Polymer(Korea), Vol. 42, No. 1, pp. 20-28 (2018)
https://doi.org/10.7317/pk.2018.42.1.20

AA| =l OBl (Friction Stir Process Tool)2 AFS8H
HDPE LIS M =B

A
T

Jm

B. Balamugundan*, L. Karthikeyan*** and M. Puviyarasan**
*Department of Mechanical Engineering, Sathyabama University
**Department of Mechanical Engineering, Panimalar Engineering College
(20174 59 594 He, 2017d 7€ 289 4, 20173 8€Y 18Y AE)

Feasibility of Fabricating HDPE Nanocomposites Using a Specially Designed
Friction Stir Process Tooling System

B. Balamugundan*’, L. Karthikeyan*** and M. Puviyarasan**

*Department of Mechanical Engineering, Sathyabama University, Chennai-119, India
**Department of Mechanical Engineering, Panimalar Engineering College, Chennai-123, India
(Received May 5, 2017; Revised July 28, 2017; Accepted August 18, 2017)

Abstract: Polymer nanocomposites are being increasingly used in a variety of tribological applications owing to their
structural features. In this study, high density polyethylene (HDPE) composites with three different nanoparticles such as
alumina (Al,O;), multi-walled carbon nanotubes (MWCNT) and graphene were fabricated using a newly designed fric-
tion stir processing tool and fixture. Mechanical test results showed that the fabricated polymer nanocomposites possess
enhanced mechanical properties at higher tool rotational speed and traverse feed. The frictional coefficient and wear prop-
erties of the fabricated polymer nanocomposites were evaluated under dry sliding conditions using a pin-on-disc tri-
bometer. Further the surfaces of the fabricated samples before and after wear studies were evaluated using scanning
electron microscope. The wear test results showed that the HDPE/MWCNT has a very low mass loss as compared with
HDPE/graphene, HDPE/AL,O; composites and HDPE parent material. Moreover MWCNT nparticles act as a lubricant
during wear test causing the worn surface of HDPE/MWCNT nanocomposites to be smoother as compared to other fab-
ricated nanocomposites. The higher reflection peak between 23.71° to 23.95° obtained using X-ray diffraction (XRD) for
the HDPE nanocomposites fabricated with the nanoparticles MWCNT, Al,O; and graphene reveal a uniform mixture of
the polymer matrix with the nanoparticles. The XRD results also show that the addition of nanoparticles does not sig-
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nificantly alter the crystal structure of the HDPE matrix.
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Introduction

Among the many available polymers high density poly-
ethylene (HDPE) is the third largest thermoplastic used world-
wide with numerous applications. They are highly durable,
chemically non reactive, inexpensive and easy to process.'
However its lower tensile strength makes it unsuitable for
heavy duty applications.” To increase the strength of the poly-
mers they are normally reinforced with nano and micro par-
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ticles. The reinforced polymer nanocomposites are increasingly
being used in various assemblies and equipments including
gear, bearings, joints, seals, food conveyors, semiconductors,
automobile elements owing to their light weight, flexibility,
excellent corrosion resistance, good processability and low
cost.!! Several techniques such as vacuum arc deposition,
melt mixing and injection molding are being used to fabricate
the polymer matrix composites (PMC) by mixing polymer
matrix and nanoparticles under high temperature.'>'®

Chee et al."’ used ‘melt mixing’ technique to fabricate low
density polyethylene composites with nano Al,O; reinforce-
ments at 125 °C. Silane was used as a coupling agent to
enhance the interfacial interactions between alumina and low
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density polyethylene. The results showed that among the var-
ious weight percentage proportions used, 1wt% nano-alumina
successfully enhanced the mechanical properties of low den-
sity polyethylene material.

1% observed an enhancement in mechanical

Sengupta et a
and electrical properties of graphene reinforced HDPE nano-
composites. Bhattacharyya et al*' used prereduction and in-
situ method to disperse graphene particles into ultra high
molecular weight polyethylene for the fabrication of nano-
composite films. The nanocomposite film produced by prere-
duction method was found to possess higher crystalline
characteristics, better modulus, strength, network hardening
and creep resistance as compared to the ‘in situ’ method. Lin

et al*

used ‘melt blending’ technique to fabricate polyeth-
ylene/graphene oxide nanocomposites. The experimental
results showed an increase of 20 and 13% in Young’s modulus
and tensile strength respectively. Achaby and Quaiss®™ pre-
pared HDPE/graphene nano sheets and HDPE/MWCNT nano-
composites with equal weight percentage using melt mixing
technique. The result showed that HDPE/graphene nanocom-
posites with higher specific surface area exhibit better mechan-
ical properties as compared to HDPE/MWCNTs nano-

composites. Behrouz et al.**

developed a coarse grained model
to capture the interactions between polymer chains and nano-
tubes. It was found that the mechanical properties of the nano-
composites can be estimated with higher accuracy and lower
computational cost using coarse grained model simulation.

Recently, friction stir processing (FSP) a novel solid state
processing technique has gained wide acceptance in fabri-
cating polymer matrix composites. Composites fabricated by
FSP were found to possess an inner matrix with better ductility
and toughness and an outer surface with improved wear resis-
tance and strength.' During friction stir processing the tool pin
serves two primary functions: (a) heating of work piece and (b)
movement of material. The friction between the tool and the
work piece develops heat which softens the material around
the rotating pin. The rotation also causes material movement
from the advancing to the retreating side of the pin. The tool
shoulder consolidates the material that flows around the pin.”
Puviyarasan and Senthil Kumar’*?’ fabricated aluminum
AA6061/B,C and AA6061/SiC, metal matrix composites
through friction stir processing and found that higher tensile
strength and microhardness was achieved in the composites
fabricated using optimum process parameters. Hosseini ef al.?®
have observed a microstructural modification, grain size reduc-
tion and homogeneous distribution of reinforcements in alu-

minum Al5083 grade using friction stir processing method.

Prakash et al.” used FSP technique to develop alumina/0.5
graphene reinforced AA6061 hybrid composite sheets with
higher hardness and minimum wear rate. Yet fabricating PMCs
through conventional FSP tool is highly difficult owing to the
differences in the material structure, morphology of the matrix,
low melting temperature, low thermal conductivity, micro-
hardness and short solidification time.**** In order to avoid
these defects Rezgui ef al.** developed a new FSP tooling sys-
tem that utilizes a stationary wooden shoulder to lap weld
HDPE sheets. However the poor thermal conductivity of wood
caused the formation of a small sized HAZ and discontinuities
in the weld. Barmouz ef al' fabricated HDPE/clay nano-
composites using FSP and studied the effect of process param-
eters on its morphology and mechanical properties.

Azarsa and Mostafapour** fabricated HDPE/copper powder
polymer metal matrix composites using a FSP tool with sta-
tionary shoulder and a heater. The results showed that the ulti-
mate tensile strength and elastic modulus of the fabricated
composites were remarkably enhanced. Yet studies conducted
on the fabrication of PMCs through FSP using a stationary
shoulder are negligible.

In this work an attempt has been made to develop and apply
a novel FSP tooling system using a stationary shoulder without
any external heat source to fabricate HDPE/AL,O;, HDPE/
MWCNTs and HDPE/graphene nanocomposites. The tensile
strength and tribological behavior of the fabricated composites
were evaluated. Microstructural analysis using scanning elec-
tron microscopy (SEM) and XRD was carried out to confirm
the dispersion of nanoparticles in the HDPE without any prom-
inent defects.

Experimental

A high density polyethylene copolymer of HDPES218EA
grade with good flowability, narrow volume distribution, suit-
able for thin wall injection molding was used as matrix. The
as-received materials were cut into rectangular plates with the
dimensions 200x200x10 mm. AL,O;, MWCNT and graphene
nanoparticles with a particle size of 20 nm and 99.9% purity
were used as particulate reinforcements.

Fabrication of PMCs through FSP requires a novel FSP tool-
ing and fixture system as the material structure and thermal
conductivity of polymers are different as compared to the met-
als. The designed FSP tool consists of a thrust bearing, cylin-
drical rotating pin and a stationary shoulder. During friction stir
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Figure 1. (a) FSP tool with stationary shoulder; (b) fixture; (c) dimensions of the designed FSP tool.

processing, the thrust bearing separates the shoulder from the
FSP tool pin and keeps it stationary relative to the pin. Tool
steel of H13 grade with 1 mm pitch, hardened to HRC56 was
used to fabricate the thread pin. The stationary shoulder was
fabricated using AA6061 aluminum alloy, chosen for its supe-
rior strength and higher thermal conductivity. The polymer
plate was located inside a slot cut in the fixture. A guide way
was provided for the stationary shoulder at the top of the fix-
ture. Figure 1 shows the designed tooling system.

In order to fabricate HDPE/AL,O;, HDPE/MWCNTs and
HDPE/graphene polymer nanocomposites, initially ALOs;,
MWCNT and graphene particles were filled into a groove of
1 mm width and 2 mm depth, cut separately in the middle of
the matrix. Based on the relation given in eq. (1)* the volume
fraction of ALLO;, MWCNT and graphene particles was cal-
culated as 15%.

Area of compaction/Groove

Volume fraction = Area of pin swept M

During FSP the tool pin was inserted into the polymer

ZEH, A42H A1E, 20183

matrix till the stationary shoulder touches the upper surface of
the polymer. This tooling system with stationary shoulder ren-
ders the ‘FSP tool without pin” commonly used during the first
run of the fabrication of composites unnecessary. Moreover,
the stationary shoulder allows for a uniform cooling rate which
provides the required additional heat.** In this study, only sin-
gle stir passes were used. The values of process parameters
used in this study are listed in Table 1. The process parameters
were selected based on the previous studies.

Tensile and wear tests were conducted for the fabricated
polymer nanocomposites. The tensile test specimens were
extracted from the fabricated polymer nanocomposites along
the longitudinal direction as per ASTMDG638-Type I standards
using water jet machining. Tensile tests were carried out at
room temperature using a computerized universal testing
machine with a loading rate of 50 mm/min and maximum
force of 5 kN. The configuration and size of the extracted ten-
sile specimen is shown in Figure 2.

The microhardness of the fabricated nanocomposites was
measured using a standard Vickers microhardness tester along
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Table 1. Process Parameters Used in This Investigation

Rotational speed Traverse feed

Sample (rpm) (mm/min) Nanoparticles
S1 800 10 AlOs
S2 800 10 MWCNT
S3 800 10 Graphene
S4 1000 15 AlLOs
SS 1000 15 MWCNT
S6 1000 15 Graphene
S7 Pure HDPE without nanoparticles
ASTMD-638- 1
» 165~
| — 17
S

B
=
av

Figure 2. Configuration and size of the tensile test specimen.

the processing direction by applying a load of 100 g for 10 s.
An infrared thermometer having a temperature range from -35
to 800 °C was used to measure the temperature on the surface
of the stationary shoulder. The microstructure of the fabricated
composites was analyzed using a scanning electron micro-
scope. Dry sliding wear test was conducted using a pin on disc
machine according to ASTM G99 standards for polymeric
samples. The prepared wear test samples were placed tightly
inside the holder with screws perpendicular to the rotating disc.
Wear load was applied using a lever attachment. The wear
parameters such as time of rotational speed in rpm, track diam-
eter and the desired load were fixed manually prior to each
experiment.

Results and Discussion

Mechanical Properties. Figure 3 shows the nanocom-
posites fabricated through conventional FSP technique and sta-
tionary shoulder FSP technique. It can be observed that the
HDPE/ALO;, HDPE/MWCNT and HDPE/graphene compos-
ites were successfully fabricated using the stationary shoulder
technique. On the other hand the same polymer composites
fabricated using conventional FSP technique under same pro-
cess parameters displayed huge defects. Table 2 shows the
mechanical properties of nanocomposites fabricated using sta-
tionary shoulder FSP technique. The mechanical properties of

a) b)

Out poured nanoparticles Irregular distribution

)

Damage fabrication

Figure 3. Picture of fabricated samples using (a-c) conventional
FSP; (d-f) stationary shoulder.

all the fabricated nanocomposites were found to be higher
under the process parameters of 1000 rpm tool rotational speed
and 15 mm/min traverse feed. At lower tool rotational speed
and traverse feed the temperature developed in the stationary
shoulder was insufficient to evenly distribute nanocomposites
within HDPE matrix. With increasing tool rotational speed and
traverse feed the temperature experienced in the stationary
shoulder was also high (98 °C = 0.8 T,). This led to a better
dispersion and higher level of interfacial adhesion between the
nanoparticles and polymer matrix thereby significantly
enhancing its mechanical properties such as ultimate tensile
strength, yield strength and percentage elongation. The fab-
rication of defect free nanocomposites using stationary shoul-
der FSP technique confirms its higher efficiency as compared
to conventional FSP technique.

The variation in ultimate tensile strength, yield strength and
percentage elongation for the fabricated HDPE/AIO;, HDPE/

Polymer(Korea), Vol. 42, No. 1, 2018
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Figure 4. Variation in mechanical properties of fabricated samples.
(a) ultimate tensile strength; (b) yield strength; (c) percentage elon-
gation.

MWCNT and HDPE/graphene polymer nanocomposites is
shown in Figure 4(a-c). The results show that HDPE/graphene
has higher mechanical properties as compared to the HDPE/
MWCNT and HDPE/AL,O; nanocomposites.

Stress Strain Graph. Figures 5 and 6 show the stress strain
curves of HDPE/AL,O;, HDPE/MWCNT and HDPE/graphene
under various friction stir processed parameters. It can be
observed that the ultimate tensile strength, yield strength and
percentage elongation of graphene reinforced HDPE nano-
composites were higher than the other nanoparticles reinforced

Zay, Al428 A15, 20183

Table 2. Mechanical Properties of Fabricated Nanocomposites

Sample  Tensile strength  Yield strength Elongation
number (MPa) (MPa) (%)
S1 52.456 49.286 30.52
S2 48.785 43.33 21.85
S3 56.825 52.25 35.63
S4 56.275 54.01 33.33
S5 53.405 48.23 23.33
S6 60.013 57.48 38.33
S7 31.753 29.54 18
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Figure 5. Stress-strain curve of HDPE/nanocomposites at 800 rpm
and 10 mm/min.
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Figure 6. Stress-strain curve of HDPE/nanocomposites at 1000 rpm

and 15mm/min.

composites. Though graphene and MWCNT particles have
similar values of strength and Young’s modulus, the two-
dimensional graphene acts as an effective strengthening and
toughening agent as compared to the 1-dimensional
MWCNT.**3¥ Moreover graphene increases the plasticity of

the fabricated nanocomposites. This results in the enhancement
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Figure 7. SEM images of fabricated HDPE/nanocomposites S1-S6.

Figure 8. Cross section images of fabricated samples S1-S6.

of mechanical properties in graphene reinforced nanocom-
posites.

Micro Structural Evaluation of Nanoparticle Distribution.
The SEM images of the fabricated samples under different
process conditions are shown in Figure 7. It is well known that
polymers such as HDPE are soft in nature and the introduction
of nanoparticles such as Al,O;, MWCNT and graphene will
enhance its ultimate tensile strength, yield strength, percentage
elongation, microhardness and wear resistance.

The microstructural images of the nanocomposites fabri-
cated through friction stir processing shows a uniform dis-
tribution of nanoparticles within the HDPE matrix (Figure 7).
This can be attributed to the better stirring action of pin, uni-
form distribution of the heat generated by the stationary shoul-
der and adequate pressure of designed tooling system on the
processed zone. In this work the temperature developed at the
stationary shoulder under a rotational speed of 800 rpm was 75
°C (0.6 T,, of HDPE) and 1000 rpm was 98 °C (0.8 T, of
HDPE). Since no external heat was supplied to the stationary
shoulder, the developed temperature was evenly distributed to
the advancing and retreating sides of the processed region by
the designed FSP tooling with stationary shoulder system. This
results in a homogeneous distribution of reinforcement par-
ticles within the matrix. The cross sectional area of the pro-
cessed zone is shown in the Figure 8.

Generally lower stationary shoulder temperature and higher
traverse feed leads to the formation of large voids inside the

Polymer(Korea), Vol. 42, No. 1, 2018
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Figure 9. Friction coefficient of fabricated samples with respect to
time.

stir zone which will significantly affect the mechanical prop-
erties. In this work the even distribution of temperature over
the advancing and retreating sides of the tool shoulder is evi-
dent from the absence of the voids.

Tribological Behavior of Fabricated Polymer Nano-
composites. The room temperature friction and wear tests
were carried out using a pin-on-disc apparatus under dry slid-
ing conditions. The fabricated nanocomposites were initially
cut into cylindrical pins of dimensions 8.5 mm diameter and
15 mm height using water jet machining. Different grades of
emery sheets were used to smoothen the tip of the fabricated

%1 00x SE

pin. The counterpart, used to test the wear characteristics of the
nanocomposites, was fabricated using hardened steel of EN31
grade having a diameter of 30 mm, thickness of 20 mm and
surface finish of 0.1 um. The sliding speed was fixed at 0.1 m/
sec and normal load at 5 N for all the fabricated polymer nano-
composites. Figure 9 shows the rate of coefficient of friction
obtained during wear test for all the fabricated polymer nano-
composites. During wear test the incorporation of nanopar-
ticles decreases the mass loss of all the fabricated nano-
composites. However, the friction coefficient of pure HDPE
polymer (S7) was lower than that of nanocomposites incor-
porated with graphene particles (S3 and S6) and ALO; (S1 and
S4). The ease with which HDPE expands under dry sliding
conditions, where heat generation is enormous makes it unsuit-
able for tribological applications. The frictional coefficient of
the nanocomposites incorporated with MWCNT nanoparticles
(S2 and S5) was lowest.

Figure 10(a-c) clearly indicates the pullout of particles in the
wear track image. The wear track of HDPE/ALO; specimen
(Figure 10(b)) shows particle agglomeration and non-homo-
geneous mixing of ALO; particles. The nanoceramic Al,O;
particles act as an abrasive, leading to delamination and micro
cracks, generating worn tracks on the fabricated composites.
The wear track of HDPE/MWCNT nanocomposites (Figure
10(c)) was smoother as compared to other worn surfaces.

Figure 10. SEM images after wear of (a) HDPE/graphene; (b) HDPE/ALOs; (¢) HDPE/MWCNT.

Zgd, 424 A 1Z, 20183



Feasibility of Fabricating HDPE Nanocomposites Using a Specially Designed Friction Stir Process Tooling System 27

(a) ——§] =82 ——S3
5
s
=y
g
= .
)\ o R s
0 20 40 60 80 100 120
2 Theta (°)
(b) —S4 =S5 S6
2
Z
1]
5
=
0 20 40 60 80 100 120
2 Theta (°)
© —_—37
2
oy
1]
5
£
0 20 40 60 80 100 120
2 Theta (°)

Figure 11. XRD patterns of (a) HDPE nanocomposites fabricated
with rotational speed 800 rpm; (b) HDPE nanocomposites fabri-
cated with rotational speed 1000 rpm; (c) pure HDPE.

Addition of MWCNT particles with HDPE improves its
mechanical properties of HDPE including wear resistance.
This can be attributed to the deep pinning of MWCNT par-
ticles within the HDPE matrix. During wear test these particles
do not peel-off easily from the matrix. Moreover a thin carbon
film formed out of MWCNT nanoparticles act as a lubricant
during wear test thereby lowering the frictional coefficient of
the fabricated nanocomposites. This leads to a lower mass loss
of 0.00001 g.

X-ray Diffraction of Fabricated Composites. X-ray dif-

fraction plays a central role in identifying and characterizing
solids. The nature of bonding and the working criteria for dis-
tinguishing the short-range and long-range order of crystalline
arrangements from the amorphous substances are largely
derived from X-ray diffraction and it thus remains a useful tool
to obtain structural information.”

Figure 11(a-c) shows the X-ray diffraction (XRD) patterns
of the fabricated HDPE polymer nanocomposites at two dif-
ferent conditions and pure HDPE. Pure HDPE exhibits a
strong reflection peak at 23.95° followed by a less intensive
peak at 40.57°. The HDPE/MWCNT nanocomposites (sam-
ples S5 and S2) fabricated at a rotational speed of 1000 rpm
and 800 rpm exhibit a strong reflection peak at 23.89°. The
results also show that the higher reflection peak for all the fab-
ricated nanocomposites lie between 23.71° to 23.95°. Thus it is
reasonable to assume that the morphology of all the fabricated
nanocomposites show a homogeneous mixture of polymer
matrix and reinforcements. The XRD pattern also shows that
the addition of MWCNT/ALO,/Graphene nanoparticles does
not affect the original crystal structure of the HDPE matrix.
Moreover the increase in the mechanical properties of the fab-
ricated composites as compared to HDPE matrix without alter-
ing its crystal structure shows the effectiveness of the designed
FSP tooling system. Out of all the fabricated nanocomposites
MWCNT reinforced samples displayed the highest reflection
peak in XRD pattern.

Conclusions

In this study a newly developed friction stir processing tool
and fixture was used to successfully fabricate HDPE/ALLO;,
HDPE/MWCNT and HDPE/graphene nanocomposites. The
new tooling system and fixture was highly efficient in the fab-
rication of defect free nanocomposites. The particle dispersion
within the fabricated composites was remarkably good. Based
on the study the following conclusions can be drawn.

* HDPE/AL,O;, HDPE/MWCNT and HDPE/graphene com-
posites fabricated with a rotational speed of 1000 rpm and tra-
verse feed of 15 mm/min has nearly 10% higher ultimate
tensile strength, yield strength and percentage elongation as
compared to the HDPE polymer.

» The enhanced mechanical properties of the fabricated
composites confirms the effectiveness of the newly developed
FSP tooling and fixture system as compared to the conven-
tional FSP approach.

» The stress-strain graphs indicate that under all the con-

Polymer(Korea), Vol. 42, No. 1, 2018
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ditions HDPE/graphene nanocomposites have higher mechan-
ical properties than the HDPE/AlL,O; and HDPE/MWCNT
nanocomposites.

* Pure HDPE, though has nearly 14.5% lower frictional
coefficient than HDPE/graphene and HDPE/ALQ;, is unsuit-
able for tribological applications as it expands during dry slid-
ing conditions.

* The friction coefficient of HDPE/graphene increases
steadily when compared to the other samples owing to the
pullout of graphene particles.

* The mass loss of HDPE/MWCNT (0.00001 g) worn sur-
face was lower than the mass loss in the worn surfaces of other
samples.

» The X-ray diffraction results show that the higher reflec-
tion peak for all the samples lie between 23.71° to 23.95°. This
indicates that the crystal structure of HDPE matrix is not sig-
nificantly altered by the addition of nanoparticles.
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