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Abstract

Experimental fabrication of functionally graded Aluminum Silicon-carbon
nanotubes (AISi-MWCNT) reinforcement is significantly less, despite
substantial theoretical interest. Many studies focused on axially layered
functionally graded material because of ease of fabrication. Full advantage
of AISi-MWCNT functionally graded material only is taken when designed
to the various shapes. In this research work, functionally graded cylinders
were produced with 2wt% MWCNT at the outer surface to provide a
complex and wear-resistant surface. The interior surface is soft with AlSi
to provide elasticity. FGM1 sample indicates 112% and 11% increase in
maximum tensile strength compared to AISi and AISi-MWCNT1wt%. FGM1
sample shows a 37% increase in elongation percentage compared to the
AISi-MWCNT1wt% composite. Test samples showing the typical nature
of barrelling. FGM1 sample exhibits compressive strength of 237MPa,
exceeding by 245% that of AISi and by 3.5% that of AISi-MWCNT 1wt%.
Three samples consider for each test. Hardness value ranges from 65HV
at the core to 115HV at the outer surface. Hardness value Exceeds 56% in
the outer layer compared to an inner region of FGM2.There is a proper bond
between the layers, and the same demonstrate with properties of tensile,
compressive, and hardness. OM with porosity, SEM with EDX evaluates to
predict structural gradation in FGM cylinder.

Introduction

Functionally graded materials are superior advanced
materials with tailoring properties for the customer
end product. Properties alter by controlling the
constituent base matrix and reinforcement materials,
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which conventional alloys and composites are not
possible. Tailoring properties makes them suitable
for overcoming a wide variety of demanding
problems such as thermal gradation, thermal
mismatch, toughness, wear, corrosion, and impact.
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The mechanical component wherein interior is
soft and outer layer is tough, and wear-resistant
benefitted from functionally graded material is
shafts, gears, cams, and bearings. MWCNT
reinforced nanofiller functionally graded materials
are the trending newest materials investigated'?®
Determines the FGM beams subjected longitudinal
modeling. FEA modeling of axially functionally
graded CNT Reinforced Composite.* Material
topology of functionally graded beams subjected to
bilateral constraints.® Studied instability of thermo-
mechanical loaded graphene reinforced functionally
graded materials. Young’s modulus of graphene-
FGM composite determined using modified Halpin—
Tsai model.

SFunctionally graded materials subjected to thermal
shock resistance by considering (a) local tensile
stress criterion, (b) thermal stress intensity factor
criterion, and (c) hoop stress criterion.” Studies
on Finite rotation multiple nodes (3 & 4) shell
elements for functionally graded CNT-reinforced thin
composite shells analysis. Reviewed FG-graphene
reinforced composite structures, discuss mechanical
properties, characteristics, and micro-mechanics
model of FG-graphene composite.® carried out
Fracture analysis of functionally graded material
using extended element-free Galerkin method and
digital image correlation technique; the experimental
method helps fabricate a five-layered epoxy/glass
FGM by hand layup process.

Carried out Fracture analysis of functionally graded
material using extended element-free Galerkin
method and digital image correlation technique; the
experimental method helps fabricate a five-layered
epoxy/glass FGM by hand layup process.

OFatigue behavior of FG-Ti—-6Al—4V mesh structure
fabricated by electron beam." Reviewed mechanical
properties of CNT reinforced functionally graded
materials.’? Carried out the analysis of wave
propagation of CNT reinforced by FG- Composite
cylindrical micro-shell using shear deformable
shell theory and nonlocal strain gradient theory.™
The modeling of functionally graded carbon nanotubes
reinforced composite plates subjected to low-velocity
impact with arbitrary geometry and general boundary
conditions.™ Studies on free vibration analysis
and bending of FG-graphene vs CNT-reinforced

composite plates.' Functionally graded-CNT
cylindrical shell on dynamic buckling analyses of
under axial power-law time-varying displacement
load.18 Determines the temperature-dependent
properties of functionally graded porous materials
subjected to Thermoelastic analysis by a staggered
finite volume method."” Functionally gradient brittle
materials impact response characteristics and meso-
evolution mechanism.'® Three-dimensional flexural
deformations of functionally graded material beams.
Research carried out on functionally graded
cylinders with radial gradation is significantly less; in
this research work, the expensive CNT is provided
on the surface to give hardness and strength.
The interior remains soft to provide elasticity.
The prepared material with geometry provides
less cost, which offers powerful applications with
lightweight, overall ductility, hard and wear-resistant
surface desire: used in mechanical components
of an automobile and aircraft.

Materials and Methods

Functionally graded cylinders fabricated by step
by step procedure. The first step involves selecting
materials such as atomized aluminum-silicon alloy
powder with > 99% purity and Ni-coated MWCNTs
(Hongwu Nanometer) and Aluminum silicon alloy
powder constituents shown in Table.1 The average
particle size of Aluminum silicon alloy powder is
in the range of 50-70um. Aluminum silicon alloy
powder, ball-milled with Ni-coated MWCNTs having
average diameters of 30-60nm and length of
1-2um, the percentage of Nickel coated is <40% on
MWCNTs in a Retsch PM-100 ball mill under argon
atmosphere. Milling speed of 250rpm and 5:1 ball
to powder weight ratio, milled for 5hours to avoid
damage to Ni-coating and structure of the MWCNTs
and acetone used to avoid cold welding of aluminum
particles. Three composite concentrations prepare
by dispersing 1wt%, 1.5wt%, and 2wt% MWCNT in
the Aluminum silicon alloy powders. Two types of
specimens fabricated one is Four-layer, and Two-
layer sample prepare with an inner layer is milled
Aluminum silicon alloy powder. The outer layer
is Aluminum silicon alloy with MWCNTs variation
(1, 1.5 & 2) weight percentage.

Figure. 1 sample considered FG2 where Centre
milled AISi will act as ductility layer, whereas
MWCNTs wt% varied very marginally to avoid a
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mismatch between layers. Three pieces fabricate
to take the average of results. With a comparative
test, AISi-MWCNT nano-composites manufacture by

same powder metallurgy route with varying MWCNT
wt% by 1, 1.5 & 2.

Table 1: Composition of Aluminum silicon alloy powder.

Element

Composition (%)

Aluminum (Al)
Silicon (Si)
Magnesium (Mg)
Copper (Cu)
Nickel (Ni)

85
12.20
1.0
0.90
0.9

AlSi

98wt AlSi=3wt% MWCNT

98 Swit AlSi+2wi% MWCNT

99wt AlSi+1wt% MWCNT

Fig. 1: Cross section of fabricated FGM sample showing4 layers of composition
before hot extrusion.

Fabrication of FGM cylinders by a 16-part mold set
is tedious and prone to damage to the layers of the
FGM sample.®

3D mold spacer is a cylinder of length 75mm and
outer diameter of 31mm. The internal pocket of a
spacer divides with three pockets of diameter 23mm,
15mm, and 7mm separated with the minute thickness
of 0.3mm. Each pocket provides three slots that aid
in powder loading and rigidity to the mold. 3D mold
spacer eliminates the use of lubricants, loading parts
with mildew, and helps in avoiding contamination of
the powders. The weighted percentages of each of
the composition samples carefully pour using the
small chimney. After filling, the mold is delicately
removed from the cold compaction die to allow
powders to fall in place and merge.

Figure 2. shows all the steps involved in the
fabrication of the FGM cylinder. Cold compaction

carries out using a KRYSTALTECH Universal Testing
machine of capacity 600KN. Cold compacted FGM
sample sintered at a temperature of 6000C for one
h, then extruded with a ratio of 4:1.

It extruded samples machine for compression and
Vickers micro-hardness test. For Compression and
Tensile test, FGM1 sample used. Compression test
conducted with ASTM E9-09 standard used for with
L/D ratio of 1.5. Tensile specimen of diameter 15mm
and 32-gauge length.

For the Compression test, the compaction rate
of 0.5mm/min is fixed and continued until a maximum
strain of 50%—three samples of each composition
prepared.

Optical microscopy characterizes each layer's
microstructure of FGM and data collection from
Nikon Microscope LV150 with Clemex Image
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Analyser. A porosity test determines the size of the
pores to evaluate the proper densification of each
layer in the FGM sample. SEM (TESCAN-VEGA3
LMU) analyzes the Ni-coated MWCNT dispersion in
the Aluminum silicon alloy matrix operating at 15 kV

and 20nA. Compositional characteristics determine
by EDX. XRD (X-Ray Diffraction Analyzer) 30 mA, 45
kV peaks to analyze the crystal structure orientations
with element presence and data collection software
is X'Pert Data Collector.

Pouring of powder

Cold Compaction

Cold compacted FGM specimen

Hot extrusion

Fig. 2: shows all the steps involved in fabrication of FGM cylinder by powder metallurgy.

Results and Discussion

Powder Characterization

SEM images of AlSi, AISi-1wt%MWCNT, AlSi-
1.5wt%MWCNT and AISi-2wt%MWCNT composite
milled powders shown in Fig.4 (a-d) are showing
typical morphology of powders.

They are coarsening of particles due to cold
welding in the ball milling process, clearly seen
in Figure.3(a-d). SEM analysis indicates the
uniform dispersion of MWCNTSs in Aluminum silicon

alloy particles, and in some parts, there is an
agglomeration of bonded particles. AISi-MWCNT
particles showing irregular morphology and rough
surfaces compared to AlISi. SEM images prove
the effectiveness of ball milling parameters (Ball
milling time, speed, BPR & PCA amounts) used
in this research helps avoid MWCNT clusters.?
The particle size, morphology, and composition
of constituents influence the compaction and
sintering of FGM cylinders, mainly helps in interfacial
strength between the layers.
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Fig. 3: SEM showing typical morphology of the a) AlSi, b) AlSi-1wt%MWCNT, c) AlSi-
1.5wt%MWCNT and d) AlISi-2wt%MWCNT composite milled powders.

Optical Microscopy and Porosity

Optical microscopy of FGM sample with an inner
layer is AISi, and the outer layer is AISi-MWCNT,
there is no presence of crack between each layer
as discussed by,?° didn’t occur in this research.
The microstructure consists of uniformly dispersed
eutectic silicon particles. Intermetallic phases
in the inter-dendritic region in the matrix of aluminum
solid solution. (~5-8%) Porosity observed in
sample Fig.4(a). the layer of AISi-1.5wt%MWCNT

porosity reduces to 5% shown in Fig.4(b) and AlSi-
2wt%MWCNT limited to 3% in Fig.4(c), itis a positive
sign of good compaction and sintering. Uniform
dispersion of multiwall carbon nanotubes (MWCNT)
in AISi matrix helps in reducing the porosity to an
extent of weight percentage of 2wt%.%-2%

SEM analysis with EDX of FGM cylinders
Sample No 1, AlISi + (1wt % Ni-MWCNT +AISi)
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Fig. 4: (a-c) shows optical microscopy of FGM1 cylinder with respect to layers
and Porosity in each layer.
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Fig. 5: (a-c) shows SEM with EDX (a) AlSi-Ni-MWCNT1wt%, (a) AlSi-Ni-MWCNT1.5wt%,
& (a) AISi-Ni-MWCNT2wt%.

SEM images with EDX of AISi with Ni coated
MWCNT are seen in Figure.5 (a-c). SEM images
indicating the uniform dispersion of MWCNTs
in the Aluminum silicon alloy matrix with Ni content
presence in EDX graph, and the same thing proved
with weight percentage. Ni coating on MWCNTs
helps improve the dispersion in the AISi matrix.
Proper uniform distribution helps enhance the
properties of the FGM material, and the same
is portray in tensile and compressive properties.

Mechanical Properties

The tensile test evaluates the mechanical behavior of
FGM samples. Challenge occurs during machining of
FGM sample to reduce cross-section. It will remove
the outer part of the FGM layer, which consists
of a higher concentration of MWCNT it would affect

mechanical properties. FGM machined to the ASTM
standard as shown in Figure.8 it is possible to reduce
it to 14.5mm diameter, and grips, on the other hand,
is 16mm as same been followed in.’ FGM1 samples
fracture to the middle of the gauge length. FGM1
sample fracture by the combined effect of ductile
and brittle nature.

90
25 0, 25
e
T }
0145 o016
i i

Fig. 6: FGM machined sample for tensile test
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Fig. 7: shows tensile stress and strain diagram for AISi, FGM1 and AISi-MWCNT1wt%
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Fig. 8: shows Compressive stress and strain diagram for AlSi, FGM1 and AISi-MWCNT1wt%

Figure 7. shows the Stress-strain diagram of tensile
behavior of AISi, AlSi-1wt%MWCNT, and FGM1.
AISi-MWCNT1wt% and FGM1 exhibit an increase
in ultimate tensile strength compared to AISi.
FGM1 sample indicates 112% and 11% increase
in maximum tensile strength compared to AlSi and
AISi-MWCNT1wt%. FGM1 sample shows a 37%
increase in elongation percentage compared to the
AISi-MWCNT1wt% composite.

FGM1 sample exhibits lower yield strength of 57Mpa
compared 96Mpa for AlSi-1wt%MWCNT composite.
Low yield strength of FGM1 due to milled AlSi ductile
nature in layer1.

Figure. 8 represents the Compressive stress-strain
diagram for AISi, FGM1, and AISi-MWCNT 1wt%.
No breaking or fracturing of layers until machine
strain rate reaches 50% hence confirms strong
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bond between the layers. There is no delamination
of layers. Test samples showing the typical nature
of barrelling. FGM1 sample exhibits compressive
strength of 237MPa, exceeding by 245% that of
AISi and by 3.5% that of AISi-MWCNT 1wt%. Three
samples consider for each test.

Vicker’s hardness test conducts on FGM2 with four
layers to capture at the interface between layers.

| AIS
B AISE- 1MW ENT
W AISI-1.5wEMWCNT
B AISi-2wt2EMWCONT

120

100

Hardness value (V)
E

Figure.9 shows hardness values in the FGM2
sample from the center to the outer surface. Average
values of 20-25 readings of hardness taken in each
region. Hardness values increase from the center to
the outer region. Hardness value ranges from 65HV
at the core to 115HV at the outer surface. Hardness
value Exceeds 56% in the outer layer compared to
an inner region of FGM2.

Surface

Radial position

Centre

Fig. 9: Vicker’s hardness values for FGM2 with respect to radial direction
from Centre to outer surface.

Conclusion

Research carried out on FGM cylinder is very little.
Only axially layered FGMs were fabricated due to
processing constraints. Theoretical studies indicate
various shapes of FGM are fabricated such as
conical shapes, panels, beams, discs, cylinders
and plates. Present work demonstrates the FGM
cylinders with radial CNT composition gradient.

Tensile test results predict FGM performs well
compared to base AlISi, and AlISi-1wt%MWCNT
provides a better combination between strength
and ductility. Micro-Vickers hardness value indicates
the outer surface is more hard compared to the
core. The compressive properties of FGM cylinders
provide more stability and sustainability compared
to base AISi and AISi-1wt%MWCNT. Micro structural

evaluation carries out with Optical microscopy with
porosity, and SEM with EDX provides structural
gradation of FGM layers.

The produced FGM cylinders provide the solution to
a wide variety of challenges of drive shaft designs.
It will provide toughness, strength, and lightweight.
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