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ABSTRACT

Base metals are often reinforced with fibres to improve their mechanical behaviour; however, it is
imperative to decide the range of fibres orientation that would yield favourable strength. In this work,
using sand casting method, aluminium is reinforced with galvanized steel fibres at different
orientations with the aim of investigating the anisotropic mechanical behaviour of the composites.
The fibre orientations considered are 0°, 30°, 60° and 90°; while the mechanical properties
evaluated are impact energy, tensile, compressive and fatigue properties. Unreinforced aluminium
exhibits impact energy, elongation-at-fracture, ultimate tensile strength, and maximum compressive
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strength of 5.15 J, 15.88%, 72.56 MN/m?2, and 231.13 MN/m?, respectively. With deviation of
composite fibre orientation from 0° to 30°, 60° and 90°, impact energy decreases from 8.68 to 5.56,
4.75 and 4.61 J; elongation-at-fracture decreases from 24.58 to 17.91, 12.20 and 11.87%; ultimate
tensile strength decreases from 132.70 to 89.17, 63.67 and 60.34 MN/m2; and maximum
compressive strength decreases from 310.66 to 251.06, 226.91 and 209.93 MN/m2. At fatigue
stress amplitude of 850 MN/m?, the fatigue life of unreinforced specimen is 26 numbers of cycles-to-
failure; while the deviation of composite fibre orientation from 0° to 30°, 60° and 90° yielded
reduction in fatigue life from 64 to 36, 20 and 14 numbers of cycles-to-failure. Also, reduction in
fatigue stress amplitude was found to increase the fatigue life of the specimens. The fatigue limit (or
endurance limit) of unreinforeced specimen, and composite specimen having 0°, 30°, 60° and 90°
fibre orientations are found to be 40, 70, 45, 35 and 25 MN/m?, respectively; and the corresponding
fatigue life are observed to be 35480, 199518, 112195, 10021 and 5297 numbers of cycles-to-
failure, respectively. The findings in this work show that specimens with 0° fibre orientation have the
highest endurance of deformation before fracture, followed by specimens with 30° fibre orientation,
unreinforced specimens, specimens with 60° fibre orientation and specimens with 90° fibre
orientation. This could be attributed to the fact that 0° fibre orientation offers continuous
reinforcement spanning the longitudinal axis of the specimens, while fibre orientation from 30° to
90° offer areas of different degrees of shear stress concentration at fibre-matrix contacts aiding
fibre-matrix debonding and crack propagation. In conclusion, this work shows that orientation of
steel fibre reinforcement in aluminium matrix could be varied to achieve ranges of mechanical
properties and performance needed for different practical applications.

Keywords: Anisotropic mechanical behaviour; steel fibre reinforcement; aluminium composites.

1. INTRODUCTION matrix. The components can be metals only,
non-metals only or combination of metal and
In practical terms, no single material in nature non-metals such as polymers.
can exhibit all the properties required of a typical
engineering material. Therefore, alloys and Composite materials have wide applications in
composites are developed or manufactured by engineering fields (such as construction of
combining two or more materials having distinct ~ Structures, buildings, bridges, panels,
properties with the aim of obtaining, through a automotive, etc.) where stiffness, strength,
synergy of properties of the different materials, hardness, temperature performance, and other
an improved and unique behaviour for practical mechanical properties are needed. Monolithic
applications. These materials have the capacity ~metals such as aluminium, magnesium, nickel,
of withstanding operating conditions ranging from titanium, and cobalt can be used as metal matrix.
very cold to super-high temperatures and Based on the needed applications and uses,
extremely severe weathers. Alloys composed of  other examples of composites are ceramic-matrix
materials combined metallurgically i.e., the composites (CMCs), polymer-matrix composites
constituent materials dissolve or blend into each  (PMCs), carbon-carbon composites (CCCs) and
other such that they do not remain distinct on the  hybrid composites (HCs). Some of the factors
macroscopic level within the finished structure. that influence the mechanical behaviour of
However, composites are made of materials composites are the size and shape of
which remain distinct on the macroscopic level. reinforcement, concentration of reinforcement,
Monolithic metals are often strengthened by distribution and orientation of reinforcement, and
reinforcement with particles and fibres via casting ~ volume fraction.
(to obtain metal matrix composites - MMCs) or
with windings of resin-impregnated fibre strands  Of all the non-ferrous metal used for engineering
(filaments) on its surface. The components of a  applications, aluminium is the most widely used
composite material are: (i) the matrix as the (especially in automotive engines, high-speed
continuous phase; (ii) the reinforcements; and machinery, aircrafts and spacecrafts) because of
(i) the matrix-reinforcement interface. Mono- its unique combination of properties; good
flament wires or fibres display a continuous corrosion resistance, high strength stiffness to
reinforcement in the matrix while whiskers, weight ratio, good electrical and thermal
short fibres and particles exhibit  conductivities, and advantages of recycling at
discontinuous/dispersed reinforcement in the low energy costs [1-3].
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Extensive studies had been conducted on
improving the mechanical properties of base
metals including aluminium by alloying [4-6], heat
treatment [7-11], particles reinforcement [12-16]
and surface filament windings [17-19]. Also,
literature had shown that metal matrix
reinforcement with fibres offers potentials of
improving the mechanical behaviour of base
metals including aluminium.

The damage initiation and growth in fibre
reinforced metal matrix composites had been
studied [20]. Findings from test and analysis
showed the differences between strength and
fatigue failure modes in reinforced aluminium
matrix composites (AMC) and those in titanium
matrix composites (TMC).

Also, the thermoelastic response of metal matrix
composites with large-diameter fibres subjected
to thermal gradients had been investigated [21].
In contrast to previous micromechanical theories
(that utilized classical homogenization schemes
in the course of calculating microscopic and
macroscopic field quantities) for the response of
heterogeneous metal matrix  composites
subjected to thermal gradients, the study
presented an approach that explicitly coupled
actual  microstructural  details  with  the
macrostructure of the composite. The study
showed that  the classical approach
overestimated macroscopic field quantities, while
the new approach generated favourable stress
distributions by suitably modifying the internal
microstructure of the composite.

The effect of fibre orientation on fatigue crack
propagation in SCS-6/Ti-15-3 composites had
been studied [22]. The fatigue crack at different
angle of propagation in SCS-6/Ti-15-3 laminates
at room temperature was studied. The maximum
applied stress intensity was of the range of 20 to
30 MPam¥2, The rates of fatigue crack growth at
various applied stress intensity levels were
measured and attributing mechanisms were
discussed. Fatigue crack damage in angle-ply
SCS-6/Ti-15-3 laminates was found to be much
more complex than that observed in the
unidirectional laminates. Synergy of the primary
crack (originating from the notch) and secondary
cracks resulted in remarkable failure of the
laminate.

The dry sliding wear of a nickel-coated
non-graphitic carbon fibres-reinforced A356
aluminium alloy was investigated [23]. Wear tests
were carried out at constant load levels within the
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range of 5 to 300 N using a constant sliding
velocity of 0.5 m s™1. Wear behaviour of the fibre-
reinforced and unreinforced A356 alloys, a
particle-reinforced A356-20%SiC, composite and
a A30 grade grey cast iron (a conventional
tribological material for automotive applications)
were correlated. The reinforced A356-4%Ct was
found to have higher wear resistance than the
unreinforced A356 alloy in the mild wear regime.
This was attributed to the improved load carrying
capacity rendered by the carbon fibres coupled
with the AlsNi inner-metallic precipitates formed
during the fabrication process. Within the mild
wear regime, the wear rates of the grey cast iron
were observed to be remarkably higher than
those of the composites possibly due to the
surface and subsurface fracture initiated at
graphite flakes.

Fatigue test was conducted on a unidirectional,

ceramic fiber reinforced titanium
matrix composite (SCS-6/Ti-15-3) at elevated
temperature of 427°C with a view to

characterizing the effects of loading ratio (i.e.
stress and strain ratios) on the fatigue life and
damage mechanisms [24]. At the maximum
strain, most severe damage and shortest fatigue
life were observed to occur under the fully
reversible condition. fatigue life was found to
increase as the strain ratio increased (i.e. as
strain range decreased). However, the fatigue life
under the strain-controlled mode was longer than
under the load-controlled mode.

Also, the microstructures and mechanical
properties of engineered short fibre-reinforced
aluminium matrix composites fabricated using
squeeze casting method was investigated [25].
Sintering, phosphoric acid treatment, phosphoric
acid/aluminium  hydroxide treatment, and
infiltration with alumina powder and sintering
were used in creating fibre junctions in a planar
random alumina fibre array. Findings from
microstructural  analysis and  mechanical
properties evaluation showed that very low
composite strength and ductility were obtained
using phosphoric acid solution as compared to
those of the as-received specimens. This is

attributed to the chemical reaction-induced
damage of the fibres. The phosphoric
acid/aluminium hydroxide treatment yielded

higher tensile strength as compared to the
uniform  fibre-reinforced composites without
compromising the ductility and elastic modulus.

An overview of the tribological behaviour of
aluminium metal matrix composites reinforced
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with hard particles, short fibers, and solid
lubricants was done [26]. The various
technologies for producing automotive parts from
these composites were also reviewed.

Composite development using aluminium alloy
and carbon preforms using squeeze infiltration
technique was investigated and presented with
systematic design and synthesis method [27].
Optical and scanning electron microscopic
studies were done on the specimens; proper
infiltration, better distribution of fibers in matrix
and an improved fibre-matrix bonding were
observed. From the findings of Charpy Impact
Test, the toughness of the composites yielded a
four-fold improvement as compared with
squeeze cast specimens.

Also, the mechanical properties of aluminium-
based composites reinforced with steel fibres of
0° (i.e., longitudinal) and 90° (i.e., transverse)
orientations were evaluated [28]. Unreinforced,
longitudinal and transverse fibre-reinforced
specimens displayed percentage elongation-at-
fracture of 12,75, 2750 and 11.00%,
respectively; ultimate tensile strength of 83.51,
96.75 and 66.71 MNm=2, respectively; impact
energy of 47.80, 51.20 and 45 00 Nm,
trespectively; and fatigue life of 209, 458 and 16
number of cycles-to-failure. The trends of the
findings were attributed to the fact that
longitudinal fibres offer resistance to deformation,
while transverse fibre-matrix contacts assist
cracks initiation and extension.

Glass fibre reinforced sandwich panels where
plastics were bonded with thin aluminium sheets
on either side with varying degrees of aluminium
thickness fractions, fibre volume fractions and
orientation in the layer was developed [29].
Impact performance was then investigated. The
laminated sandwich panel was found to exhibit
belter impact performance than base-aluminium;
also, panel with cross-ply fibre orientation was
observed to display better performance than
unidirectional fibre orientation while increase in
aluminium thickness and fibre volume was found
to improve impact strength of the laminated
panel.

The effect of heat treatment at 1350°C on
mechanical and wear characterization of coconut
ash and E-glass fibre-reinforced aluminium
hybrid composites was studied [30]. The hybrid
aluminum alloy composites were made using stir-
casting method. Hardness, wear and tensile tests
were carried out with and without heat treated

24

composites specimens. Addition of coconut ash
and E-glass fibre was found to increase
hardness and tensile strength of the composite
but reduce the wear rate.

Also, the characteristics of reinforced
hybrid composite of A6061/(Glass
Fibre+Al203+SiC+B4C) prepared through STIR
casting were investigated [31]. An hybrid low-
cost and light-weight composites with better
strength, corrosion and wear resistance than the
base metal was produced. Reinforcement was
found to increase the strength but reduce the
weight of the composites as compared to the
unreinforced specimens.

The mechanical properties of aluminium wire
reinforced polymer-carbon metal laminates were
studied [32]. Aluminium wire reinforced polymer
composite was made using hand lay-up method.
Tensile strength, flexural and impact strength
were evaluated. Carbon fibre reinforced polymer
was observed to have more tensile, flexural
and impact strength than the conventional
carbon fiber and glass fiber composites; it was
thus established that addition of aluminium wire
mesh in carbon composites improves the
mechanical properties.

The mechanical properties of carbon fiber
reinforced aluminium metal matrix composite
were investigated [33]. Uncoated continuous long
spool-type pitch-based carbon fibers of 5 and 10
wt % were used in reinforcing AA 6061
aluminium base metal. The mechanical
properties and morphological characteristics of
the base (unreinforced) and reinforced aluminium
specimens were studied.

The tensile and fatigue properties of fiber-
reinforced metal matrix composites Cf/5056 Al
were studied [34]. The mechanical properties of
the reinforced metal matrix composites were
observed to be highly dependent on fibers
directions. The longitudinal fiber direction
exhibited high strength and fatigue resistance
than the tramverse fiber direction. Medium-
strength interface combination was accounted to
likely be responsible for the difference in fatigue
damage mechanisms of Cf/5056Al composites
under tension-tension and tension-compression
loads, and the closeness of fatigue life curves.

The mechanical properties of jute fibre reinforced
with aluminium oxide fortified epoxy composite
were investigated [35]. The mechanical
properties evaluated were tensile modulus,
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tensile stress, percentage increase in weight,
flexural stress and flexural modulus. The
optimised tensile strength, flexural stress, tensile
modulus and Flexural modulus of 43.49 MPa,
73.47 MPa, 4782.00E-3 and 6483.52E-3 GPa,
respectively. Multiple performance index was
determined using a hybrid grey-based adaptive
neuro-fuzzy inference system (ANFIS) model.
After validation, the constructed model was
established to be capable of accurately
predicting the required performance measure.

A study compared the mechanical properties of
fiber-reinforced composite, high-strength steel
and aluminum from experimental and numerical
modeling approaches [36]. Experimental
validation tests under uniaxial tensile loading
showed a good correlation with finite element
analysis predictions for carbon fiber reinforced
thermoset polymer composites, DP600 steel and
aluminum alloys (AC170 and 5754 series). The
findings showed that the range of strain rate
used had no remarkable influence on the
strength of the composite materials.

However, with reference to the research work
that evaluated the mechanical properties of
aluminium composites having steel fibres of Q°
and 90° orientations [28], the present work was
motivated by the fact that analyzing the
anisotropic  mechanical behaviour of the
composites would be more accurate if closer
fibre orientations (such as 0°, 30°, 60°, and 90°)
are considered. Also, the mechanical properties
evaluated in this work include maximum
compressive strength.

2. MATERIALS AND METHODS
2.1 Materials

The materials used in this study are aluminium
alloy scraps (obtained from aluminium electric
cables (E9QVE) and internal combustion engine
parts of motorcycles) and rigid galvanized steel
fibre preforms for reinforcement. The reinforcing
steel fibre is of 0.55 mm diameter with a
minimum breaking load of 6.18 KN. The steel
fibres were purchased in Ado-EKkiti, Nigeria.

2.2 Fabrication of Steel Fibre Preforms

Four pieces of softwood were cut and divided
into 2 pairs. The X-Y-Z dimensions of the longer
pair are 10 x 15 x 295 mm while those of shorter
pair are 10 x 15 X 190 mm. The shorter pair was
evenly perforated. The woods were joined to
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form a rigid rectangular frame. A unidirectional
reinforcing steel fibres arrangement through
holes in the softwood (pair B) was done to obtain
a rigid steel fibre preform.

2.3 Drag and Cope Assembly

A rectangular wooden slab was cut, its X-Y-Z
dimensions are 205 x 25 x 305 mm and it was
perfectly surface finished with sand paper to
obtain the shape of the pattern needed for a
cavity in sand mould assembly of drag and cope.
Foundry sand (consisting of silica sand, coal-
dust, clay and starch that were mixed with the
right proportion of water) was prepared. A drag
was filled with the foundry sand and properly
rammed. The wooden slab was pressed (but not
totally submerged) into the drag. Parting sand
was sprinkled on the drag surface to enhance the
separation of drag and cope surfaces. The cope
was properly aligned on the drag, and it was
filled with the moulding sand and properly
rammed.

Thereafter, the cope was separated from the
drag, the pattern was removed leaving a mould
cavity, and the drag and cope were allowed to
dry naturally. A gating system for sprue and riser
pins that would allow flow of molten metal was
incorporated in the cope. The drag and cope
were then assembled to allow the passage of
molten metal to be poured in.

For unreinforced aluminium, the mould cavity
was empty; however, the rectangular steel fibres
preform was placed in the mould cavity in
another drag and cope assembly to obtain fibre-
reinforced aluminium composite.

2.4 Casting

The aluminium wires and scraps were cut to
pieces and melted in a furnace at 750 °C for 30
minutes. Before casting, prevention of pores in
the cast aluminium must be ensured. Therefore,
a degassing flux tablet was lowered into the base
of the molten aluminium using a steel plunger.
With this, hydrogen bubbles with other impurities
moved to the surface of the molten aluminium
and were removed. The melting pot was then
removed from the furnace, and the molten
aluminium was poured into the mould cavity
through the sprue until the cavity was filled up as
gauged by the riser. About an hour after casting,
the drag and cope assembly was shaken-out to
remove a rectangular aluminium slab. The cast
slabs were then surface-finished to obtain clean
and smooth surface.
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2.5 Test Specimens Machining

The rectangular cast unreinforced aluminium
slab was machined to impact, tensile,
compression, and fatigue test specimens. Also,
the rectangular cast aluminium composite slabs
was cut along different directions to obtain
specimens having different fibre orientations with
respect to direction of test. The fibre orientations
achieved are 0° (i.e., axial or longitudinal
direction), 30°, 60° and 90° (i.e., transverse
direction).

As shown in Fig. 1, the tensile test specimen has
a gauge length and diameter of 27 and 5 mm,
respectively (Fig. 1a), the fatigue test specimen
has a gauge length and central diameter of 24
and 5 mm, respectively (Fig. 1b), while the
compression test specimen has gauge length
and diameter of 25 and 8 mm, respectively (Fig.
1c). However, the impact specimen (Fig. 1d),

with gauge length and diameter of 70 and
diameter of 8 mm, respectively was notched at
an angle of 45° to a depth of 2 mm at the middle
of the gauge length.

For each test specification, two similar
specimens were machined with the aim of finding
average values of mechanical properties.

2.6 Impact Test

An lzod Impact Testing Machine was used in
determining the impact energy of the specimens;
ASTM E602-91 standard was observed. The
respective specimen was fixed on the machine
as simple beam with the opposite face of the
notch fixed to receive the hammer blow. The
impact strength of a specimen was determined
from the energy absorbed when the specimen
was hit and deformed by a swing hammer of the
machine released from a fixed height.

27 5

(a)

v

v

JL5

13

(c)

NB: All dimensions in mm

Fig. 1. Schematic diagrams of the machined (a) tensile; (b) fatigue; (c) compression and
(d) impact tests specimens
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2.7 Tensile Test

Tensile specimens with and without fibre
reinforcement were respectively subjected to
constant extension rate tensile (CERT) test on a
Houndfield Tensometer in accordance with
ASTM E-8 standard. As straining continued the
ultimate uniaxial force applied on each specimen
before fracture was recorded via a mercury
column. Ultimate tensile strength was obtained
by dividing the ultimate force with the original
cross-sectional area of the specimen gauge
section. Also, the percentage elongation-at-
fracture of respective specimens was evaluated.

2.8 Compression Test

Using the same Tensometer, compression test
was carried out according to ASTM E9-09
standard to obtain the maximum compression
strength of the specimens with and without fibre
reinforcement. The direction of loading on the
specimens was opposite the direction exhibited
in tensile test. Maximum compressive loads on
the specimens were recorded and maximum
compressive strength were then evaluated.

2.9 Fatigue Test

Fatigue test involves investigating the fatigue life
of metals at fatigue stress amplitudes higher than
and below the ultimate tensile strength of the
metal. The fatigue limit (or endurance limit) is the
fatigue stress below which failure will not occur
after a very large number of loading cycles (i.e.,
infinite fatigue life). Fatigue limit (or endurance
limit) is below ultimate tensile strength.

In accordance with ASTM Standard E606/E606-
12, the fatigue properties of specimens were
evaluated by clamping it on the grips of a
completely reversed Avery Deninson 7305
Bending Fatigue Testing Machine with a zero
mean stress. In total, thirteen test specifications
were considered to accomodate series of stress
amplitude loading in fatigue test. Hence, thirteen
test pieces were machined for the respective
specimen (i.e., for unreinforced specimen, and
composite specimens with 0°, 30°, 60° and 90°
fibre orientations).

Bending load was exerted on a test piece of
unreinforced aluminium specimen by an
oscillating spindle driven by a connecting rod,
crank and double eccentric mechanism until a
bending moment that corresponds to a maximum
fatigue stress of amplitude of 950 MN/m? was
attained. Tensile and compressive stresses were
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applied alternatively on the surface of the
specimen as it was rotated under bending
moment via a flexible coupling by a high-speed
motor. A counter mounted on the motor recorded
number of cycles (N) up to the number of cycles-
to-failure (Nf). This procedure was repeated on
other tets pieces of unreinforced specimen at
decreasing stress amplitudes of 850, 750, 650,
550, 450, 350, 250, 200, 150, 100, 70, 50, 45,
40, 35 and 25 MN/m?. However, testing was
stopped after fatigue limit (or endurance limit) is
established at a stess amplitude below the
ultimate tesile strength of the specimen.

Similar tests were conducted on composite
specimens with 0° (i.e., axial), 30°, 60° and 90°
(i.e., transverse) fibre orientations. Like before,
testing of identical specimens was stopped after
fatigue limit (or endurance limit) is established at
a stess amplitude below the ultimate tesile
strength of the specimen. The fatigue stress
amplitudes of specimens versus the number of
cycles-to-failure were then plotted to obtain the
S-N curve.

3. RESULTS AND DISCUSSION

The values of impact energy, percentage
elongation-at-fracture, ultimate tensile strength
and maximum compressive strength of the
unreinforced aluminium alloy, and the variations
with fibre orientation in reinforced aluminium
composites are shown in Table 1.

The plot of impact energy versus the trend of
fibre orientation is shown in Fig. 2. Unreinforced
aluminium exhibits impact energy of 5.15 J; while
deviation of fibre orientation from 0° to 30°, 60°
and 90° causes impact energy to decrease from
8.68 t0 5.56, 4.75 and 4.61 J, respectively.

The results show that aluminium composite
specimens with 0° and 30° steel fibre
orientations have more capacity to absorb impact
deformation than the unreinforced specimen, and
composite specimens with 60° and 90° steel fibre
orientations. The highest impact enegy displayed
by the composite specimen with 0° fibre
orientation could be attributed to the the fact that
the fibres offers continuous reinforcement
spanning the longitudinal axis of the specimens.
Also, the least impact enegy exhibited by the
composite specimen with 90° fibre orientation
could be attributed to the tranverse fibres offering
areas of shear stress concentration at the fibre-
matrix contacts assiting fibre-matrix debonding
and crack propagation during the impact blow on
the 1zod Impact Testing Machine.
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Table 1. Impact energy, percentage elongation-at-fracture, ultimate tensile strength and
maximum compressive strength of unreinforced aluminium alloy and reinforced aluminium

composites
Trend of Fibre Mechanical Properties
orientation Impact Percentage Ultimate Maximum
Energy (J) Elongation-at-Fracture  Tensile Compressive
(%) Strength Strength
(MN/m?) (MN/m?)
Unreinforced 5.15 15.88 72.56 231.13
0°-Fibre Orientation 8.68 24.58 132.70 310.66
30°-Fibre Orientation 5.56 17.91 89.17 251.06
60°-Fibre Orientation 4.75 12.20 63.67 226.91
90°-Fibre Orientation 4.61 11.87 60.34 209.93
10
9
8
7
S 6
2
0 5
S 4
Q.
£ 3
2
1
0
No Fibre 0°-Fibre 30°-Fibre 60°-Fibre 90°-Fibre
Trend of Fibre Orientation

Fig. 2. Plot of impact energy versus trend of fibre orientation
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24

20

16
12
8
4
0

No Fibre 0°-Fibre 30°-Fibre 60°-Fibre 90°-Fibre
Trend of Fibre Orientation

Elongation-at-Fracture (%)

Fig. 3. Plot of percentage elongation-at-fracture versus trend of fibre orientation
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Fig. 3 displays the variation of percentage
elongation-at-fracture with the trend of fibre
orientation. Percentage elongation-at-fracture of

unreinforced aluminium is 15.88%. For fibre
orientation from 0° to 30° 60° and 90°,
percentage elongation-at-fracture  decreases

from 2458 to 17.91,
respectively.

12.20 and 11.87%,

Composite specimen with 0° fibre orientation
exhibited highest elongation-at-fracture (24.58%)
because the axial fibres, being in the same
direction of test, have the advantage of optimally
enduring tensile loading before fracture on the
Hounsfield Tensometer. However, the transverse
fibres in the specimen with 90° fibre orientation
offer remarkable stress concentration at fibre-
matrix contacts causing debonding and crack
propagation, thus offering the least endurance of
tensile deformation before fracture as indicated
by 11.87%.

The plot of ultimate tensile strength versus the
trend of fibre orientation is shown in Fig. 4.
Unreinforced aluminium exhibits ultimate tensile
strength of 72.56 MN/mZ2; while deviation of fibre
orientation from 0° to 30°, 60° and 90° causes
impact energy to decrease from 132.70 to 89.17,
63.67and 60.34 MN/m?2, respectively.

Here, similar trend occurs i.e., the longitunal
fibres in specimen with 0° fibre orientation assist
the specimen to offer optimal sustenance of
tensile deformation before fracture as depicted
by ultimate tensile strength of 132.70 MN/m?2,
while the tranverse fibres in the specimen with
90° fibre orientation offer minimum sustenance of
tensile deformation before fracture as indicated
by 60.34 MN/m?Z,

Fig. 5 displays the maximum compressive
strength versus the trend fibre orientation.

140

120
100
80
60

(MN/m?)

40

Ultimate Tensile Strength

20

No Fibre 0°-Fibre

30°-Fibre
Trend of Fibre Orientation

60°-Fibre  90°-Fibre

Fig. 4. Plot of ultimate tensile strength versus trend of fibre orientation

350
=
= 300
&)
2 250
(5]
=
o & 200
g
8z
%é 150
(&)
c 100
>
IS
< 50
©
>

0

No Fibre 0°-Fibre

30°-Fibre
Trend of Fibre Orientation

60°-Fibre  90°-Fibre

Fig. 5. Maximum compressive strength versus the trend fibre orientation
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Unreinforced aluminium exhibits maximum
compressive strength of 231.13 MN/m?2; while
deviation of fibre orientation from 0° to 30°, 60°
and 90° resulted in ultimate tensile strength
decreasing from 310.66 to 251.06, 226.91 and
209.93 MN/m?, respectively.

Composite specimen with 0° fibre orientation
exhibiting highest compressive strength (310.66
MN/m?) is attributed to the fact that the axial
fibores offer more capacity of carrying the
compressive load before fracture on the
Hounsfield Tensometer. On the other hand,
composite specimen with 90° fibre orientation
offered the least compressive strength (209.93
MN/m?2) because of the negative effect of
debonding and crack extension phenoma at the
fibre-matrix contacts.

Table 2 shows the variations of fatigue stress
amplitude with logarithmic scale of number of
cycles-to-failure. The graphical representation of
this is shown in Fig. 6.

At fatigue stress amplitude of 850 MN/m2, the
fatigue life of unreinforced aluminium specimen
is 26 numbers of cycles-to-failure; while the

deviation of fibre orientation from 0° to 30°, 60°
and 90° yielded reduction in fatigue life from 64
to 36, 20 and 14 numbers of cycles-to-failure. At
650 MN/m? fatigue stress amplitude, the fatigue
life of unreinforced aluminium specimen is 63
numbers of cycles-to-failure; while the deviation
of fibre orientation from 0° to 30°, 60° and 90°
yielded reduction in fatigue life from 106 to 83, 43
and 21 numbers of cycles-to-failure. Also, At
fatigue stress amplitude of 250 MN/m?, the
fatigue life of unreinforced aluminium specimen
is 505 numbers of cycles-to-failure; while the
deviation of fibre orientation from 0° to 30°, 60°
and 90° vyielded reduction in fatigue life from
2741 to 861, 295 and 157 numbers of cycles-to-
failure. Reduction in fatigue stress amplitude was
found to increase the number of cycles-to-failure
(i.e., the fatigue life) of the specimens.

The fatigue limit (or endurance limits) of
unreinforeced  aluminium, and  aluminium
composite having 0°, 30°, 60° and 90° fibre
orientations are found to be 40, 70, 45, 35 and
25 MN/m2, respectively. And the corresponding
fatigue life are observed to be 35480, 199518,
112195, 10021 and 5297 numbers of cycles-to-
failure.

1000
900 ——0°-Fibre Orientation
—#A—30°-Fibre Orientation

E 800 == Unreinforced Aluminium
g 700 —&—60°-Fibre Orientation
n —8—90°-Fibre Orientation
< 600
2
2 500
<
[72]
§ 400
n
S 300
2
<
Y 200

100

O L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Logarithmic Scale of Number of Cycles-to-Failure, Nf

Fig. 6. Plot of fatigue stress amplitude versus logarithmic scale of number of cycles-to-failure
for the specimens
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Table 2. Variations of fatigue stress amplitude with logarithmic scale of number of cycles-to-failure

Fatigue Stress Unreinforced 0°-Fibre Orientation 30°-Fibre Orientation 60°-Fibre Orientation 90°-Fibre Orientation
Amplitude, S (M/Nm?) Aluminium

Nt Iog N¢ N¢ Iog N¢ Nt Iog Nt N¢ Iog Nt N¢ Iog N¢
950 24 1.380 48 1.681 32 1.505 17 1.230 12 1.079
850 26 1.415 64 1.806 36 1.556 20 1.301 14 1.146
750 39 1.591 81 1.908 47 1.672 26 1.415 17 1.230
650 63 1.799 106 2.025 83 1.919 43 1.633 21 1.322
550 98 1.991 178 2.250 126 2.100 67 1.826 31 1.491
450 127 2.104 273 2.436 190 2.279 96 1.982 45 1.653
350 199 2.299 746 2.873 362 2.559 113 2.053 52 1.716
250 505 2.703 2741 3.438 861 2.935 295 2.470 157 2.196
200 785 2.895 32885 4517 1577 3.198 475 2.677 231 2.364
150 1336 3.126 56238 4.750 21727 4.337 566 2.753 322 2.508
100 14622 4.165 125892 5.100 44668 4.650 1276 3.106 670 2.826
70 25118 4.400 199518 5.300 89125 4.950 3548 3.550 1008 3.003
50 31628 4.500 - - 100024 5.000 6622 3.821 1403 3.147
45 33185 4.521 - - 112195 5.050 7960 3.901 1992 3.300
40 35480 4.550 - - - - 8706 3.940 2092 3.321
35 - - - - - - 10021 4.001 2575 3411
25 - - - - - - - - 5297 3.724
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The trends of fatigue and endurance limits show
that composite specimens with 0° and 30° steel
fibre orientations have more sustenance of
fatigue deformation before failure than the
unreinforced specimen, while the unreinforced
specimen has more sustenance of fatigue
deformation before faluire than the composite
specimens with 60° and 90° steel fibre
orientations.

The highest fatigue limit (or endurance limit)
exhibited by the composite specimen with 0°
fibre orientation could be attributed to fact that
fact that the continuous spanning of the fibres in
the axial dimension have maximum ability to
sustain the applied alternating tensile and
compressive stresses as it was rotated on the
Avery Deninson 7305 Bending Fatigue Testing
Machine. Also, the least fatigue limit (or
endurance limit) displayed by the composite
specimen with 90° fibre orientation could be
attributed to remarkable stress concentration,
debonding and crack growth at the tranverse
fibre-matrix contacts.

4. CONCLUSION AND RECOMMENDA-
TION

This work investigates the effect of steel fibres
orientation on the anisotropic mechanical
behaviour of aluminium composites. The
mechanical properties evaluated are impact
energy, tensile, compressive and fatigue
properties.

The findings shows that specimen with 0° fibre

orientations has maximum sustenance of
deformation before fracture, followed by
specimen  with  30° fibre  orientations,

unreinforced specimen, specimens with 60° fibre
orientation and 90° fibre orientation.

This could be attributed to the fact that the fibres
in the composite with 0° fibre orientation offer
continuous reinforcement  spanning  the
longitudinal axis of the specimens, while fibre
orientations from 30° to 90° offer areas of
different degrees of shear stress concentration at
fibre-matrix ~ contacts  aiding  fibre-matrix
debonding and crack propagation.

In conclusion, this work shows that orientation of
steel fibre reinforcement in aluminium matrix
could be varied to achieve ranges of mechanical
properties and performances needed for different
practical applications such as high-speed
machineries, aircrafts and spacecrafts.
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For future studies, the possibility of using other
fiore materials apart from steel fibres for
reinforcing aluminium alloy could be explored.
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