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Abstract

Developing advanced composite materials is critical for various industrial applications, including automotive,
construction, and packaging, where enhanced mechanical and thermal properties are required. This study investigates the
thermal and mechanical performance of high-density polyethylene (HDPE) composites reinforced with yellow oil fly ash
(YOFA), a by-product of heavy fuel oil. Using injection molding, composites were fabricated with varying concentrations
and particle sizes of YOFA. The composites were performed with YOFA particle increments from 0 to 8 wt.%. Mechanical
properties were evaluated via tensile, flexural, and lzod impact tests, while thermal properties were examined using
thermogravimetric analysis (TGA) and differential thermal analysis (DTA). Energy-dispersive X-ray (EDX) and scanning
electron microscopy (SEM) analyses provided insights into the morphology and distribution of YOFA within the composites.
Results demonstrated that composites with 2 wt.% YOFA and particle sizes of 53-80 pm exhibited optimal tensile and
flexural performance, while impact strength decreased with increasing YOFA content and particle size. Thermal stability was
highest for composites with 2 wt.% YOFA and the smallest particle size. SEM images revealed thorough encapsulation of
YOFA particles within the HDPE matrix, suggesting effective reinforcement. This study presents a novel approach to

enhancing HDPE properties using YOFA particles and contributing to waste valorization.
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1. Introduction

Polymer matrix composites, incorporating reinforcing
particles, fibers, or fabrics, have demonstrated superior
stability and physical properties, significantly enhancing
the strength of composite systems. Predominantly derived
from thermoplastics, these composites are preferred for
numerous applications [1], [2], [3]. Reinforcing elements
include carbon particles, glass fibers, carbon fiber, and
cellulose fibers, while nanoparticles like carbon nanotubes
and graphene have garnered significant interest for
reinforcement in composites. These high-strength
composites have promising applications across the
aerospace, automotive, construction, and electronics
sectors [4], [5]. Today, the world faces severe
environmental challenges due to the excessive disposal of
waste, which causes significant harm to the environment
and poses risks to human health. EU companies could save
approximately 600 billion euros by reusing and recycling
waste, potentially reducing gas emissions by up to 4%
annually [6], [7], [8]. While driving economic growth and
urban development, industrial expansion generates non-
disposable waste. The increasing demand for electricity in
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residential and industrial settings is expected to elevate
thermal power production and the generation of
byproducts like fly ash (FA) [9], [10]. FA, a byproduct
from various heavy manufacturing facilities such as oil,
cement, and coal-driven power plants, presents disposal
challenges but also holds the potential for creating
commercially valuable products. Integrating FA into
construction materials can yield high-quality, cost-
effective products, such as pre-mixed materials for
construction sites. Ensuring that the concentration of FA as
a filler remains below a specified threshold mitigates the
risk of microparticle release due to abrasion [4], [11], [12].
Utilizing FA with cementitious materials extends beyond
construction to include polymer composites. Researchers
have identified significant interfacial compatibility
between FA and plastics, making them suitable for
fabricating composites [4], [11]. FA has achieved attention
as a superior filler material for polymers because of its
highly dispersible, dense, and flowability of spherical
particles. FA polymer composites, recognized for their
exceptional performance, address environmental concerns
and simplify disposal challenges associated with heavy
industry FA production [4], [12], [13]. Sreekanth et al.
[14] observed that the mechanical characteristics of
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particulate-filled polymer composites are affected by the
distribution, shape, size, and adhesion of filler particles in
the polymer matrix, as well as the crystallization and
degree of crystallinity of the semi-crystalline polymer [15].
Recent studies have confirmed the compatibility between
FA and plastics, making them suitable for producing
composite materials. The inherent ceramic properties of
FA particles enhance the physical and mechanical
properties of the resulting composites, making them viable
for various applications [16], [17]. Plastic-based products
are indispensable due to their affordability, lightweight
nature, exceptional durability, and resistance to corrosion
and weathering. Despite their benefits, single-use plastic
products contribute significantly to environmental
pollution, affecting water, soil, and human health [6].
Various types of plastic, including polypropylene (PP),
polyethylene (PE), and polyamides (PA), are available.
High-density polyethylene (HDPE), a thermoplastic
polymer known for its high stability, finds extensive use in
packaging, automotive components, building materials,
and electronics. HDPE is a semicrystalline plastic that
exhibits strong mechanical properties and is resistant to
moisture and chemicals [4], [18], [19], [20].

Numerous research has concentrated on assessing how
FA affects the mechanical properties of HDPE. Most of
these studies have examined using coal and oil FA to
reinforce HDPE to create PMCs. For instance, Ahmad et
al.[21] investigated the mechanical properties of HDPE
reinforced with coal FA. The study utilized three different
types of FA particle sizes and varied the concentration of
FA up to 40% by weight. The results showed that both
flexural and tensile strengths, as well as moduli, increased
with the addition of FA. However, the tensile elongation
significantly decreased when the FA concentration
exceeded 10%. Impact resistance decreased with
increasing FA concentration by up to about 15% but did
not show a significant reduction with further addition.
Additionally, composites containing the smallest FA
particles were the most effective in enhancing strength and
relative elongation. Interestingly, the particle size did not
significantly influence the modulus and impact resistance.
Alghamdi[17]investigated the influence of filler particle
size on the recyclability and mechanical properties of oil
FA-reinforced HDPE composites. The research focused on
creating and analyzing composites of HDPE matrices. It
revealed that incorporating small (50-90 um) FA particles
significantly ~enhanced the tensile modulus (by
approximately 95%) and tensile strength (by around 7%)
of the reinforced composites than pure HDPE materials.
However, when the composites were recycled multiple
times using an extrusion-based process, the mechanical
properties slightly decreased, mainly due to the separation
of the filler and matrix when larger FA particles were
utilized. Despite this, the recycled composites' tensile
modulus and tensile strength with small FA particles
remained considerably higher than those of pure HDPE
materials. Alghamdi [4] investigated the impact of 5, 10,
and 15 wt.% oil FA on HDPE matrix composites and
studied its thermal, morphological, and tensile properties.
The analysis using thermogravimetric (TGA) tests
revealed that the composites have a highly uniform
distribution of fillers. Adding 15 wt.% FA significantly
increased Young’s modulus by approximately 200%

compared to pure HDPE polymer without compromising
the tensile strength. To assess the durability of the
composites, samples were subjected to environmental
aging involving UV and moisture exposure, and their
morphological and mechanical properties were evaluated.
The study concluded that the FA/HDPE composites are
more suitable for long-term use than pure HDPE. A 10
wt.% FA content was observed to be more effective in
maintaining tensile strength after 20 weeks of aging.
However, when considering both tensile strength and
Young’s modulus, the composite with 15 wt.% FA
performed the best. Even after 20 weeks of aging, this
composite only exhibited a ~5% decline in Young’s
modulus and a ~9% decline in tensile strength compared to
its freshly made counterpart. The remarkable capacity of
densely concentrated FA to capture high-energy photons
from UV light prevents the degradation of the polymer
matrix caused by the photons, making the material ideal
for extended outdoor applications.

Previous studies have primarily focused on using coal
and black oil fly ash (FA) to reinforce high-density
polyethylene (HDPE). However, the characteristics of
HDPE reinforced with a novel type of FA, known as
yellow-oil FA (YOFA) particles, have not been thoroughly
investigated. YOFA is a byproduct from thermal power
stations that use heavy fuel oil treated with magnesium
oxide (MgO). This study aims to fill this knowledge gap
by extensively examining HDPE-YOFA composites. The
findings could enable the use of these composites in
critical aerospace and automotive components, potentially
revolutionizing these industries. Additionally, this research
provides a comprehensive analysis of the thermal and
mechanical properties of HDPE-YOFA composites under
normal operating conditions using both qualitative and
quantitative methods. Expanding the scope beyond
traditional coal and black oil FA, this study introduces an
innovative approach to reinforcing HDPE composites,
significantly contributing to the current knowledge base.

2. Materials and methods
2.1. Materials

The high-density polyethylene (HDPE) utilized is a
thermoplastic (Grade: SABIC HDPE B5429) purchased
from Saudi Basic Industries Corporation (SABIC) in
Riyadh, Saudi Arabia. The HDPE granules have specific
properties obtained from the source: a rate of melt flow
(MFR) of 0.3 g/10 min at 190 °C/2.16 kg (ASTM D1238),
a Vicat softening temperature of 124 °C (ASTM D1525), a
density of 0.954 g/cc at 23 °C (ASTM D1505), and a
brittleness temperature of <-75 °C (ASTM D746). Samples
of YOFA were obtained from the Al-Qayyarah power
station in Nineveh, Irag. This power station utilized heavy
fuel oil treated with magnesium oxide (MgO) to extend the
durability of steel components like boiler tubes and turbine
blades, which are used with gaseous fuels (residual fuel).
The MgO interacts with vanadium in the fuel oil to reduce
corrosion and uphold the operational reliability of the
turbines. The YOFA samples were collected directly from
the sites where heavy fuel is burned to produce electricity.
They were collected as coarse particles from the station's
mechanical hoppers and used naturally without chemical
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or physical processing. These samples were then combined
and homogenized using suitable coning and quartering
techniques. Approximately 3 kg of YOFA was collected
from various places, and all the samples were blended to
form a final mixture for conducting extraction
experiments. The YOFA is a bright yellow substance with
a density of 2.18 g/cc. The YOFA particle density was
measured according to ASTM D2320 (Pycnometer
method) [22].Energy-dispersive  X-ray  spectrometry
(EDX) and scanning electron microscopy (SEM) were
employed to capture detailed, high-magnification images
to examine their morphological characteristics. Figure
shows SEM images and EDX analysis of YOFA particles
of different sizes: YOFA 1, YOFA 2, YOFA 3, and YOFA
4, respectively. The SEM images clearly reveal the
dendritic and irregular shapes of the YOFA particles,
providing insights into their dimensions. Furthermore, the
EDX analysis data indicates that the YOFA particles
exhibit high concentrations of carbon (C), oxygen (O),
magnesium (Mg), sulfur (S), and vanadium (V). These
findings highlight the complex composition and unique
morphology of YOFA particles, which are crucial for
understanding their reinforcing potential in HDPE
composites.

Furthermore, the total organic content (TOC) in a
YOFA sample, which refers to the amount of organic
material present, was analyzed using ELTRACW
multiphase CO2/H20 determination. The chemical
composition of the YOFA, as shown in Table 1, was
analyzed utilizing a Shimadzu sequential X-ray
fluorescence (XRF-1800) spectrometer manufactured in
Japan. This instrument utilizes X-ray fluorescence analysis
measurements to determine the elemental composition of
the YOFA.

Table 1. Chemical composition of YOFA.

2.2. Preparation of composites

The YOFA powders were initially ground using an
electrical powder grinder at a speed of 25000 r.p.m for 15
minutes. This process was carried out to create a wide
range of particle sizes. The resulting powder was then
sieve-screened to produce four different sizes based on
particle size: YOFA 1 (53-80 um), YOFA 2 (80-125 um),
YOFA 3 (125-150 pum), and YOFA 4 (150-250 pum). The
HDPE and YOFA underwent an 8-hour drying process at
80°C to eliminate moisture and volatile substances. Prior
to the melt blending (extrusion) procedure, the YOFA and
HDPE were mixed manually with an acetone solvent to
facilitate improved dispersion of YOFA within the HDPE
matrix. As Verma et al.[23] suggested, the YOFA particles
adhere to the surface of HDPE granules due to the acetone
solvent's presence. Preparing HDPE/YOFA composites
involved obtaining a mixed filament through melt blending
using a single-screw extruder-type SJ25 plastic extruder.
The extruder was configured with a screw of 25 mm
diameter and an L/D ratio of 16. The temperature was
controlled at 40°C, 150°C, and 140°C in the first, second,
and third zones, correspondingly, from the feeding zone to
the mold exit. The screw speed ranged from 9 to 11 r.p.m.
Four different mixtures of HDPE/YOFA composites were
separately prepared by incorporating YOFA particles in
increments of 2%, varying from 0 to 8 wt.%, for each
YOFA nparticle size. After the process of extrusion, the
filament mixture was cut using an electric cutter to form
granules. These granules were then shaped into test
specimens using a vertical plastic injection molding
machine XCX-40G, following a preliminary study to
determine the typical parameters as presented in Table 2.
Prior to injection molding, all granules of HDPE/YOFA
composites were dried for 2-hour at 80°C to remove the
moisture leftover from the extrusion process. Figure 2

Oxide composition Elemental composition details the schematic diagram for preparing HDPE/YOFA
Component wt. % Component ppm . . L
ALO; 0.095 S 302461 composites. In Table 3, the samples are identified as
Fe,0; 7869 Co 588 HXFY, where X represents the content of YOFA, and Y
CaO 0.488 Cr 3339 represents the particle size grades. Additionally, pure
MgO 18.761 Cu 25 HDPE is denoted as NHD.
ﬁ?(z)(z) ggﬁ ]\111[? 3259605 Table 2. The typical parameters of the injection molding machine.
MnO 0.044 Sr 44 Typical Parameters
P,0s 0.131 \ 22626 Injection temperature 160 °C
SO; 25.5 Zn 507 Holding temperature time 6-8 min
TOC 7.47 Zr 46 Injection pressure 0.6 MPa
LOI 8.27 La 13 Holding pressure time 30s
- - Pb 21 Injection time 1s
Mold temperature 23+2°C
Cooling time 1-2 min
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Weight %

Line | Apparent » Wt z Standard | Factory
Element | rvpe | concentration | <Pt | WE% | Gy | AtOMICX | hel | standard
€ | Kseries 034 0.00337 | 9.49 | 057 | 1532 cvit Yes
0 | Kseries 1509 005079 | 47.78 | 039 | 57.93 si02 Yes
Mg | Kseries 441 002927 | 1359 | 015 | 10.85 Mgo Yes
Si | Kseries 014 000113 | 043 | 0.05 | 030 si02 Yes
S | Kseries 6.87 005914 | 2129 | 021 | 1288 Fes2 Yes
Ca | Kseries 015 000133 [ 045 | 0.06 | 022  Wollastonite | Yes
V| Kseries 078 000782 | 284 | 0.11 | 108 v Yes
- Fe | Kseries 0.86 0.00860 | 3.06 | 0.16 | 1.06 Fe Yes
SEM MAG: 500 x WD: 5.93 mm | - : :
NeER SEMHV: 150KV (100 pm Ni | Kseries 030 000304| 108 | 018 | 036 | Ni Yes
Date(midly): 08/24/23 SUT - FESEM 3 100.00

Weight %

Element | Line Type |  APPerent ’ KRatio ’ wes |s‘|'::: Mnmlc’il Sl e,
C | Kseries 041 000405 1075 051 | 1534 cvit Yes
0 Kseries 126 004240 4840 036 | 5885 sio2 Yes
Mg | Kseries 486 002959 113 02| 932 MgO Yes
S | Kseries 687 005914 2129 021 | 1288 Fes2 Yes
Vo Kseries 209 00209 658 017 | 230 v Yes
Fe | Kseries 013 000134 041 011 | 013 fe Yes
SEMMAG: 500 WD 5,02 fom MIRAs TescAN I T 041 000412 | 127 | 016 | 038 Ni Yes
Det: SE SEM HV: 15.0 kV 100 ym

Date(midly): 08/24/23 SUT - FESEM i 100.00
7T ' M spectrum 3
o
s -
Vg
c

element | UneType AP | Kpatio | Wtk s":"“’: Atomic% S‘Le"f”[“"s::::d‘
€ | Kseries 027 000271| 913 | 050 1459 | CVit Yes
0 | Kseries 1388 004670| 4838 | 035 5804 | Si02 | Yes
Mg | Kseries 448 002970| 1435 | 015 1180 | MgoO Yes
s Kseries 6.90 0.05940 | 23.74 | 0.21 1421 FeS2 Yes
V | Ksees 032  ooosi8| 210 |oa1 | o7 | V| Yes
Fe K series 0.14 0.00139 | 055 | 0.13 0.19 Fe Yes
SRNINAD: Y00.X D; 587 min IMRAS TEECAN K series 0.29 000290 | 115 | 018 037 Ni Yes
Det: SE SEM HV: 150kV 100 pm T
Date(midly): 08/24/23 SUT - FESEM

Weight %

Element | Line Type cﬂm’;ﬂﬂ KRatio | Wt.% m Atomic% S'::::I"’ 5::!“;::(‘
c K series 022 000225 | 816 | 049 | 1322 | CVit Yes
0 | Kseries 1260 | 004240 | 4840 | 036 | 5885 | Si02 Yes
Mg | Kseries 3.99 002647 | 14.53 | 014 | 1163 | Mg0 Yes
S K series 6.38 0.05498 | 23.75 | 0.22 144 FeS2 Yes
V| Kseries 071 000711| 312 | 012 | 119 v Yes
A Fe | Kseries 0.24 000244 | 105 | 014 | 037 Fe Yes
SEMMAG: 500 X WD: 5.55 mm bR Ni K series 0.3 000230 | 098 | 019 | 033 Ni Yes
Det: SE SEM HV: 15.0kV 100 pm
Date(m/dly): 08/24/23 SUT - FESEM Total: 100.00 100.00

Figure 1. SEM image and elemental content (EDX) for YOFA 1, YOFA 2, YOFA 3, and YOFA 4.
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Figure 2. The schematic diagram for the preparation of HDPE/YOFA composites.

Table 3. The sample labels at different particle size grades and
YOFA content.

R YOFA1 | YOFA2 | YOFA3 | YOFA4
(WL.%) (53-80 | (80-125 | (125-150 | (150-250
i pm) pm) pm) pm)
0 NHD NHD NHD NHD
2 H2F1 H2F2 H2F3 H2F4
4 H4F1 H4F2 H4F3 H4F4
6 H6F1 H6F2 H6F3 H6F4
8 H8F1 H8F2 H8F3 H8F4

2.3. Mechanical properties:

The mechanical properties were tested under standard
conditions of 50+£2% relative humidity and 23+2°C. The
data provided in the current study represent the average
outcomes derived from three samples for each test,
accompanied by the related standard deviations. Figure 3
shows the standard specimens of the mechanical properties
used in the present study according to ASTM standards.

2.3.1. Tensile properties:

The tensile properties of the HDPE/YOFA composite,
including yield strength, tensile strength, tensile modulus,
and elongation at break, were determined following the
ASTM D638 standard for dog-bone-shaped specimens
(Type 1) [24]. The experimental data was obtained using a
50 mm gauge length and a crosshead speed of 50 mm/min
on a Universal Testing Machine (UTM) manufactured by
LARYEE in China. The tensile elastic modulus was
determined by analyzing the linear portion of the load-
extension curve and calculating its slope. The yield stress
was identified by locating the endpoints of the linear
region of the load-extension curve. Tensile strength was
derived from the peak stress reached during the test.
Lastly, the elongation at break was determined by
identifying the point at which the stress dropped to zero
during the test [25].

2.3.2. Flexural properties:
The flexural properties, encompassing flexural strength
and modulus, were assessed following ASTM D790

[26].The measurements used a gauge length of 80 mm and
a crosshead speed of 1.5 mm/min, employing the
LARYEE UTM from China.

2.3.3. Impact properties:

The notched Izod impact strength of the HDPE/YOFA
composite specimens underwent evaluation utilizing an
Impactometer from Time Group, China, following the
ASTM D256 guidelines [27]. The standardized test
procedure involved assessing the 1zod ASTM pendulum
impact resistance of plastics with a 2.54 mm notch depth, a
5.5 J hammer, and a 45° angle notch. The strength of the
notched 1zod impact was determined using the following
Equation[28]:

Izod impact strength (KJ/m?) = (ﬁ) x 103 1)

Where E represents the corrected energy in J that is
absorbed by breaking the test sample, the variable d
represents the thickness of the test specimen in mm. In
contrast, h represents the width remaining at the notch base
of the test sample in mm.

2.4. Thermal properties

The study involved conducting thermogravimetric
analysis (TGA) to measure the simultaneous weight
change and differential thermogravimetric analysis (DTA)
to record the maximum degradation temperatures. These
analyses were conducted using an SDT Q600 V20.9 Build
20 thermal analyzer instrument with a heating rate of 20
°C/min across a temperature range of 25-800°C under a
flowing Argon atmosphere. Specifically, TGA and DTA
were employed to investigate the thermal stability of
HDPE and HDPE/YOFA composites by determining the
initial, final, and maximum degradation temperatures, as
well as the corresponding percentage weight loss for the
composites.
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3. Results and discussion
3.1. Tensile properties

The most critical tensile mechanical properties of
polymeric materials include yield strength, tensile strength,
tensile modulus, and elongation at break. The mechanical
properties of composite materials are predominantly
affected by including a filler and any alterations made.
Composites can exhibit superior mechanical properties
when the filler is effectively distributed throughout the
matrix [29], [30]. Besides, the mechanical properties are
influenced by several factors, such as the type and
concentration of filler, mixing conditions, filler shape,
particle size distribution, and the bonding between matrix
and filler [31]. The ingredients are identical and
manufactured under consistent process conditions, which
ensures uniform material properties, randomness, bond
strength, phases, and shape. As a result, the characteristics
of the interface, including its nature, strength, proportion,
size, and distribution, play a significant role in determining

(A)

B)
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the resulting properties.Figure 4,Figure 5,Figure 6,
andFigure 7 demonstrate the influence of different weight
fractions of YOFA particles on the yield strength, tensile
strength, tensile modulus,and elongation at break,
respectively, of both the virgin HDPE and HDPE/YOFA
composites at various particle size grades. As can be
observed, the yield strength, tensile strength, and tensile
modulus results improved significantly by increasing the
YOFA particle content up to 2 wt.% of the HDPE matrix
composite, especially at the smallest particle size (YOFA
1) and gradually decreasing for all the composites. The
smallest YOFA particle size composites have yield and
tensile strengths higher than neat HDPE up to 4 wt.%
YOFA content. In contrast, the elongation at break has the
contrasting trend behavior mentioned above, which
considerably declined up to 2 wt.% and then marginally
increased. Moreover, the yield strength, tensile strength,
and tensile modulus significantly declined as the YOFA
particle size increased, while the elongation at break
gradually increased with increasing particle size.

“ \\ "
2

—4mm

S5 o

M 2armm SN

©

Figure 3. Standard samples of the mechanical properties according to ASTM standards: (A) Tensile sample, (B) Flexural sample, (C)

Impact sample.

30.000
= YOFA 1
__29.000 = YOFA 2
©
o YOFA 3
= 28.000
e YOFA 4
)
c 27.000
o
b
= 26.000
2
> 25.000
24.000 . ; 5
mYOFA 1| 26.987 28.795 27.090 26.603 26.346
= YOFA 2| 26.987 28.256 26.782 26.077 26.038
= YOFA 3| 26.987 27.564 26.410 26.244 26.269
YOFA 4| 26.987 27.205 26.628 25.872 25.295
YOFA Content (%)

Figure 4. Correlation between the yield strength with the content and particle size of YOFA content.
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750.00

mYOFA 1
= 700.00 = YOFA 2
o
=
o 650.00
=
3 600.00
o
=
2 550.00
)
c
£ 500.00
450.00 0 2 a 6 3
mYOFA 1 622.91 693.56 584.16 653.48 608.74
mYOFA 2 622.91 686.77 641.97 660.74 578.51
mYOFA 3 622.91 621.13 612.43 637.28 657.34
= YOFA 4 622.91 639.74 562.63 661.07 588.32
YOFA Content (%)
Figure 5. Correlation between the tensile modulus with the content and particle size of YOFA content.
50.000
= YOFA 1
__.48.000 = YOFA 2
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= 46.000
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36.000 4
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mYOFA 3 43.756 44.769 43.385 42.641 41.718
=mYOFA 4 43.756 43.936 42.718 41.910 40.641
YOFA Content (%)

Figure 6. Correlation between the tensile strength with the content and particle size of YOFA content.
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Figure 7. Correlation between the elongation at break with the content and particle size of YOFA content.
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These findings indicate that pure HDPE is the most
ductile sample, hinting at the reinforcement of the YOFA
particles. HDPE is characterized by a semicrystalline
structure comprising spheroidal aggregates of crystals
embedded within a continuous amorphous phase. Figure 8
provides a detailed view of the SEM images of the
fractured tensile surface of neat HDPE (NHD). At low
magnification, the images display a relatively
homogeneous fracture surface, suggesting a ductile failure
mode characterized by the presence of significant plastic
deformation. Under higher magnification, the micrographs
reveal a fibrous structure with long fibrils aligned along
the direction of tension. This fibrillation pattern is
characteristic of flexible polymers and suggests significant
plastic deformation before fracture. The fibrils seem
connected, creating a network that offers a valuable
understanding of how HDPE absorbs energy during tensile
stress. Upon closer inspection, tiny voids and small
indentations scattered were observed throughout the
fractured surface. These characteristics are typical of a
ductile fracture mechanism, where the merging and
expansion of these tiny voids contribute to the eventual
failure of the material. The uniform size and shape of the
indentations further support the idea of a ductile fracture.
In some regions, the micrographs show the localized
thinning of the material and the development of shear
bands, indicating areas of concentrated stress and shear
deformation. These features suggest the initiation and
spread of cracks under tensile stress, ultimately leading to

Figure 8. SEM images of the fractured surfaces of the NHD specimen broken in a tensile test.

the material's breakdown. The observed microstructural

characteristics, such as fibrillation, microvoids, and

dimples, align with the well-known ductile behavior of

HDPE under tensile loading. This detailed analysis is a key

part of our research, providing valuable insights into the

behavior of HDPE under tensile stress.

The load-bearing characteristics are contingent upon
the efficient transmission of loads from the encompassing
matrix to the filler particles. The mechanism of toughening
the tensile strength of particulate-reinforced polymers, as
shown in Figure 9, is well understood and can be divided
into three stages[25], [32], [33]:

1. Stress concentration: When a rigid dispersant and a
ductile polymer are combined, the difference in
stiffness between the two materials can cause stress to
concentrate in the composite material.

2. Debonding: When a tensile force is applied, the
interfaces between the dispersant and the polymer
debond, leading to the creation of voids, the formation
of ligaments, and crazing.

3. Cavitation: In this final stage, continued tension causes
shear yielding, further extending the voids, ligaments,
and crazing. This process enhances the material's
strength and stiffness, providing a notable advantage.
However, it is crucial to acknowledge that it also serves
as a precursor to brittle failure, which constitutes a
potential ~ drawback  worth  considering.  This
understanding is crucial for us as materials engineers
and researchers in the field of polymer science.
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Figure 9. Schematic presentation of steps concerned with tensile fracture [21].

The increase in YOFA concentration led to a higher
tensile modulus. This finding supports an earlier study by
Ahmad et al. [21], which suggested that the strength of the
interaction has minimal influence on the modulus. The
high modulus of the composite material can be attributed
to the relationship between the modulus and small strain
values. The application of small strain values generates
corresponding small stresses, which are insufficient to
disrupt the weak interactions at the interface.
Consequently, these small stresses facilitate an effective
transfer of mechanical load from the matrix to the filler,
enabling the filler to bestow its high modulus property
upon the composite.

The increase in tensile properties up to 2 wt.% YOFA
content can be related to the formation of strong
interactions between the matrix and the filler, leading to
improved tensile properties compared to the pure polymer.
This is believed to occur because the hydrophobic ends of
YOFA particles on the surface were adsorbed onto the
polymer surface, creating robust interfacial interactions.
These interactions serve to limit the mobility of the
polymer chains and reduce the effects of stress
concentration, thereby improving the overall tensile
strength[28]. Besides, this improvement correlated with
the dispersion of hard YOFA particles in a soft matrix,
although the particles' stress concentration would moderate
this.Moreover, the particles of YOFA have an irregular
and dendritic surface shape, which can be observed in
Figure 1. This shape results in anenormous contact area
and improves the adhesion with the HDPE matrix. The
enhanced bonding at the interface reduces the chances of
particle pull-out and matrix cracking during tensile testing,
ultimately leading to improved tensile properties.Based on
the rule-of-mixtures theory, one would anticipate that the
stiffness would rise in proportion to the quantity of the
tough YOFA phase added, as shown up to 2 wt.% YOFA
content. After that, the pattern with increasing levels of
YOFA addition implies that another important factor is
likely at play, such as an escalating stress concentration
from the YOFA particles. With increasing YOFA
concentration up to 8 wt.%, the increased deformation
linked to the larger quantity of the relatively hard phase
also points to the potential for embrittlement arising from
recrystallization, crazing, or considerable stretching and
reduction in the width of the ligaments [25]. This decrease
in tensile properties is likely due to the formation of voids
and porose due to separation and the formation of air
bubbles during testing. These issues are caused by the
large amounts of hard dispersants, which create thinner
and weaker connections within the material. Likewise, the
decline in tensile properties can be correlated with an
increase in filler concentration, with no specific interaction
occurring between HDPE and YOFA [29]. Besides, this

reduction in elongation at break and tensile strength has
previously been attributed to stress concentrations that
cause cracks to form around filler particles, as explained
by Atikler et al.[31] and Satapathy et al.[34]. The
significant decline in the elongation at break is attributed
to the rigid YOFA particles, which limit the polymer
matrix's flexibility.The elongation at break values
decreased significantly as the YOFA loading increased.
Bose and Mahanwar [35] explained the drastic decline in
elongation at break in FA/Nylon 6 composites due to the
filler's wide particle size distribution. Smaller particles
might have occupied the interstitial volume at high filler
content, resulting in an insufficient matrix available to
contribute to the elongation percentage.

On the other hand, the tensile properties exhibited a
negative correlation with the increasing particle size of
YOFA for all concentrations. When the particle size of
YOFA rose, the tensile properties declined slightly and
gradually. The size and distribution of YOFA particles
within the HDPE matrix play a vital role in determining
the composite's tensile properties. The main reason for the
deterioration of the tensile properties with increasing
particle size of the YOFA content is attributed to the lower
surface area-to-volume ratio. Consequently, they offer
fewer points of contact for bonding with the HDPE matrix,
which results in diminished interfacial adhesion and less
mechanical properties of the composite. Furthermore,
when particles in a material are too large, or there is an
excessive amount of them, this can have a negative impact
on the material's tensile properties. This occurs because
larger particles may not be effectively bonded to the
matrix, and an increased particle content can lead to
agglomeration, disrupting the matrix's continuity. The
bond strength between YOFA particles and the HDPE
matrix is crucial in determining the material's tensile
strength. As the particle size increases, the available
surface area for bonding decreases in relation to the
volume, potentially resulting in a weaker bond strength
between the matrix and the particles, ultimately reducing
its strength. Besides, the effective load transfer from the
HDPE matrix to the YOFA particles significantly
influences the tensile strength. If the YOFA particles are
larger and more numerous, they might hinder this process
by acting as stress concentrators instead of stress
distributors, especially if there is insufficient interfacial
adhesion. Larger YOFA particles can create localized
stress concentrations, leading to an uneven distribution of
stress that does not contribute to the strength of the
composite material. The concept of thermal mismatch
involves the variations in thermal expansion coefficients
between HDPE and YOFA. These differences lead to
internal stresses due to temperature fluctuations. The
presence of larger particles exacerbates this issue due to
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their size, potentially leading to micro-cracking and a
reduction in strength.

Figure 10 and Figure 1ldepict SEM images of the
fractured surfaces of the tensile sample of H2F1 and H8F1,
respectively, which indicate the relatively optimal
conditions of tensile properties. In contrast, Figure 12 and
Figure 13 show the SEM images of the fractured surfaces
of the tensile sample of H2F4 and H8F4, respectively,
which reveal lower conditions of tensile properties. The
SEM analysis of fractured tensile surfaces provides
valuable insights into the fracture mechanisms and the
influence of YOFA content on the mechanical properties
of HDPE composites. The SEM images showed that voids
formed at the YOFA and matrix interfaces. As these voids
elongated, they merged and caused fracture or breakage.
Thereby, the concentration of voids increased with the
concentration of YOFA. The SEM image provided insight
into the tensile failure mechanism, which is illustrated in
Figure 9. The best tensile properties are observed with 2
wt.% YOFA reinforcement at lower particle size,
attributed to the even dispersion and effective stress
transfer facilitated by smaller particle size. On the other
hand, 8 wt.% reinforcement leads to relatively lower
tensile properties due to particle agglomeration and poor
interfacial adhesion. These findings emphasize the
significance of optimizing YOFA content and particle size
to enhance the mechanical properties of HDPE matrix
composites. The SEM micrographs of the fractured tensile
surfaces of H2F1, as displayed in Figure 10, show that the
material experienced a ductile fracture mechanism with
extensive plastic deformation. On the fracture surface,
there is a fibrillar morphology with elongated fibrils
aligned along the direction of the applied tensile stress.
These fibrils are interconnected, forming a cohesive
network that indicates effective transfer of loading
between the YOFA particles and the HDPE matrix. The
images display uniformly dispersed YOFA particles at
higher magnifications with minimal agglomeration. These
YOFA particles are well-embedded within the HDPE
matrix, contributing to the improved mechanical properties
observed at this reinforcement level. Furthermore,
microvoids and dimples are prevalent across the fracture
surface, suggesting a ductile fracture mode facilitated by
the presence of YOFA. The size and distribution of these
features align with the observed enhancement in strength
of tensile and elongation at the fracture point. In contrast,
the SEM images of sample H8F1, as depicted in Figure 11,
show a fracture surface that appears rough and irregular,
with a high concentration of YOFA particles exposed at
the surface. The presence of numerous YOFA particles
leads to their agglomeration, acting as stress concentrators.
This promotes crack initiation and propagation. At higher
magnifications, the micrographs observe a significant
reduction in fibrillar structures, with fewer and shorter
fibrils compared to sample H2F1. Large, poorly bonded
YOFA clusters also indicate weak interfacial adhesion
between the YOFA particles and the HDPE matrix. This
weak bonding results in premature failure, which is
reflected in the reduced tensile properties at 8 wt.%
YOFA. The comparison of the SEM images shows that the
best tensile properties are achieved with 2 wt.% YOFA
reinforcement. At this concentration level, the small
particle size and even distribution of YOFA help transfer

stress effectively and increase ductility. This is evidenced
by the fibrous shape and even dimple distribution. The
ductile fracture mechanism at 2 wt.% indicates better
energy absorption and resistance to crack propagation. On
the other hand, using 8 wt.% YOFA reinforcement results
in clumping and poor bonding between the particles. The
diminished fibrillar structures and the presence of large
YOFA clusters correlate with the reduced mechanical
performance, emphasizing the adverse effects of excessive
YOFA content on the tensile properties of HDPE. Besides,
the images obtained through SEM of the fractured tensile
surfaces of H2F4, as displayed in Figure 12, reveal a
combination of ductile and brittle fracture characteristics.
When observed at lower magnifications, the fracture
surface appears relatively smooth, with some areas
showing plastic deformation. Large YOFA particles are
present but seem well-dispersed within the HDPE matrix
with little to no agglomeration. At higher magnifications,
the micrographs show elongated fibrils and microvoids
distributed across the fracture surface. These fibrils
indicate localized plastic deformation, suggesting that the
large YOFA particles contribute to stress distribution and
energy absorption during tensile loading. The microvoids,
surrounded by dimples, provide further evidence for the
ductile fracture mechanism, which enhances the
composite's tensile properties at this level of
reinforcement. In contrast, the SEM images of H8F4, as
shown in Figure 13, show a fractured surface with a rough
and irregular appearance, featuring numerous large YOFA
particles that are clearly visible. A high concentration of
YOFA leads to significant particle agglomeration, which
acts as a stress concentrator and makes it easier for cracks
to form and spread. Higher magnification images show
that not many fibrillar structures are present, but many
large YOFA particles are exposed. This suggests no strong
bond between the polymer matrix and the YOFA. The
YOFA particles are not firmly attached to the polymer
matrix because the fillers have detached from the matrix.
This detachment is caused by poor adhesion at the
interface between the matrix and the fillers. The low
adhesion at the interface results in poor stress transfer from
the matrix to the particles, decreasing tensile strength as
the fillers increase. The extensive particle agglomeration
results in a brittle fracture mode, where there is a lack of
significant plastic deformation. These findings align with
the reduced tensile properties observed at this higher
reinforcement level. Upon examination using SEM
images, it was observed that the separation of the matrix
material originated primarily at the interface of the larger
YOFA particles rather than around the smaller particles.
When the specimen is elongated, stress transfers from the
polymer to the YOFA through the interface, but this
transfer is contingent on the quality of the interfacial bond.
Voids were found to form at the YOFA-matrix interface.
These voids coalesce when the material is elongated,
leading to fractures or breaks. It was noted that the
concentration of voids increased with YOFA
concentration, ultimately decreasing the elongation at
break. Moreover, as the particle size increased, the void
size correspondingly increased, consequently leading to
premature failure. This phenomenon likely accounts for
the diminished relative elongation observed in materials
with larger YOFA nparticle sizes. Additionally, the
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enhanced surface area offered by smaller particles may
serve as an additional influential factor, facilitating
heightened interaction with the matrix polymer.

Kabir et al.[25] and Ahmad et al. [21]noticed a similar
trend of increasing the tensile properties of HDPE/FA
composites up to 25 wt% and then decreasing
them.Similar decreasing behavior in elongation at break
and tensile strength has been published in the literature

Figure 11. SEM images of the fractured surfaces of the H8F1 specimen broken in a tensile test.

[23], [29], [31], [34], [36], [37], [38], [39]. Besides,
Alghamdi [4], [17] also reported similar results while
studying the effect of oil FA concentration and particle
size on HDPE matrix composites. This revealed that
increasing the concentration of the oil FA declined the
tensile strength but improved the tensile modulus while
increasing the size of particles of the filler declined the
tensile strength at yield and tensile modulus.

e 3
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Figure 13. SEM images of the fractured surfaces of the H8F4 specimen broken in a tensile test.

3.2. Flexural properties

Figure 14 and Figure 15 clearly depict the correlation
between the content and size of YOFA particles with the
flexural strength and modulus, respectively, for the HDPE
matrix composites. The flexural strength and modulus of
the HDPE matrix composite for all particle sizes exhibit a
notable increase with the escalating YOFA particle
content, reaching a peak at 2 wt.%. Subsequently, these
properties gradually reduce across all the composites.
Moreover, an increase in YOFA particle size leads to a
gradual decline in flexural strength and modulus for all

concentrations of YOFA content. Compared with neat
HDPE (NHD), the HDPE/YOFA composites with YOFA
1 and YOFA 2 particle sizes demonstrate higher flexural
strength, whereas the flexural modulus is higher at all
particle sizes. This behavior may be associated with the
same factors mentioned above regarding tensile strength
behavior. Composites containing 2 wt.% YOFA showed
maximum improvement in flexural strength up to 21, 12,
10, and 7 % for YOFA 1, YOFA 2, YOFA 3, and YOFA
4, respectively, while improvement in flexural modulus up
to 42.5, 21, 19.6, 17.7 % for YOFA 1, YOFA 2, YOFA 3,
and YOFA 4, respectively.The observed improvement in
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flexural properties can be attributed to the enhanced

interfacial interaction between YOFA and the matrix

polymer. Conversely, the increased flexural modulus of

HDPE is primarily attributed to the heightened

entanglement density of the HDPE matrix resulting from

the presence of YOFA nparticles. Verma et al. [23]

observed a similar trend, which improved the flexural

strength of HDPE/FA composites by up to 5 wt.% FA
content and then decreased it. This improvement behavior
is a promising development in composite systems, where
the reinforcing filler leads to increased modulus through
the efficient transfer of stress from the HDPE matrix to the

particles at the interface [38]. As per Satapathy et al. [29],

the increased flexural strength and modulus increase

indicate an enhancement in chain stiffness attributed to
rigid FA particles.

Besides, the declining flexural strength and modulus
behavior beyond 2 wt.% to 8 wt.% indicates that further
investigation is necessary. This decline may be attributed
to several reasons, which will delve into the following
points:

1. Distribution Challenges: Increasing the amount of
YOFA in a material raises the chances of particles
clumping together. This clumping, caused by van der
Waals forces, leads to an uneven spread within the
HDPE matrix. These clumps of particles, also known as
agglomerates, intensify stress in the material, making it
easier for cracks to form and spread when the material
is flexed.

2. Inherent Properties of YOFA:

e Brittleness: The YOFA material mainly comprises
brittle inorganic oxides and sulfites, as shown in
Table 1. These brittle particles make the composite
less flexible and tough when added to the HDPE
material. This brittleness becomes more noticeable
as the amount of YOFA in the material increases,
directly affecting its flexural strength and modulus.

e Mechanical Mismatch: The distinct variance in
mechanical properties between the YOFA particles
and the HDPE matrix results in stress
concentrations at the interface, ultimately causing
premature failure under flexural loading.

3. Microstructural Defects:

e Void Formation: During the production of HDPE-
YOFA composites, voids and micro-voids develop,
particularly when the YOFA content is high. These
voids diminish the effective load-bearing area and
act as starting points for cracks, ultimately
diminishing the flexural strength and modulus.

e Stress Concentration: Irregularities and defects
within the composite structure, especially around
poorly bonded YOFA particles, act as stress
concentrators, creating localized regions of high
stress that can cause failure under bending loads.

4. Reduction in HDPE Content:

e HDPE Continuity: As the YOFA concentration
rises, the proportion of the HDPE matrix declines.
The HDPE matrix is crucial for the composite's
ductility and flexibility. A higher filler loading
disrupts the continuity of the matrix, reducing the
material's ability to deform under load and directly
affecting flexural properties.

e Mechanical Integrity: The HDPE matrix mainly
provides toughness and flexibility to the composite.
A lower HDPE content results in fewer beneficial
properties to offset the brittle nature of the fly ash,
leading to an overall decrease in flexural strength
and modulus.

On the other hand, the smaller particle size of YOFA
possesses high flexural properties compared with the
larger particle size for all composite content. The enhanced
flexural properties of HDPE are attributed to the higher
exposure of smaller YOFA particles to the polymer matrix,
owing to their greater surface area. This increases
interfacial interaction between the YOFA particles and the
HDPE matrix. Conversely, larger YOFA particles exhibit
reduced specific surface area, leading to fewer bonding
sites with the HDPE matrix. Consequently, the bond
between the polymer matrix and the filler weakens,
impeding efficient stress transfer and causing a decline in
flexural strength and modulus. Additionally, the presence
of larger YOFA particles in the HDPE matrix may
function as stress concentrators, further compromising the
material's properties. Under flexural load, these stress
concentrators can initiate microcracks, propagating more
easily than a composite with finer particles. The larger
particles increase the likelihood of defects and voids,
contributing to the initiation and growth of cracks and
ultimately reducing the flexural properties.

3.3. Impact strength:

Figure 16 displays the correlation between the impact
strength and the content and particle size of the YOFA
content. As can be seen, the impact strength values
decreased slightly and linearly with the increasing
concentration and particle size of YOFA content in the
HDPE matrix. Specifically, the reductions were -15.7%, -
19%, -24.7%, and -29% for YOFA 1, YOFA 2, YOFA 3,
and YOFA 4, respectively. The lzod impact resistance
significantly decreases as filler concentration rises,
irrespective of particle size. Moreover, a minor reduction
in impact resistance accompanies larger particle sizes. The
addition of YOFA particles to the polymer matrix results
in the formation of stress concentrators, further
diminishing impact resistance with higher YOFA content.
The aggregation of YOFA also contributes to easier crack
initiation, leading to composites with increased brittleness
due to larger particle size and reduced impact strength
[40], [41]. Finally, the deterioration behavior of lzod
impact strength is attributed to the same reasons for the
decline in the tensile and flexural strength mentioned
above, which increases the concentration and particle size
of the YOFA. Additionally, adding smaller particles
improves the composite's capacity to disperse energy
through plastic deformation and micro-cracking processes.
On the other hand, larger particles impede these energy
dissipation processes due to their size, which inhibits
effective energy absorption and redistribution. This
limitation in energy dissipation contributes to a noticeable
reduction in impact strength. Smaller particles facilitate a
more uniform and fine distribution within the HDPE
matrix, ultimately enhancing the material's toughness.
Conversely, larger particles disrupt this uniform
dispersion, leading to an overall decrease in the
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composite's toughness. Reduced toughness is directly
linked to a diminished ability to absorb impact energy,
thereby lowering the lzod impact strength. Satapathy et al.
[29], [38] explained this decline in the impact strength in
the case of FA-reinforced HDPE composites. As the
content of filler improves, the material's elasticity reduces,

thereby reducing the matrix's deformability and ability to
absorb deformation energy. On the other hand, Kabir et al.
[25] suggested that FA additions adversely affect the
impact properties of HDPE/FA composites, resulting from
the concentration of stress due to the FA particulates and
the low toughness of fracture of the vitreous FA.
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3.4. Thermal analysis:

Figure 17 presents the TGA and DTA results of NHD,
H2F1, H8F1, H2F4, and H8F4, respectively. These results
give insight into the amount of weight lost during the
decomposition process. The TGA/DTA curves display
three different stages: stages I, Il, and Ill. Stage | occurs
from 25°C to 400°C and is primarily associated with the
evaporation of moisture adsorbed on the surface of the
polystyrene molecules in the samples. During this stage,
minimal weight loss is observed for HDPE and
HDPE/YOFA composite samples, indicating that
environmental humidity has little influence on the
properties of HDPE and HDPE-based composites. The
primary stage (stage I1) in the TGA/DTA curve represents
the thermal decomposition of HDPE and HDPE/YOFA
composites within the range of temperature 400-500°C,
during which the most significant weight loss is observed.
The substantial weight loss observed during this thermal
decomposition process (stage II) is likely due to the
primary chain pyrolysis and the release of aromatic
substances resulting from the degradation of the ethylene
component.

Figure 18shows the three essential temperatures and the
amount of residue left as a function of NHD, H2F1, H8F1,
H2F4, and H8F4, respectively, which are:

1. T onset: the temperature at the beginning of the thermal
decomposition rate.

2. T max: the temperature at the highest thermal
decomposition rate.

3. T complete: the temperature at the complete thermal
decomposition rate.

These values indicate the composite thermal stability.
As can be seen, the temperatures linearly increase with
YOFA content up to 2 wt.%, which means higher stability.
This shows a strong bond between the YOFA particles and
the HDPE matrix at the interface, restricting the movement
of the polymer segments near the interface. This analysis
demonstrates that the composite thermal stability improves

as the YOFA content increases up to 2 wt.%. The
enhancement in thermal stability is due to the YOFA filler
content modifying the mobility of the polymer molecular
chains by adsorbing onto the surface of the filler particles.
Moreover, the remarkable enhancement in mechanical
properties can be attributed to the outstanding
characteristics of the composites, as explored in the earlier
sections of our study. Our findings highlight that
composites incorporating a 2 wt% YOFA content
showcased the most pronounced improvements in
mechanical properties. This enhancement can be attributed
to the superior interfacial bonding between the matrix and
the fillers. In contrast, the HDPE/YOFA composites with
the largest YOFA particle size show lower thermal
stability than those with smaller particle sizes. Other
researchers [29], [38], also observed increased thermal
stability for FA-filled HDPE matrices with various FA
content. The barrier effect of the filler particles can explain
the sudden increase in the temperature at which
decomposition occurs. These particles slow down the
polymer's volatilization process when its thermal
decomposition at high temperatures, which in turn helps
the composite material maintain its thermal stability. This
can happen because the polymer chains stick to the surface
of the filler particles, limiting their movement and
preventing reactions that might cause the chains to
rearrange or break. Besides, the amount of residue is
higher at the concentration of YOFA particles up to 8
wt.% in HDPE matrix composites. In the TGA/DTA
curve, the third part (stagelll) occurs from 500°C to
800°C, which indicates the samples' residue at the
experiment's conclusion, as depicted in Figure 17.
Analysis of the residual mass results reveals that pure
HDPE (NHD) undergoes almost complete decomposition
(residual mass 0.73%) during stage Il of thermal
decomposition. The residual mass in the composites is
attributed to the presence of YOFA content, which was
exclusively used during the preparation of the composites.
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Figure 17. Correlation between the TGA/DTA curves with temperature for NHD, H2F1, H8F1, H2F4, and H8F4.
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4. Conclusions

This study introduced yellow oil fly ash (YOFA) as a
novel reinforcement for HDPE matrix composites using
the injection molding technique. The study aimed to
analyze the effects of YOFA concentration and particle
size on the mechanical and thermal properties of the
HDPE/YOFA composites. These composites displayed
relatively optimal tensile and flexural performance at 2
wt.% of YOFA with a 53-80 pm particle size. However,
composites with the smallest YOFA particle size exhibit
yield and tensile strengths higher than those of neat HDPE,
up to 4 wt.% YOFA content. Nevertheless, the flexural
strength of HDPE/YOFA composites with YOFA 1 and
YOFA 2 particle sizes is higher compared to neat HDPE
(NHD), while the flexural modulus is higher across all
particle sizes. In contrast, the impact strength slightly
declined with increasing YOFA content and particle size.
Tensile fracture surface analysis shows thorough
encapsulation of YOFA particles in the HDPE composite
matrix. Besides, the TGA and DTA thermograms show
that the HDPE/YOFA composites have optimum thermal
stability with YOFA particles up to 2 wt.% and minimum
particle size. In other words, optimal thermal stability fully
corresponds to optimal flexural and tensile properties of
the composites at 2 wt.% YOFA content and smaller
particle size. These findings underscore the effectiveness
of YOFA as a reinforcement material, enhancing both the
thermal and mechanical properties of HDPE composites.
The study provides a sustainable solution for industrial
waste utilization with significant potential for applications
in the construction, automotive, and packaging industries,
where materials with superior strength and stability are
crucial.
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