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ABSTRACT

Currently, much research is being conducted on increasing the strength of thermoplastic polymers using various additives.
Polypropylene (PP) is widely used in the automotive industry and electrical equipment. In this paper, using various reinforc-
ing particles/fibers, including calcium carbonate, CaCO,, (at 20%, 25%, and 30% weight percentages), 20% talc, and 20% barite
particles, as well as 30% glass fibers (GFs) (with varying L/D ratios, 200, 250, and 300) were integrated. First, PP and additives
were mixed homogeneously by an extrusion process, and then test samples were made by high-pressure injection of the extruded
product into the mold. Various tests, including tensile, impact, and melt flow index (MFT) tests, were conducted to investigate
the effect of additives on the properties of composites produced by plastic injection molding. SEM analysis was used to examine
the fracture cross-section of the samples and the distribution of additives. Results revealed significant outcomes across multiple
tests: the addition of reinforcing particles led to a reduction in yield strain while creating notable variations in yield strength.
Charpy impact tests demonstrated varied energy absorption, with the highest observed in the 30% GF sample (with L/D ratio of
350). Furthermore, the incorporation of reinforcing particles and fibers increased the heat deflection temperature, with the 30%
GF sample exhibiting the highest value. Additionally, reinforcements effectively mitigated shrinkage, with significant reductions
noted in samples containing talc and GF. The PP sample displayed a shrinkage rate of 19.1%. This figure significantly decreased
to 1.42% and 0.26% for the samples reinforced by talc and GF [L/D =350]. Furthermore, the introduction of GFs resulted in a
decreased MFI, while other particles exhibited minimal impact.

1 | Introduction effectively transferring stress to the dispersed reinforcement.

The additional components are introduced to fortify the compos-

Composite materials are constructed through the physical amal-
gamation of two or more components at a macroscopic level.
Within this blend, the interface between these components per-
sists, preserving the distinct identity of each. Typically, compos-
ites comprise two primary phases: a continuous matrix and a
dispersed reinforcement [1]. The continuous phase serves as a
binder, securely housing the reinforcing particles akin to glue.
When subjected to force, this matrix undergoes deformation,

ites, imparting unique characteristics to the resulting material
[2]. Polymer matrix composites, renowned for their versatility
and adaptability, are reclaiming their position as essential el-
ements in the realm of construction materials. Among these,
polypropylene (PP) stands out with its versatile applications but
is hindered by its limited impact strength, particularly in lower
temperatures [3]. To address this limitation and meet the tech-
nical demands of engineering applications, PP is commonly
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blended with various reinforcements to enhance mechanical
properties, processing ease, and cost-efficiency [4].

Up until now, significant research has been conducted to ascer-
tain the effects of adding reinforcing materials to PP matrix
composites on the material properties: Baek et al. [5] investi-
gated how -SiC nanoparticle clustering affects electrical con-
ductivity in PP composites. Their innovative approach,
combining calculations and homogenization, unveiled a clear
relationship between nanoparticle dispersion and conductivity.
Notably, agglomerated (-SiC particles significantly boosted
conductivity compared to dispersed ones, attributed to their
unique work function. Zal et al. [6] present a new method to
analyze the short fibers' alignment inside resin layers using
in situ measuring of light transmission. An important finding
is that the ratio of fiber length and resin thickness showcases a
limit to the alignment degree. Also, they did an analytical
model to predict average fiber angles based on the sample con-
figuration. Zal et al. [7] investigated the effects of processing
parameters, including temperature, time, and pressure on the
properties of amorphous polyvinyl chloride (PVC)/fiberglass
thermoplastic composite laminates. The film stacking and hot
pressing procedure was used to produce the composite lami-
nates. The results showed that the processing temperature has
the maximum effect on the product strength, and an increase
of the temperature up to 230°C increases the flexural strength.
On the other hand, higher temperature results in matrix degra-
dation and strength reduction. Begum et al. [8] investigated
natural and synthetic fiber-reinforced polymer matrix compos-
ites. Their study addressed environmental concerns linked
with synthetic fibers and the rising interest in eco-friendly al-
ternatives such as kenaf and jute. They observed that natural
fiber-reinforced PMCs demonstrated improved mechanical
properties, suggesting their applicability across various fields.
Matek et al. [9] investigated the incorporation of glass waste
into cement composites to enhance sustainability. They ex-
plored the use of glass powder and aggregate as substitutes for
traditional components, aiming to reduce energy consumption
and CO, emissions in concrete production. Results showed sig-
nificant enhancements in flexural and splitting strength with
increasing fiber content, indicating the potential of recycled
macro-polymer fibers in enhancing mechanical properties. Ari
et al. [10] conducted a comparative study on the mechanical
properties of PP composites reinforced with chopped glass, car-
bon, and aramid fibers. Tensile, three-point bending, and drop
weight tests were conducted, revealing a significant enhance-
ment in mechanical properties with fiber reinforcement, albeit
with diminishing returns as fiber content increased. Statistical
analyses including ANOVA and F-test were employed to assess
the impact of fiber type and content on test results. Guo et al.
[11] investigated the impact of TiO, nanoparticle treatment on
bamboo fibers (BFs) reinforced PP composites to enhance in-
terfacial bonding. The study evaluated static and dynamic me-
chanical properties, thermal stability, water resistance, and the
morphology of the fabricated composites. Results indicated
improvements across these properties, particularly with
0.4wt% TiO, nanoparticle additions, attributed to enhanced in-
terfacial bonding and increased crystallinity. Goud et al. [12]
studied the impact of different initial states of PP matrix states
(fiber, powder, film) on the flexural strength in carbon-PP com-
posites. Their investigation highlighted superior mechanical

properties in unidirectional composites produced by electro-
static spray coating (UDC-P), attributed to enhanced PP pow-
der impregnation despite its higher viscosity, marking the first
comparative study of powder coating versus DREF and film
stacking methods. Hariprasad et al. [13] examined natural
fiber-reinforced PP composites for automotive applications.
They evaluated the mechanical properties and acoustic charac-
teristics of PP composites. Their investigation involved various
natural fibers mixed with PP and assessed mechanical attri-
butes like tensile strength, hardness, and water absorption. The
study also explored acoustic properties at different thicknesses,
revealing insights into suitable materials for diverse automo-
tive applications. Song et al. [14] focused on fabricating highly
thermally conductive PP/graphene composites using a novel
in situ building method for improved thermal management in
electronic devices. Their approach, incorporating a three-
dimensional graphene framework and a unique matrix func-
tionalization inspired by mussel adhesion, significantly
enhanced through-plane thermal conductivity, demonstrating
the promising potential for efficient heat dissipation in high-
power electronic devices. Oladele et al. [15] explored the im-
pact of sodium hydroxide mercerization on bagasse fiber and
its effects on the mechanical and thermal properties of PP com-
posites reinforced with BF/CaCO, hybrids. Their study focused
on characterizing tensile, flexural, and thermal properties, re-
vealing that the mercerized BF-based hybrid composites exhib-
ited superior mechanical and thermal traits compared to other
composite variations. Hernandez-Jiménez et al. [16] explored
white oak wood flour's impact on PP properties, focusing on
particle size and content variations. The findings highlighted
increased water absorption with wood particle integration and
significant effects on mechanical properties, including reduced
elongation and strength, and increased modulus values. Korol
et al. [17] assessed the environmental impact of PP composites
filled with cotton, jute, and kenaf fibers, compared to glass
fiber (GF) and unmodified PP. Incorporating 30 wt% of these
natural fibers reduced the carbon footprint by 3%-18% and
showed varied effects on ecological footprints. While jute and
kenaf fibers improved the ecological footprint, cotton fiber in-
creased it by 52%. Kim et al. [18] studied the impact of carbon
fibers and graphite flakes on heat dissipation and mechanical
strength in PP composites at various mixing ratios. They found
that high thermal conductivity in graphite flakes and reinforc-
ing mechanical strength with carbon fibers were influenced
significantly by the mixing ratios. Rajkumar et al. [19] analyzed
flax fiber-reinforced PP composites with varied lignite fly ash
(LFA) contents. The study observed structural and mechanical
changes, noting enhanced thermal stability and strength with
up to 10wt. % LFA. The 5wt. % LFA composite displayed supe-
rior properties, presenting the potential for aerospace, con-
struction, and automobile applications. Patel et al. [20]
investigated the impact of different reinforcement loads on the
mechanical properties of recycled PP matrix composites. The
study examined the effects of varying fiber direction in BF com-
posites and the addition of calcium carbonate on the mechani-
cal properties of calcium carbonate-reinforced composites.
Results revealed that BFs treated with 5% NaOH exhibited su-
perior tensile characteristics, with a tensile strength of 507 MPa
and an elasticity modulus of 10.3 GPa. Brahma et al. [21] ex-
plored the dyeability enhancement of banana fibers using syn-
thetic dyes and investigated the mechanical properties of PP
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composites reinforced with these dyed fibers. The composites,
prepared by sandwiching dyed fibers between PP sheets and
hot pressing, showed minor bond formations between the fi-
bers and PP matrix, as revealed by Fourier Transform Infrared
Spectroscopy analysis. While the composites demonstrated
only slight enhancements in tensile strength and modulus
compared to those with untreated fibers, direct and basic dyes
were identified as the most suitable synthetic dyes for this pur-
pose. Meena et al. [22] investigated the effects of fly ash incor-
poration on the thermo-mechanical and mechanical behavior
of PP matrix composites. By varying the weight percentages of
fly ash particles in PP through a twin-screw extrusion and in-
jection molding, the study evaluated mechanical and thermal
response. The results showed that the compressive strength in-
creased initially with the addition of up to 2wt% fly ash parti-
cles, followed by a slight decline. Tensile and flexural strength
exhibited a similar trend, with improvements observed up to
certain percentages of fly ash addition before declining.
Longtao et al. [23] used polyphenylene ether/PP/GF compos-
ites as the matrix material to obtain the dielectric plate material
and the reinforcement effect was investigated. The results
showed that the compound compatibilizers improve the com-
patibility and performance. Then, the crystallization effect of
CaTiO, fillers on the composites was investigated, and the DSC
analysis revealed that using a small amount of CaTiO, pro-
moted the crystallization of PP, while using a large amount of
CaTiO, inhibited the crystallization effect. Murillo et al. [24]
evaluated the influence of adding borosilicate residue as a
flame retardant in PP and natural fiber composites. The com-
posites were produced by corotational twin-screw extrusion
and injection molding to obtain the test specimens, and a coat-
ing process was carried out to add the water-soluble fraction to
the surface of the compositions. The addition of only 2wt% bo-
rosilicate residue content induces an increase in thermal stabil-
ity of 32°C and 109°C for composites with and without natural
fibers, respectively. The addition of 20 wt% borosilicate residue
elevates the elastic modulus up to 27% of the composites with
and without natural fibers. This approach produces composites
with improved flammability, thermal stability, and mechanical
properties, making them suitable for various end applications.
Balaji et al. [25] produced basalt fiber-reinforced PP composites
with two initial fiber lengths (3.2 and 6.4 mm) using twin-screw
extrusion compounding. Yang et al. [26] used nano-sized
CaCO, particles to improve the mechanical properties and im-
pact resistance of PP. Their results showed that adding carbon-
ate increased the toughness of PP by up to four times. The
results of a paper by Palanikumar et al. [27] showed that a 10%
increase in CaCO, can increase the wear resistance of PP by
70%. Zhou et al. [28] showed that adding talc to PP increases its
elastic modulus but, on the other hand, reduces the yield
stress. Lapcik et al. [29] investigated the effect of adding
talc in nano and micro sizes on the strength and impact
resistance of PP. Their results showed that adding talc increases
the tensile strength of the material but increases its brittleness.
Fu et al. [30] used GF addition of up to 25% to increase the
strength of PP.

As previous studies have shown, adding particles or fibers to the
PP matrix can improve its mechanical and physical properties.
Almost all published articles have investigated the effect of only
one additive on the properties of PP. In view of this, there is a

need for a comprehensive study to compare different additives
and produce PP matrix composites, in such a way that various
properties such as mechanical strength, impact resistance, and
temperature-dependent properties of the composite are investi-
gated to determine the best additive for different applications.
This article investigates the effects of incorporating dispersed
reinforcements into PP matrix composites. Additives include
CaCO, with varying weight percentages, talc, barite particles,
and GF with different L/D ratios. Till now, no research has been
done on this variety of reinforcements. The study examines me-
chanical and thermal properties using experimental techniques
such as tensile testing, impact testing, heat deflection tempera-
ture (HDT) measurements, shrinkage analysis, and melt flow
index (MFI) assessments. Results show that the addition of rein-
forcing particles leads to significant changes in both mechanical
properties and processing characteristics of PP matrix compos-
ites. By systematically analyzing these effects, we aim to provide
valuable insights for the design and optimization of PP-based
composites for specific applications.

2 | Experimental Method
2.1 | Material and Samples

The composite specimens are fabricated from a PP matrix with HP
522R specifications, fortified with various reinforcing elements in-
cluding, CaCo,, barite, and talc particles, and GFs to enhance the
structural integrity of the PP matrix. The microparticles employed
in this formulation exhibit a size of less than 100um and boast
a purity of 99%. Additionally, the reinforcing GFs are selected
with varying length-to-diameter ratios (L/D =250, 300, and 350).
Table 1 provides an overview of the produced samples, encompass-
ing their compositions and respective proportions. The selection
of reinforcing fillers and their weight percentages was based on
their cost-effectiveness, availability, and potential to enhance the
mechanical properties of the PP matrix.

It is worth mentioning that prior to the manufacturing process,
a pretreatment procedure is executed, involving the 5-min mix-
ture of antioxidant and wax additives (i.e., at a concentration
of 1% by weight) into the matrix. The inclusion of antioxidants
serves to safeguard the integrity of materials and compounds
against degradation during processing, thereby preserving their
molecular composition. Likewise, the addition of wax serves a
dual purpose: facilitating the granulation process and mitigat-
ing frictional forces between materials and equipment.

2.2 | Production Process

To fabricate the microcomposite samples, the process begins with
the introduction of PP granules into a twin-screw extrusion ma-
chine. The granules undergo melting facilitated by the heaters
surrounding the machine, driven by the motion of the granules
within the apparatus. Subsequently, reinforcing particles or fibers,
in accordance with the specified compositions and weight percent-
ages, are added to the molten PP matrix via a dosing system and
blended thoroughly. Following thorough mixing, the molten com-
pound mixture traverses through a vacuum chamber to eliminate
any moisture and air impurities, thereby enhancing the product's
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TABLE1 | The name and composition of produced samples.

Samples Sample compositions by weight percentage Other additives
(PP) HP 552R 99% HP 522R 1% (Wax +Antioxidine)
20% CaCo, 79% HP 522R +20% CaCo,

25% CaCo, 74% HP 522R +25% CaCo,

30% CaCo, 69% HP 522R +30% CaCo,

20% talc 79% HP 522R +20% talc

20% barite 79% HP 522R 4+ 20% barite

GF30% [L/D =250]
GF30% [L/D =300]
GF30% [L/D =350]

69% HP 522R +30% GF (L/D = 250)
69% HP 522R +30% GF (L/D = 300)
69% HP 522R +30% GF (L/D = 350)

20% GF30%
Barite [L/D=300]

FIGURE 1 | Illustration of the extrusion process, featuring (a) the extrusion machine, (b) the dough string during extrusion, and (c) resulting

granules.

FIGURE2 | (a)Fabricated mold and (b) the injected material within the mold.

purity. The refined molten material, endowed with kinetic and
thermal energy, then traverses through the extruders, yielding
granular paste, which is subsequently subjected to a water bath
for cooling before being precisely cut into solid particles. Figure 1
presents a schematic depiction of the utilized extrusion machine,
illustrating the dough strings and the granules of the produced
compounds. The extrusion machine's heaters are calibrated to a
temperature of 290°C, with a screw rotation speed set at 300rpm
and a pressure of 20 MPa during the injection process.

To facilitate the production of samples for subsequent charac-
terization testing, PP granules are melted and injected into steel
molds using a plastic injection device to fabricate standardized
samples. The plastic injection process is executed at a tempera-
ture of 200°C, with an injection speed of 25g/min and pressure
of 70MPa. Figure 2 illustrates the fabricated mold and the re-
sulting injected samples.

2.3 | Characterization Tests
2.3.1 | Tensile Testing

The tensile test was conducted using the Testometric M350-
10AT model apparatus in accordance with the ISO 527-1 stan-
dard. Tensile test samples were subjected to a strain rate of
5mm/min until failure occurred (Figure 3).

2.3.2 | CahrpyImpact Test

The Charpy impact test serves to evaluate the impact strength
and fracture toughness of a material. This test was conducted
on specimens featuring a cross-sectional area of 10X 10 mm
and a total length of 55 mm, with a V-shaped notch positioned
at the center. The 45° notch boasts a 2mm deep, and a radius
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FIGURE3 | The produced samples intended for tensile testing.

FIGURE4 | The shrinkage test sample of GF30% [L/D =350].

of curvature equal to 0.25mm, adhering to the ISO 179-1
standard.

2.3.3 | HDT Test

The HDT test aims to ascertain the HDT in polymer samples under
constant loading conditions. Hence, samples are positioned within
asilicone oil bath, with an applied weight of 230 g, according to the
ISO 75 standard. The device incrementally raises the temperature
of the silicone oil at a rate of 2°C/min. The bending characteristics
of the samples are measured by an inserted gauge until reaching
0.34mm allowed deflection, at which point the temperature is
deemed as the HDT of the sample.

2.3.4 | Shrinkage Test

In the shrinkage test, the contraction of a polymer sample vol-
ume during the cooling stage of fabrication is measured. This
phenomenon arises due to differences in density between the
solid and molten states of polymers, typically occurring during
the cooling phase of polymer-injected samples, once tempera-
ture and humidity stabilization conditions are achieved. The test
protocol adheres to the ASTM D955 standard. Figure 4 displays
the GF30% [L/D=350] sample for the shrinkage test, captured
from two angles. The samples are kept in the laboratory envi-
ronment after 24 h of injection, and then, precise measurements
of both the sample and mold dimensions are conducted, and the
percentage of shrinkage is calculated using Equation (1):

(Mold's length — sample’s length)
Mold’s length

Shrinkage (%) = X 100 (1)

2.3.5 | MFI Test

The MFT test evaluates the melt flow characteristics of a thermo-
plastic polymer, serving as an indicator of the sample's extrud-
ability. A high MFTI can result in “flashing”, while a low MFI
indicates inadequate fluidity, leading to incomplete mold filling.
Generally, as the MFI increases, the tensile strength, softening
temperature, and toughness of the polymer decrease. The MFI
test, conducted in accordance with the ASTM D1238 standard,
involves extruding the melted material through an orifice by ap-
plying a weight of 2160 g onto the molten material. The weight of
the extruded material over a 10-min period is recorded and then
multiplied by 20 to obtain the MFI value (grams per 10min).
Figure 5 depicts a sample obtained following the MFT test.

2.3.6 | Ash Content Test

Upon exposure to high temperatures, polymer materials un-
dergo combustion, resulting in the formation of ash residues.
To determine the ash content within the materials under inves-
tigation, an ash content test is performed in accordance with
the ASTM D5630 standard. Initially, the crucible is placed in
an oven set at 950°C for 10min, followed by transferring them
to a desiccator to ensure thorough drying without moisture ab-
sorption or dust contamination. Subsequently, the weight of the
crucible is measured. A crushed portion of a sample is then in-
troduced into the crucible, and the weight is remeasured. The
crucible, along with the sample, is subjected to heat until com-
plete combustion occurs, and the resulting smoke dissipates.
The crucible containing the residual ash, along with the sample,
is then placed in the oven for 30 min before being transferred to
the desiccator to reach ambient temperature. The final weight is
measured, and the ash content is calculated using Equation (2):
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Ash = M,
sh content = E X 100 ®)

where M, represents the remaining ash in the crucible and
M, denotes the initial sample weight, all measured in grams.
Additionally, Figure 6 depicts the furnace, the crucible, and the
ash residue from the samples inside the crucible.

2.3.7 | Scanning Electron Microscope

Following the amalgamation of materials and their injection into
the molds, the primary objective was to ensure proper dispersion
of the reinforcing particles and fillers within the (PP) HP 552R
matrix. After the tensile test, the fracture cross-section of the

Melted sample
while testing
pes_ pEay

samples was studied by scanning electron microscope (SEM). So,
the samples were prepared by sectioning with approximately a
length and height of 10 mm with the thickness of the tensile test
specimen. Then, gold coating was done on the surface of the sam-
ples for SEM-EDS analysis.

3 | Results and Discussion
3.1 | Microstructural Analysis

Figure 7 presents significant observations, where filler particles
and reinforcing fibers are delineated by yellow circles and some
random points, respectively, indicating their successful bonding
to the PP matrix, as marked by red circles. Overall, the images
illustrate adequate dispersion of particles/fibers throughout the
matrix. Furthermore, EDS results depict the presence of C and N
elements in all samples, attributable to the constituent elements
of HP 552R (PP). The detection of C elements in samples contain-
ing 20%, 25%, and 30% CaCo, is attributed to the reinforcing fill-
ers as well. The EDS analysis confirms the presence of S and Ba
elements in barite-reinforcing particles. Additionally, the pres-
ence of Si and Ca elements in samples reinforced with GFs and
CaCo, is evident. Finally, the gold coating material is detected in
all samples at beam energies of 2 and 10keV.

3.2 | Tensile Test

The tensile test was performed on both pure PP (i.e., without any
added reinforcing particles or fibers) and reinforced PP samples
to evaluate their tensile behavior, as detailed in Table 2. Given
the significance of yield strength and performance within the
elastic region for polymer samples, particular attention was
given to investigating the yield strength value, while the ulti-
mate strength was not reported. Also, the provided strain corre-
sponds to the sample's strain at the yield point.

Based on the obtained results, the yield strength of the HP 552R
sample measured 29.2MPa. Upon the addition of reinforcing par-
ticles and fibers, there were noticeable variations in yield strength.
With the inclusion of CaCO, particles, a decline in yield strength
was observed. Specifically, the yield strength of the sample con-
taining 30% CaCo, decreased to 27.5MPa, representing a 5.8%
reduction compared to the HP 552R sample. Similarly, increasing

FIGURE6 | (a) The furnace, (b) the crucible, and (c) the ash residue from the samples.
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FIGURE7 | The EDS graph and SEM image with 20 um magnification of (a) (PP) HP 552R, (b) 20% talc, (c) 20% barite, (d) GF30% [L/D =300], (e)

30% CaCoj,, and (f) 20% CaCos,.

the percentage of CaCO, particles from 20% to 25% resulted in
marginal changes, with yield strengths of 27.8 and 27.6 MPa, re-
spectively. A similar decreasing trend in yield strength was noted
in the 20% barite sample, where the yield strength decreased to
24.4MPa, marking a 16.4% reduction compared to the HP 552R
sample. This decline in yield strength can be attributed to the ad-
dition of CaCO, and barite particles, which each possess lower

yield strengths, consequently leading to a decrease in the overall
strength of the produced samples [26]. Also, the declining trend in
yield strength with an increasing percentage of CaCo, particles is
due to the “clumping” (i.e., the agglomeration of particles within
the matrix). However, upon the addition of talc particles as well as
GFs to the PP matrix, there was an increase in yield strength. For
instance, in two different samples containing 20% talc and GF30%
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[L/D=250], the yield strength increased by 10% and more than
doubled compared to the HP 552R sample, respectively. This is due
to the effective transfer of force to the reinforcements during load-
ing. On the other hand, barite and CaCo, particles possess a spher-
ical shape, whereas talc particles exhibit an approximate cuboid
morphology. In tensile testing, talc particles demonstrate superior
adhesion with the polymer matrix, resulting in an increased com-
posite strength. However, the weaker adhesion observed in CaCo,
and barite particles renders them susceptible to separation upon
the application of tensile forces. Thus, from a certain point, such
separation can occur, leading to the formation of voids that serve
as nucleation sites for crack propagation. This phenomenon may
consequently result in a reduction in overall composite strength.

TABLE 2 | The tensile test results.

In GF-reinforced composites, an increase in the L/D ratio of the re-
inforcing GFs leads to a proportional increase in yield strength. In
fact, the advantageous aspect lies in the enhanced contact surface
area between the fibers and the matrix compared to the particle
reinforcements. This augmented interface facilitates superior load
transfer efficiency from the matrix to the reinforcement upon ap-
plication of mechanical forces [20]. A crucial determinant of this
interaction is the aspect ratio of the fibers, defined as the ratio of
fiber length to diameter. A higher ratio corresponds to a greater
surface area-to-volume ratio of the fibers, consequently leading to
an increased wettability of the fibers. This phenomenon signifies
that a larger portion of fiber surface area becomes engaged with
the matrix, thereby contributing to the enhancement of composite
strength. The stress—strain diagrams of several samples can be ob-
served in Figure 8.

A similar trend is evident regarding the strain at the yield
point and the modulus of elasticity, with the only deviation
observed in the strain of GF-reinforced samples: Contrary to
the increase in yield strength, the strain at the yield point has
decreased. The HP 552R sample exhibited the highest strain
equal to 10.4%, while the lowest was recorded for the 30%
CaCo, sample at 4.1%. Among the reinforced samples, the 20%
talc sample displayed the highest strain of 6.7%, representing a
42% increase compared to the strain of the 20% barite sample.
Generally, the presence of reinforcement particles/fibers serves
to constrain the mobility of polymer chains, thereby reducing
the extent of strain experienced within the composite mate-
rial. Furthermore, the GF30% sample [L/D = 350] exhibited the
highest elastic modulus of 7629 MPa, representing a more than
fivefold increase over the elastic modulus of the HP 552R sam-
ple. Figure 9 depicts a visual representation of some sample's
failure at the conclusion of the tensile test.

To gain insights into the fracture behavior and characteristics of
the samples, SEM imaging was utilized to analyze the fracture

Young's Yield

modulus stress
Samples [MPa] [MPa] Strain [%]
(PP) HP 552R 1472 29.2 10.4
20% CaCO3 1297 27.8 4.6
25% CaCO3 1289 27.6 4.3
30% CaCo, 1268 27.5 4.1
20% talc 1572 32.4 6.7
20% barite 1429 24.4 4.7
GF30% 6687 87.1 5.2
[L/D =250]
GF30% 6871 91.9 5.4
[L/D=300]
GF30% 7629 98.6 5.5
[L/D=350]

35

Stress (MPa)

— HP 552R
20% CaCo3
— 25% CaCo3
30% CaCo3
— 20% Talc
— 20% Barite

FIGURE 8 | The stress-strain curves of the produced samples.
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cross-section of specific samples at two magnifications, 2mm
and 100um, as illustrated in Figure 10. Examination of the frac-
ture surface of the HP 552R sample (PP) indicates a more ductile
fracture compared to others, displaying a large plastic deforma-
tion, consistent with the observed strain in the tensile test results
(Figure 10a). The addition of talc to the matrix reduces strain, as
evidenced by less plastic deformation on the fracture surface and
a tendency toward embrittlement. The ductile fracture has a sig-
nificant amount of plastic deformation, and the surface exhibits a

rough, fibrous appearance, but the brittle fracture has a little or no
plastic deformation prior to fracture, and the surface is typically
smooth and flat (Figure 10b). Further reduction in strain is noted
with the inclusion of GF30% and barite, leading to a transition
from a ductile to a brittle fracture. As shown in Figure 10c, the GFs
in the PP matrix is stretched perpendicular to the fracture surface.
This indicates the higher strength of the samples containing GFs,
which is due to the high contact surface and good bonding of the
GFs with the matrix. This becomes more evident with increasing

FIGURE9 | Failure of the sample at the conclusion of the tensile test.
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FIGURE 10 | The SEM image of fracture cross-section (a) (PP) HP 552R, (b) 20% Talc, (c) GF30% [L/D =300], (d) 20% Barite, (¢) 30% CaCo,, and

() 20% CaCo,.
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GF length, which is consistent with the values in Table 2. Samples
reinforced with CaCo, exhibit the lowest strain, suggesting a to-
tally brittle failure based on the tensile test results. SEM images of
the fracture surface of CaCo,-reinforced samples reveal a porous-
type surface. According to Figure 10e,f, the addition of CaCo, to
PP changes the behavior and fracture of the matrix from soft to
brittle, and as a result, the strength of the composite material is
lower than that of pure PP.

3.3 | Charpy Notched Test

The Charpy impact test was conducted on the produced samples
to evaluate their fracure toughness and impact behavior. This
test was performed three times for each sample, and the aver-
age results are presented in Table 3. It is noteworthy that crucial
parameters in the impact test encompass the pendulum speed-
at-impact and the amount of absorbed energy, all conducted in
accordance with the ISO 179-1 standard.

The energy absorption for the HP 552 sample measured 3.1kJ/
m?. Upon the addition of talc, the energy absorption decreased
by 19% to 2.5kJ/m2. However, with the incorporation of other
reinforcements, the energy absorption increased. Spherical
filler particles (i.e., barite and CaCo,) exhibit an additional en-
hancement in impact strength within the composite material.
Conversely, cubic particles (i.e., talc), possess sharp corners
within their geometry, thus serving as stress concentration
centers within the matrix. Therefore, these sharp corners fa-
cilitate the initiation and propagation of cracks, thereby po-
tentially compromising the material's impact strength. The

TABLE 3 | The charpy impact test results.

Samples Enegy absorbtion [kJ/m?]
(PP) HP 552R 3.1
20% CaCo, 3.3
25% CaCo, 3.4
30% CaCo, 3.9
20% Talc 2.5
20% barite 5.1
30% GF [L/D=250] 11.2
30% GF [L/D=300] 12.9
30% GF [L/D=350] 14.1

highest energy absorption was observed for the 30% GF sample
[L/D =350], reaching 14.1kJ/m?2. This represents a more than
4.5-fold increase compared to the HP 552 sample. The presence
of GFs in the matrix plays a pivotal role, as they absorb the
incoming force and energy, resulting in enhanced energy ab-
sorption. Accordingly, reducing the L/D ratio to 300 and 250
resulted in energy absorption values of 12.9 and 11.2kJ/m?,
respectively. The addition of CaCo, to PP did not significantly
alter the amount of energy absorption (specifically for 20% and
25% CaCo, samples). For instance, the energy absorption in
the 20% CaCo, sample increased by 6% compared to the HP
552 sample. Increasing the CaCo, content to 30% resulted in a
14% increase in energy absorption compared to the 25% CaCo,
sample, reaching 3.9kJ/m?. The energy absorption in the 20%
barite sample measured 5.1kJ/m?, indicating proper disper-
sion and bonding between the barite particles and the polymer
matrix. The image of two samples following the impact test is
depicted in Figure 11.

3.4 | HDT Test

The HDT test was conducted on all produced samples until
their bending deflection reached 0.34mm. In Figure 12, as
an instance, the bending of the sample of 30% GF [L/D =300]
is shown. Additionally, the HDT test results are provided in
Table 4.

The lowest temperature required to achieve the desired de-
flection for the sample HP 552R was 49.8°C, indicating the
high sensitivity of raw PP material to heat; with temperatures
below 50°C, a deflection of 0.34 mm was attained. However,
with the addition of reinforcing particles and fibers, the de-
flection temperature of the polymer composite samples in-
creased. Among the reinforced samples, the lowest HDT
temperature was observed for the 20% barite sample, reaching
57.4°C. Furthermore, adding 25% CaCo, increased the deflec-
tion temperature to 70.1°C, representing a 40% increase com-
pared to the PP sample. This is due to the presence of CaCo,
particles, which are well dispersed and bonded throughout the
matrix, thereby increasing the bending strength of the sample
and necessitating a higher temperature to reach the standard
deflection. However, a significant enhancement in the HDT
of PP matrix composite occurs with the addition of GFs. The
HDT of the 30% GF [L/D =350] sample reached 151.7°C, rep-
resenting a remarkable threefold increase compared to the
HP 552R sample. The GFs, arranged in a web-like structure
within the matrix and their strong bond with it, contribute
to increased bending strength in the samples. In general, the
presence of reinforcement materials, typically characterized

FIGURE11 | (a) The HP 552 sample and (b) 20% talc after the charpy test.
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by higher hardness and superior thermal properties compared
to the polymer matrix, contributes to an increase in the HDT
of the composite material [31]. This elevation in HDT serves
as an indicator of the material's enhanced thermal resistance,
highlighting the beneficial effects of reinforcement on ther-
mal performance.

Deflection
after test

FIGURE 12 | The 30% GF [L/D=300] sample after the HDT test.

TABLE 4 | The HDT test results.

Heat deflection
Samples temperature [°c]
(PP) HP 552R 49.8
20% CaCo, 67.4
25% CaCo, 70.1
30% CaCo, 71.4
20% Talc 78.4
20% barite 574
30% GF [L/D=250] 139.4
30% GF [L/D =300] 145.2
30% GF [L/D=350] 151.7

3.5 | Shrinkage Test

Given that shrinkage is a critical parameter influencing polymer
samples and should be considered during part design, a shrink-
age test was conducted on the composite samples. The results
are illustrated in Figure 13.

Nonuniform shrinkage in polymer parts can induce tension,
resulting in longitudinal and transverse cracks. Crystalline
polymer samples typically exhibit higher shrinkage compared
to semicrystalline and amorphous polymers, as semicrystalline
polymers partially restore their macroscopic structure during
cooling. Then, the crystallization rate inversely correlates with
shrinkage; lower crystallinity leads to reduced shrinkage. For
instance, the crystalline HP 552R sample exhibited a shrink-
age of 1.91%, which decreased to 1.72% with the addition of 20%
CaCo, to the matrix. Further addition of CaCO, had minimal
effect on shrinkage, with samples containing 25% and 30%
CaCo, exhibiting a shrinkage of 1.6%. The 20% barite sample
exhibited a shrinkage of 1.72%, whereas the addition of talc led
to a decrease in shrinkage to 1.42% in the 20% talc sample. This
difference is due to the layered structure and higher softness
and slipperiness of talc particles compared to barite, resulting
in reduced viscosity and friction during particle movement.
Incorporating GFs into the PP significantly reduces shrinkage.
For instance, the 30% GF [L/D=350] sample displays a mere
0.26% shrinkage, marking over a sevenfold decrease compared
to the HP 552R sample. Furthermore, decreasing the L/D ratio
of GFs slightly increased shrinkage, reaching 0.34% in the 30%
GF [L/D=300] sample. In the context of shrinkage, the incor-
poration of fibers and particles serves to mitigate the shrinkage.
This reduction is attributed to the particles’ ability to restrict the
movement of the polymer matrix, particularly from the contact
side, thus constraining shrinkage to occur predominantly in the
free direction. Notably, this effect is particularly pronounced
with GFs, owing to their extensive contact surface area com-
pared to other particles, which effectively curtails the mobility
of the polymer matrix.
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552R CaCo3 CaC03 CaCo3 Talc Barite  [L/D=250] [L/D=300] [L/D=350]
Sample

FIGURE 13 | The shrinkage test results.
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3.6 | MFI Test

The ease of melt flow was evaluated through the MFI test con-
ducted on the samples. An image displaying the remaining
samples extracted from the orifice is presented in Figure 14.
Furthermore, the results of the MFI test are illustrated in
Figure 15.

Temperature and time play crucial roles in the MFTI test, where
the ease of melt flow for the HP 552R sample is measured at
25.4g/10min. Incorporating a small amount of calcium car-
bonate into the matrix marginally reduces the ease of melt
flow, as evidenced by the 20% CaCo, sample registering a rate
of 23.2g/10min, approximately 9% lower than that of the HP
552R sample. In general, the incorporation of calcium carbon-
ate tends to enhance the ease of melt flow by augmenting the
molecular weight of the resulting sample, consequently leading
to a reduction in viscosity. Interestingly, the ease of melt flow re-
mains consistent for the samples with 25% and 30% CaCo,, both
recording rates of 26.1 and 25.9 g/10min, respectively. Similarly,
the presence of barite particles increases the ease of melt flow by

FIGURE 14 | Remaining samples of 20% talc extracted from the or-
ifice after MFI test.

4.7%, resulting in a value of 26.6 g/10 min for the 20% barite sam-
ple. Conversely, the incorporation of GFs causes a substantial
reduction in the ease of melt flow, with the 30% GF [L/D =350]
sample exhibiting the lowest melt flow rate at 5.2g/10min. In
the context of MFI, the inclusion of GFs serves a dual role: firstly,
by impeding the mobility of polymer chains, and secondly, by
hindering the unrestricted flow of the polymer in its molten
state. Indeed, the incorporation of GFs within the polymer melt
resembles an obstructive barrier, akin to an impediment encoun-
tered at the exit nozzle of a processing device. This phenomenon
leads to a reduction in the MFI index and an increase in viscos-
ity. Furthermore, reducing the L/D ratio of GFs leads to a slight
increase in the MFI value, with the 30% GF [L/D =250] sample
recording a value of 6.4 g/10min.

3.7 | Ash Content Test

The ash content test was conducted to determine the residue ash
left in the samples, with the results illustrated in Figure 16. As
elaborated in Section 2, the initial samples (i.e., PP HP 552R)
were devoid of any additives, yielding an expected ash content of
zero. Thus, upon introducing reinforcement additives to produce
composite samples, the ash content proportionally increased.
For instance, the ash content for the 25% and 30% CaCo, sam-
ples amounted to 24.2% and 31.4%, respectively. Similarly, the
inclusion of talc and barite reinforcing particles resulted in ele-
vated ash content, with marginal disparity observed between the
20% talc and 20% barite samples, yielding 19.8% and 20.5%, re-
spectively. This trend persisted in samples reinforced with GFs,
where comparable ash content was recorded across varying L/D
ratios, with values of 35.2% for the 30% GF sample [L/D =250]
and 35.3% for the 30% GF sample [L/D =350].

4 | Conclusion
This study investigated the influence of various reinforcing ma-

terials, including CaCo,, talc, barite, and GF on the mechani-
cal and thermal properties of HP 552R PP matrix composites.
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FIGURE15 | The MFI test results.
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FIGURE 16 | The ash content test results.

The results demonstrated that the incorporation of GFs signifi-
cantly enhanced the mechanical properties, while particulate
fillers improved thermal properties. Some of the obtained re-
sults are listed:

1. Generally, the addition of reinforcing particles led to a re-
duction in the yield strain of the samples. For instance, the
strain values ranged from 10.4% for the HP 552R sample
(with no added reinforcing material) to 4.1% for the 30%
CaCo, sample. Conversely, the yield strength exhibited
notable variations across the samples, with the highest
recorded at 98.6 MPa for the 30% GF sample [L/D=350],
while the lowest was observed for the 20% barite sample,
registering at 24.4 MPa.

2. Charpy impact test findings revealed that the energy ab-
sorption of the HP 552 sample measured at 3.1 kJ/m?, while
the addition of 20% talc resulted in a reduction to 2.5kJ/
m?. Interestingly, the inclusion of CaCo, did not signifi-
cantly impact energy absorption, but the 30% GF sample
[L/D=350] exhibited the highest energy absorption of
14.1kJ/m?2,

3. In the HDT test, the temperature required to induce a
0.34mm bending deflection in the HP 552R sample was
49.8°C. However, with the incorporation of reinforcing
particles and fibers, the HDT notably increased. For in-
stance, the maximum temperature recorded was 151.7°C
for the 30% GF [L/D =350] sample.

4. Ideally, polymer materials should exhibit low shrinkage,
and the incorporation of reinforcing particles and GFs has
effectively reduced shrinkage. Notably, while the HP 552R
sample displayed a shrinkage rate of 19.1%, this figure sig-
nificantly decreased to 1.42% and 0.26% for the 20% talc
and 30% GF [L/D =350] samples, respectively.

5. The ease of melt flow was assessed through the MFI test
for the composite samples. While the MFI for the HP 552R
sample stood at 25.4g/10min, the addition of CaCo,, talc,
and barite particles did not significantly alter the MFI.
Conversely, incorporating GFs into the matrix led to a

reduction in MFI, with the 30% GF [L/D =350] sample re-
cording a value of 5.2g/10min.

6. The introduction of reinforcing particles and GFs resulted
in increased ash content. Notably, the 30% GF [L/D =300]
sample exhibited the highest ash content at 35.6%.

These findings provide valuable insights for the design and
optimization of PP-based composites for a wide range of ap-
plications. Future research could focus on optimizing the fiber
orientation and distribution, exploring hybrid reinforcement
systems, and investigating the effects of surface modification
on the interfacial bonding between the reinforcement and the
matrix.
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