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ABSTRACT

Engineering systems are often subject to complex loading mechanisms
including accelerated mechanical shock during transportation, handling, and
operations. Shock can be understood as a drastic, irregular change in
acceleration experienced by an object due to impact at a very short period.
This paper presents a preliminary study of the crashworthiness properties of
in-service industrial marine fenders (or bumpers) intended for shock energy
absorption. The peak accelerations (Gpeak) Of the test specimens are
experimentally measured and compared to theoretical estimations. The energy
absorptions and impact forces of the test specimens are calculated using
analytical formulations. The effects of introducing tubular through-holes in the
specimens on the resulting peak accelerations and thereby the shock energy
absorbing capacities are also investigated. Test specimens of thicknesses
ranging between 10 mm and 30 mm are subjected to half-sine shock waves
between 50G and 70G, which are generated by dropping a 5-kg payload from
different heights ranging from 150 mm to 280 mm onto a padded shock seat
for a pulse duration between 5 and 8 ms. The analytically determined Gpeax
agrees well with the experimental values. It is found that the through-holes
specimens with lower Gpeak, resisted smaller impact forces and absorbed up to
12% lesser energy per unit mass than their solid counterparts.
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Introduction

Shock is an incident of rapid high acceleration that may come in the form of
impact and cause structural damage to the components exposed to it. Efficient
energy absorption by materials and components can protect them from sudden
shock at peak acceleration, i.e. Gpea (€.9., [1]-[3]). Crashworthiness properties
of a material system such as a marine fender (see Figure 1a) are essential for
product designing and life cycle analysis [4]. High shock impacts induce
microcracks that can grow and propagate resulting in major fracture of the
material system and industrial components (e.g., [5]-[8]). Industries pertinent
to crashworthy component applications therefore routinely employ measures
to lessen the post-impact damages. Mechanical shock testing experiments are
designed to evaluate the capability of crashworthy components to absorb
impact energy at high shock accelerations by dropping them from a certain
height and measuring the resulting Gpea. This usually involves prior
determination of the shock pulse durations and heights as the input parameters
for the test (e.g., [9]-[10]). The Gpeak and velocity change experienced by the
test specimens are measured using an accelerometer and used to theoretically
determine the impact force and maximum energy absorption of the specimens.
Gpeak Can also be analytically calculated. In this case, the principle of
conservation of energy is normally invoked to relate test parameters including
drop height, h, and pulse duration, dt, to the impact force and energy absorption
of the specimens (e.g., [11]-[12]). The following expression for Gpeax is derived
based on the assumption that the test system is conservative and there is no
rebound of the mass during the impact (see Appendix A for derivation):

./ gh
Gpeak = _\/g_ (1)
dn2
The impact force, F, can be determined from the velocity change, dv,
specimen mass, m, and dt as follows:

e ()

Potential energy, U, of the mass at a height h from where the mass is
dropped is assumed to be fully transformed to kinetic energy, T, just as it
impacts the programmer at its peak velocity (see Figure 1b). Using this
assumption, the maximum specific energy absorption of the specimens, SEA,
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can be determined from the maximum velocity, vmax, and dt as follows (see

Appendix A for derivation):
1(Geqi ¥ di\
— ©)

EA = =
S 2 2n

Marine fender
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Figure 1a: Hlustration of a crashworthy marine fender application: A vessel
berthing at a pier and the impact force direction on the marine fender
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Figure 1b: Schematic modeling of a test specimen; (a) during free fall, and
(b) upon impact on programmer to simulate the mechanical shock
experienced by the specimen

The crashworthy properties of a marine fender including its Gpeax, and
the related F and SEA are dependent on a variety of factors including the type
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and make of the fender, vessel tonnage, berthing mechanism and impact
velocity, dynamic factors, and the geometrical setup of the fender installation
at the docking terminal [13]. Various types of fenders for different kinds of
loading applications have been studied (e.g., [14]-[16]). Marine fenders are
used between 10 and 40 years in general. The physical, thermal, and
mechanical properties of marine fenders particularly those made of rubber
change over time from their first commercial usage due to repeated impacts
and aging due to environmental conditions (e.g., seawater absorption,
corrosion, UV radiation). The changes in these properties in turn affect the
crashworthiness performance of the fenders in later years as reported in major
marine industry standards and guidelines (e.g., [17]-[18]). However, the
changes in the crashworthiness of in-service marine fenders because of prior
impact and aging are not generally investigated. The present study is novel in
this aspect.

In this study, the crashworthiness of an industrial marine fender block
of the element type is experimentally determined. The as-is test specimen is
then modified by introducing tubular through-holes to investigate the
combined effects of reduced mass and geometrical change on their Gpeax levels
and thereby the shock energy absorbing capacities. This modification is
intended to simulate the effects of high acceleration shock experienced by the
fenders and other material systems in real-world applications (e.g., [19]-[22]).
The results are further analyzed using the above theoretical formulations to
determine the impact forces and SEA of the original and modified specimens.

Methods

Specimen preparation

The test specimens for the purpose of this study are sampled from an industrial-
grade rubber fender (or, bumper) contributed by Malaysia Marine and Heavy
Engineering Sdn. Bhd. in its pre-used condition. This marine bumper (MB)
block, which is an element fender type intended for berthing oil and gas
vessels, is cut into the required test dimensions using a horizontal band saw.
The solid MB specimens (MB-S) have a common width of 100 mm and a
length of 150 mm but differ by their thicknesses, i.e. 10 mm, 20 mm, and 30
mm which are labeled as MB1-S, MB2-S, and MB3-S, respectively. The
benefit of introducing hollow sections in a solid fender on its energy absorption
capability is described in [15]. The test specimens in the present study are
therefore further varied by adding hollow sections of 5-mm diameter through
holes, which are drilled using the ERLO TSR-32 column drilling machine.
This set of specimens is labeled as MB-H. The placements of the symmetrical
hollow sections are indicated in Figure 2. The specimens are shown in Figure
3 and their respective masses are listed in Table 1. It is to be noted that
specimen MB2-H is heavier than MB2-S. This implies density changes within
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this specimen that could have occurred during the operational service of the
MB block.

1.5cm
® [ ]
1.5cm
3.5cm
prer ) o
7em
® ® [ ]

Figure 2: The positions of hollow sections in specimens MB-H

MB1-S MB1-H MB2-S MB2-H MB3-S MB3-H

Figure 3: The array of test specimens
(Can be viewed in 3D at https://xr.plus/yad)

Table 1: Masses of the marine bumper specimens

SpecimenID MB1-S MB1-H MB2-S MB2-H MB3-S MB3-H
Mass (k) 0.226 0.184 0387 0.406 0.590 0.568

Experimental procedure

Trial rounds of mechanical shock testing are first conducted on pilot specimens
to identify the input parameters, i.e. the combinations of height (h) and pulse
duration (dt), that would provide a range of desired peak acceleration, Gpeax,
levels, i.e. 50G, 60G, and 70G. These levels correspond to the berthing
energies that are normally encountered by industrial marine fenders intended
for oil and gas vessels [17]. The identified input parameters are listed in Table
2.

The specimens for both pilot and actual test rounds are subjected to
half-sine shock waves, which are generated by dropping a 5-kg payload onto
a padded shock seat in an ASLI SS-5 high acceleration mechanical shock tester
based on the MIL-STD 810 standard (Method 516, Procedure 1) [23] (see
Figure 4). Specimens for the actual test rounds are subjected to three drops
each at the identified input parameters.

The experimentally measured peak accelerations (Gpeakex), dv, and dt
for each specimen for all the three drops are logged. The average Gpeakex Values
are compared to analytical peak accelerations, Gpeakan, that are determined
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using Equation 1. The impact forces and energy absorptions of the specimens
are then determined from Equations 2 and 3, respectively.

Table 2: Input parameters identified for each test specimen

Specimens
Desired Gpeax MB 1 MB 2 MB 3
(t=10 mm) (t =20 mm) (t=30 mm)
G m/s> H(mm) dt(ms) h(mm) dt(ms) h(mm) dt(ms)
50 490.5 170 8 150 8 160 7
60 588.6 220 6 180 6 200 6
70 686.7 280 6 240 5 240 5

> Payload

Controller and
‘ analyzer

Test specimen

Figure 4: Experimental setup of the mechanical shock tester

Results and Discussions

Validation of input parameters

The input parameters listed in Table 2 need to be validated in producing the
desired accelerations on the specimens. Table 3 lists the output Gpeakex Values
for all the specimens in response to the respective input parameters during the
trial rounds. The median Gpeakex Values at each desired acceleration are shown
in Figure 5. The standard deviations of Gpeakex at the desired accelerations of
50G, 60G, and 70G are 40.7 m/s?, 35.3 m/s? and 16.8 m/s?, respectively. This
represents a variation of not more than 8% from the intended input
accelerations onto the specimens.
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Table 3: Trial round experimental peak accelerations (Gpeakex) in response to
the input parameters listed in Table 2

Desired Gpeax Gueakex (OUtput)

G m/s? MB1-S MB1-H MB2-S MB2-H MB3-S MB3-H
50 490.5 527.3 516.9 581.2 470.4 504.7 473.8
60 588.6 644.5 611.6 590.4 543.4 565.1 594.5
70 686.7 720.4 711.4 674.3 697.0 694.3 685.3

700
695.65

600
l 59245

550

Output median Gz, (M/s?)

500 s108

490.5 S88.6 686.7

[ T i T ic

Desired accelerations (m/s?)

Figure 5: Median Gpeakex Values (indicated at top right corner of each bar) at
the desired accelerations of 50G, 60G, and 70G

Experimental and analytical shock acceleration responses

The shock acceleration responses of the specimens at 50G, 60G, and 70G
inputs during the actual drop tests, i.e. Gpeakex, are shown in Figures 6, 7, and
8 for specimens MB-1, MB-2, and MB-3, respectively. These figures also
include the corresponding values of Gpeakan. The correlation strength between
Gpeakex and Gpeakan is indicated by the R? values.

The R? values, which lie between 0.9848 and 1, signify a strong
correlation between Gpeakex and Gpeakan. This indicates that the analytically
determined shock accelerations agree well with that of the experimental
values. The analytical expression in Equation 1 can therefore be reliably
employed to predict the acceleration response of the marine fender specimens.
Figures 5, 6, and 7 also show that the peak accelerations are generally greater
for the solid specimens than the hollow ones. This observation is further
examined in the next two sections.



David, NV et al.

50
R*=0.9895 - m
=0
700 L
L TR=1
)
E 650
= [
i .-
<]
Kl
- a
g 600
£ -
s
= -
= -
-
550
a
500
380 400 420 440 460 480 500 520 540 560
Analytical G, (m/s?)
m MBIS 0 MBIH Linear (MB 15) Linear (MB 1H)

Figure 6: Experimental and analytical shock acceleration responses of
specimen MB-1 (t = 10 mm)

50
700
‘ A
A -
650 = .
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2 600 . L=l
& R = 0.99-0} - A
E -
£ 5% A-
E
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& S0
A
450
400
280 330 380 430 480 530 580
Analytical G, (m/s?)
A MB2S 4 MB2H Lincar (MB 2S) Linear (MB 2H)

Figure 7: Experimental and analytical shock acceleration responses of
specimen MB-2 (t = 20 mm)
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R*=0.9887
; R*=10.9848

Experimental G, (m/s?)

340 360 380 400 420 440 460 480

Analytical G, (m/s?)

® MB3S O MB3H Linear (MB 3S) Lincar (MB 3H)

Figure 8: Experimental and analytical shock acceleration responses of
specimen MB-3 (t =30 mm)

Effect of specimen thickness on shock response

The experimentally measured shock responses of the specimens are analyzed
based on the effect of their thickness on the resulting peak accelerations.
Figures 9, 10, and 11 show the Gpeaex Values for increasing specimen
thicknesses at constant input accelerations of 50G, 60G, and 70G, respectively.
It is observed that the Gpeakex Values decreased for thicker specimens. Since the
density and lateral dimensions of all specimens are comparable, thicknesses
therefore correspond linearly to specimen masses. This illustrates the effect of
increased thickness in lowering the peak acceleration experienced by the
specimen. Besides, the pulse durations, dt, are shorter for thicker specimens
and at higher input accelerations. Hence the influence of thickness (i.e., mass)
on dt and Gpeakex, Which in turn affects the ensuing impact force and energy
absorption capacity of the specimens. These aspects will be discussed in the
next two sections.

The effect of reduced mass of the hollow-sectioned specimens of
similar thickness on is Gpeakex also evident in Figures 9, 10, and 11. Gpeakex Of
the hollow specimens are on average 5% lower than that of the solid specimens
for a given thickness and at a given input acceleration. The tubular hollow
section thus affected the deformation and energy-absorbing mechanism of the
MB specimens. Similar findings for polymeric material systems were reported
in [21] and [24]. The effects of the profile and size of through holes on the
shock characteristics of MB specimens will be treated in a separate study.
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580 500G

Experimental G, (m/s?)

Thickness, ¢ (mm)

= Solid # Hollow

Figure 9: Experimental shock acceleration responses as a function of
specimen thickness at 50G input

5
610
600
590
580
570
560
550
10 20 30

Thickness, ¢ (mm)

Experimental G, (m/s?)

= Solid # Hollow

Figure 10: Experimental shock acceleration responses as a function of
specimen thickness at 60G input

Effect of velocity change and pulse duration on impact force

Figures 12, 13, and 14 show the analytically determined impact forces at 50G,
60G, and 70G for specimens MB-1, MB-2, and MB-3, in order. The impact
forces are calculated using Equation 2 and the experimentally measured
velocity change, dv, and pulse duration, dt. Impact force here is defined as the

10
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force that delivers the shock in a relatively short period of time (i.e., dt) when
the specimen and the programmer get in contact (see Figure 1b).

730 700G

Experimental G, (m/s?)

650

20

Thickness, f (mm)

m Solid 1 Hollow

Figure 11: Experimental shock acceleration responses as a function of
specimen thickness at 70G input

10

100

90

80 L]

Impact force, F (N)

60 o

23 24 25 26 27 28 29 3 31 32
Velocity change, dv (m/s)

m MB 1S 0 MB IH

Figure 12: Impact force of specimen MB-1 (t = 10 mm) at 50G, 60G, and
70G

11
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= 3

Impact force, F (N)

29 295 3 3.05 31

Velocity change, dv (m/s)

A MB2S & MB2ZH

Figure 13: Impact force of specimen MB-2 (t = 20 mm) at 50G, 60G, and
70G

Impact force, F (N)

24 25 26 27 28 29 3 31
Velocity change, dv (m/s)

& MB3S O MB3H

Figure 14: Impact force of specimen MB-3 (t = 30 mm) at 50G, 60G, and
70G

Specimens MB-1 and MB-3 exhibit a linear relationship between dv
and the resulting impact force as per Equation 2. However, specimen MB-2,
which has a non-uniform mass distribution (see section “Specimen
Preparation”), showed a greater inverse dependency on dt than its linear
relationship with dv. In general, impact forces are higher for the solid
specimens compared to the hollow specimens. Solid specimens resisted greater

12
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impact forces compared to the hollow specimens as thickness increases from
MB-1 to MB-3, which indicates the overriding influence of mass on impact
force.

Specific energy absorption

The energy absorbed per unit mass, i.e. specific energy absorption (SEA), of
the specimens, is determined using Equation 3 and listed in Table 4. The SEA
of specimens MB-1H and MB-3H are smaller than their solid counterparts by,
in order, 11% and 1% on average. Specimen MB-2H, however, has a 6%
greater SEA than MB-2S. This finding is consistent with that made in section
“Effect of specimen thickness on shock response” on the effect of increasing
thickness (and thereby, mass) on Gpeak 0f MB-2.

Table 4: Specific energy absorption of the marine bumper specimens

Input Specific energy absorption (J/kg)

G MB1-S MB1-H MB2-S MB2-H MB3-S MB3-H
50 0.218 0.175 0.231 0.237 0.202 0.181
60 0.273 0.233 0.215 0.215 0.251 0.268
70 0.307 0.305 0.265 0.287 0.325 0.321

The shorter pulse durations for thicker specimens and at higher input
accelerations, i.e. greater Gpeakex (See section “Experimental and analytical
shock acceleration responses™), have an intricate consequence on their SEA.
Clearly, from Equation 3, larger Gpeakex and shorter dt will have a leveling net
effect on SEA. The specimens however registered an average reduction of
30.3% in dt (see Table 2) and a 36.2% increment in median Gpeakex (Se€ Figure
5) when the input acceleration is increased from 50G to 70G. This substantiates
the higher SEA of the specimens at larger input accelerations as can be seen in
Table 4. The solid specimens absorbed up to 12% more energy per unit mass
than their hollow counterparts. Comparable observations are made in [25]-[27]
for a variety of material systems.

Conclusion

The crashworthiness characteristics of an industrial marine fender block are
experimentally studied. The as-is test specimen is modified by introducing
tubular through-holes to simulate the effects of high acceleration shock
experienced by the fender in the real world. Test specimens of 10 mm, 20 mm,
and 30 mm thicknesses are subjected to half-sine shock waves for a pulse
duration between 5 and 8 ms at desired input accelerations of 50G, 60G, and
70G. Input parameters including drop height and pulse duration (dt) that would
provide the desired accelerations are identified and validated by correlating the

13
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measured peak acceleration (Gpeakex) levels to the theoretically estimated peak
acceleration (Gpeakan) values. The coefficients of correlation, which lie between
0.9848 and 1, indicate that the analytically determined shock accelerations
agree well with that of the experimental values. The combined effects of
reduced mass and geometrical change on the Gpeaex Of the hollow specimens
are measured. The specific energy absorption and impact force values of the
specimens are then analytically determined. It is found that the through-holes
specimens have lower Gpeax levels, resist smaller impact forces, and absorb up
to 12% lesser energy per unit mass than their solid counterparts. This
preliminary study also indicates that the impact force of the 20-mm specimen
with a non-uniform mass distribution has a greater inverse dependency on dt
than its linear relationship with velocity change, dv. Further study will be
conducted to investigate the effects of pre-straining and mass distribution on
Gpeak-
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APPENDIX A

Derivation of an expression for peak acceleration, Gpeax, during shock impact.

Free fall at g l

Drop height, i

%L
k
m l
x
k
%ﬁ Pragrammer (foundation)

(@ (b)

Figure Al: (a) Test specimen during free fall, and (b) test specimen during
impact

Free body diagram (at impact)

Note: Static displacement force, k4, where A is the displacement of the spring
from the static equilibrium position (SEP) prior to motion of the system, is
balanced by the weight of the mass, mg, i.e k4 = mg.

SEP m l

Figure Al: Free body diagram

Equation of motion
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Using the Newton’s Second Law of Motion:
+y XF =ma
= W-K(A+x)=ma oa = X
Since kA =w =mg,
— _kx =mX

. mx+kx=0 )
. I k . .
By applying the definition of natural frequency, a)n = [— in Equation 1,
m

X+ X =0 @)
Assuming a solution to Equation 2 in the following form:
X(t) = Asin(ant + ¢) 3)
where A is the amplitude of oscillation and ¢ is the phase shift between input
(impulse force) and output (resulting displacement).

The peak velocity, xmax, and peak acceleration, xmax, can be obtained
from Equation 3 as follows:

.7.Cmax = AC(M (4)
¥max = A} ®)

Using Equations 4 in 5, the expression of peak acceleration can be rewritten
as:

Xmax = Gpeak = Xmax®n (6)

This concludes the basic derivation of an expression for the peak
acceleration experienced by the test sample during a shock testing in terms of
its peak velocity. The principle of conservation of energy will be invoked next
to relate this expression to the test parameters including drop height, h, and
pulse duration, dt.
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The potential energy, U, of the mass at a height h from where the weight
is dropped is assumed to be fully transformed to Kinetic energy, T, just as it
impacts the programmer at its peak velocity, Xmax= V. In this case,

=>U=T
:>mgh:%mv2 )

Rearranging Equation 7 for the peak velocity gives;
SV o= Xmax = Zgh (8)

Substituting Equation 8 and an :% where dt is the pulse duration of the impact
into Equation 6 yields the final expression of Gpeax as follows:

n\/gh
. Gpeak :d\t/_\‘/g—i (9)

It is to be noted that this expression is subject to the assumption that the system
is conservative and there is no rebound of the impactor mass (not the test
specimen) during the impact.

Derivation of an expression for specific energy absorption, SEA,
of the test specimen

Potential energy, U, of the mass at a height h from where the mass is dropped
is assumed to be fully transformed to Kinetic energy, T, just as it impacts the
programmer at its peak velocity (see Figure Alb). Using this assumption, the
maximum specific energy absorption of the specimens, SEA, can be
determined from the maximum velocity, Vma, from Equations 8 and 9 as
follows:

= Tiax = % MViax’ (10)

= SEA = 2 (11)
Substituting vmax from Equation 8 into Equation 10 gives:

= SEA = (2gh) (12)

Substituting gh from Equation 9 into Equation 12 yields:

)
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ABSTRACT

Coatings are frequently used to enhance the mechanical and physical
characteristics of mild steel by protecting mild steel surfaces against
corrosion. Corrosion might attack surface without proper coating method
which may lead to structural failures and increase maintenance cost. The main
objective of this study is to investigate the effect of CoNiFe nanocrystalline
coating on surface roughness, hardness, and tensile performance of mild steel
substrate. Different parameters were introduced, such as current, pH,
deposition times and heat treatment to analyse surface roughness, hardness,
and tensile strength of CoNiFe nanocrystalline coating. The lowest surface
roughness of 2.14 um was recorded by CoNiFe nanocrystalline coating with
30 minutes deposition time at pH 3, I: 3 A and heat treated, while the highest
recorded surface roughness of 4.233 um was detected on uncoated mild steel.
The highest improvement of microhardness was observed on CoNiFe
nanocrystalline coating with 45 minutes deposition time at pH 3, I: 1.5 A and
heat treated (393.6 Hv) as compared to the uncoated mild steel (171.44 Hv).
Tensile performance of CoNiFe nanocrystalline coating with 45 minutes
deposition time at pH 3, I: 1.5 A and heat treated was the highest with yield
stress and ultimate tensile stress of 472.35 MPa and 559.11 MPa, respectively.
The lowest tensile performance was recorded by uncoated mild steel with yield
stress and ultimate tensile stress of 149.40 MPa and 186.78 MPa, respectively.
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CoNiFe nanocrystalline coating has considerably improved the mild steel
surface roughness, hardness and tensile strength which indicate superior
mechanical properties for future engineering application.

Keywords: CoNiFe; Deposition Time; Tensile; Surface Properties; Hardness

Introduction

Surface coatings have been applied in several engineering applications to
cordon and increases the lifespan of components exposed to corrosive
environment [1]. In order to build, operate and protect electronics, machinery,
construction and structural systems in harsh environments, nanoparticle alloy
coatings with excellent mechanical and corrosion resistance are needed [2].
According to statistics, the annual maintenance cost for corrosion alone is
estimated to cost millions of dollars, making it necessary to provide assistance
and preventive measures to mitigate the consequences of erosion [3].
According to a study, uncoated metal surface cannot match the
corrosion resistance and polarization resistance of nanocomposite coatings
surface [4]. Therefore, adding a layer would significantly improve the strength
and wear of mild steel. Electrodeposition technique is the best and most
straightforward way of embedding nanocrystalline materials coating onto metal
surfaces. In electrodeposition, an electric current is passed through a chemical
solution to create an ionic solution, which allows the counter electrode’s to be
transferred to the working electrode's surface and form a coating.
Electrodeposited coatings enhance the life cycle of the components used for
various applications, besides being cost-effective, faster speed of deposition
rate, and ease of control over the nanocoating fabrication process [5]. Popular
electrodeposition materials such as Ni-P, Ni-W, Ni-P-W, Ag/Pd, Cu/Ag,
Co/Ni, Co/Ag, and Zn-Ni are among the metals that have been extensively
explored [6]-[8]. Co, Ni and Fe nanoparticles trio combination is chosen due
to the existing excellent performance of each individual nanoparticles.
Variable processing parameters such as electrolyte pH, temperature,
deposition time, current density, and electrolyte composition govern the
coatings' characteristics and performance during the electrodeposition process

[9].

CoNiFe is being used for several applications. Yang et al. [10] in his
research work on both air thermal stability and solar selectivity of CoNiFe
oxide coating fabricated by facile sol-gel method and fast spraying process
discovered that by optimizing the ratio of three transition metal nitrates,
annealing temperature, and the number of spraying layers, the Solar Selective
Absorber Coatings (SSACs) with solar absorptance of 0.93 and vertical
emittance of 0.11 were obtained which is good for solar absorber indication.
Barati Darband et al. [11] in their study highlighted the usage of CoNiFe alloy
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as effective and stable electrocatalyst. In this research, self-made Ni-Fe-Co
electrode was developed using electrodeposition method. The fabricated
electrocatalyst exhibited excellent properties for the evolution of hydrogen and
oxygen.

Chaudhary et al. [12] developed ternary Fe-Co-Ni alloy system in
search of the next generation rotating electrical machine which possesses high
curie temperature, mechanically strong and magnetic soft magnet. The authors
discovered that Co-lean alloys exhibited good combination of magnetic,
mechanical, and electrical properties but low Curie temperatures. Ledwig et al.
[13] in their research of electrodeposited Ni-Co-Fe nanocrystalline coating on
copper plate determined the properties required for good-quality MEMS
components. Ledwig et al. [13] concluded that Ni-Fe-Co coatings exhibit soft
magnetic properties with coercivity below 23 Oe, besides discovering that the
corrosion resistance of Ni-Co-Fe coatings is satisfactory with notation that the
higher Fe content leads to the deterioration of the corrosion resistance. Ledwig
et al. [13] suggested that Ni-Fe-Co coating could be a promising material for
MEMS application.

Heat treatment technique is an additional approach for enhancing the
performance of the coating. The heating and cooling processes change the
composition and structure of metals and alloys [14]. Depending on the
materials used and the desired outcomes, various heat treatment processes,
such as annealing, tempering, normalizing, and hardening, can increase a
material's strength. Heat treatment enhances the strength, flexibility, and
toughness of metals and alloys. Arias et al. [15] evaluated the effect of heat
treatment on tribological properties of Ni-B coatings on low carbon steel.
According to the finding, the hardness and Young Modulus of Ni-B coatings
were improved, and the value recorded was 1.6 times higher compared to
untreated coatings after implementing heat treatment process, due to grain
refinement process during heating.

The tensile test, which involves applying a controlled tension to a
specimen until failure, is a crucial and common engineering test used for all
metallic materials. It provides information about the material's yield strength,
elongation at break, ultimate tensile strength, Young's modulus, and other
properties [16]. Strain rate, or the rate at which the specimen under test deforms,
is a critical tensile test variable that is controlled within specified limits based
on the type of test being done.

This paper will assess the surface roughness and hardness, besides
conducting tensile test to determine the impact of the Cobalt-Nickel-lron
(CoNiFe) nanocrystalline coating on the tensile performance of coated mild
steel, and evaluate the impact of deposition time, varying current and
additional heat treatment process on the strength and hardness of coating. It is
expected that both yield and ultimate tensile strength of the mild steel substrate
will improve with the application of CoNiFe nanocrystalline coating. This may
be due to the fact that hard coating could suppress the initiation of cracks; as
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such, higher stress is needed for crack initiating. During the crack propagation
period, the hard coating cracked at a relative higher velocity, which led to the
cracking of the ductile substrate and elongation reduction [17]. It is also
expected that both surface roughness and microhardness of the mild steel
substrate will improve with the application of CoNiFe nanocrystalline coating.

Methodology

Sample preparation

Material used for this study was uncoated mild steel substrate. Mild steel plates
with 2 mm thickness were subsequently cut into the dimensions of 100 mm x
16 mm using a water jet machine, before further cutting them into dog bone
forms with size that adheres to ASTM E466 standard as illustrated in Figures
la and b. In order to promote uniformity and comparability throughout the
studies, the sizes of the samples are kept fixed using water jet cutting machine
with the data obtained from CATIA format drawing file (.dxf) for precision
cutting process. The usage of water jet cutter also ensures that the cutting
process leaves no noticeable flaws in the finished products, which could hinder
testing results.

gy o
{2 ] v: - ! ! ! ! :NF
(@) (b)

Figure 1: Dimension of dog bone; (a) front view; and (b) top view

Bath preparation and electroplating process

In this study, mild steel samples were coated with CoNiFe nanocrystalline
coating. Current, electrolyte pH and deposition times were among the
manipulated variables tested throughout electrodeposition process.

The solution was prepared through the mixture of several sulphate-
based powders such as Cobalt sulphate (CoSQ,), Nickel sulphate (NiSO,),
Iron sulphate (FeSO,4) and ascorbic acid (Cg Hs Og). The remaining two
powders coming from Boric acid (Hz BO;) and saccharin (C; Ha NO3 S) were
added as pH buffer and grain refinement agent respectively. Table 1 shows
the chemical composition used to produce an electrolyte for the coating
process. The electrolyte solution was created by mixing the ingredients and
heating them to 50+3°C, which was maintained throughout the
electrodeposition process. A magnetic stirrer was used to swirl the electrolyte
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mixture to ensure that a homogenous mixture was obtained. In addition, the
solution pH was carefully observed, where potassium hydroxide (KOH)
solution was added until pH 3 was reached before starting the
electrodeposition process.

Table 1: Chemical composition of electrolyte solution

Compound No. of moles
Cobalt Sulphate (CoSO4) 0.050
Nickel Sulphate (NiSQ4) 0.133
Iron (11) Sulphate (FeSO,) 0.020
Boric Acid (Hz BOs) 0.267
Ascorbic Acid (Cs Hg Og) 0.067
Saccharine(C7 Hs NO3 S) 0.007

Electroplating is a well-known method of depositing metal coatings
onto a substrate. The principle behind the electroplating process works by the
reaction of metal ions in an acidic electrolyte which comprises a mixture of
soluble Co, Ni, and Fe ions inside the similar bath container. For a normal
soluble anode, the reaction of metal ions formed is as follows:

Co + 2e = Co* 1)
Ni + 26 = Ni?* @)
Fe + 2e = Fe?* (3)

When an insoluble anode (platinum mesh plate) is introduced, oxygen evolves:
2H,0 + 4" = O, + 4H* 4)

At the cathode, the main reaction is Co, Ni, and Fe deposition, as described by
Equations (1), (2), and (3). Hydrogen evolution takes place as a secondary
reaction at the cathode surface:

2H" +2e = Hy ®)

If the electrolyte/electrode movement is limited due to the reduction of
metal lon quantity in the bath, the secondary reaction in Equation (5) reduces
current efficiency and local pH, which can result in deposit porosity due to
hydrogen gas bubbles sticking to the coating surface [18]. Figure 2 depicts a
schematic diagram of the electrodeposition process setup.

Throughout electrodeposition process, mild steel samples were linked
to the cathode, while the platinum plate was attached to anode. The current
used during electroplating was set to 1.5A and 3.0 A, while the pH used was
3 and 5, respectively. Deposition time of 15, 30, and 45 minutes was used
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throughout the electrodeposition process. It is critical to monitor the
temperature of the electrolyte solution during the electroplating process.
Overheating the solution may result in changes of its composition and a
decrease in the quality of the coating material deposited on the substrate. Table
2 summarizes the parameters involved in the electrodeposition process.

Thermometer Anode:
- — B Platinum Mesh

] electrode
Sulphate based [ |0
Electrolyte
\

\

Magnetic \ "
stirrer with \ °
[ \ e e

heater \

Heating —
Temperature: Cathode: Uncoated Rectifier:
50+3 °C Mild Steel Dog bone Current: 1.5A and 3.0 A

Figure 2: Schematic diagram of the setup for the electrodeposition process

Table 2: Summary of parameters involved in the electrodeposition process

Parameters Control setting
Arrangement of Anode: Platinum wire mesh
electrode Cathode: Mild steel substate (Dog bone shape)
Temperature 503 °C
Electrolyte pH 3and 5
Current used 1.5and 3.0 A
Deposition time 15, 30, and 45 minutes

Heat treatment process

The CoNiFe nanocrystalline coated mild steel samples received heat treatment
after electrodeposition process. The CoNiFe nanocrystalline coated samples
were subjected to a heat treatment procedure that entails immersing them for
two hours soaking time at a continuous temperature of 300 °C in a furnace.
Following heat treatment, the samples were slowly cooled using a normalizing
technique. This approach was chosen because it offers a moderate and steady
cooling rate, which reduces the possibility of residual stresses and crack
formation. The coating's mechanical and structural qualities were determined
after the heat treatment procedure.
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Characterization and testing

All samples were carried out for surface roughness, Vickers microhardness and
tensile test. The samples were categorized as presented in Table 3. The surface
roughness of the CoNiFe nanocrystalline coating on the mild steel sample was
investigated using a 3D surface metrology machine. The coating's surface
roughness was influenced by the pH, current, deposition time and heat
treatment process. Selecting a number of locations on the coated mild steel
surfaces allows the average value of the surface roughness profile, R to be
calculated. The outcome from surface roughness measurement is to find the
lowest possible surface roughness value for the determination of the best
coating samples.

Table 3: Summary of samples involved for this study

Type of samples Parameters
CoNiFe nanocrystalline coating 15-, 30- and 45-minutes deposition
- no heat treatment process time at fixed pH 3; 115 A
CoNiFe nanocrystalline coating 15-, 30- and 45-minutes deposition
-with heat treatment process time at fixed pH 3; 115 A
CoNiFe nanocrystalline coating 30-minutes deposition time, at pH 5;
-with different pH solution IL15A
CoNiFe nanocrystalline coating 30-minutes deposition time, at pH 3;
- with different current setting I:13.0A

Uncoated mild steel-reference sample

uncoated mild steel .
for comparison

The Vickers microhardness tester machine, MITUTOYO MVK-H1,
was used to conduct microhardness testing as to evaluate the hardness of the
CoNiFe nanocrystalline coating of the uncoated mild steel. With a 10 N load,
the specimen's surface was indented. An average of five measurements was
taken at various locations of the central portion of each specimen’s surface to
obtain the final microhardness values. The target of Vickers microhardness test
is to determine the best hardness coating through the highest microhardness
values obtained at the end of measurement.

Tensile tests were carried out to ascertain the mechanical characteristics
of the base metal and CoNiFe nanocrystalline coating. The servohydraulic
Instron 8801 test apparatus, which is capable of applying axial forces of up to
100 kN, was used for the testing. Specimens were 2 mm thick and had a gauge
length of 37.31 mm. Tensile tests were conducted at constant loading rate of
0.5 mm/min until failure. The highest yield strength and ultimate tensile test
obtained from tensile test will be the utmost priority for the determination of
best coating condition.
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Results and Discussion

Surface roughness

The outcomes of the surface roughness measurement are covered in this
section. In the following sub-section, the impact of surface roughness at
various deposition time, heat treatment and electrodeposition parameters such
as current and pH are being explored.

The effect of surface roughness of CoNiFe nanocrystalline coating at
different deposition time

Figure 3 displays the surface roughness data obtained for mild steel coated
with different CoNiFe nanocrystalline deposition time. The surface roughness
value decreases as the deposition time increases from 15 minutes to 45
minutes. Reduction of surface roughness value indicates a sign of
improvement through the introduction of CoNiFe nanocrystalline coating onto
the surface of uncoated mild steel. The highest surface roughness result
obtained for uncoated mild steel was 4.233 um, while mild steel coated for 45
minutes CoNiFe nanocrystalline coating recorded the lowest surface
roughness of 2.354 um. Mild steel samples coated for 15 and 30 minutes
recorded the surface roughness of 3.737 um and 2.667 um, respectively. From
the results, it can be deduced that the surface roughness is affected by the
duration of deposition time, due to void formation and oxidation process that
might take place on the surface material [19].
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Figure 3: Comparison of CoNiFe nanocrystalline surface roughness
electrodeposited at different deposition time

The presence of oxidation and corrosion initially produces an increase
in the surface roughness of uncoated mild steel. Exposure to moisture, air, or
severe circumstances without a protective coating lead to higher susceptibility
of oxidation and corrosion on the uncoated mild steel. Iron oxide (rust) can
form on the surface as a result of oxidation, increasing the surface roughness
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value. However, the smoothing effect was established as the surface roughness
of CoNiFe nanocrystalline coating reached the lowest after 45 minutes
deposition time. Coating is a common method of giving surfaces a smoother,
more uniform appearance [20]. Surface roughness can be reduced by filling up
or bridging microscopic surface flaws using these coatings. Furthermore,
coatings can improve the overall surface smoothness by concealing flaws and
voids, besides providing a more polished surface.

The effect of surface roughness of CoNiFe nanocrystalline coating with
or without heat treatment process

Figure 4 shows the comparison of CoNiFe nanocrystalline coating surface
roughness for both CoNiFe electrodeposited coating and CoNiFe
electrodeposited coating with heat treatment. CoNiFe nanocrystalline
coatings for both electrodeposited samples and heat treatment samples were
compared for 15, 30 and 45 minutes. The surface roughness of CoNiFe
nanocrystalline coating for both electrodeposited samples and heat treatment
samples showed similar decreasing pattern. The highest surface roughness
recorded for both CoNiFe nanocrystalline coating process at 15 minutes
deposition time was 3.740 um and 3.590 pm, respectively. Meanwhile, the
lowest surface roughness obtained from both samples with and without heat
treatment process at 45 minutes deposition time was 2.350 pym and 1.820 um
respectively.

4.0
— 3.740
g
= 30 3.590
a 2350 _4—MS Coating
c
§ 2.0
& 1.820 —8— MS Coating
g 10 with Heat
£ treatment
A 00

0 10 20 30 40 50
Deposition Times (Minutes)

Figure 4: Surface roughness comparison for CoNiFe nanocrystalline coating
with and without heat treatment process

Heat treatment was assumed to have increased the particle compactness
and density of CoNiFe nanocrystalline coating. The levelling and smoothing
impact of heat treatment on the coating confirms this trend. Throughout the
heat treatment, the CoNiFe nanocrystalline coating is subjected to controlled
heating and cooling cycles. Heat treatment process promotes the redistribution
and relaxation of tensions within the coating, improving adhesion and
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reducing surface defects. The heat treatment process also improves the flow
and levelling of the coating material, resulting in a smoother surface with
decreased surface roughness value [21]. The linear decrease in surface
roughness is observed as heat treatment process allows the coating material to
reflow and rearrange, minimizing surface voids and inconsistencies. The
regulated heat application causes structural changes in the coating, resulting
in a more uniform surface texture. Furthermore, the decrease in surface
roughness is also attributed to the creation of early clusters with smaller
particle sizes and dense populations as nucleation density increases [22].

The effect of surface roughness of CoNiFe nanocrystalline coating with
varying coating parameters at constant deposition time (current, pH,
and heat treatment process)

The surface roughness obtained for mild steel coated with 30 minutes
deposition times at various pH and current is shown in Figure 5. Based on the
findings, it is worth noting that the surface roughness value increased as the
pH value increased. The surface roughness of mild steel CoNiFe
nanocrystalline coating with 30 minutes deposition time (pH: 5 and current of
1.5 A) was higher than that of coated mild steel with 30 minutes deposition
time (pH: 3 and current of 1.5 A).

5.0 4.233

4.0 3.110

30 2.667 ) 140 2240
20
i
0.0

MS Raw MS Coated MS Coated MS Coated MS Coated
(30 min,pH 3, (30 min,pH 5, (30 min,pH 3, (30 min,pH 3,
1=1.5A 1=1.5A I=3A 1=1.5A-with
HT

Surface Roughness (um)

Type of Samples

Figure 5: Surface roughness comparison of CoNiFe nanocrystalline coated
for 30 minutes with different parameters

At the same current setting, less coating material was deposited onto the
surface since higher electrolyte pH value (pH=5) contributes to a lower
deposition rate. As a result, the coating thickness might be reduced, and surface
roughness may not be filled or levelled out effectively which leads to higher
surface roughness. Resali et al. [23] discovered that the effect of phase
formation on particle size was insignificant. However, as the pH increased, the
nucleation of crystallites resulted in the formation of coalesced particles.
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Hence, the particle tended to aggregate and produced larger particles, while
void formation was discovered in samples prepared at higher bath pH.

It is also worth noting that as the applied current increased from 1.5 A
to 3.0 A, the surface roughness decreased. The decrease in surface roughness
might be due to a higher current applied during electrodeposition process,
which results in a faster deposition rate. A thicker and more uniform coating
occurred on the mild steel surface due to the faster deposition rate [24]. The
faster deposition process was able to aid in the filling of surface imperfections
and the reduction of surface roughness. The addition of heat treatment process
on the CoNiFe nanocrystalline coating also effectively reduced the surface
roughness compared to the other 30 minutes CoNiFe nanocrystalline coating.
Similar improvement of surface roughness was discovered by Bejaxhin et al.
[25]. They observed an increase in hardness value due to the heat treatment
effect. They also claimed that 41% improvement in surface roughness was
obtained by the effect of heat treatment as well as the specific machining
conditions.

Microhardness test

In the following subsection, the microhardness impacts of CoNiFe
nanocrystalline coating at various deposition durations, heat treatment
processes, and parameters such as current and pH are discussed.

The effect of CoNiFe nanocrystalline microhardness at different
deposition times

Figure 6 depicts the change in hardness qualities as a function of deposition
time at 15 minutes, 30 minutes, and 45 minutes for each sample. Mild steel has
a rapid increase in hardness from 171.44 HV (uncoated mild steel sample) to
245.36 HV (15 minutes deposition times), and a sustained increasing pattern of
252.56 HV and 267.46 HV for coating times of 30 minutes and 45 minutes,
respectively.

The steady increase in hardness from uncoated mild steel to mild steel
with 45 minutes deposition time may be attributed to the changes in the phase
structure, effect of porosity, solid hardening mechanism and particle size of the
nanocrystalline deposit [26]. Longer deposition time also enables more CoNiFe
nanocrystalline coating to be deposited on the mild steel substrate, resulting in
a thicker covering which makes the surface of the coating harder [23]. As
particle size decreases, the microstructure becomes denser with particle
barriers and grain boundaries [24]. During electrodeposition process, metal
ions from the electrolyte may reduce and deposit onto the substrate, resulting
in metal grains. Longer deposition time give grains more time to develop and
mature. Smaller grains have a higher dislocation density, which contributes to
the high microhardness value. Dislocations are crystal structural imperfections
that limit dislocation mobility while also strengthening the material.

31



M.Z Zabri, N.R.N. Masdek, K.M. Hyie

400 335.820

300 235.360 252.560

171.440
200

100

Average Hardness (Hv)

0
0 10 20 30 40 50

Deposition Time (Minutes)

Figure 6: Vickers microhardness test for CoNiFe nanocrystalline coating at
different deposition time

The effect of CoNiFe nanocrystalline microhardness with or without
heat treatment process

The microhardness of CoNiFe nanocrystalline coated surfaces with and
without heat treatment is shown in Figure 7. The results were plotted, and
both CoNiFe nanocrystalline coating with and without heat treatment process
exhibited an increase in microhardness. It can be seen that CoNiFe
nanocrystalline coating with additional heat treatment process had a higher
hardness as compared to CoNiFe nanocrystalline coating without heat
treatment process.
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Figure 7: Vickers hardness test comparison for CoNiFe nanocrystalline
coating at different deposition time (with or without heat treatment process)

The microhardness value for CoNiFe nanocrystalline coating with heat

treatment process was 393.6 HV (45 minutes deposition time) and the lowest
average microhardness CoNiFe nanocrystalline coating with heat treatment
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process was 253.74 HV (15 minutes deposition time). In comparison, the
highest microhardness value for CoNiFe nanocrystalline coating without heat
treatment was 335.82 HV for the same deposition duration (45 minutes
deposition time) and the lowest microhardness CoNiFe nanocrystalline
coating without heat treatment process was 235.36 HV (15 minutes deposition
time).

The data clearly showed that CoNiFe nanocrystalline coating with heat
treatment process surpassed the hardness performance of CoNiFe
nanocrystalline coating without heat treatment process. Heat treatment
produces grain development and coarsening in the coating and substrate,
enhancing their mechanical properties. As grain size grows, the number of
grain boundaries per unit volume reduces, and the remaining grain boundaries
become more resistant to dislocation movement. Particle barriers also restrict
dislocation motion and contribute to the formation of a more complex layer in
the microstructure [27]. Furthermore, the homogeneous particle distribution,
compact and dense microstructure, as well as higher temperature resulted in
CoNiFe nanocrystalline coating with a much better microhardness [28].
Overall, the application of CoNiFe nanocrystalline coating with and without
heat treatment process improves the hardness performance of uncoated mild
steel substrate.

The effect of CoNiFe nanocrystalline microhardness when varying
coating parameters at constant deposition time (current, pH, and heat
treatment process)

The average value of microhardness obtained for mild steel using the same
deposition time and various pH and current value is shown in Figure 8. It can
be seen that the microhardness value decreased as the pH value for the constant
30 minutes deposition time increased from pH 3 to 5. The microhardness of
mild steel CoNiFe nanocrystalline coating with 30 minutes deposition time
(pH: 5 and current of 1.5 A) was lower than that of coated mild steel with 30
minutes deposition time (pH: 3 and current of 1.5 A). The decreasing pattern
of microhardness from 252.56 HV to 212.36 HV may be related to changes in
coating structure and properties as the pH shifts from 3 to 5. At pH 3, the
electrodeposition reaction kinetics may be more favourable, resulting in a more
dense and compact coating.

It is well known that the performance of material hardness is usually in
excellent form if its particle size is smaller. However, at pH 5, the
electrodeposition process may be less effective and form bigger particle size,
resulting in a thinner layer with agglomeration and void formation that may
happen in the microstructure [23]. These structural changes may result in a
decrease of microhardness at pH 5. It is also worth noticing that the
microhardness value improved as the applied current increased from 1.5 A to
3.0 A. The rising trend in average microhardness is caused by a larger current
delivered during the electrodeposition process, which results in a faster
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deposition rate and may promote the nucleation and growth of smaller grains
[24].

400

290.650
300 252.560 281.640
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Mild Steel 1.5A 3.0A 1.5A 1.5A-HT
Type of Samples

Average Hardness (Hv)

Figure 8: Vickers hardness test comparison for CoNiFe nanocrystalline
coating fixed at 30 minutes deposition time (varies pH, current and
heat treatment)

Smaller grains have higher dislocation density, which limits dislocation
movement and increases microhardness [27]. Improved grain refining at a
current intensity of 3 A versus 1.5 A may result in higher microhardness
values. The addition of the heat treatment process raises the microhardness
compared to sample coated for 30 minutes deposition time. The synergistic
effect between nanoparticles introduction and microstructural features on
coating microhardness results in higher values of CoNiFe nanocrystalline
coating coated for 30 minutes deposition time with additional heat treatment
process as compared to their standard counterpart, with a progressive hardness
increase of up to 290.65 HV. Addition of heat treatment given to as-deposited
CoNiFe nanocrystalline effectively strengthens coatings hardness. The
findings were also reported by Pedrizzetti et al. [29] who discovered the
synergistic effect between nanoparticles introduction and microstructural
features on coating microhardness which resulted in higher hardness values
for nanocomposites compared to their standard counterpart, with a progressive
hardness increase of up to heat treatment at 400 °C.

Tensile performance
This section discusses the tensile performance at various deposition time,
additional heat treatment process, and various electrodeposition parameters
such as current and pH.
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Tensile performance of CoNiFe nanocrystalline at different deposition
time

The stress-strain curves of all specimens are shown in Figure 9. The ultimate
tensile strength of coated mild steel was seen to be higher than uncoated mild
steel, as shown in Table 4.
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400 Steel
T / \ —— 15 Min Coat
£ 300 (PH3, 1.5A)
TZ; 200 | 30 Min Coat
i r T (PH3, 1.5A)
B 100 | 45 Min Coat
{ (PH3, 1.5A)
O [ )
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Figure 9: Stress-strain curves of CoNiFe nanocrystalline coating
applied at different deposition time

Table 4: The yield stress and ultimate strength of uncoated and CoNiFe
nanocrystalline coated specimens at different deposition time

Specimen  Yield stress oy, MPa  Ultimate Tensile strength cu, MPa

Uncoated 149.400 186.780
15 min 267.310 375.920
30 min 384.060 460.380
45 min 243.830 432.670

Uncoated mild steel, mild steel coated for 15 minutes, 30 minutes, and
45 minutes have ultimate tensile strengths of 186.780 MPa, 375.920 MPa,
460.380 MPa, and 432.670 MPa, respectively. The fact that CoNiFe
nanocrystalline coated mild steel had a greater ultimate tensile strength than
uncoated mild steel suggests that the coating implementation improved the
mechanical properties of mild steel substrate [30]. The uncoated mild steel
appeared to have gained strength as a result of the coating, allowing them to
withstand greater quantities of stress before failure [31]. However, the ultimate
tensile strength of 30 minutes was greater than that of 45 minutes. This
scenario may be explained by factors such as coating quality and possibly due
to the material experiencing transformations or alterations that modify its
mechanical properties.
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The coating's quality may also have an effect on its final tensile
strength. Uniformity, adherence, presents of voids, agglomeration and
abnormalities on the coating layer can all have a significant impact on the
mechanical properties of CoNiFe nanocrystalline coated surfaces [32].
Furthermore, the yield stress for uncoated, 15 minutes, 30 minutes, and 45
minutes CoNiFe nanocrystalline coating was 149.400 MPa, 267.310 MPa,
384.060 MPa, and 243.830 MPa, respectively which showed similar
increasing pattern as the ultimate tensile strength measurement.

Tensile performance of CoNiFe nanocrystalline with and without heat
treatment process

Figure 10 shows the ultimate tensile strength values of CoNiFe nanocrystalline
coating samples subjected to different heat treatment durations compared to
CoNiFe nanocrystalline samples. The ultimate tensile strength values for
CoNiFe nanocrystalline coating with heat treatment varied according to the
deposition time, as shown in Table 5 where the values were 407.330 MPa at 15
minutes, 467.670 MPa at 30 minutes, and 559.110 MPa at 45 minutes. In
contrast, recorded ultimate tensile stress for as-coated CoNiFe nanocrystalline
samples was 375.920 at 15 minutes, 460.380 MPa at 30 minutes, and 432.67 0
MPa at 45 minutes which were significantly lower as compared to the heat-
treated coatings.
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NE 400 ——15 Min Coat
£ 200 (PH3, 1.5A)-HT
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¢ 200 (PH3, 1.5A)-HT
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Figure 10: Stress-strain curves of CoNiFe nanocrystalline coating applied at
different deposition time with heat treatment process

According to the results, heat treatment has a significant impact on the
ultimate tensile strength of CoNiFe nanocrystalline coated materials and affects
the material's microstructure, resulting in variations in strength. These
observations could be linked to the formation of soft ferrite during the cooling
process [33]. The ultimate tensile strength of CoNiFe nanocrystalline coated
was much higher after the coating underwent heat treatment of minimal
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deposition time and additional heat treatment process enhanced with
mechanical strength which were represented by the higher ultimate tensile
strength and yield stress compared to uncoated sample. The continuous trend
of ultimate tensile strength after 30 and 45 minutes CoNiFe nanocrystalline
coating with heat treatment could be attributed to other microstructural
changes, such as precipitation hardening or grain refinement, which
contributed to higher mechanical strength [34].

Table 5: The yield stress and ultimate strength of CoNiFe coated specimens
with heat treatment process

Specimen Yield stress oy, MPa Ultimate strength cu, MPa
15 min 378.350 407.330
30 min 301.200 467.670
45 min 472.350 559.110

Despite the fact that additional heat treatment process increased the
ultimate tensile strength of CoNiFe nanocrystalline coating, the resulting yield
strength did not follow the same increment pattern. The yield stress of CoNiFe
nanocrystalline coating coated for 45 minutes deposition time was found to be
the highest (472.350 MPa) whereas 30 minutes coating sample showed the
lowest yield stress (301.200 MPa). During heat treatment procedure,
changes in the microstructure of the CoNiFe nanocrystalline coating may
occur, possibly contributing to a slight decline in yield stress for the 30
minutes coating sample. Surprisingly, the vyield stress increased
dramatically after 45 minutes of heat treatment (472.350 MPa).

Tensile performance of CoNiFe nanocrystalline when varying coating
parameters at constant deposition time (current, pH, heat treatment
process)

Figure 11 depicts the tensile test data which demonstrate the ultimate tensile
strength of mild steel when coated under various conditions. According to
Table 6, the ultimate tensile strength of CoNiFe nanocrystalline coating
greatly increased when the current intensity was increased at a constant pH
(520.590 MPa). The result demonstrated that the tensile properties of the
CoNiFe nanocrystalline coating were determined by the current adjustment
factor in the electrodeposition process. The rise in the ultimate tensile strength
was attributed to different strengthening mechanisms, such as solid solution
and precipitation strengthening [23]. The strongly adhesive CoNiFe
nanocrystalline covering might effectively suppress the failure of the mild
steel substrate at early stages. PJ Teng et al. also discovered that the coating
layer significantly improved the tensile resistance of the substrate and
concluded that the tensile properties of their coated specimens increased due
to the increase in current densities throughout electrodeposition process [35].
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Figure 11: Stress-strain curves of CoNiFe nanocrystalline coating applied at
30 minutes deposition time with various parameter setup (different pH,
current and heat treatment)

Table 6: The yield stress and ultimate strength of heat treated CoNiFe coated

specimens
Speci Yield stress Ultimate strength
pecimen oy, MPa ou, MPa
Uncoated 149.40 186.78
30 min (pH=3, I=1.5 A)-HT 301.21 467.71
30 min (pH=3, I=1.5 A) 384.06 460.38
30 min (pH=3, I=3 A) 348.19 520.59
30 min (pH=5, 1=1.5 A) 351.23 390.99

However, when the pH of the electrolyte was increased to 5 with
constant current intensity of 1.5 A, the ultimate tensile strength slightly
reduced to 390.99 MPa. This demonstrated that, as compared to the effects of
current intensity, a higher pH value has a lesser effect on ultimate tensile
stress. These data suggested that the intensity of the current and the pH level
during the coating process could have a significant impact on the ultimate
tensile stress of CoNiFe nanocrystalline coating. This finding was similar to
M. Stamenovic et al. who reported that alkaline solutions at higher pH value
caused a decrease on the tensile properties. During the treatment of the
samples, they coated the inner surfaces and went deeper into the samples
through micro-cracks and other surface damages which existed after
fabrication and shrinkage of the material. On the other hand, the composite
material was strengthened during treatment of samples with acids (lower pH)
and increment in tensile properties was obtained [36].
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Conclusions

It is concluded that surface roughness, Vickers hardness and tensile
enhancement are experienced throughout the introduction of CoNiFe
nanocrystalline coating. The highest improvement for surface roughness,
microhardness and tensile performance was recorded by CoNiFe
nanocrystalline coating at 45 minutes deposition time with pH 3, I1:1.5 A and
heat treated (surface roughness: 1.82 pm; microhardness: 393.6 Hv; YS:
472.35 MPa; UTS: 186.78 MPa) as compared to reference uncoated mild steel
(surface roughness:4.233 pum; microhardness: 171.44 Hv; YS: 149.40 MPa;
UTS: 186.78 MPa). It is shown that both surface roughness and hardness
obtained are 2.3 times better than the reference uncoated mild steel. Both yield
strength and ultimate tensile strength values show a direct improvement of
3.16 and 3 times compared to uncoated mild steel samples. The introduction
of higher current setting boosts up both yield strength (348.19 MPa) and
ultimate tensile strength (520.59 MPa). CoNiFe nanocrystalline coating
successfully serves as a protective layer and performance booster in which it
protects the underlying mild steel from external forces that can cause failure

of low strength purpose.
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ABSTRACT

The growing amount of plastic and food waste has become a serious problem
around the worldwide. As a byproduct of milling rice, rice husk is an
agricultural waste that is produced in bulk quantities. Rice husk has been used
as filler in polymer composites in a variety of ways. However, there have only
been a few reports of using rice husk as reinforcement in composites made of
recycled polypropylene. The limited interfacial reaction between natural fibre
and polymer is the fundamental issue in natural fibre-based composites. This
prompted the development of sustainable composite manufactured from
recycled polypropylene(rPP) and rice husk (RH). Thus, we investigated the
intermolecular adhesion between rPP—RH composite with maleic anhydride
grafted polypropylene (MAPP) as a coupling agent. Varied compositions of
RH in the range of 1040 wt% with 4 wt% of MAPP were fabricated. The rPP,
RH and MAPP were blended and executed in injection moulding. The
mechanical properties will be analysed through differential scanning
calorimetry, rheology, tensile, flexural, impact and hardness tests. The result
shows RH agglomeration and limited dispersion in the composite cause a
reduction of up to 40% for tensile strength compared to neat rPP. Despite this,
it demonstrates improvements in tensile modulus, flexural modulus, impact,
and hardness. It is evidence of a good intermolecular between rPP matrix and
RH. In conclusion, the ideal RH loading for composites occurs at a filler
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content of 40% and has acceptable mechanical properties for various
composite applications.

Keywords: Recycled Polypropylene; Rice Husk; Rice Husk Reinforced
Recycled Polypropylene Composite; Polymer Composite; Mechanical
Properties

Introduction

Water pollution, air pollution, and climate change all negatively affect people
and the environment. Scheduled wastes recorded in 2019 exceeded 4.0 million
tonnes, according to Malaysia's Department of Statistics [1]. The power plants,
metal refineries, chemical industries, and electrical and electronics industries
each contributed 57.1% (2.3 million tonnes) of the total scheduled waste [2].
Although this is not a new concern, it remains the world's most significant issue
and one of the leading causes of diseases and mortality in people.
Environmental pollution impacts the lives of animals and the ecological
system's balance. The increase of plastic waste in landfills and the ocean is
becoming the most common threat that has been discovered. It harms the
environment because plastics will take decades to decompose. It becomes
hazardous to humans, animals, and marine life. Therefore, this issue has a bad
impact on the food chain, resulting in poisonous food being consumed by
humans such as causing digestive issues.

Waste management is critical for the long-term sustainability of the
environment. Several programs have been implemented to prevent this
problem such as beach clean-up, which intercepts plastic before it reaches the
ocean. Recently, there have been new initiatives in separating, cleaning and
recycling waste contained in recyclable materials. The most popular program
was Coca-Cola, the world’s first bottle made from ocean plastic waste that was
recovered from the Mediterranean Sea [3]. Thus, the idea of developing
composite with the combination of recycled plastics with agricultural waste
has big potential for a sustainable environment. Common processing methods
that have been used for natural fibre-reinforced thermoplastic composites are
compression moulding, injection moulding, and extrusion [3]-[10].

Rice is the most important crop and produces rice husk as a by-product.
The annual output of rice husks is large but most are burned by the peasants.
The main components of the rice are identical to those found in wood,
including cellulose, hemicellulose, lignin, and silica [4]. Therefore, rice husk
may be a potential substitute for alternative wood in wood-plastic composite
because of the high amount of cellulose in the rice husk. Meanwhile, the
exterior surface of the rice husk has a plethora of organised conical protrusions.
It is a combination of lignin and silica that generates a natural protective
coating in the form of silicon fibre membranes.
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The challenging process of polymerization with fibres is its
incompatibility with non-polar matrices. The RH (filler) particles tend to
aggregate when combined with a non—polar polymer rPP (matrix), which limits
the stress transmission from matrix to filler [11]. Weak interfacial adhesion
due to fibre-matrix incompatibility reduces composite impact strength, tensile
strength and tensile elongation at break [6]. The mechanical properties of
biocomposites are dependent on strong compatibility between the dispersed
phase filler and the continuous phase matrix. Modifying the surface of the RH
fibre is necessary to increase RH compatibility with non-polar polymers. The
compatibility of RH fibre—polymer composite is achieved by using surface
treatment processes such as mercerization, ozonolysis, plasma, electron beam
irradiation, and coupling agents [12]. Coupling agents have gained significant
attention in the production of biocomposite materials due to their ability to
improve matrix interfacial adhesion in natural fibre-reinforced polymer
composite systems. Simultaneously, the chemical treatment is also preferable
to use because its uses simple technology, inexpensive and effective in the
modification of the interface between natural fibre and the polymeric matrix.
Common chemicals used in the chemical treatment are silane, sodium
hydroxide (NaOH), methylene diphenyl diisocyanate (MDI), and MAPP [4]-
[51, [13].

Recently, MAPP has been used in producing excellent filler-matrix
bridge effects. It was also discovered that rice husk's O—H group and MAPP's
maleic anhydride group can esterify each other [13]-[14]. The bi-functional
chemical structures of interface MAPP can consume hydrophilic groups (such
as O—H groups) on the fibre surface and introduce hydrophobic groups (such
as C—H groups in PP) to the fibre surface which results in the higher interface
compatibility between hydrophilic fibre and hydrophobic PP, thus make them
stronger interactions at the fibre/rPP composites interface [14]. This reduced
the moisture absorption of the composite and improved the tensile and flexural
strengths [15]. Furthermore, the lower impact properties of the fibre/polymer
matrix composite are beyond the point of the improved interaction of the
fibre/polymer matrix interface rPP.

This research intends to explore the utilization of MAPP as a coupling
agent to improve the surface interaction between RH fibre and rPP matrix
composite, and to improve the mechanical, rheological, and thermal properties.
This research is focused on various weight percentages of rPP:RH ratios,
which are 100:0, 90:10, 80:20, 70:30, and 60:40. This research will promote
the circular economy, natural fibre-based composite as an alternative
automotive parts, and gain environmental benefits. Simultaneously, this
research also adheres well to the sustainable development goal (SDG).
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Methodology

The experimentation process for this project starts with the collecting,
cleaning, drying, and crushing of material for the feedstock. Following that,
the composite was mixed to evaluate five different composition ratios with
reinforcement fibre. Rheology and DSC analyses were carried out to
comprehend the behaviour of the material before moving on to the injection
moulding process. The sample was prepared via injection moulding to analyse
the mechanical measurement. Tensile, flexural, impact and hardness tests will
be conducted to study the mechanical properties. Thus, the findings of all these
tests are revealed and discussed.

Feedstock preparation

Recycled polypropylene with a density of 0.893 g/cm? [16] is used to calculate
the composition weight of the composite. The recycled polypropylene was
collected from a recycling centre in Subang Bestari, Shah Alam, and
granulated into pellets before being used as a matrix. The rice husk fibre was
supplied by Persatuan Peladang Kebangsaaan (KPK) in Sungai Besar,
Selangor, as a reinforcing fibre. Rice husks were blended until they were in the
size range of 20—100 mm, then dried in the oven for 3 hours at 105 °C to
remove any moisture content [16]. MAPP was purchased from Sigma Aldrich
Sdn. Bhd. MAPP weight of 4% remained consistent across the research [13].
Table 1 shows the weight composition ratio of RH, rPP, and MAPP as coupling
agents that had been used in the composites.

Table 1: The weight of rice husk (RH), recycled polypropylene (rPP), and
MAPP for each composition of composite

Composition  Density Weight () MAPP
ratio (g/cmd) rPP RH (9
rPP/10RH 0.834 345.6 40 144
rPP/20RH 0.782 307.2 80 12.8
rPP/30RH 0.737 268.8 120 11.2
rPP/40RH 0.696 230.4 160 9.6

Mixing process

The VT Sigma Blade mixer machine was used to mix the materials at a
temperature range of 170—190 °C. The materials were slowly added to the
mixing chamber for 20 min, then the mixing was continued for 40 min at a
rotation rate range of 30—50 rpm. Then, the mixed composite was taken out
from the mixer and allowed to cool to room temperature before being fed into
a granulator.
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Differential scanning calorimeter (DSC) analysis

Two samples for neat rPP and rPP/40RH composite were examined using the
DSC Melter Toledo machine. The material was scanned from 0 to 500 °C at a
heating rate of 10 °C/min with a weight of 9.6 mg and under a nitrogen
atmosphere. This DSC analysis data is useful in evaluating the permissible
temperature range to be considered in the injection moulding process.

Rheology measurement

The rheological characteristics of rPP and rPP/40RH, such as shear stress,
shear viscosity, and the flow behaviour index, n, are determined using a
capillary rheometer machine (model Capillary Bohlin). The feedstock
flowability data were created using the Rosand Capillary Rheometer
FlowMaster software. The shear rate of the machine was fixed at a range of 10
t0 10000 s, pressure at 0.1 MPa, diameter capillary die was 1 mm and length-
to-diameter (L/D) of 10 was used for this test. This analysis determines the
three temperatures with different variances of 165, 175 and 185 °C in order
to find the optimal temperature for injection moulding.

Injection moulding process

The injection moulding process was conducted using a compact injection
moulding machine (model Boy 22A). The temperatures for the feed zone, trans
zone, metering, and nozzle zones are adjusted to 170, 180, 190 and 200 °C,
respectively, based on optimum temperatures obtained from the rheology
measurement. The injection moulding process parameters that had been used
are shown in Table 2. The mould was designed according to the standard
sample size for the tensile and flexural tests following ASTM 412-D and
ASTM D790 standards, respectively.

Table 2: Injection moulding process parameters

Injection Holding time
3

Sample Volume (mm°) pressure (bar) (min)
ASTM 412-D 17-19 60 3
ASTM D790 23 65 3

Mechanical measurement

The mechanical properties of fibre-reinforced polymers are determined using
tensile, flexural, impact, and hardness tests. A Shimadzu Universal Testing
Machine (UTM) (model AG-IC) equipped with a 50 kN load cell was used in
this research to perform tensile and flexural tests according to ASTM D412-D
and ASTM D790 standards. The crosshead speed was 5 mm/min. The flexural
test was span at 50 mm and a crosshead speed of 5 mm/min. Meanwhile, the
impact test was performed using a Notched Izod Impact Test Machine
following an ASTM D256 standard. The type of weight R1 (2.71) with 0.453
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kg was used to perform this test. Next, the sample size of 125x125x2 mm?® was
prepared for the hardness test using the Rockwell Hardness Tester (model
INSTRON A654R). Meanwhile, the sample for the impact and hardness tests
was modified from a flexural sample produced from the injection moulding
process. For each test, five samples were tested for each composition.

Results and Discussion

Differential scanning calorimeter (DSC) analysis

Thermal phase transitions of rice husk (RH) fibre, neat recycled polypropylene
(rPP) and rPP/40RH were studied using differential scanning calorimeters
(DSC). Figure 1 illustrates the endothermic reactions of rPP and rPP/40RH.
The result shows that rPP had a well-defined melt transition at 164.26 °C and
the phase transformation occurred between 130-174 °C. The rPP/40RH
composite melting behaviour was very similar to that of neat rPP, which melted
at 165 °C and underwent phase transformations between 135 and 177 °C. If
the temperature increases more, composite materials may degrade. At
temperatures between 318-471 °C and 353—-495 °C, respectively, the
breakdown of rPP to rPP/40RH started to end. However, compared to neat rPP,
modified composites showed greater degradation temperatures (both onset and
endset). Because filler was added to the composites, there were mechanical
interlocking and nucleating effects [17]. The outcome also showed that the
decomposition peak for rPP and rPP/40RH happened around 440 and 454.2
°C, respectively. It has the same results as those reported in the previous works,
where an endothermic peak at 448 °C may be related to the depolymerization
of polypropylene with the production of propylene [18]. The data also showed
that for rPP, there was another peak at 226.24 °C, which could be caused by
impurities in the recycled material collection. As a result, the information
acquired was utilised to choose the ideal temperature, which was above 165 °C
when the material started to melt, and the data were used to determine the
temperature for rheological study.

Heat Flow (mW)

Temperature (°C)

Figure 1: DSC analysis of neat rPP and rPP/40RH composite
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Rheological properties

The melt viscosity of recycled polymer blends was evaluated to learn more
about the interaction of the polymers in the blend and how compatibilizers
affect it. This study was conducted to find the feedstock’s stability during the
injection moulding process [19]. A feedstock's flow behaviour is preferably
pseudoplastic, which means that as the shear rate increases, the viscosity drops.
The value of n for a pseudoplastic flow must be less than 1. The lower the value
of viscosity, the better the flowability of the feedstock. Figures 2a and 2b
illustrate the relationship between shear viscosity and shear rate. The data
indicated that at 165 °C, the neat rPP and rPP/40RH had the lowest shear
viscosity compared to the value of shear rate at 175 and 185 °C. According to
recent research, the shear viscosity increased as the temperature value
decreased [20]. In this case, the temperature of 165 °C for rPP and rPP/40RH
may have been triggered by physical or equipment errors that affect the results
of shear rate and shear viscosity. Shear viscosity comparisons between rPP and
rPP/40RH indicated that the composite required higher temperatures than rPP,
and this may cause the amount of fibre in the composite. The graph showed
that the data series for viscosity and shear rate ranged from 0 to 500 Pa.s and
0to 10000 s*%, respectively. The results indicated that both composite materials
had compressive strengths of less than 1000 Pa.s, considering that the materials
were acceptable for injection moulding [21].

In this study, the shear sensitivity index (n) characteristics can also be
evaluated. Previous studies have demonstrated that the optimal n value in the
pseudoplastic flow phase is in the range of 0.5 to 0.7 [19]. The explanation is
because the feedstock viscosity changes with the shear rate more quickly with
a smaller n value, indicating how a high n value may lead to process instability
and make it harder to control the sample quality. Table 3 presents the n value
obtained from the slope of Figures 2a and 2b. The result showed that the lowest
n value was obtained at 165 °C, while the value n in the range of 0.5-0.7 was
obtained at 175 °C and 185 °C. Both compositions showed pseudoplastic
behaviour at all temperatures. This suggests that as the shearing force
increases, molecules that are typically out of alignment start to align their axes
in the direction of flow [20]. With less internal resistance, the materials can
shear more quickly under each succeeding shearing stress based on this
orientation. As a result, the ideal temperature to set during injection moulding
is above 175 °C. This information is necessary to keep in the injection
moulding stage because it involves the flow of molten feedstock into the mould
cavity. Pseudoplastic flow behaviour is the preferred one when using injection
moulding [17]. The equation is a Power Law equation that may be used to
determine this rheological behaviour (1) where 1, K, v and n are viscosity,
coefficient, shear rate and shear sensitivity index, respectively.

n = Ky"* Q)
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Table 3: Flow behaviour index, n

Feedstock Temperature (°C) Flow Behaviour Index, n
165 0.01
rPP 175 0.6
185 0.7
165 0.01
rPP/40RH 175 0.5
185 0.5
300
250
b
< 200 —o—165
2 150 —a—175
g2 = b 185
2 100 {8
b 50 h\:\_'\-
g e e
0 2000 4000 6000 8000 10000
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Figure 2: a) Correlation between shear viscosity and a shear rate of rPP, and
b) correlation between shear viscosity and a shear rate of rPP/40RH
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Mechanical properties

Tensile properties

A tensile test was conducted on the injection moulded rPP/RH composite to
determine its mechanical properties. The tensile tests studied the significant
properties of tensile strength, tensile modulus and tensile elongation. The
tensile strength, tensile modulus, and tensile elongation of neat rPP and rPP
reinforced with varying amounts of fibre loading are shown in Figure 3. It can
be seen that the addition of fibre and MAPP to the rPP matrix reduced the
tensile strength of the material by 22 to 44% compared to the neat rPP. The
same result was also recorded, where the tensile strength of neat polypropylene
and recycled polypropylene matrix declined when the rice husk filler
percentage exceeded 5% [16]. Due to the small size of the filler particles, there
was a large interfacial surface between the polar filler and the apolar matrix
[22]. The lack of chemical bonding between the rPP and RH, as well as poor
RH dispersion over the rPP matrix due to the substantial differences in surface
energy of the rPP and RH fillers, was the potential reason for the reduction of
tensile strength when compared to neat rPP. Furthermore, insufficient
dispersion caused filler agglomeration, as well as a reduction in tensile
characteristics, which may be due to low homogeneity during the mixing
process that contributes to this reduction in the MAPP bridge effect between
the filler and matrix. Agglomerates' presence can lead to flaws and extra voids
between the and the matrix polymer, which lowers the tensile strength.
However, according to a previous report, the hydroxyl groups in RH reacted
with the anhydride groups in MAPP through an esterification process, which
may help to increase the interfacial adhesion between the filler and matrix [13].
The tensile strength increased gradually to the maximum value as the amount
of RH fibre was increased to the maximum fibre loading of 40%, as shown by
the results in Figure 3a. The results indicated an excellent bridge effect
between the filler and matrix, fibre dispersion and fibre—matrix adhesion.
Thus, it improved the stress transfer efficiency of the rPP/RH composite.
However, the tensile modulus of the rPP—RH composite improved by 33 to
46% compared to neat rPP. The increase in tensile modulus with an addition
of RH in the loading of rPP matrix was due to the RH's ability to impart more
stiffness to the matrix [23]. This is a typical behaviour when the hard filler is
added to softer polymer matrices. Natural fibres have a higher elastic modulus
than pure rPP, resulting in increased composite stiffness [12]. Due to this,
adding these fillers tends to significantly improve the stiffness of its
composites. Figure 3b illustrates the tensile elongation of the composite, which
indicates its flexibility of the composite. The results demonstrated a decrease
in tensile elongation with the increase in fibre percentage. It can be seen that
fibre reinforcement composite with MAPP had a lesser tensile elongation than
neat rPP. This occurred as a result of the coupling agent function in igniting
the interaction between the filler surfaces and rPP that caused the composite to
stiffen. The coupling agent's impact on this property was not immediately
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apparent in this study. These results also indicated that MAPP decreases the

flexibility and elasticity of materials, which is consistent with earlier research
[24].
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Figure 3: Tensile properties of rPP/RH composite with different percentage
of rice husk fibre; a) tensile strength, b) tensile elongation at break, and
c) tensile modulus
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Flexural properties

The flexural analysis found that the matrix fillers have excellent interfacial
bonding in the composite. Figure 4 shows the flexural strength and modulus of
rice husk-reinforced polypropylene composites. In comparison to neat rPP, the
data showed that 40 wt% fibre has the maximum flexural strength and flexural
modulus. This could be attributable to the introduction of filler and coupling
agent, which increases due to an improvement in the filler and matrix boundary
region. This is further proven by the fact that flexural strength improves when
MAPP is added to neat rPP [15]. The same outcome was observed in the earlier
investigation, where adding more fibre and MAPP as a coupling agent has been
shown to improve flexural modulus by 73% from neat PP [7]. Interestingly,
the modulus of composites with coupling agents at high filler loading was
much better than that of the composite without coupling agents. The rising
pattern could be brought on by the fact that rice husk is much stiffer than rPP.
A crystalline layer can develop around the fibres when coupling agents are
present because surface crystallisation takes precedence over bulk
crystallisation [15]. Crystallite can enhance the polymer matrix’s contribution
to the composite modulus since they have a greater modulus than amorphous
areas.

Impact
Rapid crack propagation via the material causes impact failures [25]. The rate

of fracture growth is inversely proportional to the material's impact resistance.
To be deemed as impact resistant, a polymer must be able to absorb the
majority of the impact energy and limit the rate of crack development. The
Izod impact test was used to determine the amount of impact energy required
to crack or fail the surface. Figure 5 demonstrates that rPP and rPP reinforced
with fibre had similar results at 20, 30, and 40%; however, 10 wt% fibre
resulted in low absorbance as compared with neat PP. According to the
previous study, the addition of rice husks resulted in a reduction of impact
strength because the husks reduced energy absorption ability which led to the
increase of fibre breakage and more residual stress in the composite [13]. The
addition of MAPP to the fibre-matrix composite structure made it more brittle,
and the husks limited the free motion of matrix chains. The matrix dampened
the force during loading since there was greater matrix movement between the
husks. However, adding rice husks led to a similar impact strength of 1.8
kd/mm?. This finding suggests that the MAPP may have improved the
interaction between rice husk fibre and matrix.
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Figure 4: Flexural properties of rPP/RH composite with different percentages
of rice husk fibre; a) flexural strength, and b) flexural modulus
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Figure 5: Impact of rPP/RH composite with different percentages of
rice husk fibre

Hardness
Figure 6 illustrates the hardness strength with neat rPP and different fibre
loading. The optimum hardness was obtained at 40% fibre load. In comparison
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to neat rPP, the composite can improve by up to 16%. This improvement in the
composite can be attributed to the high interfacial adhesion of the rPP—RH and
MAPP composite, as well as the RH material's molecular-level dispersion in
the matrix, which results in an improvement in how effectively stress is
transferred from the matrix to the filler phase [23]. Additionally, when a
material becomes more resistant to deformation, its hardness improves. This
occurs when additional filler is introduced, making the composite harder and
the substance tougher [26]. Better resistance to plastic deformation in the
filler's transverse direction is provided by the filler layer.
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Figure 6: Hardness of rPP/RH composite with different percentage of
rice husk fibre

Conclusion

Different rice husk weight ratios have been successfully made and used to
characterise the effects of rice husk (RH) as a reinforcement filler on the
properties of recycled polypropylene (rPP) matrix with maleic anhydride
grafted polypropylene (MAPP) as coupling agents. The determination of the
rheology temperature range is set at 165, 175 and 185 °C. Thus, the data
indicate that the feedstock has the best flow mouldability at temperatures
between 175 and 185 °C, where the n value obtained is in the range of 0.5-0.7,
which exhibits pseudoplastic behaviour. Therefore, the result demonstrates a
decrease in tensile strength and tensile elongation in the composite. However,
the finding indicates that tensile modulus, flexural strength, flexural modulus,
impact strength, and hardness strength have all improved. In this experiment,
the tensile strength and tensile elongation show a decline of 22 to 44% and 33
to 46%, respectively, compared to neat rPP, which shows that the composite
lacks chemical bonding and dispersion. According to the flexural study, the
best outcome occurs at a fibre loading of 40% weight when a good polymer
matrix contributes to the matrix. In addition, when the ratio of RH
reinforcement is added to the rPP—RH matrix, the hardness data show an

57



U. I. A.-B. M. Adnan, F. R. Wong, S. K. Yong, M. F. Morni, A. H. Abdullah, A. A. Rashid

improvement of 3—16% in contact that absorbs high energy impact. Therefore,
a composite that incorporates 40% rice husk fibre and MAPP demonstrates
greater results among the composites. In conclusion, rice husks and maleic
anhydride polypropylene have successfully proven to have better properties of
polymer-based nanocomposites and other composite applications as coupling
agents.
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ABSTRACT

This study presents the result of surface roughness (SR) during milling AlSI
4340 under sustainable machining techniques of minimum quantity lubrication
(MQL) and cryogenic using liquid nitrogen (LN2). Along with MQL, Treated
Recycled Cooking Qil (TRCO) using waste Palm Oil is used to promote a
greener cutting condition. Taguchi L9 orthogonal array and ANOVA are used
to investigate the effect of cutting parameters (cutting speed, feed rate, depth
of cut and width of cut) on the measured output value. Statically, in both
conditions results show that cutting speed and feed rate are the parameters
that affect the surface roughness. ANOVA analysis for MQL cutting found that
feed rate contributed 87.39% of the output value. While in the cryogenic
condition, cutting speed is the main factor that affects the SR value,
representing 54.83%. At a lower cutting speed, the SR yield during MQL is
lower compared to cryogenic conditions. At a higher cutting speed, the SR
value in the cryogenic condition is better than that in MQL condition.
However, when the feed rate increases, the SR value is almost similar in both
conditions. This finding shows that using this experimental condition with
TRCO can improve the SR value even at a higher cutting speed.
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Introduction

Removing heat from the cutting region during machining is important because
excessive heat is associated with many quality problems in the metal cutting
operation. The heat that is generated at primary and secondary shear zones is
transferred to the cutting tool and weakens its mechanical bonding, leading to
changes in the cutting tool geometry. The blunt tool accelerates tool wear, thus
affecting the surface roughness (SR) of the finished part and its final
dimensional accuracy [1]. Moreover, the heat that is generated above the
material’s recrystallisation temperature may lead to surface microstructure
alteration. These occurrences are associated with various surface quality
problems such as poor SR, white layer formation, microstructure distortion and
residual stresses [2]. These problems are common in the automotive and
aerospace industries, and they reduce parts’ functionality and increase the
rejection rate of finished parts [3]. A common way to improve the surface
quality is to apply a lubricant/coolant during machining. However, the
excessive use of cutting fluid poses a problem to machining sustainability,
especially given current global issues.

In line with this situation, dry cutting, minimum quantity lubrication
(MQL) and cryogenic coolant have been extensively studied by researchers to
limit the usage of cutting fluid and thus eliminate the problems associated with
the usage of MWF. Dry cutting uses no MWF, thus eliminating any related
costs. However, dry cutting is associated with a high value for both thermal
and mechanical loading, thus being more prone to damaging the work surface
when compared with the situation in which cutting fluid is used [4]. MQL is a
method of delivering cutting fluid to the cutting edge by mixing a minute
amount of cutting fluid with pressurised air to form a mist of cutting fluid,
which is then sprayed to the cutting region by a nozzle. The fluid consumption
of MQL varies from 0.2 to 500 ml/hour as opposed to that of flood coolant at
30,000 to 60,000 ml/hour [5]. As soon as the mist from the MQL encounters
the hot surface of the cutting zone, the heat is carried away by the vaporisation
and cools down the cutting process, thus leaving the oil particles on the tool
surface. These oil particles act as a tribofilm that reduces the friction at the
tool—chip interface, resulting in better SR and longer tool life [6]. Still, the
effectiveness of MQL also heavily depends on the quality of the supplied oil
mist to the cutting zone. In cryogenic machining, the cutting edge is cooled
down by cryogenic gas or liquid such as liquid nitrogen (LN) and carbon
dioxide (COy). These gases are known to be environmentally friendly and do
not harm humans. Cryogenic cooling effectively reduces the cutting
temperature, thus improving the surface integrity of the machined part.
However, a proper delivery system of cryogenic coolant to the cutting edge is
crucial because excessive exposure of the workpiece and the cutting tool to
this cryogenic temperature may lead to work tool hardening, which increases
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energy consumption during cutting. Furthermore, cryogenic coolant does not
provide better lubrication than the cutting oil.

Research by [7] revealed a relation between tool wear, cutting
temperature and tool vibration with the workpiece SR and tool life. When
cutting under MQL condition, the heat is effectively carried away by the chips
via the pressurised air of the MQL system. The cutting vibration and tool wear
are reduced because the oil provides an ample lubrication barrier that reduces
the friction at the cutting tool-workpiece interface. As the result, the SR
improved by 89% while tool life prolonged by 267% when compared with dry
cutting. The result is also consistent with that of Rahim et al. [8], who found
that the application of MQL reduced the cutting temperature by 10% to 30%
when compared with dry cutting. The effective coolant/lubrication is
supported by the chip produced in the experiment. Thinner chips were
produced, indicating a lower cutting temperature and less chip—workpiece
friction during the cutting process by using the MQL method. Based on
Taguchi analysis during AISI 4140 MQL machining, the SR of the work
material is mainly contributed by the feed rate. This finding is consistent with
that of Abidin et al. [9], who also found that feed rate is the effective parameter
that determines the quality of the product surface of AISI 4140. Increasing the
feed rate value will yield a poorer surface finish because of higher vibration
during the cutting process [10]. Other researchers found out that the MQL
method is not effective when applied at higher cutting speeds. Kedare et al.
[11] investigated the effect of cutting under MQL and flood conditions for
different cutting speeds and depths of cut. The SR values are lower than those
of the flooding method at all cutting speeds (160-300 m/min). However, the
value does not vary considerably when the cutting speed and depth of cut
increase. A similar result was obtained by [12] when cutting AISI 4140 in
MQL, flood and dry conditions. At a higher cutting speed, the influence of
coolant/lubricant is reduced because of the lack of oil mist penetration in the
cutting region. At a higher cutting speed, the tool—chip is in a fully elastic
condition and prevents the oil from penetrating the cutting region. At a lower
cutting speed, the tool—chip is in a partially elastic condition, thus enabling the
cutting fluid to enter the gap between the chip—tool interface by the capillary
action to form a thin lubricant film that reduces friction [13].

Different types of cutting oil used during machining with MQL also
contribute to the outcome of the machining process. Werda et al. [14]
conducted an experiment to explore the effect of cutting oil on the SR of the
work material. Vegetable-based cutting oil yields lower SR compared with
alcohol-base cutting oil during dry cutting. This better result is due to the
complex structure of fatty acids in the vegetable oil, thus providing high
oxidation stability, which is important during high-temperature machining to
help maintain the oil properties throughout the process [15]-[16]. Similarly,
these scholars found that using palm oil as a cutting fluid improves
machinability in terms of SR, cutting force and tool life when compared with
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other types of vegetable oil-based cutting fluid. In Malaysia, most industrial
and domestic frying oil is palm fruit-based. Estimations suggest that
50,000 MT of used frying oils, both vegetable oils and animal fats are disposed
of yearly in Malaysia without treatment [17].

This study focuses on the effect of MQL and cryogenic conditions on
SR when machining AISI 4340. Treated recycled cooking oil (TRCO) is
proposed as the MQL cutting fluid due to its availability in Malaysia; in
addition, it is more suitable than fresh palm oil for human consumption. In
addition, biodiesel based on renewable energy of used cooking oil has become
one of the initiatives in automotive industries to lessen the carbon footprint and
attain a greener transportation system. Thus, this work also plays a small part
in creating a more sustainable industry by utilising TRCO in the product life
cycle when machining the metal parts.

Methodology

Material, cutting tools and TRCO

This experiment uses a block of pre-hardened AISI 4340 high-strength low-
alloy steel with dimensions of 178 x 102 x 52 mm and an average hardness of
32HRC. AISI 4340 alloy steel is widely used in the automotive and aircraft
industries to produce structural components due to its excellent toughness and
strength properties. A PVD (TiAIN/AICrN) multilayer coated carbide
indexable end mill is used to machine the metal surface.

In this experiment, TRCO is used to replace the conventionally used
cutting fluid. The TRCO is treated and purchased from Universiti Teknikal
Malaysia as an effort towards a sustainable machining environment. The initial
stage of producing TRCO is started by collecting used cooking oil (UCO) from
a franchise restaurant. For the treatment process, the acquired UCO is filtered
to remove all the visible residues and particles. Then, with every 50 g of UCO,
10 wt.% of palm kernel activated carbon (PKAC) is added to the UCO. PKAC
is a by-product of palm oil processing; palm oil is easily available in Malaysia
and Indonesia, and it is known to have excellent absorbent properties due to its
higher surface area. PKAC is usually used to neutralise chemical substances
and odour from wastewater [34]. The size of the powder PKAC is between 250
- 297 microns in diameter. The mixture of UCO-PKAC is then heated between
100 to 110 °C for 80 minutes to ensure that all water content is removed from
the mixture. The oil sample solution is then filtered to remove excess PKAC
powder. The properties of TRCO are presented in Table 1 while Table 2 lists
the details of the experiment condition.
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Table 1: Properties of TRCO before and after treatment [18]

Properties Before treatment After treatment

Density at 25 °C (g/ml) 0.9284 0.9294

Viscosity at 40 °C (cSt) 45.658 31.91
Peroxide value (mEq O2/kg) 16 14

Free fatty acid, FFA (%) 0.38 0.3666

Acid value (mgKOH/qg) 1.456 1.122

Table 2: Experimental conditions

Machine Tool Vertical milling (DMG-ECO) 8000 RPM spindle speed

Work specimen

Cutting Tool Insert
Cutting insert
Tool holder
Tool geometry
Process Parameters
Cutting speed, Vc
Feed rate, fz

AISI 4340 HSLA Steel (C=0.37%, Si=0.33%, Mn=0.80%,
P=0.014%, S=0.002%, Cr=1.70%, M0=0.22%, Ni=1.33%,
Fe= Balance)

PVD multicoated TiAIN/AICrN grade ACP200
32 mm diameter, 5 indexable inserts (WEX 2032E)
Rake angle=28°, clearance angle=11°, thickness=3.58 mm

300, 350, 400 m/min
0.15, 0.2, 0.3 mm/tooth

Axial DOC, ap 0.5,0.6,0.7 mm
Radial DOC, ae 0.3,0.5,0.7 mm
MQL Supply Air: 8.0 bar, lubricant: 60 ml/hr, 2 external nozzles, nozzle

distance, d=25 mm, elevation angle=60°, cutting fluid=
TRCO
LNz, pressure= 2 MPa, flow rate=1.159 x 1023 m%/s,
elevation angle=45°

Cryogenic Supply

Experimental procedure

This metal’s block is downmilled using a straight-line surface machining
strategy on a DMG-ECO, vertical milling machine with 8000 RPM spindle
speed capacity. PVD (TiAIN/AICrN) multilayer coated carbide end mill insert
is fixed to a 32 mm diameter tool holder manufactured by Sumitomo. The tool
holder consists of five indexable cutting inserts, but only one insert is utilised
to avoid tooltip runout during wear measurement. The experiment is conducted
under MQL with a mixture of compressed air and TRCO as the cutting fluid
at a rate of 60 ml/hr via two nozzles. For comparison, the experiment is
repeated under cryogenic condition by using LN2. To avoid excessive cooling,
only one nozzle supplying LN is used during the experiment. Table 2 lists the
details of the experiment condition. The average surface roughness (Ra)
measurement is taken according to 1SO 4288 (2) 1996. For each tested
parameter, the SR value was taken three times at three different locations along
the feed direction of the workpiece by using a Mitutoyo portable SR tester. The
stylus movement of the portable SR tester is set at 5.6 mm at an evaluation

67



Ahsana Agilah Ahmad, Jaharah A. Ghani, Che Hassan Che Haron

distance of 4 mm and a cut-off value (ic) of 0.8 mm. Figure la illustrates
experimental setup for cutting under MQL condition using 2 nozzles. While
Figure 1b illustrates the experimental setup for cryogenic cutting and the LN
flow during machining process.

(W MQL nozzles |
W

»

Cutting tool

S BE o [0 o

Figure 1: Experimental setup for; (a) MQL, and (b) cryogenic

Design of experiment and machining parameters

In this work, Minitab v18.1 software is used to design, plot, and analyse the
data. Taguchi method is used for the design of experiment (DOE) by
calculating a signal-to-noise (S/N) ratio to determine the variability of the
parameter in the process. A higher S/N ratio is desired because it indicates the
optimal level for the process parameters [19]. The output of the experiment is
to determine the best parameter combination for minimising SR; thus, the-
smaller-the-better S/N ratio is used for the calculation. Four input parameters,
namely, cutting speed (Vc), feed rate (fz), depth of cut (ap) and width of cut
(ae), at three levels of values are selected for this experiment (Table 2). Hence,
according to the Taguchi approach, L9 (3%) orthogonal array is the suitable
number of experiments to facilitate four cutting parameters and three levels of
the parameter’s value [20]. Later, ANOVA analysis is performed to determine
the percentage of influence of each parameter to the measured response. Table
3 outlines the nine experiments conducted in this study and the SR obtained
for both cutting conditions.
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Table 3: L9 orthogonal array of the experiment and SR result for MQL and
cryogenic condition

Exp. Cuttingspeed Feedrate,  Axial Radial Surface Roughness

no. Vc fz ap ae MQL Cryogenic
1 300 0.15 0.5 0.3 0.134 0.165

2 300 0.2 0.6 0.5 0.178 0.20

3 300 0.3 0.7 0.7 0.209 0.235

4 350 0.15 0.6 0.7 0.141 0.149

5 350 0.2 0.7 0.3 0.174 0.142

6 350 0.3 0.5 0.5 0.182 0.176

7 400 0.15 0.7 0.5 0.129 0.135

8 400 0.2 0.5 0.7 0.166 0.16

9 400 0.3 0.6 0.3 0.179 0.161

Results and Discussion

Figure 2a illustrates that the highest S/N ratio indicates the optimum level for
obtaining the best combination of the response. With the use of ‘the smaller,
the better’ principle for S/N ratio calculation, the optimal factor combination
for minimising SR Ra for MQL is a cutting speed of 400 m/min, feed rate of
0.15 mm/tooth, depth of cut of 0.5 mm and width of cut of 0.3 mm. The main
effect plot graph in Figure 2 indicates that feed rate and cutting speed are the
main parameters that affect the output value of SR, whereas DOC and WOC
are the parameters that have the least effect. For comparison, the experiments
were repeated under cryogenic condition to investigate the effect of cutting
parameters on SR in different cutting conditions. Based on the S/N ratio from
the main effect plot of Figure 2b, the optimum parameters for obtaining the
lowest SR in the cryogenic condition is similar to those in the MQL condition.
The feed rate and cutting speed are the parameters that heavily influence the
surface quality of the machined surface. Theoretically, cutting under cryogenic
condition will produce a finer SR in comparison to that under dry and wet
conditions [21]. When compared to other cutting conditions, LN, offers
lubrication at the cutting zone, thus reducing tool’s sticking and wear and
eventually producing a better surface roughness. When it comes to MQL,
previous studies reveal that MQL machining produces finer SR at a lower
cutting speed compared with cryogenic cooling [22]-[25]. The good surface
finish during MQL cutting is due to the cutting oil effectively reducing the
friction at the cutting zone. However, at a higher cutting speed, Kaynak [23]
reported lower cutting force when cutting Inconel 718 under cryogenic
condition, hence producing better SR. Thus, this work aims to investigate the
SR value when machining AISI 4340 in both cutting conditions.
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Based on Figure 2, the main effect plot for both cutting conditions
revealed that feed rate and cutting speed are the most influential parameters
that affect the value of SR. However, it does not indicate the significant factors
and percentage of influence of each parameter to the measured response. The
ANOVA results for both cutting conditions are shown in Tables 3 and 4. A
lower p-value from the ANOVA’s table represents a higher impact of that input
factor on the measured output [26]. The contribution value, on the other hand,
reflects the percentage of influence of each parameter on the measured
response. Table 4 shows that the p-value for the feed rate and cutting speed is
the lowest for SR in MQL machining, with contribution factors of 87.39% and
6.70%, respectively; radial DOC has the least impact (3.18%) on SR, which
agrees with the finding by [27]-[28]. When cutting in cryogenic conditions
(Table 5), cutting speed and feed rate have the lowest p-value and greatly affect
the output value by 54.83% and 32.45%, respectively. Both outcomes from
Tables 4 and 5 support the result obtained from the S/N ratio. Thus, the value
of the feed rate and cutting speed should be optimised to achieve the lowest
SR in MQL and cryogenic conditions.

(a) Main Effects Plot for SN ratios (b) Main Effects Plot for SN ratios
Data Means. Data Means.

speed feeel boc woc speed feed oc woc

[ =
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Signal-to-noise: Smaller is better Signal-to-noise: Smaller is better

Figure 2 Main effect plot for SR in; (a) MQL condition, and (b) cryogenic
conditions

Table 4: ANOVA SR under MQL condition

P- F-

Source DF  SeqSS  Contribution  AdjSS Adj MS value  Value

Ve 2 0.000368 6.70% 0.00037  0.00018 0.29 2.45
fz 2 0.004806 87.39% 0.00481  0.00240 0.03 31.99
ae 2 0.000175 3.18% 0.00018  0.00009 0.46 1.16
Error 2 0.000150 2.73% 0.00015  0.00008
Total 8 0.005500 100.00%
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Table 5: ANOVA SR under cryogenic condition

P- F-

Source DF  SeqSS  Contribution AdjSS AdjMS Value Value

Ve 2 0.004283 54.83% 0.00428 0.00214 0.005 187.12
fz 2 0.002538 32.48% 0.00254 0.00127 0.009 110.86
ae 2 0.000968 12.39% 0.00097 0.00049 0.023 42.30
Error 2 0.000023 0.29% 0.00002  0.00001
Total 8 0.007812 100.00%

The experimental result revealed that the SR value ranges from 0.134
to 0.235 um for both cutting conditions (refer Table 3). These values are less
than the 0.5 pm value that is usually produced by manual polishing. The lowest
SR is attained during machining under MQL, whereas the highest SR is
obtained during machining under cryogenic condition. Both occur at the lowest
cutting speed. Figure 3 shows that MQL works better at a lower cutting speed
during machining AISI 4340. As the cutting speed progresses, the SR value
during cryogenic cooling improves slightly. However, the results are closely
similar to the SR value for MQL. The highest improvement of SR is observed
in experiment 5 with 18.4% SR reduction. Therefore, this experimental process
and the utilisation of TRCO can produce a good surface finish similar to the
cryogenic condition even at a higher cutting speed and feed rate.

Ve=300m/min

0.25

0.20 | Ve= 350m/min Ve= 400m/min

18.4% reduction

0.15 4

0.10

Surface Roughness (Ra, um)

0.00

1 2 3 4 5 6 7 8 9

No. of experiment

Figure 3: SR experimental results for various cutting parameters when
cutting under MQL and cryogenic conditions
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Previous researchers found that cutting in cryogenic conditions is more
effective in high velocity while MQL is at low speed [29]. However, the
findings of this study found that when the cutting speed is increased to 350 and
400 m/min, MQL-TRCO cutting can produce a surface roughness that is
almost the same as machining in cryogenic conditions. This may occur because
the use of plant-based lubricants for MQL-TRCO machining has a stable fatty
acid structure to withstand increasing cutting temperatures [15]-[16].

Figure 4 depicts that the increasing value of feed rate from 0.15-0.3
mm/tooth will directly increase the SR value for both cutting conditions. The
main effect plot (Figure 2) also indicates that the increasing value of WOC and
DOC can be detrimental to SR because increasing these parameters will lead
to a higher material removal rate, which will increase the vibration, thus
affecting the SR [10], [30]-[31]. At a lower cutting speed of 300 m/min (Figure
4a), the SR value under the MQL condition is lower than that under the
cryogenic condition at all feed rates. At a lower cutting speed, the tool—chip is
partially elastic, thus enabling the cutting fluid to enter the gap between the
chip-tool interface through capillary action to form a thin lubricant film that
reduces friction [13]. Furthermore, the presence of TRCO at the cutting zone
limits the contact area between tool and workpiece; hence, thinner chips are
produced [12]. A higher SR under cryogenic cooling at a cutting speed of 300
m/min is probably a result of work hardening due to the excessive cooling at
the cutting region at a lower cutting speed. According to Thakur et al. [32], the
effect of work hardening is less at a high cutting speed compared with that at
a lower cutting speed. Figure 4b shows that the SR value for MQL cutting is
more sensitive to the variation of feed rate at a higher cutting speed. As the
cutting speed varies from 300—400 m/min, the SR value under the cryogenic
condition improves, although it becomes less noticeable at the feed rate
increases. Figure 5 shows that increasing the cutting speed can help improve
SR. The figure shows that the increasing value of cutting speed from 300-400
m/min yields finer SR at both feed rate values. This condition occurs because,
at a higher cutting speed, the built-up temperature at the tool tip eases plastic
deformation during shearing due to thermal softening of the workpiece.
Similar results were obtained by other studies [33]-[34]. The SR value under
cryogenic condition is more sensitive to variations in the cutting speed
compared with that under MQL conditions.

72



The Influence of Cutting Parameter Under Sustainable Machining Approaches

~0=0.15 mm/tooth 02 mm/tooth  =0=0.3 mm/tooth ~0=0.15 mm/tooth 0.2 mm/tooth  =0=0.3 mmy/tooth

0//0 H .’.
0 g e

ciente £ 0as

55, Ra (m)
s s
5 8 8
s
B

O RN,

300 m/min 400 m/min

e
Surface Roughi
o

Surface Roughne:
3
7

=
>

MQL Cryogenic MQL Cryogenic
Cautting Condition (b) Cautting Condition

_—
2

Figure 4: Effect of cooling/lubricating on SR at different feed rates with
constant cutting speed; (a) 300 m/min, and (b) 400 m/min

~0 300 m/min 350 m/min  —O—400 m/min ~~0=300 m/min 350 m/min =0 400 m/min

1m)
2
b3

Ra (m)

ness, Ra (1
e
s

——

 —————

e
5

e

0.30 mm/tooth

Surface Roughi
Surface Roughness, Ra

0.15 mm/tooth

°
£
°
£

>
o

MoL Cryogenic ML Cryogenic
(a) Cutting Condition (b) Cutting Condition

Figure 5: Effect of cooling/lubricating on SR at different cutting speeds with
constant feed rate; (a) 0.15 mm/tooth, and (b) 0.3 mm/tooth

On top of that, the value of surface roughness can affect the tool life of
the cutting tool. Figure 6 shows the average flank wear (Vbavg) of the cutting
tool when machining in MQL and cryogenic condition for experiment 8. The
figure also displays the value of surface roughness at six stages of tool wear
rate starting from Vbavg at 0.096 mm until 0.3 mm before the tool fail at 37.04
min and 40.64 min for MQL and cryogenic, respectively. At the Vbavg value
between 0.15 mm and 0.10 mm, the wear rate for cryogenic cutting can be seen
rapidly built-up compared to MQL cutting and the value of SR during
cryogenic cutting is higher than MQL cutting. It is probably due to the heat has
not yet accumulated at the cutting zone; thus, the lubricating action of the
cutting oil is shown to be effective. However, as the tool wear is progressing
at the value of Vbavg >0.15 mm, the wear rate can be seen rapidly progressed
in MQL condition while slowly progressed in cryogenic condition. The
cryogenic substance effectively removed the heat, while the effectiveness of
the cutting oil to lubricate depreciate as the cutting temperature increased [35].
Thus, resulting rapid tool wear and subsequently increasing the SR value.
Finally at the critical wear point of Vbavg = 0.25 mm, the wear value is rapidly
grown for both cutting but in a slowly trend as compared to MQL. It owns to
the fact in the cryogenic conditions, the accumulate heat is effectively removed
and prevented the thermal softening of the tool thus slowing the disintegration
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of tool’s coating material [36]. The harden tool and effective heat control
prevent tool chipping, thereby reducing the sliding-sticking zone which
associated to the increased value of SR and cutting force [37].

Figure 7 depicts the progressive tool wear in both cutting condition. The
MQL cutting produces flank wear that extends to the rake face by 0.781 mm
as compare to cryogenic cutting by 0.412 mm. It shows that the cryogenic
cutting reduces the contact between the cutting tool and the workpiece
resulting reduction of friction and finer SR. However, the improvement of tool
life in MQL cutting when compared to cryogenic cutting is only 10%. It maybe
contributes by the effectiveness of TRCO during the MQL cutting that capable
to retain it lubrication property even at higher cutting temperature.
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Figure 6: Comparison of average flank wear when cutting AISI 4340 in MQL

and cryogenic conditions using experiment 8 for Vc= 400 m/min, fz= 0.2
mm/tooth, DOC= 0.5 mm and WOC= 0.7 mm
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Figure 7: Progressive tool wear of AISI 4340 when cutting in MQL and
cryogenic condition using experiment 8 for Vc= 400 m/min, fz= 0.2
mm/tooth, DOC= 0.5 mm and WOC= 0.7 mm

Conclusion

Cryogenic coolant is a medium that can effectively improve SR at a higher
cutting speed, whereas MQL is more effective at improving SR at a lower
cutting speed. This work proved that the use of TRCO during MQL cutting
enables MQL to produce an SR value that is comparable to that of cryogenic
cutting at a higher cutting speed. Based on the results, the following
conclusions can be made:

i. The experimental parameters and setup can produce a surface finish of

less than 0.5 um;

ii. TRCO has the potential to be used as a sustainable cutting fluid;

iii. The lowest feed rate and highest cutting speed are the best combination
for minimising SR under both cutting conditions;

iv. During MQL cutting statistical analysis showed that an 87.39% feed rate,
a 6.70% cutting speed and 3.18% width depth of cut had the greatest
effects on the SR;

v. For cryogenic cutting, a cutting speed of 54.83%, feed rate of 32.489%
and 12% width depth of cut had the greatest effects on SR.
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vi. Cryogenic cutting reduces the contact between the cutting tool and the
workpiece as compared to MQL cutting

vii. This work conforms that MQL lack in cooling abilities while cryogenic
substance is weak at providing lubrication between the tool and
workpiece. Therefore, to overcome these problems, a combination
between MQL and cryogenic techniques can be further explored to
improve lubrication and cooling effects of a milling process.
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ABSTRACT

This study examines the effect of end milling on surface roughness in modern
manufacturing. Mathematical equations simulate and analyse the tool edge
trajectory of a two-flute end mill during end milling. The results are refined
using MATLAB and watershed segmentation. An aluminium alloy flat bar is
end-milled using a CNC milling machine for the experimental phase. Optical
3D surface measurements provide roughness data for analysis. The study
shows that higher spindle speeds produce smoother surfaces with improved
surface quality. The correlation matrix analysis highlights the significance of
spindle speed in shaping surface roughness, and tool trajectories are
associated with softer surfaces at elevated speeds for the spindle speed
ranging between 1000 to 3500 rpm. The study offers valuable insights into
the complex relationship between tool edge trajectories and surface
roughness.

Keywords: Machining Processes; End Milling; Surface Roughness; Tool
Edge Trajectory; CNC Milling

Introduction

Machining processes are always in high demand in the aerospace,

automotive, medical, and naval industries. Since the beginning of the
industrial era, machining processes have played a fundamental role in
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shaping modern manufacturing, enabling the production of parts with precise
surface quality and geometric accuracy. Conventional machining, in
combination with computer numerical control (CNC), enhances versatility
and increases the dependency of many industries on the technology [1].

At the heart of machining techniques, milling is a prominent cutting
procedure. It involves primary motion generated by the rotation of the milling
head and auxiliary motion driven by the workpiece moving perpendicular to
the cutter axis, an essential feature for creating complex parts. End milling
stands out and is acclaimed for efficient material removal with maintained
surface quality, enabling diverse configurations using milling cutters [2].

Over several decades, a substantial body of theoretical and
experimental research has been dedicated to understanding machined
products' surface profiles and roughness. Experimental approaches, including
those involving Artificial Neural Networks (ANN) [3]-[5], Design of
Experiment (DoE) [6], Response Surface Method (RSM) [7]-[8], gene
expression programming method [9], and linear regression analysis [10], aim
to correlate machining parameters with surface roughness parameters such as
Ra (arithmetical mean of the absolute surface heights). However, these
approaches often do not consider the physical aspects of the tool-work
interaction during the formation of surface texture.

The geometrical transfer from the tool to the work surface is one of
the many factors contributing to creating the work surface texture and,
consequently, its surface roughness. Ideally, this geometrical transfer creates
the work surface texture and affects surface roughness. The work surface
condition becomes predictable when the tool has a known perfect shape.

Simulation is a computational method used to create models that
simulate the formation of the machined surface profile, enabling the
visualisation and evaluation of surface texture and roughness [11].
Simulation allows observing potential outcomes, reducing expensive
experimental work's material and effort requirements. While it cannot
guarantee precise results, it approximates actual outcomes. Simulation has a
long history in machining, and its use in predicting surface roughness has
yielded remarkable results. Several research reports focus on 3D surface
topography modelling for the geometrical transcription of the tool during face
milling [12]-[13] and ball-end milling [14]-[16]. Most of this research
focuses on tools with prominent geometric characteristics of tool cutting tips;
none addresses the flat-end milling tool.

This research's primary objective is to comprehensively analyse a two-
flute end mill's tool edge trajectory pattern during end milling processes. This
study introduces a mathematical model to simulate the trajectory of a tool's
edge as it interacts with the workpiece surface during end milling. This is
achieved by developing a mathematical model and investigating the impact
of varying spindle speeds on both simulated and experimental surface lay
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patterns. Furthermore, the study aims to establish a connection between these
surface lay patterns and workpiece roughness parameters.

Methodology

Simulation process

The study employs a systematic simulation process meticulously designed to
predict and analyse the intricate tool edge trajectory pattern generated by
two-flute end mills during the end milling process, providing valuable
insights into surface roughness. The simulation process consists of four
stages as follows.

Governing equation

The initial stage revolves around formulating a foundational mathematical
equation that precisely captures the complex trajectory of the end mill cutting
tool edges during end milling. This equation harmoniously integrates critical
variables encompassing the cutting tool's radius (R), spindle speed (W), and
feed rate (f). Derived from Equation (1) and Equation (2), this equation is the
foundation for the following stages, offering a dependable representation of
the tool's path on the machined surface. Equation (1) estimates the location of
the tool edge of the first flute on the x-y plane, while Equation (2) estimates
the position of the tool edge of the second flute at the time t for a 2-flute end
mill cutting tool.

x(t) = - R cos(2Wxt) + (1) (D)
y(t) =R sin(2Wnt)

X(t) =- R cos2Wnt - ) + (ft) 2
y(t) = R sin(2Wrt-n)

Tool edge trajectory plot

This research prepares graphs or plots depicting the tool edge trajectory of a
2-flute end mill under various machining conditions. MATLAB R2017 is
utilised to transform these plots into grayscale images, and a meticulous
calibration process ensues to ensure accurate alignment and scaling. This
careful calibration accurately depicts the tool's movement across the
machined surface. A grayscale image processing approach compares these
image plots with surface topography characterised by hills and valleys. This
study applies a similar approach to the tool edge trajectory plots, where
darker trajectory lines signify valleys, while the brighter background
represents hills. Subsequently, the plot images are resized to a consistent area
dimension and converted into grayscale surfaces, where the z-axis
corresponds to the grayscale values. To ensure precise characterisation and
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quantification, the x and y axes of these grayscale images/surfaces depicting
the tool's trajectory are correctly calibrated. The cropping of the plots is
achieved by utilising a specialised algorithm known as SurfSuite, which is
part of a Surface Analysis System. It is important to note that SurfSuite is a
specialised MATLAB tool developed with a user-friendly Graphical User
Interface (GUI) tailored to enhance the precision and reliability of the
simulation tasks at hand.

Extracting pattern fragments

The tool edge trajectory of the 2-flute end mill tool in some time t results in
fragmented patterns with the trajectory curves as the boundaries. Watershed
segmentation in MATLAB R2017 is employed to partition the grayscale
image of the tool edge trajectory plot and isolate each fragmented pattern into
distinct regions or segments with the trajectory curves as their boundaries,
thereby providing detailed information about each segment, including its size
measured in pixel units. Each segment is uniquely color-coded to represent
its surface area. When analysing the tool edge trajectory pattern, variations in
curvature and intersections result in segments of varying sizes. Varying
spindle speeds (W) under different cutting conditions leads to discrepancies
in the number and size of these segmented areas. This study's primary focus
is on the analysis of these segmented areas. For each surface or cutting
condition, various statistical metrics related to the segmented regions, such as
the count of segmented regions, standard deviation, and average size, are
utilised to characterise the trajectory pattern. These statistical measures help
identify and analyse the differences between different sets of machining
conditions.

Quantification

In the final stage, the segmented plot is subjected to quantification and
statistical analysis. This step uses Microsoft Excel 2019 to extract statistical
quantity from the segmented plot. Parameters of interest include the number
and area size of segments.

Transition to experimental phase: application and measurement
The machining process involves using the DMG MORI DMU 50, a 5-axis
universal CNC milling machine, to mill flat bars made of aluminium alloy,
specifically the 6061 alloy, based on the parameters detailed in Table 1.
Utilising a 12 mm TiAIN-coated HRC48 carbide endmill, the samples
undergo systematic machining along a designated cutting path, encompassing
spindle speeds ranging from 1000 rpm to 4000 rpm. Table 2 provides a
comprehensive overview of the cutting tool, including detailed specifications
and characteristics. The experimental work unfolds in two distinct stages:
fabrication and surface roughness measurement.
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Fabrication

The flat bars used in the study have specific dimensions, measuring 152.4 x
88.9 x 12.7 mm, as shown in Figure 1. The initial stage involves setting up
the CNC milling machine, developing a program using computer-aided
manufacturing (CAM) software, and executing the milling process under the
defined parameters. Two specimens are prepared, each subjected to varying
spindle speed ranges. To minimise the presence of burrs, the machining
process is repeated thrice for each speed range. A total of 7 distinct end
milling patterns are meticulously produced, with the feed rate remaining
constant at 2000 mm/min to ensure a consistent travel length of 88.9 mm.
Tables 3 and 4 provide detailed information on the workpiece's chemical,
mechanical, and physical properties.

Table 1: End milling parameters for the experimental phase

Samples
1 2 3 4 5 6 7
Spindle speed (x1000 rpm) 10 15 2 25 30 35 40

Parameters

Feed rate (mm/min) 2000

Depth of cut (mm) 0.2

Tool path strategy A unidirectional linear cutting trajectory
Machining tool A 12 mm diameter two-flute cutting tool

Table 2: HRC48 carbide end mill specifications and end milling parameters

HRC48 carbide end mill

Number of flutes 2
Helical Helix 35 degree
Diameter 12 mm
Cutting length 30 mm
Length 75 mm

[ll.?mm
|
|

l %

152.4mm

.

Figure 1: Schematic diagram of the workpiece
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Surface roughness measurement

An optical 3D surface measurement device, Alicona Infinite Focus
Microscope (IFM), is employed to capture the micro-surface topography of
the milled surface. Operating on the principles of focus variation, the IFM
scans surfaces at a magnification of 50x, incorporating 3x2 image stitching to
obtain the morphological surface encompassing an area of 7801.02 x 3904.02

pm.

Table 3: Chemical properties of Aluminium alloy flat bar 6061

. . Others
Si Fe Cu Mn Mg Cr Zn Ti Each Total
0.04 0.15 0.8 0.04
- 0.70 - 015 - - 025 0.15 0.05 0.15
0.08 0.04 1.2 035

Table 4: Mechanical properties of Aluminium alloy flat bar 6061

Property Value
Ultimate Tensile Strength (ksi) 42
Tensile Yield Strength (ksi) 35
Brinell Hardness (500 kg load/10 mm ball) 95
Elongation % in 2 inch (1/16 in) 10
Coefficient of linear expansion (0 — 100 °C*x 106) 23.6
Melting range (°C) 575 - 650
Thermal conductivity (0 - 100 °C) W/m°C 167
Electrical resistivity at 20 °CuQcm 4.0

Data preprocessing and guantification

The morphological surface undergoes Gaussian bandpass filter-based data
preprocessing to reduce the effect of noise in the high-frequency region and
form errors in the low-frequency region. Areal surface roughness parameters
are computed from the pre-processed morphological surface for
quantification. The range of surface roughness parameters used is based on
ISO 25178: Geometrical Product Specifications (GPS) — Surface texture:
areal. The root mean square of surface amplitudes (Sq) and the maximum
surface height (Sz) are amplitude parameters that measure the height standard
deviation and the maximum peak-to-valley height of the surface,
respectively. The developed interfacial area ratio (Sdr) is part of the hybrid
parameters category and measures the wrinkled surface area size ratio to the
flat measuring area size. The texture aspect ratio (Str) and the autocorrelation
length (Sal) belong to the spatial parameter category and measure the texture
pattern's symmetry and the texture dominant wavelength, respectively.
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Results and Discussion

The similarity between the end milling pattern produced by the physical end
milling process Figure 3 and the simulated tool edge trajectories pattern
Figure 2 is evident. The obtained end mill cutting pattern is influenced by
tool engagement, workpiece interaction, and feed direction during cutting
operations, aligning with prior studies by Lazoglu et al. [15] and Hadad et al.
[17]. Predicted and experimental patterns showcase continuous circular
patterns progressing in unison. A closer examination reveals these circular
shapes touching and intersecting, resulting in two distinct forms at the centre
and edges. The central shape assumes a curvilinear appearance, while the
patterns at the edges resemble diamonds. This overlap of cutting marks gives
rise to a boundary, forming a segment where the tool edge coincides.

However, a close examination of the pattern on the experiment surface
reveals missing trajectory loops, making a gap in every other loop. As shown
in Figure 3, only two large blue lobes appear at the path axis (y = 2000),
while in the simulation in Figure 2 (y = 6 x 104), the lobes are continuous
without a gap, and the number is doubled for the same length on the feed
direction. This is suspected due to dimensional differences of the cutting edge
from the 2-flutes milling tool. This caused the difference in tool-work
interaction, leaving prominent cutting marks from only one flute.

mm 8 mm 8

7 7

0 1 2 3 4 0 1 2 3 4
mm mm

Figure 2: A representation of the Figure 3: A depiction of the tool edge
tool edge trajectory pattern in the trajectory pattern through
simulation experimental optical observation

The simulation's tool edge trajectory pattern indicates that as spindle
speed escalates, the segment size shrinks. The end milling pattern extracted
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from practical experiments reflects a similar trend, demonstrating a decrease
in segment size with increased spindle speed. This can be seen in Table 5.
This is notably visible in the central zone, where the width of the curve-like
pattern reduces and gives way to more curve-like shapes, known as loops.

Table 5: Segment spacing trends in cutting-edge trajectory patterns

Spindle Tool edge trajectory Morphological surface by
speed pattern preceding Alicona Infinite Focus
(rpm) segmentation Microscope (IFM)
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Spindle speed impacts the number of loops in both simulated tool
cutting-edge trajectories and end milling patterns. Extracted feature
parameters are visually presented through graphs for clarity, and their
relationships are detailed in Table 6. The focus is on the feature area due to
its reliability, employing statistical measures like mean and standard
deviation to represent the simulated surfaces accurately.

A notable positive correlation exists between segmented area count
and spindle speed, as the trend is shown in Figure 4. Higher spindle speeds
correspond to the increased segmented areas. Shifting to mean values and
spindle speed correlation, a distinct negative relationship emerges. Higher
spindle speeds lead to lower means, while lower spindle speeds result in
higher means. Figure 4 visually depicts this pattern, showcasing a nonlinear
trajectory that asymptotically tends to zero at higher spindle speeds, 3000 to
4000 rpm. Similarly, standard deviation and spindle speed correlation trend
negatively. Increased spindle speed corresponds to reduced standard
deviation and vice versa. Figure 5 illustrates this pattern, echoing the mean
correlation but with a smoother curve and an asymptote approaching zero at
higher spindle speeds. A similar trend was also observed for the mean
segmented area (Figure 6). This suggests that higher spindle speeds can lead
to a more uniform surface pattern and less deviated surface topography,
expected to lead to finer and even surface roughness. However, there is also
likely to be a threshold or saturation point on the spindle speed where the
surface roughness cannot be further improved.

Table 6: Correlations among spindle speed and number, mean, and standard
deviation of segmented areas in trajectory analysis

o

Spindle Number Mean Standgrd
speed deviation
Spindle speed 1
Number 0.998 1
Mean -0.856 -0.828 1
Standard deviation -0.794 -0.761 0.993 1
% 2000
—§ 1500
golooo
% 500
E

o

500 1000 1500 2000 2500 3000 3500 4000 4500
Spindle Speed, rpm

Figure 4: The influence of spindle speed on the number of segmented regions
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Mean size of the segmented

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Spindle Speed, rpm

Figure 5: The influence of spindle speed on the mean of segmented areas

Standard deviation of the
segmented area pm?

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Spindle Speed, rpm

Figure 6: The influence of spindle speed on the standard deviation of
segmented areas

Analysis of experimental tool edge trajectory pattern

In evaluating the experimental tool edge trajectory pattern, this section
focuses on the approach employed for measuring surface roughness. The
process involves conducting an actual end milling process and utilising a
three-dimensional (3D) areal surface roughness measurement method to
gauge the resultant surface's roughness. This applies an optical 3D metrology
system for measuring three-dimensional texture and geometrical data. This
enables an automated quantification of the surface's three-dimensional
attributes, enhancing the accuracy and depth of analysis.

Figure 7 provides a glimpse into the surface topography of the
measured dataset for the chosen area at 1000 rpm of the experimental end
mill tool edge trajectory pattern. The depiction uses accurate or pseudo-
colour coding based on height. Following this, a sampling process is engaged
to refine the quality of the acquired surface topography, enabling more
effective analysis. Figure 8 is a filtered dataset that further refines the surface
topography of the selected dataset area at 1000 rpm. This step enhances the
data quality by reducing noise and errors, which can significantly impact
subsequent roughness measurements. However, it is noteworthy that using a
low magnification lens to capture a larger measuring area during
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preprocessing can inadvertently introduce noise and errors, thereby
influencing roughness measurements.
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Figure 7: Pre-processed 1000 rpm area's initial surface data
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Figure 8: Preprocessing of selected 1000 rpm surface dataset area

Surface roughness analysis and graphical correlations

This section delves into the outcomes of the surface roughness measurement
of the experimental tool edge trajectory pattern. These results are reflected in
Table 7.

Similar negative trends with asymptotes at higher spindle speeds are
observed in Figure 9 and Figure 10 for Sq and Sz, respectively, when plotted
against the spindle speed. This indicates that higher spindle speed reduces the
roughness amplitude, with the threshold around 3500 rpm. Figure 11 shows
that the interfacial developed area ratio Sdr also exhibits a downward trend
with increasing spindle speed, with an earlier slope reduction than Sq or Sz.
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Meanwhile, in Figure 12, the texture aspect ratio (Str) maintains a relatively
constant value for all spindle speeds, hovering around 0.2 to 0.3. This
suggests the surfaces are isotropic, lacking a significant texture direction, as
seen in the actual surface or the simulated trajectory pattern. The
autocorrelation length (Sal) also experiences a similar downward trend as Sq
and Sz, with the asymptote at the higher spindle speeds (refer to Figure 13).

Table 7: Measurement data for spindle speed and four machining parameters

Spindle speed, rpm Sq Sz,ym  Sdr Str,yum  Sal

1000 8.68 51.38 0.263  0.273 328.48
1500 7.38 41.78 0.191 0.182 279.76
2000 510 3348 0.130 0.174 210.29
2500 395 31.83 0.110 0.268 167.14
3000 297 2341 0.097  0.250 147.10
3500 217 1831 0.075  0.280 139.21
4000 212 2179 0.080  0.286 137.89
8
o 6
5 4
772}

0

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Spindle Speed, rpm

Figure 9: Influence of spindle speed on root mean square height (Sq)
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Figure 10: Influence of spindle speed on maximum surface height (Sz)
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Figure 11: Influence of spindle speed on the developed interfacial area ratio
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Figure 12: Influence of spindle speed on the texture aspect ratio (Str)
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Figure 13: Influence of spindle speed on the auto-correlation length (Sal)

The trends in the graphs for roughness parameters are compared with
the physical theory of tool geometric transcription. Figure 14 depicts the
basic geometry of the 2-flute milling tool, while Figure 15 illustrates the
surface geometry after transcription at both slow and high spindle speeds.
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The similarity in the downward trend of Sq and Sz is expected, as they
represent the same height parameters, while the surface textures in this study
are repetitive and stable. The downtrend of Sq is similar to the trend of Ra
(arithmetical mean of the absolute surface heights) documented in other
experimental methods that use Artificial Neural Networks (ANN) [3]-[5],
Design of Experiment (DoE) [6], Response Surface Method (RSM) [7]-[8],
gene expression programming method [9], and linear regression analysis
[10]. Ra (arithmetical mean of the absolute surface heights) is from the
profile method. In contrast, Sq (root mean square value of surface
amplitudes) is from the areal method. However, Ra and Sq describe very
similar properties on the amplitude of surface irregularities. The downward
trend of Sg can be explained by the geometrical transcription resulting from
the tool-work interaction (see Figure 14 and Figure 15).

Assuming that the 2-flute flat-end tool has a slight relief angle, as
shown in Figure 14, the geometrical transcription at lower spindle rotational
speeds creates a surface profile, as depicted in Figure 15a. By increasing the
spindle rotational speed alone, the surface profile transforms into the
configuration shown in Figure 15b, where the smaller pattern contributes to
the lower Sg and Sz. Another interesting observation is that the downward
trend of Sq and Sz becomes weaker at higher spindle speeds, around 3500 to
4000 rpm, corresponding to the mean of the segmented area of the simulated
trajectory pattern (Figure 5). An asymptote at higher spindle speeds indicates
that further improvement in work surface roughness cannot be achieved
solely by increasing spindle speed, as roughness caused by factors other than
simple tool geometrical transcription becomes more prominent.

The phenomenon of Sal in Figure 13 can also be explained by Figure
15, where lower spindle speed produces a more extensive surface wavelength
or distance between the surface features, as seen in Figure 15a, while higher
spindle speed results in a shorter surface wavelength, as shown in Figure 15b.
However, increasing the spindle speed beyond 3500 rpm may not further
smooth the surface roughness, as other factors besides simple tool
geometrical transcription become more prominent.

—

& =Reliefangle

Figure 14: Tool geometry schematic diagram
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a) Slow spindle speed (rpm)
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b) Fast spindle speed (rpm)
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S

Figure 15: Surface geometry schematic diagram

On the other hand, the developed interfacial area ratio (Sdr), as shown
in Figure 11, exhibits an unexpected trend that cannot be theoretically
explained based on Figures 15a and b. According to Figure 15, the ratio,
developed as the sum length of triangle sides to the length of the triangle
base, similar to the Sdr value, should remain constant from lower spindle
speed (Figure 15a) to higher spindle speed (Figure 15b). However, the
experimental results show a downward trend with increasing spindle speed.
The decreasing trend of Sdr is suspected to be due to the dataset filtering
process, where a constant cutoff wavelength of a low-pass Gaussian filter is
applied to all samples, smoothing the morphological surface by truncating the
peaks and pits. This truncating effect is expected to be more pronounced in
the higher spindle speed samples, affecting the trend of Sdr. Therefore, this
trend should only be used as a conclusive result with further investigation.

Correlation matrix analysis of key variables

This section introduces a correlation matrix analysis encompassing spindle
speed, number, and mean of segmented areas, Sq, Sz, Str, Sal, and Sdr, as
shown in Table 8. The high coefficient values, close to one, indicate a
significant correlation between the two parameters [18].

Sq and Sz are two parameters from the amplitude parameters
explaining the two different things based on the morphological surface
height. The maximum peak-to-valley height Sz is very sensitive to the
outliers in the surface dataset that may occur due to dirt or measurement
errors, while the root mean square height Sq is stable and less susceptible to
outliers. A low-pass filter is applied to reduce the outliers’ effect for the
current study. However, since the geometrical transcription mainly causes the
surface texture formations for the given experimental condition during tool-
work interaction, the Sz and Sq are becoming interdependent, especially at the
range when the spindle speed is less than 3500 rpm, and they are not suitable
to be used together to describe the surface. Hence, Sq is selected between the
two.
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Table 8: Correlation matrix of segmentation area and roughness parameters

Area- Area-

RPM Number  Mean Sq Sz Sdr Str  Sal
RPM 1.00 1.00 -0.86 -0.97 -0.95 -0.92 051 -0.93
Area-Number 1.00 -0.83 -0.96 -0.94 -0.90 0.55 -0.92
Area-Mean 1.00 093 0.93 098 -0.10 0.95
Sq 1.00 098 098 -0.42 0.99

Sz 1.00 097 -0.34 0.97
Sdr 1.00 -0.24 0.99
Str 1.00 -0.37
Sal 1.00

A high correlation is also observed between Sq and the auto-
correlation length Sal. Unlike Sg, Sal is from spatial parameters
characterising the spatial information of the surface texture, in this case, the
surface prominent wavelength. As explained in Figure 15, Sal is highly
affected by the distance between the surface features but not the surface
height. In many cases, Sq and Sal are used concurrently to describe a surface
[19]. However, in the current study, due to the simple geometrical
transcription as in Figure 15, the effect of the surface height on the distance
between lays is inevitable, hence explaining the high correlation value
between the Sq and Sal.

The developed interfacial area ratio Sdr, on the other hand, despite
showing a high correlation with the spindle speeds and other parameters, can
only be explained by the effect of the low pass filtering of the measured data,
as mentioned in the previous section. Hence, it cannot be used to describe the
surface with the current setup and requires further investigation. On the other
hand, Str shows a relatively low correlation with other roughness parameters,
as explained in the previous section. Hence, Str can be used to describe the
surface.

Area-mean in Table 8 is the average size of the segmented areas from
the trajectory simulation. The area-mean highly correlates to the Sq, Sz, Sdr,
and Sal. It shows that the surface roughness can be explained using the
trajectory simulation.

Conclusion

The study successfully employed a mathematical model to simulate a two-
flute end mill's tool edge trajectory pattern, mimicking the surface lay pattern
in end milling. A visual comparison between experimental and simulated
trajectories showcased continuous forward-moving spiral forms. Employing
watershed segmentation, simulation outcomes revealed an increase in
segmented areas with higher spindle speeds, accompanied by decreased mean
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and standard deviation of these regions. Experimental results indicated that
increased spindle speed reduced surface roughness metrics (Sq, Sz, Sal),
although Sdr notably diverged from predictions, potentially due to
measurement filters. The study's integration of simulation and
experimentation underscores the connection between tool trajectories and
smoother surfaces in end milling with increased spindle speed. However, this
study can only explain the surface texture formation due to simple
geometrical transcription during the tool-work interaction at spindle speed
between 1000 to 3500 rpm combined with the other fixed machining
parameters, while the finer surface roughness formation may need to include
other factors such as material behaviours, friction, etc.
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ABSTRACT

3D printing is increasingly adopted in the biomedical field, particularly for
developing adaptive assistive devices. Common materials for Fused
Deposition Modelling (FDM) include Polylactic Acid (PLA), Acrylonitrile
Butadiene Styrene (ABS), and Polyethylene Terephthalate Glycol (PETG).
With the growing demand to identify the best materials and parameter settings
for these applications, our project focuses on creating a 3D model of tensile
test specimens with varying infill densities, wall perimeters, and layer heights
for both ABS and PETG materials. Our goal is to evaluate how these
parameter settings affect the tensile properties of each material. We fabricated
the 3D specimen model following ASTM D638-14 Type | dimensions and
conducted tensile tests using a Universal Testing Machine at a 5mm/min feed
rate. Our results indicate that increasing infill density enhances Young's
modulus and tensile strength for both ABS and PETG materials. Young's
modulus for ABS shows marginal improvement with different wall perimeters.
A similar trend is observed in Young's modulus and tensile strength for ABS
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and PETG at different layer heights. PETG exhibits higher tensile strength,
while ABS demonstrates greater stiffness.

Keywords: 3D Printing, ABS,; PETG, Young’s Modulus; Tensile Test

Introduction

Additive manufacturing, commonly known as 3D printing, has gained
widespread acceptance since its inception and has become particularly popular
in the DIY online community [1]. This innovative technique offers numerous
advantages, including the rapid fabrication of intricate models. Among the
various methods within additive manufacturing, Fused Deposition Modelling
(FDM) stands out as one of the most well-known. FDM involves the precise
layering of polymeric filament on a heated bed to create 3D objects [2]. The
popularity of this method is attributed to the ongoing reduction in the cost of
materials and equipment [3]. Filament materials and spare parts for 3D printers
are readily available online, and their affordability has improved significantly
over the past decade.

The widespread adoption of additive manufacturing extends to various
industries, including automotive manufacturing, construction, and even
everyday domestic use. However, one of its most significant contributions lies
in its ability to produce customized products at a relatively low cost,
particularly within the biomedical field. 3D printing has revolutionized the
creation of patient-specific knee replacements that mirror the patient's anatomy
[4]. With the capacity to adjust the size and shape of these parts using CAD
software, it becomes easier to cater to the diverse needs of different patients.
In the past, surrogate body parts were expensive for individuals with
disabilities, but 3D printing has drastically reduced these costs [5]. This is
largely due to the accessibility of filament materials and the simplicity of
producing 3D components.

An essential consideration when using the FDM method is the selection
of the appropriate material for the process. FDM 3D printers can utilize various
filament materials to create 3D models, such as Acrylonitrile Butadiene
Styrene (ABS) and Polyethylene Terephthalate Glycol (PETG). ABS, a
polymer composed of acrylonitrile, butadiene, and styrene, is valued for its
robust mechanical and physical properties [6]. On the other hand, PETG, a
thermoplastic polyester, is chosen for its chemical resistance and strong
mechanical performance [7]. Both materials exhibit distinct mechanical
properties and behave differently when used as filaments in 3D printing.
Therefore, a comprehensive study of the tensile properties of these materials
is crucial for direct comparison before selecting one for 3D printing. Previous
studies have shown that different materials significantly affect the performance
of 3D-printed parts, as revealed through finite element analysis. Static analysis
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reveals variations in mechanical properties, such as ductility, von Mises stress,
and operating temperature, among different materials [8]. It's worth noting that
finite element analysis (FEA) offers a cost-effective, less hazardous, and
practical approach, although it may not always yield optimal results [9].

Despite all these benefits that 3D printing possesses, there are many
parameters that need to be considered before a good 3D printed part can be
fabricated using FDM. How precise and accurate the printed parts are
dependent on the method and scale of printing used [10]. These parameters
include infill density, wall perimeter, and layer height, which can be adjusted
in a slicer software such as Ultimaker Cura. These three main key factors
control the mechanical characteristics of the printed parts [11]. Infill density
refers to the volume of material inside the 3D-printed object. Meanwhile, the
wall perimeter is the thickness of the shell at the outermost layer of the 3D-
printed model. Finally, layer height is the distance between each layer of
plastics during the printing process. It is first assumed that as all three
parameter values increase, the mechanical property of the part is also
increased. Srinivasan et al. [12] reported that increasing the infill density will
increase the tensile strength of PETG material. The same effect can also be
seen in other materials [13]. The wall perimeter also has a great impact on the
tensile strength of a printed part [14]. Meanwhile, a lower layer height is
usually associated with higher tensile strength [15].

However, it's important to acknowledge that prior studies were
conducted under diverse methodologies and environmental conditions, and
there is a notable absence of direct comparative research on the tensile
properties' response to variable infill density, layer height, and wall perimeter
for ABS and PETG materials. Consequently, this research has been undertaken
to fabricate 3D models for a tensile test experiment, varying infill density, wall
perimeter, and layer height according to ASTM D638-Type | standards, using
an Ender 3 printer. This investigation aims to identify how infill density, wall
perimeter, and layer height affect the tensile properties of the model and to
compare the tensile behaviour of both ABS and PETG materials.

Although numerous parameters require adjustment when preparing to
3D print a model, this study specifically centres on three key parameters: infill
density, wall perimeter, and layer height, while allowing Ultimaker Cura
software to automatically generate other settings. A rectilinear infill pattern is
uniformly used for each specimen (as depicted in Figure 3a). The findings of
this research serve as a valuable reference for manufacturers seeking to
anticipate the mechanical behavior of their 3D-printed products under tensile
loads. This is particularly relevant for biomedical applications in the creation
of prosthetic limbs.
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Methodology

Development of CAD model

3D models for both ABS and PETG materials are designed by using CATIA
V5 21 software. The design dimension followed the ASTM D638 Type-I
standard measurement. Figure 1 shows the ASTM D638-Type | standard
dimension used to design the CAD model for both specimens. The sample is
created into a dumbbell shape for the tensile test experiment [16], as shown in
Figure 2. The thickness, width, and gauge length of the CAD model are 3 mm,
13 mm, and 57 mm, respectively.

165 mm
| 57T mm |
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Figure 1: ASTM D638-Type | standard dimension

Figure 2: 3D CAD model designed using CATIA V5 21

Slicing of the 3D CAD model

Slicing stands as a pivotal step in the 3D printing process, converting a 3D
model from CAD software in Stereolithography (STL) format into g-code, a
language comprehensible by the 3D printer. Within this phase, the critical
parameters of infill density, wall perimeter, and layer height are fine-tuned,
with the entire process executed using Ultimaker Cura software. The specifics
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of this control encompass three key parameters, as depicted in Figure 3b. The
outcome of this slicing process is illustrated in Figure 3a. Furthermore, Table
1, Table 2, and Table 3 offer a comprehensive breakdown of the parameter
settings for the infill density test, wall perimeter test, and layer height test
performed during the slicing process in Ultimaker Cura.

In the infill density test, parameters were systematically adjusted in
20% increments, ranging from 0% to 100%, while maintaining a constant wall
perimeter of 2 mm and a layer height of 0.20 mm. The wall perimeter test, on
the other hand, involved varying the wall parameter across 1 mm, 2 mm, and
3 mm settings, with infill density and layer height consistently set at 10% and
0.20 mm, respectively. Lastly, in the layer height test, the layer height was
manipulated to 0.12 mm, 0.20 mm, and 0.28 mm, with infill density and wall
perimeter held constant at 10% and 2 mm, respectively. These parameter
selections are based on fundamental adjustments for 3D printer slicer
programs, aligning with similar settings employed by other researchers [17]-
[20].

Print settings
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Figure 3: (a) The slicing result of the ASTM D638-Type | model; and (b)
print settings options in Ultimaker Cura

Table 1: Parameter settings for infill density test

Specimen no. Infill density Wall perimeter Layer height
1 0 2 0.20
2 20 2 0.20
3 40 2 0.20
4 60 2 0.20
5 80 2 0.20
6 100 2 0.20
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Table 2: Parameter settings for wall perimeter test

Specimen no. Infill density Wall perimeter Layer height
7 10 1 0.20
8 10 2 0.20
9 10 3 0.20

Table 3: Parameter settings for layer height test

Specimen no. Infill density Wall perimeter Layer height
10 10 2 0.12
11 10 2 0.20
12 10 2 0.28

3D printing of ABS and PETG specimens

The specimens for ABS and PETG materials were manufactured using Fused
Deposition Modelling (FDM) technology. A total of 96 specimens were
fabricated using four units of 3D printer model Ender 3 at AA3D Technology
Sdn. Bhd.’s facility with 4 mm nozzle diameter. Each test or parameter setting
number has four pieces of specimen. The ABS and PETG filaments were
obtained from AA3D Technology Sdn. Bhd. Figure 4a and Figure 4b show the
3D printer model Ender 3 units used to print the specimen for ABS and PETG
materials. Each specimen number takes around 7 hours to complete the
printing process. Figure 5a and Figure 5b show the completed ABS and PETG
specimens, respectively. Every finished printed specimen was stored at room
temperature before the tensile test experiment.

@ " (b)

Figure 4: (a) Ender 3 printer units; and (b) specimen being printed on the
heating bed
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(b)

Figure 5: (a) Specimen for ABS material; and (b) specimen for PETG
material

Tensile test experiment

The effect of variable infill density, wall perimeter, and layer height on ABS
and PETG materials 3D printed models were investigated using a tensile test
experiment. The experiment is done according to the ASTM D638 standard
test method for the tensile properties of plastics. The test was done using a unit
of the Universal Testing Machine model Servopulser Shimadzu at the Advance
Strength of Material Laboratory in UiTM Shah Alam, as shown in Figure 6a
and Figure 6b. The feed rate was set to 5 mm/min, and the test was done at
room temperature. The test produced a table of force and deformation. The
stress and strain values were calculated using Equation (1) and Equation (2) in
Excel software. A stress-strain graph is produced, and Young’s Modulus is
calculated by identifying the slope of the linear line of the stress-strain graph,
as shown in Figure 7, using Equation (3).

oc=F/A (D)
e = AL/L (2)
E=o/e (3)

where:
o = Uniaxial stress (Pa)
€ = Strain (mm/mm)
F = Force (N)
A = Cross sectional area of specimen (m?)
AL = Change in length of specimen (m)
L = Original length of the specimen (m)
E = Young’s Modulus (Pa)
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B) (b)

Figure 6: (a) Tensile test was done using Universal Tensile Testing machine
model Servopulser Shimadzu; and (b) each end of the specimen were
attached on the testing machine machine

Results and Discussion

Effects of infill density in predicting the tensile properties of ABS
and PETG materials

This experiment focused on assessing the impact of different infill percentages
on the elastic modulus of ABS and PETG specimens. The initial hypothesis
posited that decreasing infill density would lead to a reduction in the elastic
modulus [17] for both ABS and PETG materials. Figure 7 illustrates the effect
of infill density on the Young's modulus of 3D specimens for these materials,
confirming the anticipated trend. The graph depicts a linear increase in the
elastic modulus with higher infill density for ABS material. Specifically,
specimen 1 (0% infill) exhibits the lowest Young's modulus at 995.53 MPa,
while specimen 6 (100% infill) demonstrates the highest elastic modulus at
1083.45 MPa. These findings align with Ali et al.'s observations [19], which
also noted that the highest infill density results in the highest elastic modulus
for ABS material. This phenomenon occurs because at 100% infill density, the
raster structures are closely packed, forming stronger interconnections that
demand greater force to break. However, it's worth noting that there's only a
marginal 8.83% improvement in the elastic modulus when infill density is
increased from 0% to 100%. Additionally, there's a mere 0.3% enhancement
in the elastic modulus when infill density is raised from 40% to 60% and from
60% to 80%.
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For PETG material, the results mirror those observed for ABS. Young's
modulus increases in PETG 3D printed material with higher infill density. A
comparison between 0% infill density and 100% infill density reveals a 17%
improvement in the elastic modulus for PETG material. The highest Young's
modulus is recorded at 991.59 MPa with 100% infill density, while the lowest
elastic modulus value stands at 841.01 MPa with 0% infill density. Lower infill
densities result in more distant raster structures, leading to weaker bonds that
require minimal force to break.
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Figure 7: Comparison of Young's modulus at different ABS and PETG infill
density

Figure 8 provides a comparison of the ultimate tensile strength at
various infill densities for both ABS and PETG materials. In the case of ABS
material, the results reveal the highest tensile strength, reaching 36.42 MPa at
a 60% infill density, while the lowest tensile strength is recorded at 32.87 MPa
with 0% infill density. The tensile strength of ABS increases progressively as
infill density rises from 0 to 60%. However, when infill density is increased
further from 60 to 80%, the tensile strength experiences a decrease of 7.7%,
declining from 36.42 to 33.62 MPa. Subsequent increases in infill density,
from 80 to 100%, result in a 7.3% improvement in tensile strength, reaching
36.09 MPa.

Conversely, for PETG material, the highest tensile strength recorded
stands at 39.94 MPa with 100% infill density, while the lowest tensile strength
is noted at 35 MPa with 20% infill density. The tensile strength of PETG
material consistently improves as infill density increases from 20 to 100%.
These findings align with the general observation that the tensile
characteristics of 3D specimens tend to enhance as infill percentage rises [20].
Dave et al. [21] have also reported a similar pattern where, in most cases,
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increasing infill density leads to an improvement in tensile strength. This
improvement is attributed to stronger atomic bonds at higher infill percentages,
as well as the increased density of the 3D printed specimen at greater infill
ratios.
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Figure 8: Comparison of ultimate tensile strength at different ABS and PETG
infill density

Effects of wall perimeter in predicting the tensile properties of
ABS and PETG materials
Figure 9 presents a comparison of the influence of wall perimeter on Young's
Modulus for ABS and PETG materials. The results indicate that increasing the
wall perimeter from 1 to 3 mm, with increments of 1 mm, has no significant
impact on the elastic modulus of ABS material. For ABS, the elastic modulus
experiences a slight increase, progressing from 980.09 MPa for 1 mm wall
thickness to 985.05 MPa for 2 mm and further to 986.02 MPa for 3 mm wall
thickness. However, a different pattern emerges for PETG material. At 1 mm
wall thickness, the recorded experimental Young's modulus is 607.93 MPa.
When the wall thickness is increased to 2 mm, the Young's modulus undergoes
an approximate 58% increase, reaching 959.63 MPa. Further increases in wall
thickness result in an approximately 2% rise in Young's modulus, reaching
979.81 MPa. The highest recorded elastic modulus for both materials is
observed with the thickest wall perimeter.

Cwikla et al. [3] have suggested that increasing wall thickness is
advisable when aiming for maximum strength in 3D printed models. This is
because augmenting the wall thickness replaces the hollow infill of the 3D-
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printed part with a solid layer of filament, thereby enhancing the overall
strength of the specimen.
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Figure 9: Comparison of wall perimeter effect on Young's modulus of ABS
and PETG materials

Figure 10 provides a comparison of the tensile strength of ABS and
PETG materials under varying wall perimeters. For ABS material, increasing
the wall perimeter results in an improved tensile strength of the specimen. At
1 mm wall thickness, the tensile strength is recorded at 31.25 MPa. Increasing
the wall thickness to 2 mm leads to an approximate 8% enhancement in the
tensile strength, reaching 33.72 MPa. Further increments in the wall perimeter
yield an approximately 3.6% improvement in tensile strength, reaching 34.95
MPa. Similarly, PETG material exhibits a corresponding trend. The tensile
strength of PETG material improves as the wall thickness increases. At 1 mm
wall thickness, the tensile strength is 22.40 MPa. Expanding the wall thickness
to 2 mm results in an approximate 84% improvement in the tensile strength of
PETG material, reaching 41.24 MPa. Further increases in the parameter to 3
mm only slightly raise the tensile strength to 41.27 MPa. This finding aligns
with Lubombo and Huneault's observations [22], where it is acknowledged that
a higher shell number enhances the specimen's strength under uniaxial tensile
loading. The thicker wall replaces the hollow infill and bears most of the load
applied to the specimen.

Effects of layer height in predicting the tensile properties of ABS
and PETG materials

Figure 11 compares the effect of layer height on the Young's modulus of ABS
and PETG materials. The graph reveals that increasing the layer height for both
ABS and PETG materials enhances the elastic modulus, thereby improving the
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specimen's resistance to deformation within the elastic region. For ABS
material, an elastic modulus of 736.72 MPa is recorded at a 0.12 mm layer
height. The elastic modulus improves by approximately 27% when the layer
height is increased to 0.20 mm. A further increase in layer height to 0.28 mm
results in an approximately 7% improvement in the elastic modulus, reaching
996.27 MPa. Meanwhile, for PETG material, the elastic modulus is recorded
at 754.19 MPa at a 0.12 mm layer height. The result shows a 34% improvement
(1010.91 MPa) when increasing the layer height to 0.20 mm. Increasing the
layer height further to 0.28 mm only results in an approximately 5%
improvement (1062.37 MPa) in the elastic modulus of PETG material. Overall,
increasing the layer height parameters yields better mechanical properties [23].
Printing the specimen at a higher layer height results in fewer but thicker
extrusions. Using a higher layer height setting when printing a specimen in a
horizontal orientation increases the cross-sectional area of the filament that
resists the tensile load.
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Figure 10: Comparison of wall perimeter effect on ultimate tensile strength of
ABS and PETG materials

Figure 12 provides a comparison of the effect of layer height on the
ultimate tensile strength of ABS and PETG materials. The results show that
increasing the layer height settings improves the tensile strength of the 3D-
printed specimen. For ABS material, the tensile strength is recorded at 26.65
MPa at a 0.12 mm layer height. The tensile strength increases by
approximately 20% (32.02 MPa) when increasing the layer height to 0.20 mm.
Further increasing the layer thickness to 0.28 mm results in approximately a
9% improvement in the tensile strength (35.06 MPa). Similarly, for PETG
material, the same trend can be observed, with an improvement in tensile
strength as the layer height increases. At a 0.12 mm layer height, the tensile
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strength is recorded at 33.22 MPa. Increasing the layer height to 0.20 mm
improves the tensile strength by approximately 28% (42.43 MPa). About an
8% improvement (45.72 MPa) in tensile strength is observed when increasing
the layer height to 0.28 mm. Chokshi et al. [24] investigated the process
parameters' effect on mechanical properties for FDM processing and found
that the tensile strength increased with an increase in the layer height up to a
certain limit. Increasing the distance between each layer allows the filament to
remain hot for a longer time, providing better adhesion.
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Figure 11: Comparison of layer height effect on the Young's modulus of ABS
and PETG materials
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Figure 12: Comparison of layer height effect on the ultimate tensile strength
of ABS and PETG materials
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Conclusion

The study investigated the effects of infill density, wall perimeter, and layer
height on the tensile properties of ABS and PETG materials. A total of 120
specimens were created, and the experiment was conducted using a Uniaxial
tensile test machine. It was observed that increasing the values of infill density,
wall perimeter, and layer height improved the tensile properties of both ABS
and PETG materials. However, some parameters were found to have an
insignificant impact on improving the mechanical properties of the printed
parts. For example, increasing the wall thickness only slightly improved the
elastic modulus for ABS material. Consequently, it's more desirable to print a
3D part with a lower wall thickness, reducing printing time without
compromising the part's tensile properties. Similarly, the difference in tensile
properties between printing PETG material with 2 mm and 3 mm wall
thickness was found to be insignificant. Therefore, it is more rational to print
a 3D part with a 2 mm wall thickness to save both printing time and filament
material. The study also revealed that ABS material is stiffer compared to
PETG material, while PETG material exhibits higher tensile strength than ABS
material. Based on this finding, ABS material should be chosen when stiffness
is a requirement for the printed part, while PETG should be preferred when
high tensile strength is needed. These research findings are important for
determining the tensile properties of 3D printed parts using ABS and PETG
materials. They serve as a valuable reference for manufacturers and the DIY
community when deciding to use ABS and PETG as filament options. Taking
these parameter settings into consideration can help reduce the overall cost of
filament and the time required for 3D printing.
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ABSTRACT

Rubber has been widely employed in the automotive industries in various
components. One component that benefits rubber is the braking system which
is essentially for stopping the vehicles safely. This investigation intends to
characterize the rubber degradation by applying pre-determined cyclic
loadings; 10,000, 100,000, and 500,000 cycles which implicated the
deformation of this rubber in the brake wheel cylinder while in service. The
residual compression properties of rubbers were determined by using a
uniaxial compression test. The damage development in rubbers was
characterized using X-ray crystallography (XRD), pyrolysis gas
chromatography-mass Spectrometry (GC-MS), and scanning electron
microscope (SEM). The result indicates the rubber degradation is clearly
visualized in the compression test for which lower stiffness is associated with
higher cycle specimens. There is evidence of microcracks formation in SEM
images which indicates the softening effect of the 100,000 cycles sample. There
is a positive correlation between the number of cycles and the peak height
intensity in the programs of GC-MS. In addition, the XRD results indicate
evidence of crystallization reduction on the damaged samples as samples
degrade under cyclic loading.
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Introduction

Rubbers are versatile materials with such variety of applications in industries
such as construction (earthquake resistance building), airplanes, automotive,
and general consumer products [1]. Rubber can be classified into two
categories: natural rubber and synthetic rubber. The former is obtained from
the latex sap of rubber trees while the latter is produced by synthesizing from
petroleum-based products. Rubber is a polymer material, and very elastic at
room temperature. From a materials engineering perspective, rubber has both
hyperelasticity and viscoelasticity characteristics. The former results from the
conformational entropy change of rubber macromolecular chains while the
latter is caused by the internal friction of the materials [2].

In the automotive industry, some parts use rubber in the vehicle
components either in critical or non-critical applications. The brake wheel
cylinder, which is the main component in the drum brake, is one of the most
critical components in the braking system. The main component of the drum
brake is brake wheel cylinder, brake shoes and return spring as shown in Figure
la. When a brake pedal is applied, the brake wheel cylinders work by allowing
pressurized hydraulic changes into mechanical forces that push the shoes brake
against the inner surface of the drum. As illustrated in Figure 1b, the brake
wheel cylinders contain rubber parts: dust boots, and a cup expander which are
subjected to repetitive expansion and retraction while braking.

The repeated cyclic loads while braking may cause rubber in brake
wheel cylinder to degrade over time. These repetitive stresses could initiate
cracks and break in after a certain number of repeats, indicating this is a case
of fatigue in rubber. Fatigue failure is caused by the local stress concentrations
occurring around defects in the internal structure [3]. The rubber boots and
seals in wheel cylinders may get fatigue damaged during operation. Foreign
particles such as dust and other impurities may slip into the braking system
and this could cause a leak and piston jam in the wheel cylinders [4]. As a
result, these leaks and piston jams may compromise braking performance,
leading to major fatal accidents. In addition, the failed wheel cylinders are
barely noticeable due to the fact the wheel cylinders themselves are contained
in the drum brake hub enclosure, and getting a direct visual inspection can be
challenging.

The study of rubber degradation in automotive components has been
reported in the literature such as car wiper rubber blade [5], rubber hoses for
car radiators [6] and engine rubber mounting [7]. There are also many studies
undertaken on fatigue damage on rubbers materials. Ruellan and co-workers
[8] found that crystallization of natural rubber was reduced with the rising
temperature in the uniaxial tensile fatigue tests. The influence of different filler
on the fatigue resistance was studied by Dong et al. [8] on natural rubber. They
found fatigue resistance on natural rubber was improved with carbon black
filler but with carbon nanotube (CNT) filler, fatigue resistance was weakened.
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Other authors such as Belkhira et al. [9] had proposed new model to predict
fatigue life of rubber parts using cracking energy density (CED) method. The
conclusion obtained by these scholars was indeed very good, but the
information is still not sufficient. Based on careful literature research, there is
no other research looking at the use of rubber for the brake drum cylinder.

return

brake shoes

(@)

Wheel cy&nder body

Dust boot cup
Cup expander }iston
. \iwbl
Spring

(b)

Figure 1: Schematic diagram of; (a) drum brake, and (b) its internal
components

The aim of the investigation is to understand the damage progressions
of rubber components of brake wheel cylinders applications subjected with a
pre-determined number of cycles; 10,000, 100,000, and 500,000 cycles,
respectively. The onset damage development after each cyclic test was
characterized using axial compression test, X-Ray Crystallography (XRD),
Scanning Electron Microscope (SEM), and Pyrolysis Gas Chromatography-
Mass Spectrometry (GC-MS) between the undamaged (uncycled) and
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damaged samples. This work may be of interest to both Malaysia's local
automotive and rubber industries, inspiring more discovery and advancement
of the knowledge in rubber materials.

Methodology

Samples preparation

In this investigation, the brake wheel cylinder designated for Proton Saga BLM
(2008-2012) model was chosen for this study. The brake wheel cylinders were
acquired from a local automatic spare part store. There was neither further
physical information supplied by the manufacturer, nor the specification of
rubber materials used in the brake wheel cylinder that came with the packaging
box. The characterization route of rubber in this research is depicted in Figure
2. The ASTM and ISO standards requires the fatigue test configuration to
follow dumbbell-shaped specimens [2] but in this investigation, the
modification on the rubber geometry was deemed impossible. Therefore, a
special jig was designed to mount and hold the brake wheel cylinder during
the compression cyclic loading and uniaxial compression test as shown in
Figure 3a. Comparison of damaged samples (cycled) was made with
undamaged (uncycled) samples.

Brake Wheel Cylinder}

\ 4
Cyclic Compressive Test
¢ 10,000 cycles

¢ 100,000 cycles
Undamaged samples e 500,000 cycles

v

Characterization Methods

Uniaxial Compression Test

Pyrolysis Gas Chromatography-Mass Spectrometry
X-Ray Crystallography

Scanning Electron Microscope

Figure 2: Process flow chart showing the applied characterization route of
samples
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Uniaxial compression test

Cyclic compressive test

To gain insight on the rubber’s degradations due to expansion and contractions
of brake wheel cylinder, uniaxial cyclic compressive tests was conducted using
a Instron testing machines a 1 kN load cell. The tests were carried out at several
cycles: 10,000, 100,000, and 500,000. The machine will automatically stop
operating when the desired number of cycles had been completed. A constant
amplitude-controlled loading method was followed throughout the cyclic test
as described in Figure 3b. A low frequency of 5 Hz was selected throughout
the duration of the test to replicate the movement of the rubber, assuming the
brake wheel cylinder is operated during normal conditions. The amplitude
refers to how much the rubber will be compressed during the period of cycles
under cyclic loading.

II Cyclic load Amplitude
Top platen |

Dust boot T
1 mm

AWAWAN
VAV

<1 cycle>

Jaw clamp

(@) (b)

Figure 3: (a) Schematic of uniaxial cyclic compressive tests, and (b) constant
amplitude-controlled loading method used in this study

Residual compressive test

The residual compression strength of rubber after pre-determined cyclic test
was measured using the same Instron machine and test set-up as shown in
Figure 3a. Measurement of rubber physical parameters such as inner and outer
diameter, width, and height were initially taken. The samples were compressed
up to the lowest predetermined height of rubber. The compressive stress, o was
calculated by simply dividing the compressive load, F with the rubber cross
section area, A accordingly. The compressive strain, € was determined by
dividing the decrease in length by the initial height of the rubber. A control
sample which represents the undamaged rubber had been tested to get a
strength benchmark. The stiffness of the rubber, E was calculated from the
linear region of the curves in the 1-2% of strain by the following equations: -
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E=— (1)

Scanning Electron Microscope (SEM)

The surface morphology study of rubber was done using a Gemini Scanning
Electron Microscope. A small sample was cut off and placed on a metal stub
with adhesive tape on it. Subsequently, it was sputter-coated before SEM
imaging. The acceleration voltage was adjusted to between 2 kV and 9 kV for
optimized imaging.

X-Ray Crystallography (XRD)

X-Ray Crystallography analysis of the samples was carried out using Philips
Expert Pro Mr Pw3040 X-ray diffractometer in the 26 range 20°-100° to
examine the change of crystalline nature of rubber before and after
compression cyclic loading.

Gas Chromatography-Mass Spectrometry (GC-MS)

A pyrolysis test was carried out at the Forensics Laboratory at the Faculty of
Applied Science, UiTM Shah Alam using a Shimadzu Scientific Instruments -
GCMS-QP2010 Plus model. A small amount of rubber (internal diameter 0.5
mm) was cut out from the main sample using a scalpel and it was weighted
about 20 mg for GC-MS testing. The rubber was placed in the reactor and
burned constantly at a temperature of 800 °C for about 45 minutes in a nitrogen
environment. The data acquisition system and parameters control were done
using GCM solution software. The identification of chemical compounds was
referred in the NIST 08 mass spectral library.

Results and Discussion

Compression properties
Figure 4 presents the compression stress and strain behaviour of rubber wheel
cylinders after various compression cyclic loadings. The curves began with a
linear trend up to 10% of compression strain which attributes to the elastic
properties of the rubber materials. It is interesting to see there is a sudden
increase of slopes in the curves which are seen around half of compressive
strain. The curves continue to increase up to the peak of the curves which is
about 0.10 MPa. The 500,000 cycles samples show the highest residual
compressive deformation compared at maximum of 45% of compressive strain
in comparison to the 100,000 cycles, 10,000 cycles, and undamaged samples.
A closer inspection of the curves shows there were noticeable changes
in the slopes for the 100,000 cycles and 500,000 cycles, where it has lower
gradients than the undamaged and 10,000 cycles. For the 100,000 cycles
sample, there are slight decreases in compression stress are noticeable on the
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curves. Further compression stress drop can be seen on the 500,000 cycles.
The behaviour may indicate that the component exhibits Mullin’s effect [10],
a stress-softening effect after prolonging cyclic test caused by the bond
ruptures or elastomer chain slippage [11]. Mullin’s effect involves the
evolution of intrinsic structures such as micrometre or submicrometric cavities
or known as microcracks [10].

0.12 Undamaged 1
—— 10,000 cycles
100,000 cycles!
= 0.109 L 500,000 cycles 1
&
=
7 0.08 "
2
o
&
» 0.06
‘é” 0.04 4 ——
© &
= 0.024
0.00 T
0 10 20 30 40 50 60 70 80

Compressive Strain (%)

Figure 4: Typical compressive stress-strain curves of rubbers after
compressive cyclic loading

The residual compression stiffness of specimens at the specific number
of cyclic compressions measured at the first linear region of the curves is
shown in Figure 5. The undamaged samples show a maximum value of 0.300
MPa. The rubber in brake wheel cylinder show loss in stiffness with cycling.
The 10,000 cycles samples show a reduction to 0.280 MPa. The residual
stiffness remains consistent at 100,000 cycles but there is a sharp decline to
0.238 MPa when the specimens were cycled at 500,000, suggesting greater
damages in the samples.

The damage can be visualized in SEM micrograph where the formation
and growth of multiple microcracks on the rubber surface of 100,000 cycle
samples is shown in Figure 6b as compared to the undamaged samples in
Figure 6a. This finding is consistent with that of Quang et al. [12] which they
found cracks formation in natural rubber (NR) after cyclic loading that is
associated with Mullin effects. It is believed that the alternating and long-term
compression stress causes the breakage of chemical bonds, leading to the
molecular break and ultimately, forming a crack. From the secondary
perspective, the shear stress destroys secondary bonds, causing relative
slippage of molecular chains and cracks [2].
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Figure 5: Residual stiffness against number of compression cyclic loading
between undamaged and damaged specimens

Figure 6: SEM micrograph of; (a) undamaged rubber (500 X magnification),
and (b)100,000 cycles rubber (1000 X magnification)

XRD analysis

The XRD technique is performed by many researchers to illustrate the
crystalline nature of rubber [13]-[15]. The diffraction peak height indicates the
crystallinity regions while the broadening diffraction implies the amorphous
structure of a material [16]. Therefore, the position and the intensity of X-ray
crystallography peaks may indirectly present damage development of rubber
after cyclic loadings. By observing the rubber’s XRD in Figure 7, the
difference between the undamaged rubber compared to damaged rubber is
clearly observed. It is rather interesting that some major peaks in the XRD have
disappeared at the ~39°, ~48°, ~64°, ~81° and ~98° spectrum, respectively.
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However, it appears that there is no appreciable difference between the damage
samples, 10,000, 100,000, and 500,000, respectively can be seen here. The
damaged samples have significantly lower intensity as compared to
undamaged samples. The combination of absence and lower peak height may
suggests the crystallization of rubber declines because of repetitive cyclic
loadings, possibly by the oxidation of the rubber, leading to changes in
molecular into loose and unpacked structures [14]. Crystallization plays an
important role in the mechanical properties of polymer for which it may
prevent crack growth under substantial deformation [17]. Hence, this would
explain the loss of compression stiffness and higher strain in the compression
test (Figure 4).

3000 T T

Undamaged
— 10,000 cycles

100,000 cycles
— 500,000 cycles

2500

2000

1500

Intensity (cps)

T

T
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Figure 7: XRD pattern between undamaged and damaged samples under
cyclic loadings

Pyrolysis GC-MS spectra analysis

Kusch et al. [18] demonstrated that the application of pyrolysis GC-MS was
able to perform failure analysis in the rubber tyre for both qualitative and
quantitative information. Figure 8 shows the pyrograms of the examined
rubber samples pyrolyzed at 800 °C. There are many peaks available in the
pyrograms across the time that made identification of the main chemical
elements of the rubber not straightforward because industrial rubbers contain
various additives such as plasticizers, carbon black, inorganic fillers,
antioxidants, cross-linking agents, and others that essentially give particular
physical and/or chemical properties [19].

With the help of the mass spectra database library NIST 08, further
examination of all detected peaks suggests the identified pyrolysis rubber
product as styrene-butadiene rubber (SBR) for which 2-Phenyl-1,3-butadiene
monomers can be found in time = 9.8 minutes [20]. SBR is common rubber
for car tyres and products for automotive. Other related pyrolysis products of
SBR found in this pyrogram are toluene, benzene, pyrene, and indene [18].

127



Abdul Hakim Abdullah et al.

The result of this study shows that pyrolysis compounds measured by peak
height increase as the cyclic loading increases, suggesting some chemical
compounds have been intensified.

Interestingly, the increased peak height of pyrograms corresponds to
the decrease of rubber’s stiffness as cyclic loading increases as shown in the
compression test (Figure 4). Such increase of peak height in the pyrolysis
diagram can also be noticed in the research by Yang et al. [21] where they
studied the effect of before and after thermal oxidation on high-density
polyethylene (HDPE) composites. Therefore, this suggests the intensified peak
height of the pyrolysis product probably means is a positive indication of
damage in rubber.
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Figure 8: GC-MS comparison between undamaged and damaged rubber

Conclusions

In this investigation, the influence number of load cycles; 10,000, 10,000 and
500,000 cycles to the damage progression of rubber component in brake wheel
cylinder was studied. The stress-softening effect was observed in the damaged
samples in the compression test. The increasing cyclic loading of up to 500,000
cycles caused a greater stress-softening effect. The scanning electron
microscopy analysis has revealed the presence of microcracks in the damaged
rubber. The XRD analysis showed some major peaks disappeared between
damaged and undamaged samples, showing of a decrease in crystalline region
in the damaged rubbers. However, it seems there are no appreciated differences
in the peak height between 10,000, 100,000, and 500,000 cycles samples. The
GC-MS pyrograms could identify the type of rubber in this component, which
is mainly composed of styrene-butadiene rubber. Some pyrolysis compounds
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were intensified as the cyclic loading increased which corresponded to the
damage experienced by the rubbers.
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ABSTRACT

Libraries are crucial for diverse resources, particularly for students and
educators. The Library Management System (LMS) in Perpustakaan Raja Tun
Uda (PRTU) still used barcode technology, which was inadequate and could
increase the workload of the librarians. This study presented the development
and evaluation of the Smart Portable Library Management System (SPLMS)
using RFID technology. The study addressed the gap in the literature by
focusing on the impact of angle adjustment on the performance of UHF RFID
readers in reading RFID tags placed on book spines. The study was conducted
by implementing the SPLMS and performing system testing at different angles.
The scope of the study encompassed the design and implementation of the
SPLMS, system testing with varying angles, and evaluation of the reader's
success rate in reading RFID tags. The validation of ZK-RFID101 of the
results have shown that the reader has a 100% success rate for distances
between 1 and 3 meters, but the success rate drops to 80% at 5 and 6 meters
due to radio frequency interference. The main findings indicated that
increasing the angle from 0 to 90-degrees improved the reader's performance,
although certain tags still presented challenges. The results from the five
conducted trials strongly indicated that a 90-degree angle was the optimum
performance. The study concluded that the angle and placement of RFID
readers was crucial for optimal performance in library management systems.
The SPLMS provided librarians with a user-friendly dashboard for efficient
book collection management, boosting productivity and enhancing user
experience.
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Introduction

Efficient library resource management has long been a challenge faced by
librarians and institutions globally. Various technologies have been introduced
over the years to enhance library operations. Among these, Radio-Frequency
Identification (RFID) technology stands out as a promising solution to
revolutionize library management. This technology facilitates the seamless
tracking, identification, and management of library materials. The present
study delves into the development and assessment of a Smart Portable Library
Management System (SPLMS) that harnesses RFID technology to optimize
library operations. By adopting this innovative approach, the study aims to
streamline library management, improve librarian efficiency, and enhance the
overall user experience.

Figure 1 shows Perbadanan Perpustakaan Awam which known as
Perpustakaan Raja Tun Uda (PRTU). This PRTU located at Seksyen 13 Shah
Alam. The PRTU is the headquarters and functions to administer, maintain and
coordinate libraries throughout the State of Selangor. Students, lecturers, and
Selangor citizens frequently visit the PRTU. There are 6 levels with a total
space of 203,600 square feet in this PRTU. This space can be occupied by
2,500 person and 400,000 books can be kept [1]. Additionally, the PRTU
attracts up to 8,000 visitors each day on the weekends, public holidays, and
school holidays.

Figure 1: Perpustakaan Raja Tun Uda

Due to the enormous quantity of books kept at the PRTU, the librarian
frequently encounters into issues such as missing books, misplaced books, and
book searching especially at peak hour on the weekends. Moreover, there are
few of bookshelf need to be monitored since they contain rare books that can
only be read but cannot be borrowed. Therefore, librarian have difficulty to
keep track whether the book is on the shelf or not. Moreover, the existing
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library management system use in PRTU is barcode. It seems to be not very
convenient since the to librarian need to scan one single book at a time. Hence,
this study intends to assist the PRTU staff in tracking all book movement.
Advanced technology has created Smart Shelf based on RFID technology.
With the aid of automated systems, this smart shelf application enables high
accuracy product inventory [2]. But the cost of this Smart Shelf is expensive.

The primary objective of the study is to develop and assess the
effectiveness of the SPLMS at PRTU. This project proposed to develop a
SPLMS with dashboard management using dedicated software that is Node-
Red which is low cost and can be used in the PRTU. By implementing the
SPLMS and conducting comprehensive testing, the research aims to evaluate
the system's performance in a real library setting. Specifically, the study
explores how different angles and placements of UHF RFID readers impact
the system's ability to read RFID tags on book spines. This research provides
practical insights into the integration of RFID technology in libraries,
emphasizing the importance of RFID reader placement for optimal
performance and the potential challenges with specific tags.

Literature studies

Technology of library management system has grown over the years.
According to the traditional of library management system, all tasks require
manual support [3]. Librarians must write down every detail about each book
on paper. The information on the paper needs regular checking by the librarian.
Because so many papers were used to store the information, a lot of space was
needed. Technology gives a lot of changes to the traditional of library system.
Many libraries around the world use a variety of technology to run their
process of circulation such as renewing, borrowing, checking in, and checking
out of the books. According to the traditional of library management system
used have been replaced by advance technology.

Barcode technology can improve library operations by enhancing
transaction efficiency, reducing workloads for library employees, and
enhancing services for patrons. Using a barcode, data may be quickly and
precisely accessed [4]. Development of technology has introduced QR code in
library management system but this technology still in primary stage. With the
growing use of smartphones and their ability to read sensible data, QR codes
can be widely employed in both businesses and institutions [5]. Compared to
barcodes, RFID is a more recent technology. Better accuracy in managing the
book collection due to RFID has led to fewer books being purchased [6].
Furthermore, time efficiency occurs because RFID tags can be read more
quickly than barcodes, enabling the rapid reading of stacks of books
simultaneously [7].
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Table 1: Comparison between barcode, QR code and RFID

Items Barcode QR Code RFID
Technology Laser scanner ~ Optical scanner  Radio frequency
30 feet or more
Range Few inchestoa Fewinchestoa (passive)
g foot foot 60 to 300 feet
(active)
Low (passive)
Cost Low Low High (active)
Accuracy Accurate Accurate Accurate
Line of sight Required Required Not required
Information
Collected Fast Fast Extremely fast
Capability to scan  One item One item Multiple items
Automation Human Human operator Only fixed reader
operator

Table 1 above shows the comparison of various technologies used in
libraries. Based on the comparison to the different kind of technology such as
Barcode, QR code and RFID. The RFID technology gives a better option than
others. RFID stands for Radio Frequency ldentification. There are two main
RFID which are active and passive. Compared to active tags, passive tags are
typically less expensive, smaller, and battery-free, which has led to lower read
ranges for passive tag [8]. Passive RFID will be used in this study because it
only covers a small area. Moreover, it only needs a fixed reader to operate the
system and the biggest advantage of using RFID technology in the library is
librarian can scan multiple books at a time.

In the world of programming, efficiency and simplicity are highly
sought-after qualities. One such tool that has gained popularity is Node-RED.
Node-RED is an open-source programming tool that is commonly used for
Internet of Things (1oT). Node-RED is a popular 10T platform that is widely
used for building loT applications using visual programming [9]. It has
become a popular tool for dashboard and back-end development due to its
ability to connect a broad range of hardware devices and software to web
services [10]. The programming tool provides a platform for data analytics and
data visualization. It can also be integrated with other software such as SQL
database management tools like InfluxDB to provide a database management
system [11]-[12], [13]. Node-RED is used for displaying data, monitoring,
alarming, and triggering actions based on certain rules. It provides a live
dashboard for monitoring and alarming purposes, and displays notification
messages for different parameters such as electrical quantities or
environmental conditions [14]-[15]. Node-RED can also be accessed remotely
by various devices that can use web browsers to view the webpage interface
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such as computers and smartphones [12]. As such, Node-RED can be utilized
in a variety of applications, including library management systems, as a
flexible, efficient, and easily integrated dashboard solution.

Designing a basic model in Fusion360 involves utilizing the software's
features to create and optimize various designs for different applications.
Fusion360 is a computer-aided design (CAD) software that offers a range of
tools for modeling, simulation, and optimization. It is widely used in various
fields such as robotics [1], [4], [6], additive manufacturing [1]-[2], [7], heat
transfer optimization [3], vehicle design [5], and medical modeling [7], [9].

A thorough review of Library Management System research in
Malaysia shows that, there is few studies focusing on developing complete
system which integration of hardware and software. The paper [16]
emphasized the challenges in library management efficiency and advocated
the use of RFID technology while highlighting the importance of training and
protection against potential attacks. However, their study primarily focused on
qualitative data. The paper [17] aimed to prevent book theft through an RFID
approach and proposed a filing system using four antennas. Nonetheless, the
implementation faced limitations such as high costs associated with antenna
placement and the absence of a database for comprehensive book tracking.

The paper [18] sought to transform the library management system in
SK Jelutung using a QR approach, introducing a web-based borrowing book
software design for schools. Their system lacked the capability to track book
data and could only scan one book at a time. The paper [19] aimed to maintain
book data tracking by employing RFID and proposed a shelf management
system for libraries. However, the system was not portable and used Microsoft
Visual Basic. The paper [20] focused on designing a hardware system for book
location detection using RFID, with a borrowing and returning system through
tag scanning at each shelf. The system used Arduino Uno and lacked a
Graphical User Interface (GUI). The paper [21] concentrated on creating a
user-friendly GUI but opted for the barcode approach, proposing a manual
library management system to be computerized, but their solution was solely
software-based.

Methodology

Figure 2 shows the flowchart illustrated the step-by-step process involved in a
mechatronics project. It began with conducting a literature review to gather
knowledge and identify existing solutions. This helped in designing and
procuring the necessary parts for the mechatronic system. The next step
involved integrating the hardware and software components to create a
functional system. Afterward, the system underwent validation to ensure it met
the desired specifications. Once validated, the system was installed, and its
performance was continuously monitored and improved as needed. Finally, a
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conclusion was drawn based on the project's outcomes, highlighting successes
and potential areas for future enhancements. This comprehensive approach
ensured a systematic and successful development and implementation of the

mechatronics system.
° Objective 1:
Toidentify the current
library management

| Literature review ‘ system at PRTU

Objective2:
TodevelopanloT-
based RFID SPLMS

No

Yes

| Hardware andsoftware mstallation ‘

Objective3:
To evaluate optimum
‘ placement forRFID

reader

Figure 2: Methodology flow chart

Data flow

The Smart Portable Library Management System (SPLMS) prototype
consisted of various components in the process layer, such as the ESP8266 and
ZK-RFID101 devices, RFID tags, and push buttons as shown in Figure 3.
These components were programmed using the Arduino IDE and monitored
through the serial monitor. The prototype development utilized Fusion360
software. In the 10T layer, specific protocols like MQTT were used for
communication and data formatting between loT devices. The platform server
comprised Node-RED and MySQL software. Data was pushed to Node-RED
for dashboard visualization and also stored in MySQL as a database. The
application layer was web-based, allowing librarians to access the dashboard
through a laptop.
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Figure 3: Overall data flow of SPLMS system

Components

The ESP 8266 is the main component that was used for coding. The
components and coding were chosen precisely. Table 2 shows the list of
components for the hardware used.

Table 2: List of components

Component

Function

ESP8266 NodeMCU

UHF RFID integrated
reader (ZK-RFID101)

RFID tags

Push button switch

Power supply 220V
Adapter 12V 2A
Switching power supply
12V 5V

To read inputs and convert them into output
based on user-friendly hardware and software.
To read and capture information stored on a tag
attached to an object.

(RFID) tag is a device that uses radio waves to
communicate wirelessly with RFID reader.

A mechanical device where the user manually
presses a button to regulate an electrical circuit
The standard household voltage 220V

The power supply for ZK-RFID101

To convert a 12V input to a 5V output
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Circuit

The ZK-RFID 101 was connected in accordance with the circuit diagram
shown in Figure 4. The ZK-RFID 101 was connected to the ESP8266
NodeMCU microcontroller. The ZK-RFID 101 was powered by a 12V
adapter. For data transmission, pin DATAO was connected to pin D6 on the
microcontroller, while pin DATAL was connected to pin D5. 5V was supplied
to the ESP8266 NodeMCU by a switching power supply. The switching power
supply received power from the 12V 2A adapter, while the adapter received
power from an external 220 V power source.

Power Supply 220V ___./:|
ZK-RFID 101

I ‘ Adapter 12V 2A

e

ESP8266
NodeMCU

Base .
Swilching Power

Supply 12V 5V

Figure 4: Circuit diagram of ZK-RFID101

Hardware design and setup

In Figure 5, the prototype of the Smart Portable Library Management System
(SPLMS) was depicted. It consisted of a push button that allowed the librarian
to turn the product on or off as needed. Additionally, there was an emergency
button that served the purpose of quickly stopping the SPLMS in case of any
unforeseen circumstances. Moving on to Figure 6, it showcased the SPLMS
setup for monitoring the performance of a ZK-RFID101 at various angles.
Specifically, the figure illustrated the system when the angle was set to 0
degrees.

Block diagram and flowchart of the system

The Smart Portable Library Management System (SPLMS) was a proposed
system with a block diagram consisting of components like adding book
details, deleting book details, and book searching, all stored in a database
which was MySQL as shown in Figure 7. The system included a dashboard
that demonstrated its functionality and provided an interface for the librarian
to efficiently access and search for books.
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ZK-
RFID101

RFID tag
attached
to the

Emergency
button

On/off push
button

Figure 5: Prototype of SPLMS Figure 6: SPLMS setup

i

Librarian

Add book details

Delete book

details

Book hing

View/Update book
details

Figure 7: Block diagram of the SPLMS

The process began with the setting up of the system and the retrieval of
a book with an RFID tag as shown in Figure 8. The RFID reader scanned the
tag and transmitted the information it had obtained to the database. If the data
was found in the database, the system displayed the return data. The process
ended when the book's status was displayed through the dashboard.

Development of software

The Arduino IDE was used to program Arduino microcontrollers and interface
with hardware. Data from Arduino could be sent to Node-RED for
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visualization on a dashboard. MySQL was used to store the data as a database.
Fusion 360 was a 3D modeling software for creating objects and prototypes.
Table 3 shows the list of softwares used.

Get the book with RFID
tag.

l

RFID tag read by RFID
reader

l

The data is sent to
database

No

Database

Yes

Status of the displayed
book through dashboard

1

Figure 8: Flowchart of the effectiveness RFID system

Table 3: List of softwares

Software Function
Arduino IDE For uploading anq communicating _Wlth programs, it
creates a connection with the Arduino hardware.

Node-RED An open-source programming tool for creatively and
quickly linking hardware, APIs, and web services.
An open-source database software that complies to
MySQL the SQL standard.
A 3D modelling program with the ability to model,

Fusion 360 simulate, and document.

Position of tags in books
Position tags play a crucial role in optimizing the effectiveness of UHD RFID

technology in books. Error in multiple tag book stack detection results when
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tags overlap [22]. In the case of UHF RFID, the position of the tag on the book
spine can affect the read rate. According to research, tags placed right close to
the spine are always read, but those placed towards the book's opening, which
are farther away from the spine and inventory reader, are not always read [23].
The strategic positioning of the UHD RFID tag on the spine ensures enhanced
readability, minimizes interference, and maximizes data transmission
efficiency as shown in Figure 9.

RFID tag
attached
to the
book

Figure 9: Position of book tagging

Placement of UHF RFID reader (ZK-RFID101)

The UHF RFID reader (ZK-RFID101) was positioned at three different angles
such as 0 degrees, 45 degrees, and 90 degrees as shown in Figure 10. The
purpose was to find the angle that provides the best performance in reading
RFID tags accurately and reliably. By comparing the results, it is possible to
determine the optimal angle for achieving optimal performance. This
information is valuable for industries that rely on RFID technology for tasks
like inventory management and asset tracking.

H 30em
. 0-degree angle
. osition
~, »
N,

S|y N,

-5 N, N

. . N
R T \;" ’

I P ’
I_ e P ’ 45-degree angle
N 4 position
90-degree angl v
posit
Hints:
Bookshelf

D UMF RFID reader (ZK-RFID101)

_____
1 ZK-RFID101 in different angles

Figure 10: Top view of ZK-RFID101 placement
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Results and Discussion

Dashboard

Figure 11 showed the homepage of the system provided the librarian with
multiple options for managing the library's book collection. By completing a
form, the librarian could add book details, delete books from the system, and
view/update existing books.

= SMART PORTABLE LIBRARY MANAGEMENT SYSTEM

S “

Beok Tag ook Tog:

Book Name:
= V-4 Book Authar:
Publish Date:

Figure 11: Dashboard of SPLMS

Submit

button Insert
book’s
details
List of
books

Figure 12: Add book menu

In Figure 12, the librarian was presented with a form to complete the
book’s information. After completing the form, the librarian could select the
"Submit" button. The book's information was securely stored in the database
upon submission. Additionally, the dashboard displayed a list of books’ details
for simple access and visibility, allowing the librarian to effectively manage
the collection.

In Figure 13, the librarian has the ability to enter book tags that they
wish to remove. After the librarian has inserted the book tag, librarian will be
able to select the "Delete" button. The information on the tag belonging to the
book will be removed from the database. The dashboard may have shown the
librarian that the selected book's tag had been removed.
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A o2 Book Tog:
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= Back Author:
book tag Pablish Dat:
Book_Auther publishedDate &
Delete
button

Figure 13: Delete book menu

Insert . P |
book tag : oy ® | Listof
books’
Ty T e details
Search . -
button

Figure 14: Book searching menu

Figure 14 showed how the librarian could conduct a search for book
details by first inserting the book tag and then clicking the search button. It
showed up on the dashboard for the librarian so that they were able to view it.

The homepage was built using Node Red and SQL. It enhanced library
management and helped librarians work quickly. It updated all book details.
This system's disadvantage disabled librarians from updating book data on the
dashboard. Thus, the library progressed quickly, attracting many patrons. The
librarian had to monitor and maintain the database to detect missing books.

System testing

Validation of smart portable library management system

The maximum reader range for the ZK-RFID101 was 6 metres, according to
the manual [24]. The effective range of the RFID reader was shown in Table
4. The appropriate symbol indicated that the reader sent the data. The ZK-
RFID101 reader's most useful range was from 3 metres to 1 metre. When the
range reached 5 and 6 metres, it was almost 80%. This happened as a result of
radio frequency interference, which impaired and weakened the signal
received by the RFID reader [25]. In RFID networks, reader-to-reader
interference could also reduce the read rates of passive RFID tags [26].
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Table 4: The RFID readers's effective range

Range of the RFID reader in meters (m)

1 2 3 4 5 6

1 N N N N N X

2 V V v v v v

3 V V v x x ol

4 v V v v v v

5 N N N V V ol
Percentage 0098 100% 100% 80% 80% 80%

Performance testing based on different angles
The system testing the effect of the angle on the reader's ability to successfully
read RFID tags placed on the spine of a stack of 10 books, with a distance of
30 cm between the reader and the books.evaluated the performance of a UHF
RFID reader at three different angles which were 0 degrees, 45 degrees, and
90 degrees. The aim was to determine

In the case of the 0-degree angle as shown in Table 5, where the reader
was positioned in front of the book's front cover, the results showed that the
reader achieved a 100% success rate for most book tags. However, tags
302206, 503306, 202206, 603306, and 402206 consistently had a 0% success
rate. This suggests that at a 0-degree angle, the reader had difficulties reliably
reading these specific tags.

Table 5: Reader when 0-degree angle

Trials Book Tag
105506 210006 110006 805506 905506 302206 503306 202206 603306 402206
1 N N N N x x x x X
2 N N v N v x x x x x
3 N N ~ N x x x x x x
4 \/ \/ \/ \/ X X X X X X
5 \ \ v \ v x x x x x
Percentage @000 @00% @009 @O0% 60% 0% 0% 0% 0% 0%

At the 45-degree angle as shown in Table 6, where the reader was tilted
slightly, there was an improvement in the success rate compared to the O-
degree angle. Most book tags achieved a 100% success rate, except for tag
302206 which still showed a 60% success rate. Additionally, tags 202206 and
402206 continued to have a 40% success rate. Meanwhile, the tag 603306 had
the lowest success rate with 0%. This indicated that even with the angle
adjustment, the reader faced challenges in consistently reading these particular
tags.

The best performance was observed at the 90-degree angle as shown in
Table 7, with the reader placed in front of the book's spine. The approach used
in this testing is similar by other research [27]. At this angle, most book tags
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achieved a 100% success rate. However, tag 202206 presented difficulties,
resulting in a lower success rate. Tag 302206 showed a 60% success rate,
indicating that the reader struggled to consistently read these tags even at the
optimal 90-degree angle.

Table 6: Reader when 45-degree angle

Book Tag
105506 210006 110006 805506 905506 302206 503306 202206 603306 402206

Trials

1 N N N N x x x x

2 J V Y Y J x S x x

3 J V \/ V \/ V x x x x

4 J V \/ V \/ x J V x x

5 \ \ \ \ + y x x x y
Percentage [009 {0004 [00% MO0% @OO% 60% 20% 40% 0%  40%

Table 7: Reader when 90-degree angle

Trials Book Tag

105506 210006 110006 805506 905506 302206 503306 202206 603306 402206

1 Y e v

2 S L L

3 N A A T A

4 S e S

5 S A A T e N A A
Percentage #0004 #0004 H00% [M00% HO0% oo {000 40v [H00% HO0%

The 90-degree angle is considered an optimum angle for the placement
of an RFID reader due to several factors. Firstly, at this angle, the reader is
positioned directly in front of the book's spine, which provides the most direct
and unobstructed path for the RFID signals to reach the tag [23]. This
alignment maximizes the signal strength and minimizes signal loss or
reflections, resulting in higher read rates and improved overall performance.

Moreover, at a 90-degree angle, the reader's antenna is oriented parallel
to the orientation of most RFID tags, which are typically attached to or
embedded within the spine or cover of the book. This alignment optimizes the
coupling between the reader's antenna and the tags, enhancing the
electromagnetic interaction and, consequently, improving the chances of
successful tag reading [28].

Despite the advantages of the 90-degree angle, some tags may still
experience reading difficulties. One possible reason is that the frequency band
of the RFID system is 902 — 928 MHz. At this frequency, certain materials or
environmental factors may interfere with the propagation of RFID signals [29].
For instance, metal surfaces or liquids can absorb or reflect RFID signals,
leading to weaker or distorted signals reaching the tags [30]. The testing takes
place in the Sports Engineering and Artificial Intelligence Centre (SEA-IC),
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which consists of a metal device or machine. This encounter disrupted the
RFID signal.

Furthermore, the design and construction of certain RFID tags might
not be optimal for the chosen frequency band. Each RFID tag is designed with
specific characteristics, and some tags may be more tuned to operate
effectively at different frequencies [31]. Consequently, when operating at 902
- 928 MHz, some tags may not exhibit the same level of sensitivity or response
as they would at a different frequency [32], resulting in lower success rates at
the 90-degree angle.

The proposed SPLMS based on RFID technology demonstrates
significant improvements in the effectiveness and efficiency of library
operations when compared to the existing barcode technology system. RFID
technology offers several advantages over barcoding, including faster and
contactless book identification, simultaneous scanning of multiple books, and
better accuracy [33]. The system's user-friendly dashboard enhances the
librarian's ability to manage book details, deletions, and searches efficiently.
Additionally, the performance t esting of the RFID reader at different angles
revealed the optimal placement of the reader at a 90-degree angle, which
further enhances its success rate in reading RFID tags on book spines.

Conclusion

The purpose of this study is to develop a fully integrated Smart Portable
Library Management System (SPLMS) using RFID technology and assess its
effectiveness at Perpustakaan Raja Tun Uda (PRTU). The study successfully
implements the SPLMS, which provides a user-friendly dashboard for
librarians to manage book details, deletion, and searching. System testing
evaluates the performance of the UHF RFID reader at different angles and
reveals that increasing the angle from 0 to 90 degrees improves the reader's
success rate in reading RFID tags on book spines. However, certain tags
exhibit lower success rates, suggesting the need for further optimization. The
findings emphasize the significance of considering the angle and placement of
RFID readers in achieving optimal performance. Further research is
recommended to address the challenges with specific tags and explore
alternative methods for tag placement, signal interference mitigation, and
improvements in antenna design. The implementation of the SPLMS and the
insights gained from this study contribute to the advancement of library
management systems and provide valuable guidance for future research in the
field.
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ABSTRACT

The medical industry benefits greatly from the additive manufacturing (AM)
technology used on customized products. Total knee arthroplasty (TKA) has
been widely used however it has drawbacks of stress shielding and loosening
due to the excessive daily routine of patients. The problem could be minimized
by applying lattice structures to the implant and mimicking the actual density
of human bone. This study aims to investigate the optimal design of a Ti6Al4V
alloy tibial tray by applying different types of lattice structure designs. A finite
element analysis was used to investigate the mechanical behavior of uniform
and non-uniform lattice structures in a walking position. Functional gradation
structure was optimized on selected regions of the tibial tray with weight
reduction and adaptation to the near actual density of the human bone without
compromising its mechanical performance. The results indicated that the
Voronoi structure has improved stress behavior and the capability to
withstand the loads exerted, based on the Von Mises stress result of the
Voronoi structure at 35.83 MPa as compared to the gyroid and diamond
structures at 61.65 MPa and 49.74 MPa, respectively. The optimal design of
the tibial implant was achieved by functionally graded lattice structures,
replacing the solid tibial implant.
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Introduction

The rapid development of Additive Manufacturing (AM) technologies
contributes towards the expansion of the industry’s design and engineering
approach. This technology is a process to manufacture solid parts through
layer-by-layer addition of material by melting the material from a heat source
[1]. Selective Laser Melting (SLM) is a process based on laser melted metal
powder. This process also offers advantages in complex geometry, low
manufacturing cost, and reduced fabrication time [2]. Furthermore, AM has
been widely applied in biomedical industries, especially for orthopedics,
implants, and human tissue.

In knee replacement surgery, artificial arthroplasty aims to relieve pain,
improve function, and restore range of motion in the patients [3]. Anyhow,
failures still occur after the replacement surgery such as loosening, wear, and
stress shielding of the implant [4]-[5]. In a previous study, an assessment of
the population was conducted to show the factors that affected the failure of
tibial tray performance [6]. Another clinical study demonstrated a tibial plateau
fracture caused by the patient’s excessive weight [7].

To overcome the failure of implants, several studies proved that the
combination of topology optimization by lattice structure and orthopedic
implants has shown the enhancement of mechanical behaviour. Peto et al. [8]
investigated the mechanical behaviour of Hexagonal Prism Vertex Centroid
(HPVC) lattice structure which showed that lattice structures have an impact
in reducing stiffness between implant and bones and minimizing stress
shielding problems. Guoging stated that due to excellent biocompatibility and
good mechanical properties of the bio-fixation (solid and porous) implants, the
life quality of patients has improved. The implants had been manufactured
through the Selective laser melting (SLM) process [9]. Besides, this approach
not only minimizes the implant weight but also facilitates tissue regeneration
at the implant-bone interface. Triply Periodic Minimal Surfaces (TPMS) are
common lattice structures used in the optimization of implants such as gyroid,
diamond, and schwarz. There are two types of TPMS lattice structures which
are solid-networks and sheet-networks types, whereas the properties for each
type of lattice structure are also different [10]. Sheet-networks lattice structures
show better mechanical properties compared to solid-networks lattice
structures [11]. Yang et al. [12] proposed a gyroid unit cell (TPMS) made of
Ti6Al4V, whose characteristic shows good strength and high
manufacturability.

Yan et al. [13] developed gyroid and diamond TPMS lattices of bone
implants with a percentage porosity of 80-95% for diamond and gyroid lattice
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structures comparable to the porosity of trabecular bone which is 50-90%. As
the value of porosity between implant and bone is almost similar, the modulus
of porosity can be adjusted to the modulus of trabecular and cortical bone
which may lead to reducing stress shielding problems. Lorenzo [14] compiled
the reviews of AM-printed acetabular cups for total hip arthroplasty based on
porous structure design, limitations of the manufacturing process, and clinical
outcomes. The main highlight of the study was the comparison of conventional
manufacturing such as die casting, CNC machining, and injection molding
with AM printing and the enhancement of complex porous structures. Most
recently, Limmahakun et al. [15] explored the optimization of orthopedic
implants by functional gradation of lattice structures. The result showed that
the mechanical strength gradually increased. According to Al-Ketan outcomes
[16], these types of TPMS with sheet-network lattices encourage good
mechanical behaviour, for example, could help improve tibial implant in
structurally efficient, exhibiting better stiffness and strength to-weight ratio. In
addition, the Voronoi structure showed that the irregularity of shape
contributes to good mechanical behaviour which could attain stiffness
comparable to bone stiffness [17]. Liang et al. [18] had proven trabecular-like
porous structures with porosities between 48.83-74.28% had excellent
mechanical performance in terms of elastic modulus and ultimate strength
which is similar to cancellous bone mechanical behavior. Benedetti et al. [19]
constructed a study of compressive behavior on nine different Ti6AI4V
trabecular structures with various values of density, which displayed cross
structure had the highest strength at constant stiffness compared to other
structures.

The purpose of this research is to optimize the tibial tray of the TKA
implant using a topology optimization approach by obtaining a suitable density
compared to human bone and weight reduction. Advanced lattice structures
have been proposed for optimizing the tibial component. The geometrical
model of the tibial tray was first constructed, and then the Finite Element (FE)
model was developed. The mechanical behaviour of the tibial tray was
analysed using Finite Element Analysis (FEA). Specific regions of the tibial
tray were replaced by three different lattice structures, namely, 1) gyroid, 2)
diamond sheet structures, and 3) Voronoi strut structure due to stretching-
dominated behavior which exhibited higher fracture strength compared to
bending-dominated [21]. Their mechanical performance was analysed and
evaluated by implementing similar boundary conditions and loadings. In order
to improve further design and mechanical properties, functional gradation of
lattice structure was applied during the optimization process.
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Model designs of total knee implant

Total knee replacement as shown in Figure 1 consists of three components: (a)
femoral, (b) tibial insert, and (c) tibial. As for this research, it only focused on
the mechanical behaviour of the tibial tray as stress shielding always occurs
between the tibial tray and human bone due to a mismatch of stiffness. The
tibial tray is available in a variety of complex geometric shapes and surfaces.
Many factors need to be considered while designing an implant to ensure the
implantation effectiveness which decreases the incidence of implant loosening.
The tibial tray design for this investigation was derived from a previous study
since the design has been established [20]. As indicated in Figure 2a, the tibial
tray is a stem and the tibial wing to increase the stability of total knee
replacement and reduce micromotion [21]. The tibial insert hole as in Figure
2b is functioning as a tibial insert holder. Figure 2c depicts the main geometric
dimension of the designed tibial tray.

Lattice structure composition

This study uses the TPMS with gyroid and diamond sheet structures and
Voronoi strut structures for the optimization phase due to its capability to
withstand high stress loads and the most prominent structures with increased
strength. The following equation shows the level-set equations of the TPMS
gyroid ( @) and diamond (¢,) geometries [23]-[25]:

¢, =sinxcosy+sinycosz+sinzcosx = c 1)

@p = cosxcosycosz—sinxsinysinz =c 2

The FEA Voronoi structure is configured to resemble the bone
trabecular structure, with structures created in a scattered pattern with varying
shapes and geometries. The mathematical formula for VVoronoi strut structures
is given below [26] :

Vo) = {755, < d,p)),j # i) = 12,,m) @3)

where V(p;) represents the 3D Voronoi polygon on seed pi, pi... .... pn are the
definite seeds in 3D space, and d(p and pi) is the usual Euclidean distance
between p and pi. These structures are modelled by using nTopology (3.40.2).
Figure 3 shows the workflow of tibial implant optimization with lattice
structures. Firstly, Figure 3a shows a solid tibial implant and Figure 3b shows
the region of lattice structure which will be applied on the tibial tray plate by
topology optimization. As a result, the tibial tray plate contains gyroid lattice
structures as shown in Figure 3c.
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P

Femoral

Tibial insert

ibial tray

Figure 1: 3D model of total knee implant

Tibial inserthole llﬁ—*y

Tibial wing Tibial tray

plate
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(@)

i [ ] § Lt | | ] me.e

Figure 2: 3D model of tibial tray: (a) parts of tibial tray [22], (b) top view of
tibial tray, and (c) geometry of tibial tray (mm)
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Design space for
lattice structures

(b)

Gyroid TPMS per unit cell

Diamond TPMS per unit cell

Voronoi per unit cell

(c) (d)

Figure 3: Workflow of tibial tray optimization: (a) solid tibial tray, (b) design
region of tibial tray plate, (c) tibial tray with gyroid structures, and (d) TPMS
and Voronoi structure per unit cell

& & ¥

For both uniform and non-uniform lattice structures, the size unit cell
is 3 mm in order to maintain 50% of relative density. On the tibial tray plate,
for uniform lattice structure, and diamond had a constant sheet thickness of
480 um, meanwhile gyroid and VVoronoi had a constant sheet thickness of 580
pm. As for the non-uniform lattice structure, the tibial tray plate had various
ranges of sheet thickness. The non-uniform lattice for the gyroid structure had
a functionally graded sheet thickness of 520-1150 pum and the diamond
structure had a functionally graded sheet thickness of 440-710 um. Moreover,
for Voronoi lattice structure the functionally graded sheet thickness is between
540-850 um. The porosity @ of the lattice structure for both and non-uniform
lattice structure is 50% determined by Equation 4. According to Arabnejad et
al. [27], to ensure effective osseointegration the porosity had to be at a
minimum value of 50%.

Volume of scaffold

Porosity @ = 1 - 4

Volume of solid structure

Finite Element Analysis (FEA)
The FEA is used on the tibial tray to resolve stress that occurs under various
loading conditions of the optimized tibial tray. The tibial tray is meshed with
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four nodes of quadratic tetrahedral elements (C3D10) of size 1.1 mm size as
depicted in Figure 4. The convergence analysis is performed as shown in
Figure 5 to determine the optimum number of element sizes for each design

tibial tray, where the number of elements of solid tibial tray is 736, 326 and
the number of nodes element is 1.12 million.

Figure 4: Mesh of solid tibial tray
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Figure 5: Convergence graph of the tibial tray for solid and variation
lattice structures

The boundary conditions that mimic the actual knee joint mechanics are
used for the simulation. In this case, the fixed support condition is applied at
the bottom of the tibial stem to prevent any rotation and movement [28]. The
axial loads of 3100 N are applied on the tibial surface which is based on
walking movement due to the result of Bergmann et al. [29] who reported the
knee loads are based on the percentage of weight shown in an average body
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weight of 75 kg. Figure 6 illustrates the boundary condition setup of the tibial
tray case.

Load F,=-3100N

Tibial tray
plate

Fixed
support

Figure 6: Boundary condition of tibial tray

The material selected for this study is titanium alloy of grade Ti6AI4V
which offers good biocompatibility and corrosion resistance, besides having
strength and good mechanical properties [30]. Table 1 indicates the properties
of TiBAI4V.

Table 1: Mechanical properties of Ti6AI4V [31]-[33]

Mechanical properties Values
Density, p 4.43 g/lcm?®
Elastic modulus, E 113.8 GPa
Poisson ratio, v 0.342
Yield strength, o 973 MPa
Ultimate yield strength, ou 1058 MPa

Results and Discussion

As reported in previous research, trabecular bone consists a range of 40-95%
porosity [34]. For this research, the range porosity used is 50% for uniform
and non-uniform lattice structures as mentioned before to enhance
osseointegration [27]. Figure 7 illustrates a tibial tray with lattice structure (a,
¢, e) and single unit cell (b, d, f) of three different lattice structures gyroid,
diamond, and Voronoi. All lattice structures are designed in 3 mm per unit cell
to maintain the similarity of relative density for each structure which is 50%.
In the second optimization phase, the relative density of the sheet lattice
structure is controlled by the changes in wall thickness as illustrated in Figure
8. Relative density can form a huge difference even though there is the smallest
change in wall thickness [35]. As an example, the unit cell for the gyroid with
3 mm has a relative density of 50% for the wall thickness of 0.58 mm, while

160



Structural Performance of Ti6Al4V Tibial Tray in Total Knee Arthroplasty (TKA)

an increase in the wall thickness of 1.15 mm contributes to the increase in
relative density of 81%. Moreover, due to the variation of lattice structures
applied on the tibial tray, it shows the differences in the affected area of stress
distribution as depicted in Figure 9. Meanwhile, the values of the maximum
Von Mises stress of each tibial tray model are shown in Table 2. The
displacement distribution of the tibial tray is shown in Figure 10 and Table 3
shows the values of the total deformation of the tibial tray.

(©

)
Figure 7: Gyroid structure; (a) tibial tray with lattice structure, (b) single unit

cell diamond structure, (c) tibial tray with lattice structure, (d) single unit cell
Voronoi structure, (e) tibial tray with lattice structure, and (f) single unit cell

L
Voronoi
(e
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Gyroid lattice structure

Higher relative density = 81%

@

Lower relative density = 50%

Diamond lattice structure

Higher relative density = 65%

(b)

Voronoi lattice structure
©

Higher relative density = 70%

(©
Figure 8: Relative density of various lattice structure in cube size of 50 mm;

(a) pores size, (b) sheet thickness of lattice structure, and (c) length between
sheet thickness
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It is significant to evaluate the occurrence of solid tibial implant stress
distribution area to further the topology optimization process. Since the force
distribution is exerted on the tibial tray, it is shown in Figure 9a that the
maximum stress distribution occurs on the edge of the tibial tray rather than
the tibial stem area. Therefore, topology optimization can be reduced on the
tibial tray region to reduce the stress behaviour. The maximum stress escalates
up to 22.29 MPa on a specific point which does not indicate the total
mechanical behaviour of the tibial implant. Furthermore, the maximum stress
is in the allowable range which is below the material yield point as shown in
Table 2.

o) T ® T

Figure 9: Stress distribution on tibial tray of solid and different lattice
structures; (a) solid, (b) uniform lattice structure of gyroid, (c) non-uniform
lattice structure of gyroid, (d) uniform lattice structure of diamond, (e) non-

uniform lattice structure of diamond, (f) uniform lattice structure of VVoronoi,
and (g) non-uniform lattice structure of VVoronoi

As for the VVoronoi structure, high stress distribution occurs on the edge
of the tibial tray. The highest strength is shown in the tibial implant which
contains a Voronoi structure with a value of maximum stress of only 55 MPa
due to the configuration of lattice structure being more scattered compared to
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the gyroid and diamond lattice structure. In addition, the tibial implant that
contains a diamond structure shows a maximum stress value of 86.36 MPa.
Meanwhile, the tibial implant with a gyroid structure exhibits a maximum
stress value of 161.85 MPa. The maximum stress increases in the first
optimization phase because the solid area of the tibial tray is reduced through
topology optimization of lattice structures which contribute to reducing the
surface area of the tibial tray. Figures 9b, d, and f show the stress distribution
for the first phase optimization.

Table 2: Maximum Von Mises stress of tibial tray (MPa)

Design of tibial tray Von Mises stress (MPa)
Solid 22.29
Uniform lattice structure

Gyroid 161.85
Diamond 86.36
\Voronoi 55.0

Non-uniform lattice structure

Gyroid 61.65
Diamond 49.74
\Voronoi 35.83

All lattice structures applied on the tibial tray region are due to high
stress that appears on it. In the first optimization phase, stress distribution
occurs on the lattice area from the edge of the tibial implant to the center of
the tibial for gyroid and diamond structures as indicated in Figure 10.

According to [36], as the lattice structures are applied to the hip implant,
the value of maximum stress increases as compared to the maximum stress of
the solid component. However, in order to achieve an allowable value of
maximum stress, further optimization is needed to be performed by varying
the range of relative density of lattice structure by a functionally graded lattice
structure. It shows similarities to this research, the maximum stress of the tibial
tray is increased as the lattice structures are applied on the tibial tray region.
In comparison to this research, the maximum stress of the first optimization
phase is still under the allowable material yield point which is 973 MPa.
However, further optimization needs to be done to achieve comparable
maximum stress to solid tibial implants and enhance the mechanical
performance of tibial implants. Furthermore, there are studies that showed the
combination of solid and lattice structures has improved the mechanical
performance of tibial implants [37].

The second optimization phase continues with functionally graded
lattice structures. The total relative density of the tibial tray and the relative
density lattice structure region remain constant. For TPMS-based lattice, a
sheet network offers good mechanical properties due to a high surface area to
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volume ratio [38]. On the other hand, the VVoronoi structure changes in terms
of strut thickness. High stress region on the tibial tray is required to increase
wall thickness compared to low stress region. The differences of stress
distribution of the first optimization in Figures 9b, d, and f are compared to the
second optimization in Figures 9c, e, and g which showed a reduction in the
affected region of lattice structure. Figure 10 shows a close-up of stress
distribution reduced from the first optimization compared to the second
optimization. The percentage of maximum stress for gyroid structure reduces
by about 61.91% from the first optimization to the second optimization while
diamond structure reduces by 42.40% and Voronoi structure decreases by
34.85%. This demonstrates that the non-uniform lattice structure is adequate
to withstand the same load exerted on the tibial tray in the first optimization
with lower maximum stress. Moreover, as the wall thickness in lattice
structures increases, it contributes to reducing maximum stress on each
structure. This is due to the increasing surface area of lattice structures on the
force exerted area of the tibial tray. According to Zineddine et al. [39], the
beam thickness of lattice structures affects the amount of maximum stress by
assuming the increase of cross-sectional surface of beam structures. Even
though this research uses a triply periodic minimal surface (gyroid and
diamond) and VVoronoi lattice structure, the similar concept of force that affects
the surface area is comparable.

(b)

(d)

Figure 10: Stress distribution of; (a) uniform gyroid lattice structures, (b)
non-uniform gyroid lattice structures, (c) uniform diamond lattice structures,
and (d) non-uniform lattice structures

In addition, the deformation result shows that the highest deformation
among the tibial tray model is the VVoronoi structure in uniform lattice structure
with the value of 0.000497 mm. Meanwhile, the lowest deformation is
0.000278 mm for non-uniform structure of the diamond. Figure 11 shows the
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deformation distribution of varies types of lattice structures for uniform and
non-unifrom sturctures.

Table 3: Total displacement of tibial tray (mm)

Design of tibial tray Maximum displacement (mm)
Solid 0.000294
Uniform lattice structure
Gyroid 0.000339
Diamond 0.000291
\oronoi 0.000497
Non-uniform structure

Gyroid 0.000290
Diamond 0.000278
\oronoi 0.000459

(b)

(d)

Units: m m -
290000e-04
[ 241667e04
- 19333304
— 1.45000e-04
— 066667605

i~ 48333305

0.000002+00

(9)

Figure 11: Displacement distribution on tibial tray of solid and different
lattice structures: (a) solid, (b) uniform lattice structure of gyroid, (c) non-
uniform lattice structure of gyroid, (d) uniform lattice structure of diamond,
(e) non-uniform lattice structure of diamond, (f) uniform lattice structure of
Voronoi, and (g) non-uniform lattice structure of VVoronoi
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All structures demonstrate a decrease deformation distribution for non-
uniform structures as the lattice structure consists of a variation of wall
thickness. Furthermore, all deformations occur at the top of the tibial tray
region for all types of lattice structures and solids as demonstrated in Figure
10. The distribution of force exerted on the top of the tibial region causes
maximum displacement to occur on the top of the tibial region compared to
the tibial wing and stem region.

However, this research had several limitations. The tibial implant with
different types of lattice structures (gyroid, diamond, and Voronoi) was
simulated only by static conditions. In order to obtain acceptable data for the
optimization, further studies need to be done as the walking conditions require
dynamic motions. According to the literature review, the main parameters used
in this research are different types of lattice structure and relative density of
lattice structure which showed a significant effect on the maximum stress
distribution of tibial implant. However, the effect of porosity was not
mentioned in this study; thus, it should be considered as it is widely used in
previous literature reviews.

Conclusion

In the present study, topology optimization of three different lattices was
proposed on the tibial tray to show better mechanical performance. The
topology optimization applied different lattice structures such as gyroid,
diamond, and Voronoi which are considered to have superior mechanical
performance. A lattice structure was applied on high-stress region to maintain
the optimal mass of the tibial tray. Moreover, the optimization of the lattice
structure was continued by functional gradation. By this continuity of
optimization, various ranges of sheet thickness of lattice structure contributed
to enhancing mechanical behaviour while the stress distribution for all lattice
structures remained within the allowable range. Above all, it was examined
that the tibial tray consisting of VVoronoi structures showed the best mechanical
behaviour compared to gyroid and diamond for both phases of lattice
optimization. By topology optimization, the weight reduction of optimized
tibial reached up to 40% compared to solid tibial meanwhile the density was
reduced by about 48%. As for future work, the fabrication of a tibial implant
by using selective laser melting and the evaluation of mechanical behaviour
should be measured and compared between simulation and experimental
values.
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ABSTRACT

Granite waste that increasingly accumulates yearly is significant with granite
industry growth. This research aims to use nano silica extracted from granite
dust to identify the effect of nano silica on the mechanical properties of Basalt
and Glass Fibre Reinforced Polymer Composite. The approach encompassed
three distinct weight percentages of nano silica, specifically 1 wt%, 3 wt%,
and 5 wt%, seamlessly blended into a polyester resin matrix. The evaluation
of composite mechanical attributes was conducted through compression and
Izod impact tests by following ASTM D3410 and ASTM D256. Remarkably,
the pinnacle of this enhancement materialises at the 1 wt% threshold,
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signifying the impact strength and compression strength values. Beyond this
point, a decline was observed, underscoring the critical importance of
judicious weight percentage selection. This novel composite configuration
holds promising implications, particularly for components within container
trucks, where the fusion of exceptional impact and compression strength is
paramount.

Keywords: Vacuum Silicon Mould; Nano Silica; Polyester, Basalt Fibre;
Glass Fibre

Introduction

Basalt fibre is made from natural basalt rock, which is abundant and does not
require energy-intensive processing like glass or carbon fibre. The awareness
and adoption of basalt fibre in various industries are still relatively low
compared to more established materials like fibreglass and carbon fibre. Basalt
fibre has several advantages, including high strength, durability, and resistance
to high temperatures and chemicals [1]-[2]. However, its adoption may be
limited by higher costs and processing challenges. Its suitability for a particular
application depends on the specific requirements and budget constraints.

Granite waste is generated during the quarrying, cutting, and processing
of granite stone. It comprises various types of waste, including sawdust,
sludge, and leftover stone blocks. The extraction and processing of granite can
have environmental consequences, such as habitat disruption, soil erosion, and
water pollution [3]-[5]. Managing granite waste is critical to mitigate these
impacts. However, there are opportunities to reduce its environmental
footprint by recycling and reusing the waste in various applications.

Nano silica particles are microscopic, typically in the nanometer range,
which results in a high surface area. This property can enhance their reactivity
and effectiveness in various applications. Nano silica is used as a
reinforcement filler in polymer composites, concrete, and rubber, which
enhances its mechanical properties and durability. When incorporated into
materials, nano silica can significantly enhance their strength, stiffness, and
abrasion resistance [6]-[9]. Nano silica offers many advantages in terms of
enhancing material properties and enabling various applications, but it also
raises concerns related to cost, health, and environmental impact.

Nano silica, when properly dispersed and integrated into composite
materials, has shown the potential to enhance impact resistance. Its high
surface area and compatibility with various matrices can improve the material's
ability to absorb and dissipate impact energy. Nano silica can enhance the
compression strength of composites by reinforcing the matrix material, thereby
reducing the risk of compressive failure. Incorporating nano silica can
significantly improve composites’ mechanical properties, including increased
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strength, stiffness, and toughness [10]-[12]. Nano silica is lightweight, and its
addition to composites can enhance its performance without adding excessive
weight, making it attractive for applications where weight is critical.
Achieving uniform dispersion of nano silica within the composite matrix can
be challenging. Agglomeration or poor dispersion can lead to inconsistent
performance [6], [13]. The optimal loading level of nano silica depends on the
specific application and desired performance characteristics. Higher loading
levels may improve mechanical properties but could also lead to processing
difficulties.

In conclusion, nano silica can be an adequate filler in composite
materials for impact and compression applications, offering improved
mechanical properties and durability. However, dispersion, cost, and
processing complexity challenges should be carefully considered. The success
of using nano silica in composites depends on factors such as surface
treatment, loading level, and thorough testing to ensure that the desired
performance improvements are achieved.

Materials and Methodology

Materials

Composite materials were produced by incorporating varying amounts of nano
silica, woven glass fibre, woven basalt fibre, and polyester resin as the matrix
material. The polyester used, known as CRYSTIC® 272E Isophthalic
Polyester Resin, is a low-viscosity organic-mineral resin, and it was supplied
by Carbon Tech. Global Sdn. Bhd., located in Rawang, Selangor. The resin
and Butanox M60 hardener were combined in a 100:2 ratio to create the resin
mixture. The woven basalt fibres were sourced from Zhejiang GBF Basalt
Fibre Co. Ltd. in Dongyang, China, while the woven glass fibres were provided
by Vistec Technology in Puchong, Malaysia. The nano silica was extracted
from granite fine powder and obtained from the Kelantan Branch of Jabatan
Kerja Raya (JKR), Malaysia.

Methodology

The fabrication began with cutting and measuring the desired thickness for the
woven glass and basalt fiber. Subsequently, these fibers were systematically
stacked layer upon layer. The polyester resin was then combined with the nano
silica, with the proportions determined by weight percentage. In addition, four
different percentages on nano silica weight percents, 0 wt%, 1 wt%, 3 wt%,
and 5 wt%, were added to determine the most effective modified resin within
basalt and glass fiber-reinforced polymer composites. To achieve a
homogeneous mixture, a mechanical stirrer was employed, stirring at a rate of
around 400 rotations per minute for approximately 120 minutes. As the
supplier recommended, the polyester resin was blended with a hardener in a
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100:2 weight ratio to ensure thorough composite curing. The resulting resin,
filler, and hardener mixture was poured onto the fiber layers. This resin
application was conducted layer-by-layer, ensuring a comprehensive
saturation of the fibers. Once the resin had been applied, the specimen was
sealed within a silicon mold. A vacuum was utilized to eliminate any trapped
air within the specimen, thus ensuring a complete consolidation of the
composite. Following this step, the sealed FRP (Fiber Reinforced Polymer)
specimen was removed from the mold and left to cure naturally at room
temperature for an approximate duration of 8 hours. During this period, a
chemical reaction occurred within the resin, causing it to harden and ultimately
resulting in the formation of a solid composite structure.

Izod impact test

The lzod impact test is a recognised norm that quantifies the impact energy
required to fracture a material. This test assists engineers and scientists in
evaluating the fracture properties of a given component or element. The results
were used to determine how various materials responded to impact loading.
The dimensions of sample 64 x 13 x 2.5 mm were prepared. Five identical
samples with the exact measurement were used for each test. The test was
conducted following the ASTM D256 standard. Figure 1 shows the machine
involved during the test.

Striking
Display | cope ﬁf/" edge
scale /Y: | fe— |
L Y ~ Pendulum
|_Test
Machine —1 plece
framework |

Figure 1: Izod Charpy machine used in this experiment

Compression test

The compressive test was performed according to ASTM D3410. The
compressive properties were determined through compression experiments.
The 110 x 10 x 2.5 mm sample was restrained in unique frames to prevent FRP
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composite samples from buckling. Each test used five identical samples
following the standard ASTM D3410. Figure 2 shows how the compression
test is performed.

¥ Sample

Figure 2: Compression testing

Results and Discussion

The results derived in this investigation correspond to the average values
obtained by examining five distinct samples for each composite laminate
category. The observed variation in the sample pertains to the weight
percentage of nano silica incorporated into the resin before the pouring phase
in the hand lay-up manufacturing procedure. The laminates investigated in the
study consisted of basalt fibre-reinforced polymer composite (BFRPC) and
glass fibre-reinforced polymer composite (GFRPC).

Effect of nano silica on impact test of BFRPC and GFRPC
Analysing Figure 3 reveals a distinct trend for BFRPC and GFRPC in impact
strength, as nano silica weight percentages are varied within the composite.
Commencing at 0 wt% nano silica BFRPC, we note an impact strength of
3232 Jm™. As the nano silica content increases to 1 wt%, the impact strength
experiences a notable surge, ascending to 4464 Jm-*. However, the subsequent
transition to 3 wt% nano silica leads to a decline in impact strength to 3680
Jm. This downward trajectory persists at 5 wt% nano silica, with impact
strength further falling to 3360 Jm™.

This sequence underscores an apparent pattern: impact strength
augmentation up to 1 wt% nano silica, succeeded by a diminishing trend at 3
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wt% and 5 wt%. This distinctive behaviour can be attributed to the
agglomeration phenomenon observed with nano silica [7]-[8]. The expansive
surface area of nano silica particles makes them prone to clustering, especially
at elevated concentrations. In this context, the agglomeration effect becomes
discernible at 3 wt% and 5 wt%, leading to a decrease in impact strength. This
outcome aligns with experimental findings wherein the optimal impact
strength, evidenced by the peak at 1 wt% nano silica, reflects the delicate
balance between nano silica dispersion and agglomeration effects [14]-[15].

In summary, the impact strength’s interplay with nano silica weight
percentages reveals a clear trend of enhancement up to 1 wt% and subsequent
decline at 3 wt% and 5 wt%, attributable to nano silica’s inclination to
aggregate. This investigation underscores the significance of precise nano
silica dispersion control in optimising composite properties [10], [16].

Impact strength, Jm-1
5000

4500
4000
3500 | 3232330
3000
2500
2000
1500
1000
500

Owt%NS 1wt%NS 3wt%NS 5wt%NS
OBFRPC [MGFRPC

Figure 3: BFRPC and GFRPC impact strength vs. different wt% of nano
silica

Meanwhile, for GFRPC, we can see from Figure 3 that a distinct trend
emerges in impact strength variations across diverse nano silica weight
percentages within the composite. Initiating at 0 wt% nano silica, the impact
strength registers at 3360 Jm. As the nano silica content advances to 1 wt%,
a significant increase is observed, elevating the impact strength to 4160 Jm™.
Subsequently, the transition to 3 wt% nano silica reduces the impact strength
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to 3600 Jm™, with the descending trajectory persisting at 5 wt% nano silica,
leading to a further decline of 3040 Jm™.

This progression underscores a clear pattern: an initial augmentation of
impact strength up to 1 wt% nano silica, succeeded by a decrement at 3 wt%
and 5 wt%. This pattern aligns with observations across both composite types.
Initially, nano silica's integration positively affects impact strength, a
phenomenon witnessed from 0 wt% to 1 wt%. However, a converse trend
emerges as impact strength wanes at elevated nano silica concentrations (3
wt% and 5 wt%) [17]-[18].

This intriguing behaviour stems from the inherent characteristics of
nano silica. As nano silica is incorporated, a propensity for agglomeration
emerges, particularly prominent at 3 wt% and 5 wt% due to the expansive
surface area of nano silica particles [19]-[20]. Following the outcomes, this
agglomeration effect is particularly prominent in this experiment at 1 wt%
nano silica.

In summary, Figure 3 unravels a consistent trend wherein impact
strength ascends until it reaches 1 wt% nano silica, then tapers off at 3 wt%
and 5 wt%. The underlying mechanism attributed to nano silica agglomeration
underscores judicious dispersion management's importance in optimising
composite characteristics [21]-[22].

Generally, at each corresponding weight percentage of nano silica, NS-
BFRPC tends to have slightly higher impact strength values than NS-GFRPC.
Adding nano silica might positively impact the impact strength of the Basalt
Fiber-Reinforced Polymer Composite. There is an optimal nano silica
percentage that yields the highest impact strength for each composite type. For
NS-BFRPC, the optimal percentage might be around 1 wt%, and for NS-
GFRPC, it could be around 1 wt% to 3 wt% [23]-[24].

Effect of nano silica on compression test of BFRPC and GFRPC
Based on Figure 4, the compressive strength of the BFRPC composite with 0
wt% nano silica is 125.76 MPa. For the BFRPC composite with 1 wt% nano
silica, the compressive strength increases to 153.88 MPa. The compressive
strength for the BFRPC composite with 3 wt% nano silica is 128.97 MPa. For
the BFRPC composite with 5 wt% nano silica, the compressive strength
decreases to 106.21 MPa. The data show a trend where the compressive
strength initially increases from 0 wt% to 1 wt% nano silica and decreases as
the nano silica content rises [25]-[26].

In summary, these results indicate that adding nano silica to the Basalt
Fiber-Reinforced Polymer Composite has varying effects on its mechanical
properties. Compressive strength and modulus show initial improvements at 1
wt% nano silica but decline as nano silica content increases [27]. The strain at
fracture generally increases with higher nano silica content, except at 5 wt%.
This complex relationship between nano silica content and mechanical
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properties underscores the importance of carefully optimising composite
formulations for the desired performance characteristics.

Compressive Strength BFRPC and
GFRPC, MPA

ijz 125.76 ? 12:_.97 ™ BFRPC m GFRPC
§ 120 | § %114:1_.50 %1?_,35 106.21
E 100 %99-'78 / / 57
N | | .
N BB B

Owt%NS 1wt%NS 3wt%NS S5wt%NS
Nano silica loading

Figure 4: Compression strength of BFRPC vs. wt% of nano silica

Examining Figure 2 gives us a comprehensive grasp of the mechanical
dynamics within composites, navigating the spectrum of varying nano silica
weight percentages. A deeper analysis is warranted.

For the GFRPC composite with 0 wt% nano silica, the compressive
strength is 99.78 MPa. Transitioning to 1 wt% nano silica introduces a
remarkable surge, elevating the compressive strength to 114.50 MPa. The
subsequent exploration of 3wt% nano silica content reveals a compressive
strength of 113.36 MPa. As we venture further to 5 wt% nano silica, the
compressive strength regresses to 96.79 MPa. This trajectory mirrors the
observed pattern, affirming the correlation between nano silica content and
compressive strength. The initial summit from 0 wt% to 1wt% nano silica
harmonises with prior findings, while the ascent tapers fluctuate at higher nano
silica proportions [18].

In synthesis, the mechanical property data for nano silica-glass Fiber-
Reinforced Polymer Composite (NS-GFRPC) retraces the trends evident in
prior instances. The compressive strength and modulus variances tied to nano
silica content remain consistent, while strain at fracture escalates until a
threshold and diminishes beyond [23], [28]. These patterns underscore the
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pronounced influence of nano silica on composite performance and the
indispensability of refined composite formulations in attaining the desired
mechanical attributes [17].

Conclusions

Following a meticulous analysis of the mechanical test data, it is evident that
among the array of eight distinct FRP composite systems distinguished by
varying weight percentages of nano silica, the composite system featuring 1
wt% of both Basalt Fiber-Reinforced Polymer Composite (BFPRC) and Glass
Fiber-Reinforced Polymer Composite (GFRPC) emerges as the frontrunner in
terms of compression properties, outshining the remaining systems. This
finding underscores a crucial principle: the influence of nano silica in
enhancing mechanical properties follows an apparent pattern wherein
improvements are notable until a certain threshold, beyond which these
enhancements taper.

The rationale underlying this phenomenon can be attributed to the
inherent characteristics of nano silica itself. With its expansively broad surface
area, nano silica’s propensity to enhance mechanical properties reaches an
apex, beyond which it starts to exhibit signs of compression affiliated with
crumpling. In this experimental context, the pivotal juncture is notably marked
at the 1 wt% concentration level. Consequently, a coherent conclusion emerges
- integrating nano silica can significantly elevate composites’ mechanical
attributes, encompassing impact strength and compression strength, up to a
specific weight percentage threshold. Simultaneously, integrating nano silica
presents a supplementary advantage - the reduction of granite waste, a
burgeoning concern, as it is seamlessly incorporated into the composite
fabrication process, thereby aiding in curbing the accumulation of daily
produced waste.
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ABSTRACT

Heat sinks play a crucial role in thermal management by dissipating heat away

from electronic devices and reducing the device’s performance. The heat sink
with pin fins will enhance the rate of convective heat transfer and improve the
cooling efficiency of electronic components by increasing the surface area.
This study investigates the enhancement of heat transfer rate on square
threaded pin fin heat sinks with or without perforation under natural
convection. The fins were arranged in inline and staggered arrangement. Four
different configurations were designed by using CATIA V5 and simulated by
using CFD analysis with different power inputs at 5 W, 10 W and 15 W. The
simulation results were validated with the experimental results from the
previous study by comparing the heat transfer coefficient of the heat sink
design by natural convection. The results show that the average heat transfer
coefficient of square threaded pin fins with perforations in staggered
arrangement is 7.365 W/m2.°C compared to the pin fins without perforations
which is 7.168 W/m?2.°C. Therefore, pin fin with perforation dissipates heat at
the rate of 2.75% more than pin fin without perforation. In conclusion, the
square threaded pin fins with perforations in staggered arrangement have
higher heat transfer performance.
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Introduction

Innovation in electronic device products such as smartphones, computers and
electrical appliances will evolve towards miniaturization [1]. The electronic
appliances are going into miniaturization in which the size of the device will
be minimised to a small dimension which means the space for the cooling
system is limited. The small size of the heat sink will reduce its surface area
and can reduce its efficiency in a cooling system [2]. The temperature rise in
electronic devices is perpendicular to the increasing chance of malfunctioning
the device [3].

Effective thermal management in electronic devices is vital for
maximising the performance, dependability, and lifespan, especially for high-
performance devices such as gaming laptops, which consume a very high
amount of electricity due to the large amount of data processed by the
computer at a times causing greater heat generation. As technology progresses,
the demand for innovative thermal management solutions grows. Inefficient
heat transfer by the heat sink may cause a large thermal concentration within
the body, which may cause the electronic devices to degrade [4].
Advancements and improvements are required in the field of cooling systems
in order to meet the requirements for heat sink efficacy.

Heat sinks play a crucial role in electronic devices by dissipating excess
heat generated during the operation to the surroundings as much as possible to
avoid any malfunction of the system. Convection is widely used to dissipate
heat through a medium in thermal management. This is the mode of heat
transfer in thermal management through the movement of a fluid caused by
the differences in temperature within the fluid. This movement can occur
naturally (natural convection) or be induced by external means (forced
convection). Natural convection known as a passive cooling system relies
solely on buoyancy forces created by the variation in fluid density [5]. Natural
convection is essential for designing heat sinks that can effectively dissipate
heat without the need for additional power-consuming components.

In contrast, forced convection known as an active cooling system relies
on the mechanical or electrical propulsion of fluid over a solid surface by
mechanical or electrical devices. Enhancing the rate of cooling by using a
mechanical device like a fan can increase the electrical power consumption.
Although an active cooling system is more efficient in transferring heat than a
passive cooling system, it consumes more energy, produces noise and is less
reliable due to external devices deteriorating over time such as fans or pumps
[6]. Thus, natural convection is often preferred for its simplicity, high
reliability and energy efficiency [7].

To augment heat exchange efficiency, fins are employed to increase the
available surface area for heat transfer processes. Numerous studies have
explored various aspects of fin array and surface texture to enhance heat
transfer rate. Nada et al. [8] investigated the effects of fin geometries,
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arrangements, dimensions and number of fins on heat transfer due to natural
convection. The author found that as the number of fins increased, the effective
thermal conductivity improved. Additional perforation on the fin surfaces also
demonstrated an increase in surface area which can dissipate more heat to the
surrounding. In the fluid flow characteristic, the presence of perforation or hole
creates a vortex along the perforation area which then allows more mixing air
[9]. Reduces of the weight of the pin fin by perforation contribute to the
economic design. The higher number of perforations with a smaller perforation
radius is effective in enhancing the heat dissipation rate [10]. MOORA and
entropy minimization methods to predict the performance of perforation fin in
an inline and staggered arrangement were used by Maji et al. [11]. The result
showed that lower velocities from 4 to 6 m/s elliptical perforation on linearly
arranged circular fin have a higher heat dissipation against lower pressure loss.
Furthermore, obstruction in fluid flow is more in staggered fin than linear fin
which causes a higher pressure drop [11].

Laad et al. [12] studied the effect of pin-fin shape on the performance
of the heat sink with different shapes of fins such as rectangular, trapezoidal,
circular and square. The result showed that the circular pin fins have better
performance than the others. An experiment to analyse the performance of fin
efficiency by using different materials showed that copper material achieves
94% efficiency in thermal conductivity better than brass and aluminium with
66% and 91% efficiency, respectively [13]. The heat transfer rate in square
threaded pin fin with perforations in a staggered arrangement is higher among
each other arrangements in natural convection due to obstruction, more
circulation, irregularity, and zigzag positions of pin fins in the array which
leads to an increase in Reynolds number and Nusselt number of airflow along
the pin fin array [14].

All the heat sinks with perforated solid threaded pin fins inline have a
higher rate of heat transfer capacity than the other hollow pin fins [15]. The
heat transfer rate of square-threaded pin fins with perforations shows the
highest rate due to the obstruction in the arrangement of pin fins [16]. Despite
these advancements, there exists a notable research gap when it comes to
exploring alterations in surface texture such as threading and in the context of
thermal management. While fin geometries have been extensively studied,
there is limited research on modifying the surface with thread, perforation or
additional surface coating [17]. These alterations could potentially offer
innovative solutions for enhancing heat dissipation in miniaturized electronic
devices. Threaded pin fins represent a specialized design variation of
traditional heat sink fins. These fins are characterized by their unique
geometry, featuring helical threads that spiral around the fin's central axis. The
introduction of threaded pin fins disrupts the thermal boundary layer near the
surface of the fin, leading to improved convective heat transfer. This disruption
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enhances fluid mixing, increases heat exchange surface area, and reduces
thermal resistance, resulting in more efficient heat dissipation.

Therefore, the purpose of this project is to investigate the enhancement
of thermal performance through square threaded pin fins with and without
perforation of the heat sink with variations of arrangement under natural
convection conditions. All heat sink models were simulated using CFD Ansys
to observe the flow fields and heat sink performance. Thermal characteristics
of the heat sink such as Nusselt number, Rayleigh number, Prandtl number and
heat transfer coefficient were analysed.

Methodology

Design specification

Threaded pin fins heat sinks were designed using SOLIDWORKS software.
Figures 1 and 2 show the square threaded pin fin heat sink without perforation
in inline and staggered arrangement. Figures 3 and 4 show the square threaded
pin fin heat sink with perforation dimensions. The arrangements of the pin fin
were in inline and staggered form. The cross-sectional area for the base plate
was 250 mm in length, 125 mm in width and a thickness of 5 mm [16].

Table 1 shows the detailed specification dimensions of the geometry
for each heat sink model. Figures 5 and 6 show the detailed dimensions of
inline and staggered pattern heat sink. Aluminium was chosen as the material
for the pin fins due to its cost effectiveness [18], ease of machining, corrosion-
resistant and good thermal conductivity [19]. These characteristics make
aluminium a suitable material for heat sink applications.

Figure 1: Square threaded pin fin Figure 2: Square threaded pin fin
without perforation in inline without perforation in a staggered
arrangement arrangement
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Figure 3: Square threaded pin fin

with perforation in inline
arrangement

Figure 4: Square threaded pin fin
with perforation in a staggered
arrangement

Table 1: Dimension for the geometry of the heat sink model

Type of pin fins __ Inline Inline pattern  Staggered  Staggered
Base plate, (mm) 250 x 125x5
Pin height (mm) 100 100 100 100
Pin outer 20 20 20 20
Pin inner 15 15 15 15
Pitch (mm) 5 5 5 5
Number of pins 9 9 8 8
Number of - 27 - 27
250.00
62.50 62.50 6250 .
: 20.000 o
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Figure 5: Dimension of pin fins in inline pattern
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Figure 6: Dimension of pin fins heat sink in a staggered array

CFD analysis

In this project, steady-state conditions and heat transfer distribution on the heat
sink were simulated using the CFD tool of Ansys CFX 2023. The
computational domain of the heat sink models was simulated under natural
convection conditions in which hot fluid at the bottom of the heat sink was
raised and cold air came in the places of hot air. The direction of fluid flow in
natural convection was raised against gravitational force. The size of the
domain was 300 x 300 x 300 mm. Figure 7 shows the heat sink in the domain.

NP
Uniform heat flux
0.00 300.00 600.00 (mm)
| EEEEaa—— S
150.00 450.00

Figure 7: Heat sink in the domain

Simulation setup and boundary conditions

The modelling of CFD simulation and post-processor was carried out in the
ANSYS 2023 R1 workbench using the aid of CFX. Based on a previous study
on natural convection, [20] described that ANSYS CFX has the capability of

190



Numerical Analysis of Threaded Pin Fins Heat Sink by Natural Convection

solving the convective transport of energy by fluid flow and solving thermal
conduction in solids. Table 2 shows the overall boundary condition used in this
project.

Table 2; Summary of boundary conditions

Physical condition

Fluid Steady and incompressible air
Fluid volume (L x W x H) 0.3x0.3x0.3m
Fin and base heat sink material Aluminium
Thermal boundary condition
Air temperature 25°C
Air pressure 1 atm
Heat flux 480 W/m?
Computational elements
Element type Tetrahedron
Number of elements 3 M elements
Solution model
Turbulence models Laminar
Analysis type Steady state

In this analysis, the enclosure was modelled as a fluid domain and the
heat sink was modelled as a solid domain with a supply of heat source from 5
W to 15 W. The analysis was conducted at an atmospheric temperature of 298
K. Boundary conditions were applied as follows:

o Domain interface - The interface between solid fin surface and fluid

Basic setting - “fluid-solid” interface
Activated buoyancy in Y-direction, -9.81 m/s?
Opening - all sides of fluid domain except bottom face
The bottom face of the fluid domain is set for adiabatic
The base of the heat sink is set as heat flux.
The whole geometry model was discretized into finite volumes of tetrahedral
mesh using suitable mesh. Figures 8 to 11 show the details of the mesh
geometry of the heat sink.
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Figure 8: Meshing view of square threaded pin fin without perforation in
inline arrangement

Figure 9: Meshing view of square threaded pin fin without perforation in a
staggered arrangement

Figure 10: Meshing view of square threaded pin fin with perforation in inline
arrangement
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Figure 11: Meshing view of square threaded pin fin with perforation in a
staggered arrangement

Grid independent test

The grid independence test was carried out to determine the appropriate
number and size of the elements in the simulation of this project. In this project,
the size of elements was varied by decreasing the element size while keeping
other simulation parameters constant. The test was carried out on a square
threaded pin fin without perforation in inline arrangement with a heat flux at
15 W. Based on Table 3, the geometry of the domain was meshed using
tetrahedral mesh algorithms after selecting the targeted physical parts to
investigate heat transfer phenomena. The whole computational domain was
tested with a different number of mesh element sizes ranging from 10 mm to
20 mm, then the average temperature value was plotted to check the acceptable
grid size used as shown in Figure 12. The element size of 10 mm gave the
highest number of elements with 4 514 282 which consumed very high time
of the computational process. Since the difference in base temperature was not
significant between mesh elements of 18, 16 and 13, the element size chosen
was 13 mm because finer element size can increase the accuracy of results with
better mesh quality.

Table 3: Summary of mesh independent test

Element size Mesh elements Base temperature  Fin temperature
(mm) (K) (K)
20 2155645 364.3123 362.6670
18 3014229 364.5981 362.9528
16 3225512 364.5688 362.9235
13 3677634 364.5597 362.9144
10 4514282 364.6497 363.0056
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Figure 12: Mesh sensitivity analysis of grid independence test

Governing equations

The governing differential equation for steady-state condition, laminar flow,
constant property, and the three-dimensional flow with the incompressible

ideal gas assumption is given by [21].
Continuity equation:

Ju Jdv Jw _

—+—+—=0
6x+6y+6z

Momentum equation:

U—+v—+w—)=—+ul?U)

< au au OU) dp
p 0x dy 0z 0x

p(u—+v—+w—) = —a—p+u(V2v)—pg
x dy

( ow ow 6W)_ 6p+ 2w
p =" u(Vw

oT , or  oT _ .
Yax TPy T Wa T VY

194

M

2

3)

“)

©)



Numerical Analysis of Threaded Pin Fins Heat Sink by Natural Convection

At the pressure and temperature of the surroundings P = Pam, T = T.. The
energy equation for conduction in solid V2T = 0.

An assumption on the working fluid is air with incompressible ideal gas
and properties of the fluid are measured at film temperature Tsim = (Tw + Tx)/2
where the Ty, is ambient temperature, and T, is the average surface temperature
on the heat sink. Therefore, the result can be represented using the following
non-dimensional parameters. Grashoff’s Number is the ratio of buoyancy force
to the viscous force acting in the fluid layer. The Grashoff number has the same
importance in free convection as the Reynolds number in force convection to
find the type of flow either laminar or transition turbulent in free convection
[19]. The Grashoff number can be calculated as:

_gXBXAT x 2z

G
r vz

6)

where g is the acceleration due to the earth’s gravity, z is the vertical length,
B is the coefficient of thermal expansion, AT is the temperature difference and
v is the kinematic viscosity For gases § = 1/T where the temperature is in
Kelvin. The Prandtl number is defined as the ratio of kinematic viscosity to
thermal diffusivity. The Nusselt number is used to define the ratio of heat
transfer by convection to the heat transfer by conduction within a fluid.
Meanwhile, for natural convection, the equation for the Nusselt number can be
calculated in the form of the Grashoff number and Prandtl number as,

Nu = 0.59(GrPr)%25 @)

The heat transfer coefficient can be calculated as [20]:

h:Nuxk
z

®)

where Nu is Nusselt number, k is thermal conductivity and z is vertical height.

Results and Discussion

Validation of simulation with experimental data from literature

Validation results of simulation are vital to ensure the accuracy and reliability
of the simulation model against established data published in the literature. In
this project, the heat sink simulation was validated against experimental data
[16], which used a similar geometrical configuration and the same operating
conditions. The detailed physical geometrical configuration of this study can
be found in Table 1. The same geometry was adopted for simulation and tested
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with a heat source of 15 W. Heat transfer coefficient was the main parameter
for testing the validity of the simulation with experimental work using
Equation (8). Table 4 shows the result for the heat transfer coefficient for both
simulation and experimental.

Table 4: Validation result of heat transfer coefficient for pin fins in an inline
and staggered array

Square Square Square
Heat transfer Square threaded pin  threaded pin thrgade(_j pin
iy threaded pin A - fin with
coefficient, h fin in inline fin with finin erforation in
(W/m?K) perforation in  staggered P
pattern . staggered
inline pattern pattern
pattern
Simulation 7.38 7.24 7.27 7.46
Experiment
[16] 7.32 7.46 7.65 7.83

Based on the result, validation of the heat transfer coefficient for
numerical simulation and experimental results shows a good agreement in
which the value is nearly the same. The percentage difference between
numerical simulation and experiment results can be calculated using Mean
absolute percentage error (MAPE). The MAPE formula is expressed as below:

N
100 X; — fi
MAPE = — X |—
N X
i=1

where n, x; and x; are the total numbers of value, simulation, and experimental
values of the study respectively. Based on Table 5, the percentage errors are
consistently less than 6%, therefore the present model is acceptable to predict
the heat transfer coefficient of the heat sink.

©)

Analysis of heat transfer distribution on the heat sinks

Effect of fin pin arrangement and perforation on temperature distribution
Figures 13 to 16 show the temperature contours over the convective surface
areas for pin fin heat sinks in inline and staggered arrays. From the
observations, all the design models analysed show that the temperature
distribution decreases gradually from the base plate to the length of the pin
fins. In Figure 13, the base plate is characterized by shades of red and yellow,
indicating that the initial temperature of the base plate is around 364.5 K,
which is the hottest part of the heat sink. Along the pin fins, the colour shifts
to blue, this gradually decreases the temperature of the pin fin from the base
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plate to approximately 362.9 K. The temperature contour plot for Figure 10
reveals a consistent temperature gradient, indicating a gradual dissipation of
heat from the base plate through the pin fins. This inline arrangement facilitates
heat transfer but exhibits modest temperature reduction along the fins.

Table 5: MAPE error percentages between simulation and experimental

results
Square
Square Square Square threaded pin
threaded threaded pin  threaded pin fin wi P
. AP N o in with
Heat sink pin fin in fin with finin L
S S perforation in
inline perforation in staggered
- staggered
pattern inline pattern pattern
pattern
MAP(I,E 0.79 3.1 5.3 5.0
error %

Figure 14 shows that the base plate is slightly cooler at the temperature
of 360.1 K and the temperature decreases along the pin fins until the end of the
pins at 358.7 K. Along the staggered pin fins, the colour gradually shifts toward
dark blue tones for all pin fins. The heat dissipation in Figure 14 is slightly
more efficient compared to Figure 13. The staggered arrangement introduces
irregularities in the flow pattern, which contribute to improved cooling
efficiency as indicated by the lower temperature at the end of the pin fins.

Figure 15 shows that the base plate temperature is 358.9 K, with the
temperature decreasing to 357.2 K at the end of perforated pin fins.
Comparison between Figures 13 and 15 shows that the addition of perforations
to the pin fins in inline arrangement significantly increases heat dissipation
from the heat flux at the base plate. This situation is predicted because an
increase in effective heat transfer area enhances the rate of heat dissipation
[22].

Figure 16 shows the result of a unique temperature distribution. The
base plate temperature is relatively high at 367.6 K and the temperature
decreases to 366.2 K at the end of the perforated pin fins. When comparing the
colour trends in the temperature contour between Figure 15 and Figure 16
along the staggered pin fins, the colour gradually shifts toward dark blue tones
for all pin fins in Figure 16. It shows that the threaded fin pins with perforation
in staggered arrays are cooler and highly effective in dissipating heat, even
though the base plate starts at a higher temperature. The colour trends in the
temperature contour plots visualize how heat is distributed across the heat sink.
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Figure 13: Temperature contour of inline pattern without perforation pin fins

Figure 14: Temperature contour of staggered pattern without perforation pin
fins

Figure 15: Temperature contour of inline pattern with perforation pin fins
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Figure 16: Temperature contour of staggered pattern with perforation pin fins

Fluid flow visualization

Effect of fin pin arrangement and perforation on fluid flow

Figures 17 to 20 show the velocity vectors of the pin fin heat sink with
variations in perforation and arrangement at 15 W heat input. These velocity
vector plots offer critical insights into how these design factors impact the
movement of air and consequently heat dissipation.

Figure 20 shows the high-velocity profile which indicates the presence
of strong airflow and fluid turbulence. Vortex formations occur within this
configuration. These vortices represent areas where the fluid flow separates
from the pin fins and subsequently reattaches downstream. This flow
separation and reattachment contribute to enhanced heat transfer by disrupting
the thermal boundary layer near the heat sink surface. This phenomenon aligns
with the findings [22] which highlight the potential of improved heat
dissipation.

Figure 18 exhibits a lower-velocity profile compared to Figure 20. This
lower-velocity profile is indicative of reducing fluid turbulence and weaker
airflow within the pin fin array. The key distinction here is that the pin fins in
this configuration lack perforations. Without perforations, the airflow is more
obstructed by the pin fins, leading to lower circulation and higher resistance to
flow. This increased resistance results in a higher-pressure loss within the pin
fin structure [23].

A noteworthy observation from these velocity vector plots is the
difference between inline and staggered arrangements. Staggered pin fins tend
to allow for more unimpeded fluid flow between the fins, resulting in improved
circulation and reduced flow blockages compared to inline arrangements.
Consequently, staggered patterns tend to exhibit more favourable fluid flow
characteristics for heat dissipation.

The role of perforations in pin fins becomes apparent when comparing
Figures 18 (no perforations) and 20 (with perforations). Perforations disrupt
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the flow near the pin fins, creating additional turbulence and enhancing
mixing. This disruption leads to increased heat dissipation from the heat sink
surface, a crucial factor in optimizing cooling efficiency.

Additionally, the fluid flow patterns in the inline pattern configurations,
both with and without perforations, reveal a limitation. The pin fins in the
middle of the inline pattern receive insufficient airflow to dissipate heat
effectively. This is attributed to the sequential arrangement of pin fins, where
air struggles to rise parallel through the fins. As a result, this configuration
might experience reduced heat transfer performance.

In summary, these fluid flow visualizations provide valuable insights
into the impact of perforations and pin fin arrangement on heat sink
performance. Perforations disrupt flow and enhance turbulence, while
staggered arrangements generally promote more efficient fluid circulation.
Understanding these flow patterns is critical for optimizing heat sink designs,
ensuring effective heat dissipation, and maintaining safe operating
temperatures for electronic devices. This analysis underscores the importance
of design choices in achieving superior thermal management.

@ xy-"plane (b) yz-plane

Figure 17: Air flow velocity profile of inline pattern without perforation

(@) xy-plane (b) yz-plane

Figure 18: Air flow velocity profile of staggered pattern without perforation
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Figure 19: Air flow velocity profile of inline pattern with perforation
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Figure 20: Air flow velocity profile of staggered pattern with perforation

Thermal performance

In Figure 21, the graph presents a linear trend in the relationship between the
resulting temperature difference (47) and the power input applied to the base
plate of the heat sink for four distinct pin fin configurations. When power input
increases, the temperature difference also tends to increase. This correlation
reflects the basic principle that higher heat loads lead to greater temperature
differentials within the heat sink.

Pin fins with perforation in the staggered pattern have a higher
temperature difference followed by pin fins in inline pattern. The higher
temperature difference measured at the base plate with the temperature at
atmospheric air is due to the arrangement in the staggered pattern which can
reduce the obstruction for the fluid to flow through the entire pin fins. Thus, a
more convective surface area actively dissipates heat to the surrounding air
[24]. This configuration is the most effective in dissipating heat.

The Rayleigh number is a dimensionless number that quantifies the
relative effects of buoyancy and viscous forces in fluid flow. It is a critical
parameter in natural convection heat transfer. Meanwhile, the Nusselt number
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represents the ratio of convective heat transfer to conductive heat transfer in a
fluid. It characterizes the effectiveness of heat transfer, with higher Nu values
indicating more efficient cooling.

For all configurations of pin fin, there is a positive correlation between
Nu and Ra as shown in Figure 22. This means that as the Rayleigh number
increases, the Nusselt number also tends to increase. This relationship is in line
with the expectations in natural convection, where higher Ra values typically
lead to enhanced convective heat transfer [24]. Pin fins with perforation in the
staggered pattern have the highest Nusselt number while pin fins with
perforation in inline pattern have the lowest Nusselt number. The difference
between the highest Nusselt number of pin fins in staggered with perforation
and the second highest pin fins in inline pattern is about 0.62%. The
combination of staggered patterns and perforations promotes more effective
convective cooling.
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Figure 21: Temperature differences, AT against the power input, Q
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Figure 22: The relation of Nusselt number, Nu and Rayleigh number, Ra
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From Figure 23, all the models showed the same trend as Figure 22
which indicates a positive correlation between Nusselt number, Nu and heat
transfer coefficient, h. Higher Nusselt numbers typically indicate more
efficient heat transfer, while the heat transfer coefficient quantifies the rate of
heat exchange between a solid surface and a fluid. Lower Nusselt numbers
reduce convective heat transfer, which is often associated with laminar flow or
less effective heat dissipation. The positive correlation between Nu and h is
essential for engineers and researchers in the field of thermal management. It
implies that by optimizing the pin fin configuration and geometry to achieve
higher Nusselt numbers, the heat transfer performance of a heat sink can be
enhanced, resulting in more efficient cooling of electronic devices. These
findings can be valuable in designing heat sinks for various applications where
effective heat dissipation is crucial. From both graphs, it can be stated that pin
fins with perforation in staggered patterns have better thermal performance
than the other model of heat sink.

26.8

@ Pin fin without perforation in inline pattern
26.6 @ Pin fin with perforation in inline pattern
Pin fin without perforation in staggered pattern

26.4 ® Pin fin with perforation in staggered pattern

26.2 o®

.—5 -

(]
wn
oo

]
N
=)
L ]

Heat transfer coefficient, h (W/m2.K)

(o]

S

.
-3
=
1

7.2 1.3 74 7.5

Nusselt number,Nu
Figure 23: The relation of heat transfer coefficient, # and Nusselt number, Nu

Figure 24 shows that the heat transfer coefficient tends to increase with
higher power inputs across all square threaded pin fins. This behaviour is
consistent with the expected response of convective heat transfer, where higher
power inputs lead to greater temperature gradients and increased heat
dissipation. Pin fins with perforation in the staggered pattern have the highest
heat transfer coefficient at each power supply while pin fins with perforation
in inline pattern have the lowest heat transfer coefficient. For the square
threaded pin fin in the staggered pattern with perforation, the result
demonstrates a consistent rise in the heat transfer coefficient as power input
increases. This model offers the highest heat transfer coefficients, making it a
promising choice for applications with high power densities. As a comparison,
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the average difference between h of the pin fin with perforation and the pin fin
without perforation in the staggered pattern is 2.75%. Therefore, the pin fin
with perforation in a staggered pattern dissipates heat at the rate of 2.75% more
than the pin fin without perforation.
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Figure 24: The relation of heat transfer coefficient, 4 and power input, Q

Conclusion

This project presents a numerical analysis for the investigation of flow patterns
and quantifies the heat transfer characteristics of the square threaded pin fins
integrated into the heat sink by natural convection. Four configurations were
analysed based on the pin fins with or without perforations in an inline or
staggered pattern. The effects of different arrangements and the presence of
perforations, all under the conditions of natural convection, were analysed. The
simulation was validated with previous studies to determine the heat transfer
coefficient, h. In this project, the result for validating the Ansys CFD
simulation with the experiment [16] shows about a 5% error of heat transfer
coefficient for square threaded pin fins with perforation in a staggered pattern.
Temperature contours reveal that all design models exhibit a gradual decrease
in temperature from the base plate to the end of the pin fins. While the inline
arrangements facilitate heat transfer, the staggered arrangements, especially
those with perforations, demonstrate more efficient heat dissipation. This
shows that the choice of pin fin arrangement plays a pivotal role in thermal
performance. The additional perforations in inline arrangements significantly
increase heat dissipation by expanding the effective heat transfer area.
Threaded fin pins with perforations in staggered patterns prove to be highly
effective in dissipating heat, despite a relatively higher base plate temperature.
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The colour trends in the temperature contour plots vividly depict how heat is
distributed across the heat sink. The enhancement in heat dissipation rate due
to perforation is noted when having a higher contact surface with fluid in
comparison with the pin fins without perforation. The extended effective
surface area with the application of threaded geometry on pin fins contributes
a good medium of convection heat transfer. The fluid flow visualization
elucidates the relationship between pin fin patterns, perforations, and airflow
patterns. Staggered pin fin pattern disrupts the flow less, resulting in improved
circulation and reduced flow blockages compared to inline arrangements.
Perforations introduce turbulence and enhance mixing, contributing to
increased heat dissipation. For thermal performance, as power input increases,
temperature differences also tend to rise. The higher heat loads lead to greater
temperature differentials within the heat sink. Thus, a more convective surface
area actively dissipates heat to the surrounding air. The threaded fin pins with
perforations in staggered patterns are the most effective in dissipating heat.
The heat transfer coefficients increase with higher power inputs. Pin fins with
perforations in staggered patterns consistently offer the highest heat transfer
coefficients, making them particularly attractive for applications with elevated
power densities. In summary, this research project significantly contributes to
the understanding of thermal management through square-threaded pin fins.
By optimizing pin fin arrangements and introducing perforations, the square-
threaded pin fins have higher heat transfer performance than others. These
findings hold substantial implications for the design and engineering of heat
sinks in a wide range of electronic applications.
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ABSTRACT

Future manufacturing requires a process to achieve high productivity with
high-quality products. Appropriate and optimum machining parameters
during machining operation are essential to enhance the surface quality (Ra).
This study investigated a design for machining parameter optimization to
reduce time and cost with minimum experiments using the Taguchi method via
the screening method. In this study, the machining parameters were the cut
speed (v¢), fed speed (vs), cut depth (doc), cut width (wec), and flute (z). The
response analysed process was done on Aluminium alloy AA6061 via a high-
speed computer numerical control machine (HSM) employing an end mill
cutter in dry cutting. Analysis of Variance (ANOVA) of parameters
combination applied during the process was used to analyse the results from
data obtained and via the screening. Based on the result of ANOVA indicated
that vi showed a greater F-value which meant v had statistical significance for
the terms and model. It was concluded that through the confirmation test, the
optimal machining parameters v¢ at 220 rpm, vi at 150 mm/m, doc of 0.5 mm,
Woc at 4 mm, and z at 4 flutes, with R, was around 0.122 - 0.127 which was
achieved the requirement of standard for industries in polishing.
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Introduction

Various machining processes in current and future manufacturing require a
process with high productivity including improving the quality of products. An
effective manufacturing process produces products of right dimensions and
precision. One classical example is the milling operation which dispose of
material quickly with excellent surface finishing results. Surface morphology
is the main indicator in machining to evaluate process effectivity as well as the
quality of the product [1]-[2]. Surface morphology evaluation handled by
surface roughness measurement on the final product has a strong relationship
to the performance of the machining and its functionality [3]-[4].
Conventionally, manufacturing processes are prepared to derive the maximum
productivity with minimum cost. On the other hand, the surface quality is
influenced also by the deviation of interface between tool and workpieces.
Large or small deviations represent rough or smooth surface roughness
respectively [5]-[6].

Materials with high strength have been manufactured as a result of
numerous developments in material engineering and technology. The
appropriate Computer Numerical Control (CNC) machine tool to remove the
chips over the materials during machining is strongly significant [7].
Currently, aluminium alloys are widely used as main materials in various parts
and products such as in the automotive industry [8]. A study by Novakowski
etal. [9], focused on the influence of the milling conditions of aluminium alloy
2017A by investigating the optimum operating parameters during face milling.
It was found that surface roughness (Ra) was achieved at 0.6 according to the
desired Ra > 0.2 by optimum parameters of v 300 m/min and v; 0.14 mm/tooth.
Similar study can be found at [10]. Machining processes on the aluminium
alloy are predominantly applied in the automotive industry such as the
manufacturing of moulds and dies for producing automotive components.

In this research, the Taguchi method was chosen to analyse the
machining parameters to reach the minimum R, [11]-[12]. The Taguchi
method has been widely used as a technique for process parameter
optimization involving cut speed, fed speed, cut depth, and cut width, as well
as the number of flutes or teeth as described in Figure 1. Several operational
variables can be optimized more easily and effectively with the help of
statistical design of experiments. Often used experimental design techniques
include the Taguchi method, full factorial design, evolutionary operation, and
response surface methodology. Taguchi's optimization technique is a distinct
and potent optimization field that permits optimization with a minimal number
of experiments. Robust design solutions, cost savings, and quality
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improvement are all achieved with the Taguchi experimental design. The
Taguchi technique has two advantages over the other methods: it can optimize
many factors at once and extract more quantitative information from fewer
experimental trials. Joshi and Bolar [13] discovered that end mills with
additional flutes had a significantly superior surface roughness. This due to,
the chip load decreases with an increase in flute number, lowering the cutting
force.

Speed of Cut (Rpm)

CNC Machine Tool

Tool Diametér

Workpiece

Figure 1: Illustration of the milling process in CNC machining

The Taguchi method in [14] via Orthogonal Arrays (OA) manages the
experiments by reducing the number of experiments and minimizes the effects
of disturbances. In addition, it reduces experiment time and costs [15]. Another
study by Yang [16], and Oemar et al. [17], approved that by Taguchi method
found that speed was the important parameter affecting the output of
dimensional tolerance and separation force in 3D additive manufacturing, and
chemical reagent concentration and activation temperature in the activated
carbon production from rubber seed shell, respectively.

The average disagreement for the output response of the experimental
results in each parameter context is described in the OA matrix [18]. Analysis
of the response was then performed using the Signal to Noise Ratio (SNR). It
can be categorized as "smaller-better", "bigger-better”, and "nominal-better"
in which a typical response advantage category is considered [19]. The CNC
machining needs the fastest response of the swirling process of the tool on the
material. Therefore, the “smaller is better” of SNR is highly recommended
[20]. It is proposed using the following equation:

=2 t0eg (3 ) 8
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where Y; is the data obtain from experiments and # is the experiment
observation number. The Taguchi method was applied with the Minitab
software for Analysis of Variants (ANOVA) that produced an unspoilt output
of SNR [21]. This value was applied to measure experimental design
variations. The SNR provides an increase in the control factor that is measured
in terms of quality characteristics, namely the quality improvement achieved
from the reduction in variability. The SNR characteristic was chosen according
to the experiment response. For this reason, using the Taguchi orthogonal array
can minimize the number of experiments [22]-[23]. Minitab 19.0 was applied
with array L8*25 employing factors equal 5 for the screening process. The
screening test and Minitab 19.0 produces small run numbers, and the variant
analysis (ANOVA) output was still unspoilt. By ANOVA, the potential
contribution of the CNC machining parameters based on output response from
the surface roughness measurements was determined [24].

ANOVA offers tools such as the normal probability plot [25]. It can be
used to describe the relationship between the roughness value and cut speed,
fed speed, cut depth, cut width, and amounts of tool's teeth. The distribution of
normal data was indicated by the normal probability plot, while the variables
influenced the response of the process. The Pareto chart refers to the absolute
values of the significant effects statistically of the selected machining
parameters via plots of a reference line [26]. Another important part of
ANOVA is the regression to evaluate the significant fit of the data. Through a
residual plot, it can be seen how far the error between the predicted value and
the observed actual value is [27].

Based on the above references it was understood that the selected value
of process parameters in combination and variation among them affected
significantly the end quality of the product i.e., surface finish (roughness) Ra.
This can be done through investigation to process optimization of the process
by analysis of the selected values of the machining parameters which was the
objective of this study. Five different process parameters with their
combinations were tested and analysed to find the best fit affected significantly
by the Ra. Via Taguchi, ANOVA, and screening methods, the characteristics
of each parameter can be analysed for their contribution to the output response
Ra. Therefore, the future output response of R, was predictable.

Material and Method

In this study, Aluminium alloy 6061 was used as sample specimens. The
mechanical properties of this alloy can be seen in Table 1. The chemical
composition of the specimen was obtained using Optical Emission
Spectroscopy. The specimen material was identified as AA6061 based on the
Designation of International Alloy and Chemical Composition for wrought
aluminium and aluminium alloy with the chemical composition listed in Table
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2 [29]. It was selected due to its excellent mechanical characteristics [30], with

good machinability which is often used for automotive and aerospace
components.

Table 1: Mechanical characteristic of aluminium alloy 6061 [28]

Properties Metric Imperial
Tensile strength 310 MPa 45000 psi
Yield strength 276 MPa 40000 psi
Shear strength 207 MPa 30000 psi
Fatigue strength 96.5 MPa 14000 psi
Elastic modulus 68.9 GPa 10000 ksi
Poisson's ratio 0.33 0.33
Elongation 12-17% 12-17%
Hardness, Brinell 95 95

Table 2: The chemical composition of aluminium alloy (AA6061) in the
workpiece used in this study

Element Al Cr Cu Fe Mg Mn Si Ti Ni Pb Zn
Wt.(%) 96 0.1 02 0.7 23 0.15 0.6 0.15 <0.005 <0.004 0.25

In the sample specimen’s preparation, workpieces are set with a
geometry of 50 x 38 x 20 mm and then prepared viaa CNC machine. A finished
sample specimen was ready for experiment shown in Figure 2.

Figure 2: The geometry of workpieces made of aluminium alloy (AA6061)

In the analysis, required methods were also prepared such as the
Taguchi method, ANOVA, and screening methods. As mentioned, the
independent variables being selected in this study for screening were the cut
speed, fed speed, cut depth, cut width, and number of flute (z). From these five
independent variables, the optimum parameters are determined. These
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optimum parameters form the basis for the development of the model that
predicts surface roughness values in each experiment. The optimum
parameters were synthesized based on the Taguchi method using analysis of
table of variants in Minitab. The R, was measured using a stylus probe type
(handy surf) based on the WAS Foundry Master ASTM E 1251 standard as an
output response from the CNC machining process in the experiments.

A 3-axis high-speed computer numerical control machines (HSM) of
LG-1000 HARTFORD which is available in the manufacturing laboratory at
Engineering Faculty, Universitas Pembangunan Nasional Veteran Jakarta was
employed to conduct the experiment using end mill cutter utilized in dry
cutting at 750 rpm value according to the tool geometry and workpiece. The
Taguchi method was then applied to observe the significant parameters
through reducing experimental works. Through this method, an efficient and
systematic approach to find the optimum machining parameters can be
achieved.

Table 3 lists the range of selected parameters level in this study. The
five parameters were used in this study, where each parameter was set at two
levels with low and high levels in Taguchi. The design of experiment (DOE)
was performed using Minitab 19.0 with array L8*2° employing factors equal
to 5.

Table 3: The range of selected parameters represented by two categories i.e.,
low- and high-level parameters used in this study

Low level  High level

Process parameters Status Unit
parameters parameters
Cut speed (v¢) Process input 100 220 m/min
Fed speed (v5) Process input 150 1681 mm/min
Cut depth (doc) Process input 0.1 0.5 mm
Cut width (Woc) Process input 4 6 mm
Number of flute (z) Process input 3 4 flute
Surface roughness Process The surface roughness values based
(Ra) output/response on two levels of parameters could be

identified.

After laboratory preparation, the study starts with the selection of the
machining parameters i.e., cut speed (v¢), fed speed (vs), cut depth (doc), cut
width (woc), and tooth amount (z). After that, the Taguchi method was
employed for process parameter optimization. The machining test through
experimental work on sample material (workpieces) was done to test the
machining process based on the selected machining parameters. Furthermore,
the surface roughness (Ra) of the finished machining product was evaluated
and analysed. ANOVA was then applied in the study to determine the
significant contribution of the selected machining parameters. Through
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screening, the proposed machining parameters were known whether the
parameters are significant or not significant.

Results and Discussion

Table 4 shows the value of surface roughness measurement (Ra) obtained for
each run of experiments. The results indicated that the sixth experiment
produced the lowest value of R, of 0.108 at 220 m/min of v, at 150 m/min of
vs, 0.5 mm of doc, 6 mm of wec, and with 3 of z. This Ra was suited to apply for
low friction or high aesthetics components based on machine component
guidelines provided by industry standards (ASME B46.1). On the other hand,
the highest value of surface roughness emerged in the fourth experiment when
Ve, at 100 m/min, viat 1681 mm/min, doc at 0.5 mm, wyc at 6 mm, and z at 4.
From all runs of the experiment, was revealed that the lower fed speed
produced a lower surface roughness value and increasing the cut speed led to
reducing surface roughness value. Other parameters such as doc, Woc, and z have
contributed to the surface roughness value but not too significant.

Table 4: The measurement results of surface roughness (Ra) affected by
selected parameters through the CNC milling process at each run

Run  vc (m/min)  vs(mm/min)  doc (MM)  Woe (Mmm) 7z Ra
1 100 150 0.1 4 3 0.117
2 100 150 0.1 6 4 0.117
3 100 1681 0.5 4 3 0.753
4 100 1681 0.5 6 4 0.922
5 220 150 0.5 4 4 0.126
6 220 150 0.5 6 3 0.108
7 220 1681 0.1 4 4 0.272
8 220 1681 0.1 6 3 0.293

Furthermore, the following Tables (Table 5 and Table 6) presented the
effectiveness of each condition in influencing the characteristics of the related
responses within a limited range. Table 5 lists the parameter coefficients from
coefficient, SE coefficient, T-Value, P-value, and VIF. It is well known that
the coefficient lies in the relationship between the predictors and response
variables measured by their size and direction, where the error is standardized
by the SE coefficient via estimation from the sample data. Meanwhile, the ratio
between the coefficient and standard error is denoted by T-Value.
Subsequently, The P-value is the probability which is the lower P-value will
lead to the null hypothesis. From Table 5 can be seen that v, vi, and dqc, are
lower probabilities compared to other parameters, where they have a
significant effect on the response Ra. Similar results of R, can be found in [31]
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and [30]. By VIF equal to 1 at all parameters indicated that they have no
correlations among the predictors in the model.

Table 5: Parameter coefficients in relation to the predictor and the response

variable
Term Coef. SE Coef. T-value P-value VIF
Constant -0.017 0.201 -0.09 0.939

Ve -0.002310  0.000362 -6.38 0.024 1.00
Vi 0.000289  0.000028 10.19 0.009 1.00

doc 0.695 0.109 6.39 0.024 1.00
Woc 0.0215 0.0217 0.99 0.428 1.00
z 0.0415 0.0435 0.95 0.441 1.00

Table 6 presents the analysis of variance. The DF of seven determined
the number of observations in the sample. Adjusted sums of squares (Adj SS)
represent the variation for different parameters of the model with the error sum
of squares (error Adj SS) being 0.007557. The total variation of data was then
quantified through the total sum of squares (total Adj SS) which was 0.715061
[27]. Distinct from Adj SS, the adjusted mean squares (Adj MS) refer to the
degrees of freedom with an error close to zero (0.003778). The F-value shows
the significance of terms and models statistically, where v, vi, and doc have
greater F-values compared to we and z. It shows vs (103.86) was the greatest
F-value compared to others. The P-value of vt was 0.538211, which means a
lower probability than others. The highest percentage contribution ratio (PCR)
revealed that vi had a PCR of 20%, followed by d.c and v at PCR of 21% and
20%, respectively. The wec and z had the smallest PCR of 1%, respectively.

Table 6: The analysis of variance (ANOVA)

Source DF Adj SS Adj MS F-value P-value PCR

Ve 1 0.153615 0.153615 40.66 0.204259 20%
Vi 1 0.392412 0.392412 103.86 0.538211 54%
doc 1 0.154355 0.154355 40.85 0.205294 21%
Woc 1 0.003682 0.003682 0.97 -0.00542 1%
z 1 0.003441 0.003441 0.91 -0.00576 1%
Error 2 0.007557 0.003778
Total 7 0.715061 0.715061

Figure 3 then shows the Pareto chart as a bar chart in which the bars are
ordered from highest frequency of occurrence to lowest frequency of
occurrence. Figure 3 shows evidence that vs through the screening test reached
the standardized effect of 10, while the others are available between 1 to 6.
This means, the v; provided the best parameter contribution to the quality of
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the product via its output response (Ra), followed by Ve, doc, Woe, and z,
respectively.

Pareto Chart of the Standardized Effects
(response is Ry o = 0.05)

Term 430

Prodiciorn
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Figure 3: The five machining parameters described by the Pareto chart
revealed the lowest to the highest machining parameters optimization

Figure 4 illustrates the different residual plots for Ra. The normal
probability plot shows the trend of the residuals versus their predicted
relatively followed a straight line which confirmed it was normally distributed.
The residual versus fitted value (predicted) plot is a graphical tool to assess the
assumptions and the goodness of fit of a regression model. Each data point in
the plot represents a pair of predicted values and its corresponding residual.
The histogram charts, which show a graphical representation of the residual
versus frequency of data that emerged, represent a visualization of the
distribution of a dataset [32]. It displays the frequency or count of data points
falling into different intervals or bins. From histogram, it can be seen that all
predicted data provided a relatively equal amount frequency of the bins. The
versus order chart represents the accuracy of the fits of the predicted value of
the residuals during the observation period. It is shown that the residuals fall
randomly around along the centre line. A sudden shift in the points was
produced, indicating that the underlying pattern of the data has changed.

Figure 5a shows a 3D contour plot of roughness value versus cut speed
and cut depth. It presents roughness value (Ra) that the high Ra places in doc of
0.5 mm and v; of 100 m/min. Figure 5b denotes the 3D plot of roughness value
versus vi and doc. It shows roughness value (Ra), where the high R, was
achieved at maximum doc of 0.5 mm and at maximum v; of 1681 m/min.
Meanwhile, low R, was found in all ranges of doc and in minimum vs.
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Residual Plots for Ra
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Figure 5: (a) The contour plot of R, affected by the on-cut speed (v¢) and cut
depth (doc), and (b) the contour plot of R, affected by fed speed (vi) and cut
depth (doc)

Figure 6 shows the main effect plot for R, and explains the impact of
Ve, Vi, Ooc, Woe, and z on the final machining of Ra values. These are
distinguished by the steepest slope and the longest line, which suggests that
respective factors have a high effect on the Ra [33]. In addition, when the lines
are similar in slant and length, the components would mostly similarly affect
the Ra. Thus, no other factor has a higher impact than another. The main effect
plot shows the v has the steepest slope and longest line compared to the others.
It was confirmed that the most significant machining parameter influencing the
response Ra was vi. The lowest R, signifies the lowest values of mean R, for
each process parameter i.e., Vi, Ve, doc, Woe, and z. Based on the results faster v¢
produced smaller R, values. Meanwhile, Ra shows smaller values by using a
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low vi. On the other hand, small doc produced smaller R, values. The main
effect plot confirmed that the most suitable machining parameters for R, were
at 150 m/min of v, 220 mm/m of v¢, 0.1 mm of doc, 4 mm of wq, and 3 of z.

Main Effects Plot for Ra
Data Means

Ve vr dloc Woe z

Mean
.

o

Figure 6: Main effects plot for R, affected by vs, Ve, doc, Woc, and z

A confirmation test was performed using the above conditions of the cut
speed (v¢) at 220 m/min, fed speed (vr) at 150 mm/m, cut depth (doc) of 0.1 mm,
cut width (wec) at 4 mm, and with a number of flutes (z) was 3, and with three
times of repetitions, in order to validate results from the statistical analysis. The
confidence interval (95%) for the R, results of the confirmation test was
calculated. Based on the calculated value, the confidence interval was + 0.021
while the confidence limits were 0.108 + 0.021; thus, the confidence limits were
between 0.087 and 0.129 (R.). Following the confirmation test, the surface
roughness obtained was R, = 0.122 - 0.127 pm, which was within the confidence
interval calculated, indicating that the experiment was statistically acceptable,
and confirmed to be used in polishing CNC machining of machine components
or mechanical parts of Ra: 0.005 - 0.2 (ASME B46.1).

Conclusion

The study showed a combination of techniques to define the optimum
parameters in a CNC Machining process such as Ve, Vt, doc, Woc, and z. From the
study, it was found that the enhancement of the quality of the product can be
reached through R, measurement with respect to the selected combination of
the machining parameters. The best morphology of surface roughness was
reached at 0.1088 pm with the best fit of parameters of v¢ at 220 m/min, v at
150 mm/min, doc at 0.5 mm, w,c at 6 mm, and z at 3. Furthermore, the data
were analysed through ANOVA using Taguchi and Minitab based on the F-
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value and P-value. The highest significant parameters to the R. were found in
the v¢, vi, and doc, respectively. The optimum machining parameters via
screening were found using v in the range of 100 - 220 m/min, vy in 150 - 1681
mm/min, and dqc in 0.1 - 0.5 mm by employing end mill cutter in dry cutting.
Therefore, these three optimum machining parameters are recommended to be
used in the CNC machining process to produce the best surface morphology
on the manufacturing product which in turn increases product quality. Based
on the result of ANOVA indicated that v; showed a greater F-value which
meant v; had greater significance of the terms and model statistically. Via the
confirmation test, the optimal machining parameters were the cut speed (v¢) at
220 m/min, fed speed (vi) at 150 mm/m, cut depth (doc) of 0.5 mm, cut width
(Woc) at 4 mm, and a number of flutes (z) at 4, with the surface finish quality
(Ra) were around 0.122 - 0.127, which was achieved the requirement of
standard for industries in polishing.
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ABSTRACT

In the realm of engineering materials, a profound understanding of structural
and physical characteristics holds paramount importance due to their
ubiquitous presence and diverse applications. This comprehensive review
delves deeply into the intricate physical attributes, commonly referred to as
"physical properties,” of materials based on graphene. It encompasses a wide
range of aspects, including magnetic properties, optical behaviours, electrical
and thermal conductivities, thickness and layer arrangements, size and shape
variations, colour properties, melting points, and hardness traits. This review
also explores the intriguing correlation between graphene's thickness and
layering and their respective effects on its properties. Special emphasis is
placed on the characterization techniques used to unveil these properties, with
detailed examples from recent literature illustrating their significance.
Advanced instrumentation, such as Atomic Force Microscopy (AFM), Surface
Plasmon Resonance spectroscopy (SPR), Raman spectroscopy, Transmission
Electron Microscopy (TEM), and X-ray Diffraction (XRD), is harnessed to
provide comprehensive insights into the physical characteristics of graphene-
based materials. In essence, this concise yet comprehensive review illuminates
the exceptional physical properties of graphene-based materials and their
potential to revolutionize various industrial sectors.
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Introduction to Graphene

Graphene is pure carbon in one atom thick of a single layer of graphite, a very
thin and nearly transparent sheet. It conducts heat and electricity with excellent
efficiency, and it is extreme for its very low weight. Graphene with complex
physical properties and a unique combination of bonded carbon atom
structures with its myriad poised to significantly impact the future
advancement of nanotechnology, electronics, material sciences, etc [1]. The
term "physical properties of graphene" refers to the characteristics, attributes,
and behaviours of graphene that can be observed and measured without
altering the chemical composition of the material. These properties are
primarily related to graphene's structure and how it interacts with various
physical phenomena.

In general, graphene typically has great physical properties for high
mobility of electrons, thermal conductivity, mechanical strength, optical
transparency, and electric conductivity [2]-[3]. For instance, the demand for
lightweight magnets to open new ways for flexible information storage
systems design, adaptable and wearable further highlights the importance of
magnetic graphene. Besides, the unbelievable potential use of graphene-based
magnets in spintronics is promising, as graphene has exceptional carrier
mobility and can easily integrate spin and molecular electronics [4]. Since the
first graphene study was published in October 2004, over a hundred articles on
graphene have appeared in prestigious journals like Science and Nature [3].

This comprehensive review article addresses a critical need in the realm
of graphene research by shedding light on its multifaceted physical properties
as illustrated in Figure 1. By delving deep into the intricacies of graphene-
based materials, including magnetic behaviours, optical attributes, electrical
and thermal conductivities, and more, it significantly contributes to our
understanding of this remarkable material. The novelty of this review lies in
its ability to bridge the gap between theoretical studies and experimental
research, offering valuable insights that are essential for the advancement of
graphene science. This comprehensive exploration of graphene's physical
characteristics is particularly relevant today, as experimental researchers
increasingly focus on these properties, recognizing their pivotal role in various
industrial applications and cutting-edge materials research. In an era where
graphene is poised to catalyse transformations in nanotechnology and
materials engineering, this review article provides a clear aim and underscores
its significant importance in guiding future research and applications of this
extraordinary material.

226



Physical Properties of Graphene

Optical
Magnetic Electrical A“t'qqmlc Force
conductivity LIkl Y
Surface (AFM)
Thickness Theoretical Plasmon
and layer studies resonance L
. (SPR) Transmission
Physical electron
Properties microscopy
Experimental Raman {TEM)
Surface area eserrdh Spectroscopy
) . X-ray
Melting Size, shape Diffraction
Temperature and color (XRD)

Hardness

Figure 1: Overview of the content covered in the review

Thickness and Layer of Graphene

Graphene presents diverse stacking configurations, leading to various types,
including monolayer or single-layer graphene (SLG), few-layer graphene
(FLG), and multilayer graphene (MLG), as depicted in Figure 2. SLG
comprises a lone layer of carbon atoms arranged in a hexagonal lattice, where
each carbon atom forms sp? covalent bonds with its neighbouring atoms. This
monolayer graphene is incredibly thin, consisting of just one atom's thickness.

i . e
Monolayer Few layer

Multilayer Graphite

Figure 2: Schematic representation of monolayer (SLG), FLG (with <5
layers), and MLG (with < 10 layers) versus graphite structure. Reproduced
from [5]

The number of stacked layers plays a pivotal role in shaping the
properties of graphene. For instance, SLG often exhibits superior properties
when compared to both FLG and MLG [5]. SLG showcases extraordinary
properties, including exceptional electrical conductivity and impressive
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mechanical strength, as summarized in Table 1. SLG has an estimated 1 TPa
of modulus of elasticity, a thickness range of about 1-2 nm, 2600 m?/gr of
surface area, 2.25 g/cm?® an actual density and 4840-5300 W/mK of thermal
conductivity [6]-[7].

On the contrary, FLG and MLG refer to graphene structures consisting
of multiple layers of carbon atoms stacked atop each other. These layers can
adopt various stacking configurations, leading to variations in MLG's
properties, which depend on the number of layers and their stacking
arrangement. Some types of SLG may retain some of its unique characteristics,
while others may exhibit properties more akin to bulk graphite. Thicker MLG
can still possess distinct attributes, although they may differ from those of SLG
due to interlayer interactions. These changes encompass modifications in
electronic behaviour, mechanical strength, optical transparency, and thermal
conductivity, as well as the emergence of interlayer interactions and quantum
effects. Each variant of graphene finds suitability for different applications [5].

Several techniques are proposed to measure the graphene thickness
including one technique based on the image contrast of the graphene layers.
Examples of this image contrast method include narrow-band illumination,
selecting a suitable substrate, and reflection and contrast spectroscopy.

Table 1: Selected important physical and mechanical properties of single-
layer graphene. Adapted with permission from [6]-[7]

Properties Value
Bond types sp?

Layer number Single layer
Crystal structure Hexagonal
Dimension 2-D

Purity degree (%) 99

Mass (bulk) density (g/cm?3) ~0.3

Real density(g/cm?) 2.25

Thickness (hm) ~1-2

Surface area (m?/g) 2600 — 2630

High-temperature resistivity —75 + 200 °C between not changing
Thermal conductivity (W/mK) 4840 — 5300
Electron mobility cm?/ (V. s) ~0.015%x10%— 2.5x10°
Elasticity module (TPa) ~05-1
Resistivity (Q-cm) 10°©

Transmittance

Coefficient of thermal expansion
Tensile strength (GPa)

>95% for 2 nm thick film
>70% for 10 nm thick film
—6%x104/K
130
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The total colour difference (TCD) approach is a method that combines
the International Commission on Illumination colour space with the reflection
spectrum for accurate and rapid identification of graphene images. By
restricting the light source's wavelength range, the TCD between graphene and
a substrate can be improved when viewed by a regular light source [8]-[9].
Figure 3 shows an example of a TCD contour plot as a function of the number
of graphene layers for different preferential dielectric films such as silicon
nitride (SisNg4), silicon dioxide (SiOz) and aluminium dioxide (Al.Os3)
thicknesses. Work reported by [8] improved the TCD contour of the graphene
layer and substrate by narrowing the wavelength range of the light source. The
outcomes of this measurement deliver a useful analysis of the graphene layer
simply by measuring the different colour bands, thus showing that this
technique is a non-destructive method for physical property graphene
identification.
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Figure 3: TCD contour plot using a different substrate with; (a) Al,Os film,
(b) SiO; film and (c) SisN4 film, and (d) summary of TCD versus the number
of graphene layers. Reprint with permission from [8]

[8] reported the graphene layer measurements were performed using
contrast spectra for a SLG, a bi-layer and MLG on silicon (Si) substrate using
SiO; as a capping layer and white light source. To compare the result, the
calculations were made using Fresnel’s reflection law and the true analysis was
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obtained with a 2% standard deviation, thus showing that this contrast
spectrum gives huge benefits including a straightforward, swift method for
measuring graphene layers' morphology and efficiency. Later, an analytical
method and a graphical method were used to calculate the number of graphene
layers based on contrast spectra [9]-[11].

Furthermore, the precise determination of the number of layers and
lateral dimensions of graphene film thickness can be achieved through Atomic
Force Microscopy (AFM) [5], [12]. AFM is a high-resolution microscopy
technique renowned for its atomic-scale resolution. It empowers the
characterization of diverse material properties, including thickness, grain
height, topographic features, phase diagrams, and surface roughness. Figure 4
presents topographical AFM images obtained during the measurement of SLG,
two-layer graphene (2LG), and four-layer graphene (4LG). Notably, numerous
adsorbed contaminants are observable on the surface of SLG (refer to Figure
4a). However, as the graphene layer count increases, these contaminants
diminish, as evidenced by the topographical images from AFM (Figure 4b and
4c¢). This phenomenon arises from the heightened thermodynamic stability of
graphene with an increasing number of layers. Specifically, the adjustment of
C-C bond lengths results in the formation of wrinkles or the adsorption of
molecules, which becomes notably reduced for 2LG and disappears as the
graphene films become thicker [12].

[12] conducted a study utilizing AFM to determine the thickness of a
graphene flake. The corresponding histogram revealed that the flake's
thickness ranged from 1.1 to 1.6 nm. Considering an interlayer distance of 0.33
nm, it can be estimated that the graphene flake consists of approximately 4 to
5 layers. Consequently, it falls within the category of FLG.

“ ¢ ' W 2
Height 100um 0.0 Height 10.0 ym

Figure 4: AFM results of topographical images for; (a) SLG, (b) 2LG, and
4L.G. Reproduce with permission from [13]

The thickness of graphene film can also be measured using Surface

Plasmon Resonance (SPR) as reported by [13]. SPR method is simple and
well-suited for measuring thin films made from nanomaterial, although the
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thickness is less than 10 nm. Their work demonstrated that the obtained SPR
measurements are greatly decreased compared to AFM. The graphene film
thickness was linearly increasing with an increasing number of printing cycles.
Furthermore, the complex refractive index (RI) of the printed graphene flake
films based on SPR provides more rigorous information on the optical
absorption than that previously available using a combination of AFM and the
extinction coefficient of mechanically exfoliated graphene flakes [14].

Raman spectroscopy is the foremost method for precisely assessing the
average layer thickness of graphene, thanks to its exceptional sensitivity to
molecular geometric structures and bonding [5], [15]-[16]. Its primary
application lies in determining the number of graphene layers, as exemplified
in Figure 5. The Raman spectra of graphene reveal essential insights through
three key bands: the G-band (around 1587 cm™), originating from in-plane
vibrational modes of sp? hybridized carbon atoms within the graphene sheet
and highly sensitive to layer count; the D-band, which signifies defects or
disorder and intensifies with increased defects, displaying resonant behaviour;
and the 2D-band, consistently strong in graphene and used for layer thickness
determination, relying on both its position and shape.
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Figure 5: Example of Raman spectra of 1 to 7 layered graphenes; (a) spectral
evolution of G and 2D bands, and (b) intensities of G-bands and intensity
ratios of 2D vs. G bands. Reproduced with permission from [16]
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Additionally, the peak intensity ratio of the 2D and G-bands aids in the
identification of SLG, where a ratio of I,p/lg equalling two indicates defect-
free SLG. Raman spectroscopy not only distinguishes SLG from graphite but
also precisely determines layer thickness, even at atomic layer resolution. This
exceptional capability establishes Raman techniques as indispensable tools in
contemporary graphene research [14].

Magnetic Properties of Graphene

Magnetic materials are very useful in today's technology. It is used in data
storage, power generation, and many other areas. Typical magnetic materials
are metal-based including iron, cobalt, nickel, etc. These metals can show
heavy magnetism because of their d and f electrons and can coordinate their
spins to generate magnetic moments, which align along the direction of the
applied magnetic fields. Almost all magnetic materials today contain elements
of 3d- or 4f- transition metals, and they are usually ferromagnets at room
temperature [4], [17]-[18].

Graphene, initially non-magnetic, has been transformed into a magnetic
material through innovative techniques. Magnetic properties in graphene are
closely tied to the formation of magnetic domains. Typically, ferromagnetic
materials possess a single magnetic domain, where all magnetic dipoles align
due to exchange energy. This energy encourages simultaneous alignment of
electron spins and magnetic dipole moments. Magnetic domain formation
minimizes exchange energy, enhancing material stability. Creating these
magnetic domains in graphene during magnetization holds immense
technological potential.

Various methods, including functionalization, doping, and atom
addition, can introduce magnetism by breaking the electronic structure's
symmetry locally, resulting in magnetic moments. Vacancy and edge defects
offer another route to magnetization. By removing one carbon atom and
rearranging others in a vacancy defect, a magnetic moment arises due to a
remaining dangling bond. Experimentally, vacancy defects are created through
processes like ionic bombardment and graphene oxide reduction. Among these
methods, the highest magnetization occurs with sulphur and nitrogen doping,
albeit at extremely low temperatures [17].

In graphene, the coexistence of n- and o-bonding permits the carrier
spin to change as well, as this change produces the magnetic property because
of the lawful magnetic order. The existence of s and p electrons alone makes
anticipating magnetism counterintuitive. Graphene also becomes an
interesting candidate for novel spintronic devices as it has a long spin diffusion
length, thus triggering a quest to incorporate the electrical and magnetic spin
degrees of freedom [4]. Spintronics is considered an emerging technology
based on the spin of the electron and molecular electronics associated with

232



Physical Properties of Graphene

magnetic moment principles, in which carbon-based magnetism could
theoretically be of value [19].

However, the long-range ordering in graphene can cause complications
for magnetism in 2D systems due to the lack of d and f electrons, as commonly
found in conventional magnetic materials. The magnetism phenomenon can be
described based on localized electronic states dependent on spin polarisation.
These properties are highly affected by the state of the edge [20]. Furthermore,
the graphene sheet provides a versatile medium for surface adjustments for
tuning the electronic and magnetic characteristics. From G to F-G-H to G-H
to F-G-F and to H-G-H (G is a graphene atom, H is a hydrogen atom and F is
a fluorine atom), the properties can be tuned from nonmagnetic to magnetic,
from direct gap to indirect gap or metallic to semiconducting, depending on
the coverage of atoms used for the surface modification and species [21].

[22] reported on the investigation of magnetic properties, electronic
properties and surface structure of the graphene layer on the lattice-matched
surface of a ferromagnetic material (nickel; 111). The induced magnetic
moment of the carbon atoms is evident from both spin-resolved photoemission
and x-ray magnetic circular dichroism analyses. Investigations of graphene’s
magnetic properties are prepared by two different methods: thermal exfoliation
of graphitic oxide (EG) and reducing single-layer graphene oxide (SLGO) with
hydrazine hydrate. The result discloses that dominant ferromagnetic
interactions coexist along with antiferromagnetic interactions in all the
samples, which can be observed in phase-separated systems. The experiment
concluded the magnetic properties of graphene samples depend on the area of
the sample and the number of layers. As such, small values of all these
variables contribute to the magnetization of the sample being greater. The
magnetic properties of graphene are influenced by the molecular charge
transfer that interacts with an electron donor and, thus has a greater influence
than with electron-withdrawing groups like tetracyanoethylene [23].

In a study by [18], it was found that magnetism could be induced in
graphene by evaporating graphene droplets under high temperatures and an
external magnetic field. This innovative approach applied temperature,
magnetic field, and strain simultaneously to graphene flakes, resulting in
magnetization. As a consequence, all these methods led to the creation of
ferromagnetic graphene powders (FGPs). The magnetization of FGPs was
confirmed through measurements using a vibrating-sample magnetometer
(VSM), as shown in Figure 6. This magnetic transformation can be attributed
to changes in the electronic system and lattice structure of graphene. A
summary of the magnetic properties of graphene is tabulated in Table 2.
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Figure 6: VSM Diagram of FGPs, illustrating the influence of temperature,
pressure, and magnetic field on magnetism. The diagram includes hysteresis
loops for all samples, with a zoomed-in section showing the range
—90 <H <90 (Oe) and —0.045 <M < 0.045 (emu/g) in the inset. Reproduced
with permission from [18]

Table 2: Summary of graphene magnetic properties

Magnetic Property

. Summary Ref.
behaviour
Functionalization, doping, and atom addition
can introduce magnetism by breaking [24]
electronic symmetry.
Methods for Vacancy and edge defec.ts result in magnetism [25]
. . . due to dangling bonds.
inducing magnetism . ! .
Sulphur and nitrogen doping are effective at [26]
low temperatures.
High-temperature processes with magnetic
field and strain can lead to magnetization
Synthesis of Require high-temperature evaporation and [27]
Ferromagnetic external magnetic fields. VSM can be used to
Graphene Powders measure the magnetization of FGPs.
(FGPs)
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Optical Properties of Graphene

Graphene is composed of a monolayer of carbon atoms arranged in a
honeycomb grid, where hybridized sp? carbon atoms form robust c-bonds
within the plane, and unhybridized p-orbitals overlap with adjacent atoms to
create m-bonds. While o-bonds primarily contribute to graphene's structural
integrity, it is the w-bonds that define its optical and electronic properties. The
interaction of graphene with electromagnetic radiation is especially fascinating
due to the confinement of electrons in two dimensions. Graphene boasts a
relatively simple band structure characterized by zero band gaps, but its optical
properties are far from straightforward [22]. Unfortunately, the absence of
bandgaps in graphene poses a significant challenge to its application in modern
electronic components.

A simulation work reported by [28] showed that the stacking of SLG
with one molybdenite monolayer formed hetero-structures generated a small
bandgap around 2.5 meV showing that value can modulate for low temperature
and electronic applications. In addition, this heterojunction showed some
significant changes in complex dielectric function and its associated properties
in the visible-light spectrum, which could be useful for future technologies and
applications.

The massless Dirac fermion nature favours graphene with a universal
optical response, as presented by the fine-structure constant («) as shown in
Equation 1.

a = e¥he = 1/137.036 1)

where e is the electron charge, h is Planck's constant, and c is the speed of light.
Experimental measurements will possibly be used to determine a fundamental
constant of the universe. The graphene absorption coefficient: za is = 2.3% in
the infrared region, making graphene visible without the need to observe under
a microscope. The amount of light absorption may reach 10 % or even more at
higher frequencies, due to van Hove singularities at the edge of the region. For
graphene multilayers, the energy of visible light; 4w is around 1 to 2 eV, which
is considerably higher than the Fermi energy in graphene and the electron
hopping energy between graphene layers; thus, the N-layer of graphene's light
absorption is Nma [29].

Dirac Fermions in graphene are among the strongest light-matter
interactions known to any system, with an optical transmission that is regulated
by a constant fine structure. The pristine graphene system is a valuable testbed
for table-top physics studies. On the other hand, graphene's optical properties
are often commonly tuneable, either using electrical gate modulation or by the
presence of defects, the effects of quantum confinement and the presence of
interfacial water layers [30].
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The optical properties of the electron-hole distribution of the optical
excitation for the SLG have been revealed by the charge different density
(CDD) method. The van der Waals interaction by edge atoms is found as a
primary binding in the ground state between graphene and boron nitride as
shown in Figure 7. In addition, the result of CDD shows that through optical
excitation in the visual spectral region, there is no charge transfer between
boron nitride and graphene. Theoretical studies reveal that for graphene-based
nano-photonic applications, boron nitride is an excellent substrate for it. The
findings can provide a thoughtful understanding of future optical and electrical
applications of graphene/boron nitride [31]. A summary of graphene’s optical
properties is shown in Table 3.

tensile loading

graphene

hexagonal boron nitride

substratc A

& spring with stiffness representing
§ van der Waals interactions

substrate B

Figure 7: Van der Waals heterostructure of graphene and hexagonal boron
nitride. Reprint with permission from [32]

Electrical Conductivity of Graphene

MLG has higher electrical, thermal conductivity and current-carrying potential
than copper (Cu). High electrical conductivity can be generated by controlling
the thickness of the MLG on an insulator formed by diffusion-controlling
interlayer (IL) as first reported by [41]. This process caused the enlargement
of MLG grain as the nucleation of the MLG was restrained, thus significantly
affecting the crystallinity of the forming semiconductor layer. The reported
electrical conductivity (2700 S/cm) was the highest measured value among
other works on MLG layers and even exceeded the value of a highly oriented
pyrolytic graphite (HOPG) synthesized at 3000 °C or higher.
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Table 3: Summary of optical properties of graphene

Optical
properties Summary Ref.
behaviour
Simulation work by stacking of SLG with one
Generating molybdenite monolayer formed hetero-structures
small generated ~2.5 meV revealing that value can [28]
bandgap modulate for low temperature and electronic
applications.
Ontical Graphene exhibits a universal optical response due to
P its massless Dirac fermion nature, described by the
response -
fine-structure constant (). [33]
. a = ¢e*hc = 1/137.036, where ¢ is the electron
Fine-structure . \ .
charge, h is Planck’s constant, and c is the speed of
constant (o) light
Infrared The graphene absorption coefficient, ma, is = 2.3% in
: the infrared region, making graphene visible without [34]
absorption - . .
the need for microscopic observation.
Enhan_ced Graphene can absorb over 10% of light at higher
absorption at : . 2
higher frequencies due to van Hove §|ngular|t|es atthe edge [35]
. of the region.
frequencies
Graphene For N-layer graphene, light absorption is Nz, with [36]
multilayers  energy levels in the visible light range (~ 1 to 2 eV).
- Tuneable through electrical gate modulation, defects,
Tuneability ] ? : [37]
guantum confinement, and interfacial water layers.
digrr:?){;q[?on The charge distribution reveals the primary van der
and Waals interaction at the ground state between [38]
. . graphene and boron nitride.
interaction
Optical excitation in the visible spectral region
shows no charge transfer between boron nitride and
Charge . L
graphene, making boron nitride an excellent [39]
transfer .
substrate for graphene-based nano-photonic
applications.
These findings provide insights into potential optical
Fyturg and electrical applications of graphene, particularly  [40]
applications '

in combination with boron nitride.

[42] reported graphene with metal

nanowires (Graphene/NW)

substantially decreases the resistance of the graphene films. Graphene/NW
films with a sheet resistance compared to that of the graphene's intrinsic
resistance have been formed and verified as a transparent electrode substituting
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one of the Indium Tin Oxides (ITO) films in ElectroChromic (EC) devices as
shown in Figure 8. The result shows that the optical modulation and repeatable
cycling were stable and homogenous, resulting from an integration of
Graphene/NW films as a transparent electrode in EC devices, thus
demonstrating their excellent potential for global optoelectronic device
applications.

Conductive composites are considered for any composite that has
substantial electrical conductivity, whereby the electrical conductivity can be
increased by the addition of conductive fillers such as carbon-based materials
including graphene into the matrix phase. The conductive filler particles begin
to come into contact with each other as their content increases forming a
continuous path that makes the free electrons travel easily and thus allows the
composites to conduct electricity [43]-[44].
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Figure 8: (a) EC device structure with one of the transparent electrodes using
graphene/NW, (b) measurement of optical transmittance spectra of the EC
device, and (c) the photograph of the transparent electrode of the EC device
with a yellow area is a conductive silver paste consisting of Graphene/NW.
Reprinted with permission from [42]

For instance, silicon nitride based (SisN4) ceramics have quite notable
thermal properties and mechanical properties. However, silicon nitride (SizNa)
also possesses electric insulators, hence the addition of 25% volume of
graphene nanoplatelets (GNPs) changes the properties of these composites
with the highest electrical conductivity (40 S/cm) recorded for these ceramics
with added conductive particles. A desired orientation of GNPs occurs by
applying plasma spark sintering by compaction and pressure-assisted
densification process. As a result, the electrical conductivity measured along
the direction perpendicular to the plasma spark sintering pressing axis is more
than one order of magnitude higher than that measured along the parallel
direction [45].

Moreover, embedding graphene into polymer matrices to form
advanced multifunctional composites will dramatically enhance the electrical
conductivity, elastic modulus, tensile strength and thermal conductivity to take
full benefit of its application properties. Therefore, aerospace firms sought to
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make conductive composites rather than metals as conductive composites are
lightweight, have high strength, and have a high electrical conductivity that
can protect aircraft systems from lightning strikes and electromagnetic
interference [46]. A summary of graphene's electrical conductivity can be
found in Table 4.

Table 4; Summary of electrical conductivity of graphene

Electrical
conductivity Summary Ref.
behavior
MLG exhibits significantly high electrical
High electrical conductivity, even surpassing highly oriented [41]
conductivity pyrolytic graphite (HOPG) synthesized at very
high temperatures.
Thickness- Careful thickness control of MLG on an insulator [47]
dependence can lead to high electrical conductivity.
. Combining graphene with metal nanowires in
Graphene with . . . A
. films results in materials with significantly
metal hanowires : ; . [48]
reduced resistance, making them suitable as
(Graphene/NW) . . .
transparent electrodes in optoelectronic devices.
Conductive Adding graphene to composite materials increases
. X - I [49]
composites their electrical conductivity.
Incorporating GNPs into ceramics significantly
Conductive enhances electrical conductivity. E.g. Addition of
ceramics with 25% volume of GNPs into SizsN4 changes the [50]
GNPs properties of these composites with the highest
electrical conductivity of 40 S/cm.
Embedding graphene into polymer matrices for
. aerospace applications dramatically improves
Con_]po_slte electrical conductivity, making them ideal for [46,
applications 51]

lightning strike protection and electromagnetic
interference shielding.

Thermal Conductivity of Graphene

The thermal conductivity, K, of a material, is defined as its capability to
conduct heat. Equation 2 shows the relationship of local heat flux, g with the
K with respect to the local temperature gradient, T described by Fourier's law
for heat conduction.

q=-KpT (2
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Over a wide temperature range, K is a function of T and in anisotropic
materials, it relies on crystal orientation and this multi-dimensional array of
numerical values can be measured by a tensor [52].

The thermal conductivity of SLG is measured in the range of 3000 —
5000 W/mK, making the value higher than the thermal conductivity of graphite
(2000 WImK). This is due to SLG being considered the basic structural
component of graphite, the thermal conductivity of bulk materials comprising
graphene nanoflakes is considerably supposed to be anisotropic, depending on
the number of layers stacked in the sheet, the size of graphene flakes and the
agglomeration state of the flakes. Thus, the thermal conductivity of graphene
can be said to strongly depend on the stacking number [53].

The anisotropic bonding, and strong and low mass of the carbon atoms,
make graphene and related materials unique. For example, sp? bonds between
the carbon atoms are considered the strongest. In contrast, the adjacent
graphene sheets are bonded to each other by weak van der Waals forces. This
result is in agreement with [54], which also reports graphene to be highly
conductive, containing a K value around 4000 W/mK.

The first simulation work performed by [56], predicted the graphene's
thermal conductivity simulated at 6000 W/mK (at room temperature). Later,
another experiment [55] was carried out to find the graphene's true thermal
conductivity and graphene thermal conductivity to be 2000 — 4000 W/mK.
Furthermore, an optical method was used to measure graphene's thermal
conductivity and the reported value of thermal conductivity is about 5000
W/mK [56]-[57].

The method for measuring the thermal conductivity of graphene using
confocal micro-Raman spectroscopy. Here, laser light based on the centre of
the suspended graphene sheet generates heat in the graphene. Laser excitation
spreads laterally through the graphene-produced heat due to the air's negligible
thermal conductivity. Hence, although a small amount of heat propagated from
the centre of the graphene will result in a noticeable temperature variant. Two
components may describe the heat distributed from the graphene sheets' top
layer: the radial heatwave and the plane-wave heat front [58].

The thermal characteristics of graphene have previously been
investigated through Raman spectroscopy [38]-[40]. In these investigations,
the focus was on calculating the Raman temperature shift coefficient for the G
peak in graphene spectra, with an emphasis on single-layer, bi-layer, and
multi-layer mechanically exfoliated graphene. The detected shift in the peak
was attributed to the elongation of C-C bonds, leading to elevated stress levels,
which were particularly pronounced in the case of graphene on SiO/Si
substrates, as illustrated in Figure 9. For instance, the reactive ion etching
(RIE) method was used to produce trenches on silica-based (Si/SiOy)
substrates and later, graphene was suspended over the trenches with a width of
2 — 5 um and a depth of 300 nm [59]. Additionally, it was established that
annealing graphene leads to shifts in the G, D, and 2D peaks, along with an
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increase in compressive stress. Another factor contributing to the G peak shift
involves lattice thermal expansion and phonon-phonon interactions [60].
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Figure 9: Temperature-dependent G-peak frequency in; (a) SLG, and (b)
BLG with G-peak shape insets, and determination of the G-peak temperature
coefficient. Reprint with permission from [60]

In a recent study by [61], Raman spectroscopy was employed to unveil
intriguing insights about single-layered graphene's resilience at high
temperatures, particularly at 600 °C. Surprisingly, it was found that the
decomposition temperature of SLG exhibits a linear dependency on the
coefficient of thermal expansion (CTE) of the underlying substrate.
Furthermore, the study revealed distinct mechanisms governing the
decomposition of graphene in different environments: air and vacuum. In both
air and vacuum environments, the initiation of decomposition was linked to
the extension of C-C bonds. However, a crucial distinction emerged: in the
presence of oxygen in the air, the heightened strain amplified graphene's
reactivity with oxygen, leading to its degradation. Conversely, in a vacuum
environment, the strain alone was sufficient to induce decomposition.
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The thermal conductivity (K) from the plane-wave heat front can be
demonstrated in Equation 3 while for the case of the radial heatwave, Equation
4 can be used to calculate the thermal conductivity.

K = (L/2S)(AP/AT) 3)
K = xo(1/2hm)(30/3P) (4)

Whereby L is the distance from the center of the graphene to the heat sink,
AP/AT is the changes of the heating power with respect to the temperature
change and cross-sectional area, S = h x W; where h is SLG thickness and W
is layer width. For the temperature coefficient, yc is —1.6 x 10" and 3w/56P
designates for the slope of the G peak position shift as reflecting the heating
power change.

As shown in Figure 10, the G peak excitation of Raman spectroscopy
is power dependence measured for the suspended graphene layers. The
increment in laser power induced an increment in the intensity of the spectra
and redshift the position of the G peak. The slope from the graph in Figure 10
is represented by 8w/0Pp which is measured to be around —1.29 cm*mW-1,
where Pp is the total dissipated power [61]-[62]. When these data values are
substituted into Equation 4, the thermal conductivity of freely suspended
graphene is calculated at approximately 2000 ~ 4000 W/mK, which is the
highest K value reported of any known material [54].

Graphene has an extraordinary thermal conductivity of up to (5.30 +
0.48) x 10° W/mK measured at room temperature using a non-contact optical-
based technique [59]. Measurements can be made for a SLG suspended over a
large trench in the Si/SiO, substrate [63]-[64]. The measurements were
conducted using a non-contact technique of micro-Raman spectroscopy. The
quantity of power dissipated in the graphene and the subsequent temperature
rise was measured from the position of the spectra and the G peak of graphene
integrated intensity. The extremely high thermal conductivity in the range of
3080 — 5150 W/mK and the mean phonon-free path of around 775 nm near
room temperature were determined for a set of graphene flakes [64]. This data
shows that graphene as an excellent thermal management material can be
applied to future nanoelectronics circuits [59].

For graphene multilayers, the weak coupling between graphene layers
decreases the in-plane thermal conductivity and scatters the propagating
phonons. The measurement of thermal conductivity for thicker multilayers (1
to 10 graphene layers) can approach the value of graphite in the range of 600
— 2000 W/mk. As the number of graphene layers increases from 2 to 4, the in-
plane thermal conductivity drops from 2800 to 1300 W/mK [29].

The high thermal conductivity of graphene can be applied as thermal
interface materials created within the composites for electronics devices which
are efficient and faster in transferring the heat away from the circuits compared
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to the traditional materials. For instance, [65] reported Cu/graphene nanosheet
composites fabricated at 800 °C by the hot-pressing method using graphene
and Cu as initial materials. Graphene content was varied from 1 %wt to 5 %wit.
From the investigation of the physical properties of these composites, the
relative density was found to increase by increasing the graphene content
which reached the highest value at 96.78% for 5 %wt of graphene content. In
addition, the composites show anisotropic properties as the pressure in the
vertical direction is higher than the pressure in the parallel direction. Moreover,
as the graphene content increases, the activities of thermal conductivity and
electronic conductivity of the composites were decreased with the minimum
of thermal conductivity and electric conductivity was measured at ~3 %wt - 4
%wt of graphene contents.
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Figure 10: G-peak region counts at two different levels of power measured
using Raman spectroscopy [59]

In a recent study by [71], they looked into how adding graphene
nanoplatelets (GNP) to recycled polycarbonate (PC) affects thermal properties.
The results showed that GNP had little impact on thermal stability and glass
transition temperature (Tg) for both virgin and recycled PC when compared to
PC without GNP. Recycled PC was weaker and less heat-resistant than virgin
PC, but it improved when mixed with GNP. The best thermal stability for
virgin PC/GNP composites came with 1 %wt GNP (a 2.74% increase), while
recycled PC/GNP composites achieved their highest thermal stability at 10
%wt GNP (a 2.42% increase). However, recycled PC-based composites were
less thermally stable than virgin PC-based composites under the same GNP
loading. Tq for virgin PC/GNP initially increased with 1 wt.-% GNP and then
decreased with more GNP. For recycled PC/GNP, T4 showed irregular changes
with GNP loading. A comprehensive summary of graphene's thermal
conductivity is presented in Table 5.
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Table 5: Summary of thermal conductivity of graphene

Thermal
conductivity Summary Ref.
behaviour
Single layer of SLG exhibits high thermal conducti\(ity in the
graphene (SLG) range of 3000 - 5000 W/mK, surpassing that of  [65]
graphite (2000 W/mK).
The thermal conductivity of graphene depends on
Anisotropic crys_tal orient_ation, making it anisotropic. This [59].
thermal _anisotropy is contingent on several fac_tors, [64]-
conductivity including the number of layers stacked in the [66]
sheet, the size of graphene flakes, and the
agglomeration state of the flakes.
It is evident that the thermal conductivity of
graphene is influenced by the stacking number of
layers. The weak coupling between graphene
Multilayer of Iayers_do_acreases the in-plane therma_l
graphene (MLG) conductivity and scatters the propagating [29]
phonons. E.g. the measurement of K for thicker
multilayers (1 to 10 graphene layers) can
approach the value of graphite in the range of 600
— 2000 W/mkK.
Strong carbon  Graphene's strong sp? carbon bonds contribute to [59]
bonds its high thermal conductivity.
Variability in Experimental m(_eatsurements of graphene's
reported values thermal conductivity have reported values [67]
ranging from 2000 to 6000 W/mK.
Measurement Often measured using techniques such as [68]
techniques confocal micro-Raman spectroscopy.
Composite The high thermal conductivity of graphene makes
e it suitable for thermal management materials in ~ [69]
applications - .
electronic devices.
Graphene
Nanoplatelets The addition of GNP to recycled PC enhances
(GNP) in thermal stability and glass transition temperature, [70]

Polycarbonate
Composites (PC)

offering the potential for composite applications.

Size, Shape, and Colour of Graphene

There are many ways to characterize graphene and find its properties, such as
using spectroscopy techniques including Raman spectroscopy,
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diffraction [71], TEM [72], etc. [73] reported that by examining using TEM,
graphene was observed as a transparent figure and stable under high energy
electrons in contrast to GO was observed as semi-transparent which is not
stable under high energy beam. Here, the morphology of GO was demonstrated
as a thick, rough surface with flat flake layers, irregular in-shape with non-
uniform particle size and not crumpled. However, a graphene sheet film was
observed with a thin flat flake with crumpled morphology and composed of a
wrinkled flake structure.

In Figure 11, a low-magnification TEM image provides a glimpse of
graphene nanosheets. These nanosheets, some spanning hundreds of square
nanometers, appear perched atop the copper grid, resembling the delicate,
undulating waves of crumpled silk veils. The graphene nanosheets exhibit a
rippled and interwoven structure, creating a mesh-like appearance.
Remarkably, they maintain their transparency and structural stability when
exposed to the electron beam. In Figure 1la, the most transparent and
unremarkable regions, indicated by arrows, are likely monolayer graphene
nanosheets. Additionally, Figure 11b reveals the presence of scrolled graphene
nanosheets in the sample [48].

(b)

100 nm

Figure 11: (a) TEM characterization of graphene nanosheets — low
magnification overview resembling crumpled silk with arrows showing
mono-layer (SLG), and (b) a close-up of scrolled nanosheet structures.

Reproduced with permission from [48]

Dynamic dispersion of light is a simple and fast method of
characterizing the size of the graphene nanosheets and the exfoliated graphene
oxide [73]. This method is more reliable for spherical particles [74] and the
dynamic dispersion of light would not measure the particle size of graphene
nanomaterial if the sample is polydisperse [75].

Furthermore, two methods have started emerging in recent years to
characterize nanoparticles: nanoparticle tracking analysis and asymmetric flow
field-flow fractionation. Nanoparticle tracking analysis has given an average
size of ca. 150 nm and higher resolution than dynamic dispersion of light and
approximate concentrations. It has been indicated that the dynamic dispersion
of light given the average particle size of graphene which the intensity was a
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bias towards larger particles. Asymmetric flow field-flow fractionation
separated different populations of graphene nanosheets with different gyration
radii (centered at approximately 360 nm) and provided information on the
graphene structure and shape of the particles [76]-[77].

Other characterization such as XRD can be used to determine the
number of graphene layers. For instance, the average number of graphene
layers decreased from 15 to 3 as the average sp? crystallite size decreased from
17.33 nm to 14.75 nm. Moreover, the increased ID/IG ratio from Raman
spectroscopy measurement demonstrated an increase in the quantity of sp?
domains with the defect density increment after reduction [78].

The graphene color deposited on the substrates can be found using an
imaging microscope and AFM measurements [79]-[81]. The TCD method (as
described in detail in the previous section: Thickness and Layer of Graphene)
of assessment assesses the color difference between the graphene layer and the
underlying substrate. With this technique, one can figure out the most viable
thickness of the dielectric layer (the single layer of metals and insulators or the
layered structure) to ensure the optimum optical transparency of a graphene-
based multilayer.

Colour is a useful technique for visual analysis. It can be beneficial
when detecting and judging the thickness of graphene and multilayer
approaches [81]. The data on the colors of graphene and GO were confirmed
by the method of an optical microscope and profilometer. Here, GO has a
lower extinction coefficient than graphene, which causes the reflectance of GO
to fluctuate more clearly over a range of material thicknesses. Consequently,
the resulting colors of GO changed continually as a function of the material
thickness. However, the colors of the graphene multilayer became saturated
without periodic change.

In summary, manipulating and visualizing the optical contrast of SLG
and other 2D materials will lead to new knowledge about the various aspects
of light and matter interactions with atomic thickness. The optical properties
of SLG can be tuned by gating, and it can be demonstrated and manipulated in
color contrast. Another important potential application is in ultra-thin, versatile
color displays. Under white light using broadband photon management,
scalable large-area color displays the novel chromatic color contrast optical
visibility of SLG. The optical absorption of SLG on fused quartz (SiO2)
substrate is drastically enlarged to more than 10 % from ~1.4 at wavelength,
A of the scan range between 560 — 990 nm (from yellow to near-infrared
spectral regimes). The current process is much more appealing without the
excessive artificial color utilized with SLG [82]. The characterization methods
employed to determine the size, shape, and color of graphene are summarized
in Table 6.
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Table 6: Summary of characterization method in determining size, shape and
colour of graphene

Characterization

Summary Ref.

method

Size measurement Methods like nanoparticle tracking analysis and
(dynamic flow field fractionation provide size and shape [83]

dispersion of light) details

Determines layer count based on crystallite size
of XRD spectrum. Thicker graphene layers
exhibit a higher ID/IG ratio in Raman
spectroscopy, indicating a greater number of
defects or discontinuities in their structure
compared to single-layer graphene (SLG)
measurements.

Number of layers
(XRD and Raman)

[84]-
(85]

Color-thickness
correlation
(Microscopy and
AFM)

TCD method assesses the color difference
between the graphene layer and the substrate.  [9]

Hardness of Graphene

The hardness-displacement and elastic module-displacement curves in various
graphene layers can be measured using nano-indentation as shown in Figure
12. A large dip is found to be below 10 nm in the depth range and the curves
are increasing progressively to stability. An additional continuous rigidity
calculation (CSM) demonstrates an inflected depth of 10 nm. The load-
displacement curve also shows that the load decreases with an increment of
layers at the same indentation depth. Figure 12 also illustrates that both graph
hardness and the graphene elastic modulus decrease as the number of graphene
layers increases. The layers of graphene were further confirmed through AFM
images, as depicted in Figure 12d, which show a range from a single layer at
spot A to more than four layers at spot E, respectively.

Because of its superior mechanical properties, graphene can be
considered an ideal reinforcement to produce composites so that the hardness
can be improved. These features provide an increased opportunity to study
metal matrix composites. [87] reported that they made mechanical alloys to
study the composites. The time used for milling was 1 hour, 3 hours, and 5
hours. In an aluminium (Al) powder matrix, graphene nanoplatelets (GNPs)
were added at concentrations of 0.25, 0.50, and 1.0 %wt. The Al coating on
graphene delayed the formation of amorphous graphene structures as the
milling time increased. Milling time and the presence of GNPs have a
beneficial effect on hardness values. The mechanical behaviour of the
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hardness-assessed GNP/AI composites shows that increased milling time leads
to harder compounds being produced at a sintering time of 2 hours.
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Figure 12: (a) Hardness—displacement, (b) elastic modulus—displacement
graph, and (c) AFM of graphene measured on various spots as in (d) optical
microscope image of graphene on the Si substrate [86]

Graphene reinforced with Al-based metal matrix composites has also
been developed successfully using stir casting technology which retains the
graphene loading rate of 0.5, 1, 1.5, and 2 %wt. The hardness humber of the
rocks well is found by testing all prepared specimens. The conclusion was that
the sample filled with 0.5 %wt graphene shows the maximum indentation
resistance because the graphene is uniformly dispersed into the aluminium
matrix. Graphene particles enhance the hardness of the soft matrix and record
78 Rockwell hardness numbers (RHN) in relation to the parental composition.
The minimum hardness figure is also found in the sample that has 2 %wt
graphene because graphene particles are overloaded as the parental atoms have
difficulty replacing them when cooled down, and the graphene particle
saturation limit that fills the aluminium matrix is emphasized. Consequently,
the material cannot bear more load to find its response to indentation[87].

[89] also reported on developing different graphene-enhanced (GNP)
reinforced titanium (Ti) composites using the powder metallurgy (PM)
process. As a result, GNPs GNP-reinforced Ti composites have improved
hardness, microstructure, and density properties for optimal process
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parameters. The highest hardness (566 HV) and density (4.39 g/cm®) were
achieved for the right amount of GNP at 1100 °C for 120 min (0.15 %wt).
Meanwhile, Ti composites reduced their density and hardness when GNPs
content was above 0.15 %wt because of the GNPs agglomeration trend. Better
atomic motion and diffusion at optimal time and temperature are positive for
Ti composite characteristics. However, density, hardness, and structure
deteriorated due to the damage to GNP structure and titanium carbide (TiC)
formation at high-content GNPs. Over 0.30 %wt of the undesired TiC was
detected. In comparison to pure Ti, the hardness of the Ti—-GNPs composite
increased from 304 HV to 566 HV because of fine-grain strengthening
mechanisms and dislocation. A summary of graphene’s hardness is tabulated
in Table 7.

The Melting Temperature of Graphene

For a first phase transition from 2D solid to 3D liquid, the melting of graphene
is based on the nucleation theory. Because these two phases have different
dimensions, it is difficult to determine the free energy difference between
them, and thus it is unclear how to describe the melting temperature (Tm). Tm
is a well-defined temperature as the point at which the liquid and solid phases
of Gibb's free energy curves intersect. Here, a 2D nucleation theory shows how
this difficulty can be overcome and gives Tn a reliable quantitative value.
Spontaneous melting of graphene occurs at a temperature known as T*y of
4900 K, providing an upper limit of Ty, for graphene. Nucleation theory can
explain the melting of bulk graphene, allowing for an unambiguous definition
of the Tm, which is 4510 K, approximately 250 K higher than that of graphite
and currently the highest of all materials [93].

Furthermore, atomic simulations are used to study high-temperature
graphene behaviour based on an exact atomic carbon potential. As a result, the
aggregation of Stone-Wales defects and the formation of octagons are the
initial stages of the melting process, which is carried out via the formation of
carbon chains. Rather than being a simple liquid, the molten state is a 3D
network of entangled chains. The melting temperature is approximately 4900
K, as determined by the extrapolation of simulation and 2D Lindemann
criterion and results for various heating rates [94].
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Table 7: Summary of the hardness properties of graphene with respect to
various compositions added to the graphene

Graphene-
composite

Hardness properties Ref.

Hardness and elastic modulus were measured using
nano-indentation.
Graphene A large dip is observed at depths below 10 nm.
Iapers The load-displacement curve shows a decrease in load [89]
Y with increased layers at the same indentation depth.
Graph hardness and elastic modulus decrease with
increasing graphene layers.
Copper With the introduction of 0.5 %vol graphene, the
cogt% q composite material displays a tensile strength of 242
MPa and demonstrates a conductivity of 34.5 MS/m.
graphene L . .
reinforced This signifies a noteworthy improvement, with an [90]
aluminium increase of 102% in tensile strength and
composites approximately 8.15% in conductivity compared to the
P characteristics of pure aluminium manufactured under
(Cu-GNP-AI) o
the same conditions.
Graphene was added to the aluminium powder matrix
to form composites.
Milling time and the presence of GNPs positively
[90]
affect hardness values.
Increased milling time results in harder compounds,
especially with 2 hours of sintering.
Graphen . . .
- Stir casting technology was used to create composites
Aluminium A )
C . with different graphene loadings.
omposites . . .
(GNP-AI) Uniform gr_aphene dispersion enhances hardpess.
A sample with 0.5 %wt graphene shows maximum
indentation resistance, achieving a hardness of 78  [91]
RHN.
Samples with 2 %wt graphene exhibit reduced
hardness due to graphene particle overload and
agglomeration.
GNP-reinforced Ti composites developed using the
powder metallurgy process.
The right amount of GNP at 0.15 %wt achieves the
Graphene-Ti highest hardness (566 HV) and density (4.39 g/cm?) at [92]
Composites 1100 °C for 120 min.
(Ti-GNP) Higher GNP content results in reduced density and
hardness due to agglomeration and TiC formation.
The hardness of Ti-GNPs composite increases from
304 HV to 566 HV compared to pure Ti.
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[96] reported the dynamic properties and structure of bulk materials
consisting of graphene nanosheets using simulations of coarse-grain molecular
dynamics. Results demonstrate convincing evidence of fluid-like melts of
linear polymers at elevated temperatures in bulk graphene. In addition, at
temperatures below the glass transfer temperature (Tg), the materials transform
into a glassy "foam" condition. Due to the high Ty (= 1600 K) of bulk graphene
materials in their glassy foam state, they have high thermal stability and an
enormous free volume compared to standard polymer materials. This shows
that the lubricating properties and attractive plastic flow at high temperatures
are in graphene melting. Additionally, graphene foams show great promise as
high-surface-area fire suppression additives and filtration materials for
mechanical reinforcement and increasing the thermal conductivities of
polymer materials.

Atomic simulations were used to investigate the melting behaviour of
graphene-supported pure platinum (Pt), pure palladium (Pd), Pt-core/Pd-shell
(Pt@Pd), and Pdcore/Pt-shell (Pd@Pt) nanoparticles (NPs) of the same size.
The melting point of supported NPs is approximately 120 K lower than the
free melting point. This can be attributed to restrictions of NPs by raising the
temperature and distortions at the interface between metal and carbon on the
graphene support. The analysis shows that the graphene support does not
significantly impact melting modes because of the low distortion in the
structure of the nanoparticles [97].

In addition, computer simulation has been used to study the dynamics
of graphene disordering upon heating. Seeds in the 3D liquid stage form with
heating graphene due to a complex disruption sequence and the formation of
many interatomic bonds. Because of the 5-7 defects, groups of adjacent rings,
and big rings and carbon chains perpendicular to the monolayer floor appear
in the final stage. Although Stone-Wale (SW) defects occur, they do not
accumulate, soon become rinsed, and have no significant impact on the melting
mechanism. During the melting process, disordered and crystalline regions
coexist. From the above, the melting point is estimated at 5100 K. To conclude,
high graphene thermal stability is essential in real-world applications, for
instance, visible light emitters based on thermal radiation resulting from solid
sample heating [98]. The melting temperature behaviours of graphene are
summarized in Table 8.

The Surface Area of Graphene

Graphene is supposed to have outstanding properties, such as a high specific
surface area, and excellent electrical and thermal conductivity [101]. Graphene
nanoplates are ideal nanomaterial compared to other nanoparticles of metal
oxide or conventional metal because they have a very high specific surface
area. It is recognized as the world's thinnest material and has significant
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application potential in various technologies, including liquid crystal devices.
[102] reported graphene has an extremely high specific surface area, and it is
a highly effective additive for promoting the heterogeneous nucleation of
water. A minimal amount of graphene can eliminate the degree of water
subcooling. With a surface area concentration of about 0.070 + 0.003 m%ml
and a meagre mass fraction of about 0.020 + 0.001 wt% of graphene, the need
for subcooling to freeze water was eliminated as shown in Figure 13.
Surfactants can be used to decrease the degree of subcooling, increase
suspension stability, and slightly increase the total freezing time.

Table 8: Summary of graphene's melting temperatures in relation to defects
and mixing with other materials

Material Melting Temperature (K) Ref.
4510 K, about 250 K higher than that of
Graphene graphite based on nucleation theory for a [94]
(2D Nucleation first order phase transition from the 2D
Theory) solid to the 3D liquid via an intermediate
quasi-2D liquid.

Stone-Wales (SW) defects are pivotal in
governing graphene's melting temperature,

High-temperature with the aggregation of these defects
graphene (atomistic triggering the formation of octagons. [95]
simulations) These octagons act as precursors for the

spontaneous melting process, which

occurs at approximately Tm =~ 4900 K.

Graphene nanosheets Approx. 1600 K (Tg), graphene foams
(simulations of coarse- show great promise as high-surface-area
grain molecular fire suppression additives and filtration

dynamics) materials
Graphene-supported
nanoparticles

[96]

Approx. 120 K lower than the free melting [97],
point [99]

(simulation)

Graphene disorder 98]
upon heating 5100 K [100’]
(simulation)

Graphene composites, more specifically polymer matrix composites,
are among the most profitable industrial products in various applications. The
current state of the study of surface characteristics of graphene is predominant
in graphene composite applications. The influence factors of surface
characteristics of graphene, such as surface energy, microstructure, surface
chemistry and composition, surface area, surface chemistry, and the techniques
used for determining the graphene surface characteristics [103].
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The properties of composites are mainly determined by the synergistic
combination of concrete graphene surface, high interface adhesion of filler
matrix, and exceptional characteristics of graphene and the main features of
the matrix [104]. The conclusions showed that graphene surface characteristics
could be adapted to better compatibility by altering graphene surface chemistry
and improving interfacial interaction by increasing the surface area and
wrinkling by mechanically interlocking. Furthermore, the chemical bonds on
the graphene surface by functional groups like van der Waals and hydrogen
bonding, result in a decrease in graphene dispersive surface energy while
improving graphene wettability for the matrix. Modified graphene with unique
surface properties would result in better composites considering the desired
lifespan of high-performance reinforced materials [103].

T T T M T
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: 2
n » Si0,-SDBS
ov1 L 1 1
0.00 0.02 0.04 0.06 0.08

Surface Area (m“/ml)

Figure 13: Relationship between graphene—H,0O nanofluids subcooling
degree and the surface area per volume of samples [102]

The porous graphene materials have been given significant attention in
recent years and rapidly developing because of their excellent electrochemical
performances, larger surface areas, and unique pore structures in conversion
and storage devices. Due to these extraordinary properties, porous graphene
materials can be used as critical components in high-performance conversion
devices and electrochemical energy storage such as fuel cells, lithium-ion
batteries, and supercapacitors. Although the application and synthesis of
porous materials have significantly progressed, a few significant points are left
to be addressed. There is also an exciting challenge in developing porous
graphene materials because it is necessary to precisely control pore
morphology, including wall thickness. In addition, the interaction of various
pores, such as mesopores, macropores, and micropores, is necessary for
utilizing the synergistic effects of multiple pores [105].

The surface porosity of graphene-based aerogels plays a critical role in
their performance in applications involving mass transfer. Many applications
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of graphene-based aerogels, including but not limited to energy storage, gas
sensing, chemical adsorption, and catalysis, crucially rely on efficient mass
transfer processes. However, understanding the factors that determine surface
porosities has been a challenge, impeding their optimization for specific
applications. [106] have introduced an innovative approach to control surface
porosity, which is essential for enhancing the performance of 3D-printed
aerogels. They highlight the significance of ink properties, typically adjusted
through additives in graphene oxide (GO) suspensions, and print parameters
in shaping the surface porosity of graphene-based aerogels. Through a
combination of experiments and hydrodynamic simulations, they demonstrate
that the high shear stress experienced during the 3D printing process leads to
a non-porous surface, whereas crosslinking of the sheets inhibits flake
alignment induced by shearing, resulting in a porous surface (see Figure 14).
These findings provide valuable insights for precise control of the surface
porosity in printed graphene-oxide aerogels (GOA) by regulating crosslinking
agents and shear stress.

Conclusions

In conclusion, graphene stands as a formidable force poised to exert a
transformative influence across multiple scientific disciplines and
technological domains. Its unparalleled amalgamation of bonded carbon
structures, underpinned by a plethora of intricate physical attributes, positions
it as a cornerstone of innovation. These remarkable properties span its
thickness, layering, magnetic and optical characteristics, electrical and thermal
conductivity, supercapacitance, hardness, and more. The inherent potential in
these properties extends to diverse applications, ranging from cutting-edge
sensor devices to integrated circuit components and beyond. Particularly
captivating is the optical absorption behaviour of single-layer graphene (SLG),
which is exclusively governed by a fundamental constant of nature, rendering
it truly distinctive. This peculiarity signifies a noteworthy departure from
frequency-dependent materials, solidifying its significance in the scientific
landscape.

254



Physical Properties of Graphene

o —— ey

o20f ST " =

0.05p7 —s=— Porous GOA
—e— Non-porous GOA

40 80 120
t (min)

Rhodamine B

pe—— ]
—

0.20 /'/ o
Bl &
E i/
[@)] °

EN

0.05f/ —s— Porous GOA
—e— Non-porous GOA

Methylene Blue

Adsorption per weight ™ Adsorption per weight ® Adsorption per weight &

000 . 80 120
t (min)
0.25
0.20 /./-::::
‘ "20.15 -
Malachite Green E »
20.10 /./
0.05 //—-— Porous GOA
] | | —s— Non-porous GOA
t : : L 0.00
0.0 0.5 1.0 15 2.0 0 40 80 120
Rate Constant &, t (min)

Figure 14: Comparative examination of surface structures and dye adsorption
performance in porous and non-porous graphene oxide aerogels (GOA).
SEM images of the surface of; (a) porous GOA, (b) non-porous GOA with
scale bars of 100 pum, (c) rate constants derived from adsorption kinetics
fitting. (d)—(f) Dye adsorption curves of porous GOA and non-porous GOA
for; (d) rhodamine B, (e) methylene blue, and (f) malachite green. Reprinted
with permission from [106]
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Moreover, the development of graphene films unveils a suite of
exceptional physical properties that underpin its promise in advanced
applications. These include its potential as a high-power system component
and an efficient heat-spreading material, offering novel avenues for thermal
management within form factor-driven electronics. In essence, the exceptional
attributes of graphene and its far-reaching implications underscore its pivotal
role in shaping the future of various scientific disciplines and driving
technological advancements. Its unique blend of structural and physical
characteristics not only fuels curiosity in research but also holds the promise
of revolutionizing industries and enhancing our understanding of the
fundamental properties of matter.

Future Outlooks

To unlock the full potential of graphene in today's research and development
landscape, fostering collaboration among researchers from diverse scientific
fields is essential. These collaborations serve as a catalyst for innovative
solutions, addressing complex challenges and contributing to our evolving
understanding of graphene's physical properties. They underscore graphene's
pivotal role in shaping the present and future of science and technology across
a range of domains.

Given the growing importance of graphene in both scientific and
industrial contexts, a pressing need exists for comprehensive assessments of
the environmental impact of graphene-based materials and technologies. These
assessments are crucial not only for sustainability but also for managing
potential risks associated with the expanding production and application of
graphene. To enhance awareness and appreciation of graphene's significance,
it's highly advisable to establish educational initiatives and outreach programs
targeting both the scientific community and the general public. These efforts
have the potential to broaden understanding and recognition of graphene's
extraordinary properties and its transformative impact across various
industries.

Moreover, when designing applications, understanding graphene's
physical properties is a crucial initial step. However, the effects of
heterogeneity and defects on chemical interactions and graphene's properties
require further investigation. For instance, the complexity of transport in
multilayer graphene, influenced by multiple conducting layers, and the
challenges of achieving precise atom-by-atom functionalization of graphene
on large-area graphene wafers warrant in-depth research. Further exploration
of graphene's integration into existing materials and engineering processes is
vital, aligning with current trends in material science and engineering.

Efforts to explore comprehensive, reliable, and large-scale graphene
production should be undertaken. A key challenge is scaling up the production
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of high-quality graphene, which significantly impacts material properties. The
production parameters should align with the chosen method or route.
Moreover, characterizing graphene products at an industrial scale is crucial.
Techniques such as XRD, Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), and additional specialized characterizations for
parameters like surface area and electrical conductivity should be considered.
Lastly, the establishment of standardized protocols and stringent quality
control measures for graphene production and characterization is essential in
today's rigorous research and industrial environments. These measures are
critical for ensuring consistency and reliability in graphene-related studies,
fostering confidence and uniformity in the field. Graphene's exceptional
properties continue to offer ongoing opportunities for researchers to explore
its potential, driving advancements across various fields in alignment with the
current state of research and development in graphene and materials science.
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ABSTRACT

The outstanding biocompatibility and bioactivity properties of hydroxyapatite
(HA) as a bio-implant material have garnered significant attention in
prompting its extensive study. However, due to its brittleness and lower
strength, its usage as a bone implant in load-bearing regions of biomedical
applications is limited. The mechanical performance of the HA bodies is
decreased by transformation-induced cracking as well as uncontrolled grain
development. However, sintered HA ceramics with superior mechanical
characteristics may be created if the prepared powder has better powder
attributes including stoichiometry, crystallinity, agglomeration, and
morphology from the start. Thus, this research explored the preparation of HA
from discarded eggshells as a source of calcium via the dry reaction method
and the correlation between its sinterability, densification, and mechanical
properties at various sintering temperatures. In this work, the calcined
eggshell powder was mixed with Calcium Hydrogen Phosphate Dihydrate
(CHPD) via ball milling at 400 rpm speed for 4 hours and subsequently heat
treated at 800 °C. The synthesized HA powder was compacted via hydraulic
press and then sintered at temperatures of 1100 °C, 1750 °C, 1200 °C, and
1250 °C. The XRD analysis of the sintered HA samples revealed that the phase
stability of the HA phase remained unaffected up to 1250 °C. Similar trends of
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average grain size, relative density, and hardness to sintering temperature
were observed. HA samples sintered at 1250 °C exhibited the optimum
mechanical properties with a relative density of 90.72% and a hardness of 4.34
GPa. It is believed that the grain boundary diffusion through the densification
mechanism does not reach a densification level that is conducive to grain
growth. Hence, the hardness still increased although the densification was
relatively low. It can be concluded that HA densification significantly
influences the grain coarsening and mechanical properties of the eggshell-
derived HA.

Keywords: HA; Eggshell; Densification; Mechanical Properties

Introduction

Calcium Phosphate (CaP) is acompound that contains calcium and phosphorus
which can be found naturally in inorganic waste among others such as
eggshells, corals, cow bones, chicken bones, and fish bones [1]. One of the
many variations of CaP mineral, HA (HA) has gained much interest in the
medical and health-related fields as a bone graft alternative due to its mineral
composition, which is comparable to teeth and bone besides its excellent
bioactivity and biocompatibility. To date, it has been applied in drug delivery
systems and bone tissue engineering implants in the form of powders, porous
blocks, and hybrid composites. For example, it has been used when extensive
bone removal is required or when bone augmentations are necessary (e.g.,
dental applications) [2].

However, due to its brittleness and lower strength, its application as
bone implants in load-bearing regions of biomedical applications is limited [3].
It was reported that grain growth affects its density and hardness which
contribute to its strength [4]. Besides that, poor mechanical properties and
porosity can affect the biocompatibility of HA whereby the presence of voids
or defects can hinder cell attachment, proliferation, and impede the formation
of strong bonds between the implant and the surrounding tissue [5]. However,
sintered HA ceramics with superior mechanical characteristics may be
produced if the prepared powder has better powder attributes from the start
including stoichiometry, crystallinity, agglomeration, and morphology. As a
consequence, the employment of a suitable processing regimen enables the
production of well-crystallized, high-density sintered HA that exhibits
enhanced mechanical properties.

Hence, various synthesis methods have been employed to produce
synthetic HA powder with significant purity and good mechanical properties
[6]. Among the available methods are the hydrothermal method, solid-state
reactions, the sol-gel process, emulsion, micro-emulsion, and predominantly
chemical precipitation [7]. In addition, the synthesis of HA has also been
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conducted using waste materials such as fish bone, eggshell, and coral as
calcium precursors [1]. Typically, the eggshell constitutes around 11% of the
total weight of an egg and is commonly regarded as a food waste with little
commercial value. However, its abundant calcium content can be utilized as a
viable source of calcium precursor. Besides that, by deriving HA from a natural
source, it becomes feasible to obtain a material that closely matches the
stoichiometry of human bone [8]. On another note, this practice not only offers
economic advantages but also aligns with a sustainable approach to solid waste
management, fostering economic growth and environmentally friendly
practices.

Among the conventional techniques employed for the synthesis of
eggshell-derived HA are wet precipitation, hydrothermal processes, low-
temperature synthesis, solid-state reactions, and sol-gel methods [9]. Among
these different techniques, wet chemistry methods, such as precipitation and
sol-gel, are widely preferred due to their ability to provide precise control over
particle morphology and size. However, these methods can be laborious and
need more reproducibility. On the other hand, dry methods, such as
mechanochemical and solid-state methods, offer a straightforward and highly
reproducible synthesis process, as they do not require stringent control
conditions [10].

One of the methods, mechanical milling, has been used to produce HA
derived from eggshells. However, this dry-state reaction method has been
claimed to increase the possibility of contamination in the final HA powder.
In previous research, the solid-state reaction was used to study the eggshell-
derived HA powders through the attrition milling method [11]. In that research,
with a proper processing regime, it has been proven that it did not produce any
contaminations which resulted in good mechanical properties [11]. Ball
milling is a widely utilized technique that involves the use of ceramic balls
placed in a milling jar with the material to be milled. By rotating the jar, the
balls collide with the material, resulting in size reduction through impact and
abrasion. This process effectively breaks down particles and achieves the
desired particle size distribution, making ball milling a popular method for
producing fine powders with precise sizing [12]-[13]. To date, no work has
been reported on the production of HA using calcium carbonate from eggshells
through the ball milling method.

Hence, this study aims to produce HA using eggshell as the source of
calcium precursor in the form of calcium carbonate through the solid-state
reaction method and to determine its sinterability at various sintering
temperatures. Subsequently, the influence of different sintering temperatures
will be examined to ascertain the correlation of densification on the mechanical
properties of eggshell-derived HA.
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Methodology

In this work, the waste eggshells were cleaned with distilled water to remove
the protein membrane layer. Then, they were dried in the oven before being
crushed using a mortar and pestle into a fine powder. Afterward, the eggshell
powder was calcined at 700 °C for two hours to obtain pure calcium carbonate
(CaCO0:s) (Figure 1a). This pure CaCO3 was then used as the source of calcium
(Ca) in the synthesis and mixed with a phosphate (P) precursor, Calcium
Hydrogen Phosphate Dihydrate (CHPD), at a Ca/P molar ratio of 1.67 via ball
milling for 4 hours milling time at 400 rpm speed (Figure 1b). Following that,
the powder mixture was sieved with a 212 um mesh sieve and then heat treated
at 800 °C (Figure 1c) to obtain pure HA powder.

O

Figure 1: The HA powder preparation: (a) crushed eggshell, (b) eggshell
calcined at 700 °C, and (c) ball-milled mixture calcined at 800 °C

Subsequently, the synthesized eggshell-derived HA powder was
pressed into disc samples (26 mm diameter) (Figure 2) via uniaxial pressing
and followed by a sintering regime in an air atmosphere at temperatures
varying from 1100 to 1250 °C for 2 hours in a box furnace at a rate of 5 °C/min
which will induce densification to the prepared eggshell-derived HA powder.
The physical change due to densification was shown clearly in Figure 2 by the
shrinkage in the sample dimension after sintering. These sintered samples were
later addressed as ES-1100, ES-1150, ES-1200, and ES-1250, concerning its
sintering temperature.

Phase stability evaluation of the sintered HA dense ceramics was
determined using X-ray diffraction (XRD) (Rigaku Ultima 1V) to observe any
phase transformation corresponding to sintering temperature with standard
reference to the International Centre for Diffraction Data (ICDD). Meanwhile,
the morphological characterization was evaluated using a Field Emission
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Scanning Electron Micrograph (FESEM). Subsequently, the grain size of the
sintered sample was determined from the FESEM image based on the line
intercept method [11]. Archimedes' principle was used in the bulk density
measurement for the sintered samples with distilled water as an immersion
medium. The relative density of the sintered sample was calculated by taking
the theoretical density of HA as 3.156 g cm™. Meanwhile, the hardness of all
the green compacted samples was measured via the Vickers indentation) using
an applied load of 100-200 grams with a dwell time of 10 seconds and
repetitive indentation to get an accurate reading.

| Green samples (before sintering)

) Sintered samples

Figure 2: As-prepared dense and sintered eggshell-derived HA samples

Results and Discussion

Figure 3 presented the XRD pattern of the powder mixture (eggshell powder
and CHPD) after heat treatment at 800 °C. It could be observed that all the
XRD peaks matched those in the ICDD 01-076-8436 for HA; thus, indicating
that a pure HA phase was successfully obtained. Besides that, sharper peaks
that are visible in the XRD pattern denote the high crystallinity of the
synthesized powder.

Meanwhile, Figure 4 depicts the phase stability of the sintered HA
samples at various temperatures. All XRD peaks in Figure 4a to Figure 4d
perfectly matched those found in the ICDD 01-076-8436 for HA; thus,
demonstrating that the stability of the HA phase was not compromised when
sintered between 1100 °C and 1250 °C. Nonetheless, HA phase decomposition
may happen due to further sintering at 1300 °C and 1350 °C, forming minute
amounts of a-tricalcium phosphate (a-TCP) and tetracalcium phosphate
(TTCP) [11]. In addition, it was observed that the intensity of the highest peak
for HA corresponding to the (211) lattice plane (~20 = 31.96°- 32.07°)
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increased as the sintering temperature increased from 1100 °C to 1250 °C. This
indirectly reveals that a highly crystalline HA structure has been formed. A
similar XRD pattern of HA at different sintering temperatures has been

reported in previous studies [14]-[15].

Intensity (a.u.)

¢ HA

Figure 3: XRD pattern of eggshell-derived HA powder heat treated at 800 °C
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Figure 4: XRD patterns of eggshell-derived HA samples sintered at
temperatures ranging from 1100 °C to 1250 °C

The FESEM images showing the microstructural evolution of the

samples sintered at various temperatures are presented in Figure 5. Generally,
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globular particles are visible in all sintered samples. It was observed that at
1100 °C (Figure 5a), necking formation between the grains has taken place.
These phenomena correspond to the first stage of sintering [11]. Besides, with
increasing sintering temperature beyond 1100 °C, densification started to occur
and formed agglomerated particles. It was found that samples sintered at 1200
°C (Figure 5c¢) and 1250 °C (Figure 5d) exhibited a more densely packed
microstructure with less amount of porosity. The smaller pore sizes exhibit a
higher strength and better mechanical properties [15].

Figure 5: FESEM images of eggshell-derived HA samples sintered at; (a)
1100 °C, (b) 1150 °C, (c) 1200 °C, and (d) 1250 °C

Although this densification was accompanied by grain coarsening, it
can be seen that the rate of grain coarsening was not primary when compared
to that reported in other works where the grain size of HA increased from
approximately 2 to 8 mm as the sintering temperature increased from 1200 °C
to 1250 °C [16]. An increase in grain size was not favoured as induced strength
deterioration of the sintered samples. Moreover, accelerated grain growth at
high sintering temperatures is a typical result of conventional pressureless
sintering due to the uncontrollable presence of moisture in the sintering
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atmosphere [17] but this was not observed in this work. Thus, it is believed
that the grain boundary diffusion through the densification mechanism does
not reach a densification level that is conducive to grain growth [18].

The influence of sintering temperature on the average grain sizes of HA
is presented in Figure 6a. The graph illustrates a linear relationship between
average grain size and sintering temperature. The smallest average grain size
of the sintered HA was 0.83 + 0.02 um, which was obtained at 1100 °C as
shown in Figure 6a, while the largest average grain size of the sintered HA was
2.29 £ 0.02 pm, which was obtained at 1250 °C.

In studying mechanical properties, the ability of the material to densify
is used to evaluate the material’s structure as well as porosity predictions [19].
Figure 6b and Figure 6c depict the relative density and Vickers hardness of HA
as a function of sintering temperatures, respectively. A steady increase in
density is observed with an increase in sintering temperature up to 1250 °C.
These findings align with the compacted arrangement of the sintered HA
microstructure, which becomes denser as the sintering temperature increases,
as demonstrated in Figure 6a. The relative density exhibited an increase,
starting at 89.42% at 1100 °C and reaching a peak of 90.72% at 1250 °C.
Nevertheless, based on the previous study, higher relative density values were
obtained ranging from 96% - 97% [6], [11], [15]. The lower relative density
values obtained in the current work could also possibly be due to insufficient
pressing pressure applied during the compaction of the green samples. This is
shown in Figure 5 whereby the presence of porosity between the grains was
still observed at 1250 °C. Hence, it can be generalized that pressing pressure
applied during the preparation of green samples also plays a vital role in their
densification. Nevertheless, a study by Ramesh et al. [11] acquired a similar
trend for the result of sintered HA samples from 1100 °C to 1250 °C although
a different processing method (attrition milling) was used.

It is noteworthy that in Figure 6b, the Vickers hardness also exhibited a
similar trend to that observed for relative density. It was also observed that
grain size imparted a significant impact on the sintered sample hardness. The
Vickers hardness values ranged from 1.59 GPa at 1100 °C to a maximum of
4.34 GPa at a sintering temperature of 1250 °C. It was reported in a previous
study that the value of hardness for 1100 °C to 1250 °C temperature ranged
from 1 GPa to 5 GPa but via a two-step sintering method [11], [14]. Besides
that, the significant increase in hardness up to 1250 °C can be attributed to the
concurrent increase in relative density, as depicted in Figure 6a. It is widely
acknowledged that the hardness of HA tends to increase with relative density.
In addition, hardness is also governed by grain growth [6], [11]. In this work,
although the grain growth was observed to gradually increase with sintering
temperature, the comparative value of hardness to the previous study that
worked on eggshell-derived HA via the different source of Ca and method was
obtained. This could be attributed to the hardness of the material which will
increase if the indentation is smaller [20] as observed on the indented sintered
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sample. Overall, it was observed that sample ES-1250 demonstrated the best
mechanical properties compared to all other samples in this study.
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Figure 6: The effect of sintering temperature on; (a) average grain size,
(b) Vickers hardness, and (c) relative density of eggshell-derived HA samples
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Conclusion

Ultimately, highly crystalline and phase-pure HA from bio-waste eggshells
were successfully produced via a combination of mechanical alloying and
sintering methods. The HA powder was obtained after pre-heat treatment of
calcined eggshell and CHPD at 800 °C. Throughout the sintering regime, the
phase stability of the HA samples was not disrupted at all sintering
temperatures as shown in the XRD analysis. The resulting sintered HA
samples, which have globular agglomerated particles as their microstructure,
were found to increase in grain size with sintering temperature as the first stage
of sintering took place at 1100 °C. However, in this work, it is believed that
the grain boundary diffusion through the densification mechanism did not
reach a densification level which is conducive to grain growth as the presence
of porosity between the grains was still observed at 1250 °C. A similar trend
was also observed for both densification and hardness of the sintered HA
samples with increased sintering temperature. Similarly, it can be concluded
that lower grain growth by these samples indicates the lower-level
densification obtained. Although the densification was comparatively low, the
measured hardness of these sintered samples still increased as the resulting
diamond indentation on the sample was smaller. Overall, it was observed that
sample ES-1250 demonstrated the best mechanical properties compared to all
other samples from this study with the highest relative density of 90.72% and
a hardness of 4.34 GPa. On top of that, the usage of this natural waste as a
precursor in synthesizing HA is not only sustainable and cost-effective but
would also be beneficial to environmental waste recovery.
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