of inter-
connections during extrusion and subsequent pull-out of the
wire as a result of failure of the brittle interfacial zone
during tensile loading.
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The presence of a few broken fibres confirms that good
interfacial bonding between the reinforcement (wire) and the
metal matrix was realized during processing, enabling an
effective load transfer between the reinforcing phase and
the metal matrix. The matrix region of the composite re-
vealed a predominantly mixed-mode fracture. Ductile fracture
was evident in the matrix region, except at and near the
wire reinforcements. The macroscopic difference in fracture
surface features between the monolithic aluminum alloy
samples (cup and cone; Figure 3 a) and the composite
samples (relatively flat and featureless; Figures 3 b and c)
indicates the increased brittleness of the aluminum alloy
matrix as a result of the presence of wire-preform. This is
well-supported by higher hardness exhibited by matrix of
the aluminum alloy composite samples compared to the
monolithic counterpart (Table 4).

In essence, results of CTE, hardness and tensile properties
of the composite samples suggest that there is a threshold in
the volume fraction of interconnected reinforcement that is
required so as to affect an improvement in properties of the
aluminum alloy matrix. The volume fraction is low for the
case of interconnected reinforcements and is in the range
between 1.6 and 3.1%. This observation concurs with the
findings reported in an earlier study for the case of non-
interconnected fibre-reinforced composites™.

Conclusions

Based on the results of an investigation on the influence of
reinforcement architecture and volume fraction on the
mechanical response of 1050 aluminum alloy reinforced
with galvanized wire, following are the key findings: (i)
conventional casting technique followed by hot extrusion is
an effective combination to synthesize interconnected
galvanized iron wire reinforced metal matrix composites
even for a low volume fraction of the reinforcement. (ii)
An increase in volume fraction of the wire reinforcement
leads to an increase in porosity levels, dimensional stability
and hardness of the aluminum alloy matrix. (iii) The presence
of interconnected wires in the form of preform increases
the elastic modulus beyond the rule of mixture prediction for
the case of Al/3.1% Fe and Al/4.7% Fe composites. The
offset yield strength and the ultimate tensile strength of
aluminum alloy AA1050 was enhanced by incorporating
reinforcing wires in an interconnected form while the ductility
was adversely affected.
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