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Abstract

The demand for sustainable and recyclable materials in industrial applications
has led to a surge in interest in green composites, particularly those incorporat-
ing natural fillers derived from agro-food industry waste. This study investi-
gates the mechanical and thermal properties of polypropylene (PP) hybrid
composites filled with hazelnut shell and wollastonite, along with the effect of
styrene-ethylene/butylene-styrene (SEBS) and SEBS-g-maleic anhydride
(SEBS-g-MA) compatibilizers. Various characterization techniques, including
tensile, flexural, and impact tests, as well as differential scanning calorimetry
(DSC), thermogravimetry (TGA), and scanning electron microscopy (SEM)
analyses, were employed to evaluate the composites. Results demonstrate that
the addition of wollastonite significantly improves mechanical properties,
while hazelnut shell filler affects thermal behavior and stability. SEBS and
SEBS-g-MA compatibilizers enhance impact resistance; however, they lead to
a decrease in other mechanical properties. DSC and TGA analyses demonstrate
changes in crystallization behavior and thermal stability due to filler and com-
patibilizer incorporation. SEM microstructure images show the distribution of
SEBS and SEBS-g-MA within the composite structure, affecting mechanical
and thermal properties. Overall, this study highlights the importance of filler
selection, compatibilizer addition, and their distribution in attaining desired
properties for industrial applications. Future research should focus on optimiz-
ing formulations for specific uses and assessing long-term performance under

real-world conditions.
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1 | INTRODUCTION

The contemporary industry is increasingly prioritizing
the creation of sustainable and recyclable goods, moti-
vated by the swift depletion of natural resources and
escalating environmental apprehensions. In recent years,
there has been a growing interest in using natural
resources obtained from agro-food industry wastes or
by-products in polymer-based composites due to their
low environmental impact, recyclability, and ease of pro-
cessing." These composites are commonly referred to as
“green composites.”*”

Products made from green composites find extensive
use in industries such as automotive, furniture, construc-
tion, and packaging.”> Various natural fillers, including
cellulose,*® wood flour,” oak sawdust,® bagasse fiber,” egg-
plant (Solanum melongena) stalks,'® hazelnut shell,*>''*°
walnut shell, sunflower husk,'® almond shell,!” cocoa,®
and eucalyptus fiber (Eucalyptus grandis),”® are employed
in the production of green composites. Additionally, mate-
rials such as coal,® basalt,” calcium carbonate, perlite,
and potassium dichromate," glass fiber,"* mica, kaolin,
wollastonite, silica, and so on,>? are added to enhance the
mechanical and thermal properties of green composites,
resulting in hybrid composites.

The production of hybrid composites faces several sig-
nificant challenges, including the difficulty of adjusting
the necessary composition for desired mechanical proper-
ties, high costs,>** poor machinability, dimensional insta-
bility, and low ductility.**** Liu et al.** observed
significant variations in mechanical properties based on
particle/fiber size, while Thakur et al.>* emphasized the
influence of formulation on machinability. Nufiez et al.”
noted that the addition of maleic anhydride
(MA) improved the dispersion of wood flour in the poly-
propylene (PP) matrix. Barczewski et al.'® reported that
particle-shaped fillers increased hardness and stiffness,
fiber-shaped additions increased mechanical properties,
and hazelnut shell emerged as the most suitable filler for
green composites. In the realm of thermoplastic mate-
rials, they are preferred over thermosets in hybrid com-
posite production due to their ability to be reshaped with
heat, recycled, and their positive environmental
impact.>* Among thermoplastic materials, PP is more
commonly used than other polymer types.* >’

Researchers have emphasized the need for in-depth
studies in academia and industry on crucial aspects such
as new formulations, processing methods, and composite
material design.*>** In the near future, the outcomes of
these new studies are anticipated to lead to large-scale
production cost reductions and improvements in
mechanical properties, particularly in the automotive sec-
tor for hybrid composites, covering body panels, outdoor

panels, and structural parts. The application of these
composites is also expected to extend to various sectors
such as aviation, construction, and agriculture, where a
combination of metals and polymers is essential.>****
Upon reviewing the aforementioned studies, it becomes
evident that the development of new formulations is vital
to facilitate the widespread industrial use of green com-
posites, ultimately enabling cost-effective production.
This study aims to investigate the impact of formula-
tions using hazelnut shell, wollastonite, SEBS, and SEBS-
g-MA at various ratios and contents on the thermal,
mechanical, and microstructural properties of PP matrix
hybrid composites. Mechanical properties were assessed
through tensile, bending, and Izod impact tests. The com-
patibility of PP composites, with SEBS and SEBS-g-MA,
was studied using differential scanning calorimetry
(DSC), thermogravimetry (TGA), and Fourier-transform
infrared spectroscopy (FTIR). To verify miscibility, the
morphology of the blends was examined through scan-
ning electron microscopy (SEM). The results indicate that
SEBS-g-MA serves as an effective compatibilizer in PP
systems through promoting interfacial interactions.

2 | MATERIALS AND METHODS

2.1 | Materials

Petoplen PP-MH418 (PETKIM, Turkey), which is an iso-
tactic PP, was utilized as the matrix. Ciba Irgafos® 168 FF
by BASF, tris(2,4-di-tert.-butylphenyl) phosphite (Ciba
Specialty Chemicals, Sweden), was employed for stabiliza-
tion. VISCOWAX® 262 OXIDISED PE-WAX (ERAL,
Turkey) was used to facilitate processing. Hazelnut shell
flour (HNSF-particle size <150 pm) and acicular wollas-
tonite (W; Nyglos® 8) with a large aspect ratio of ~19/1
(~150/8 pm) supplied by Nyco Minerals Ltd. were used as
fillers. The composition of hazelnut shell consists of
54.61% holocellulose (29.94% cellulose and 24.67% hemi-
cellulose) and 31.87% lignin.”® The prominent compounds
in the chemical composition of wollastonite are Al,O; at
0.40%, CaO at 46.36%, Fe,O5 at 0.77%, and SiO, at 51.6%,
respectively.” SEBS (Kraton G 1652, Shell Chemicals),
and SEBS-g-MA (Kraton FG 190IX, Shell Chemicals), were
employed as elastomeric compatibilizers. The formulations
and sample codes used in the study are given in Table 1.

2.2 | The sample preparation through
extrusion and injection molding process

The formulations provided in Table 1 were processed into
granules using a Giilnar-brand twin-screw extruder
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(Turkey) with a screw length-to-diameter ratio (L/D) of
24 and a screw diameter (@) of 16 mm. The materials
were thoroughly mixed at funnel-nozzle temperatures of
30/110/170/190°C and a rotation speed of 250 rpm. The
extrusion process, screw rotation direction (clockwise),
and regions of resistance temperatures are illustrated in
detailed Figure 1. Following the granulation process, the
samples were dried at 60°C for 3 h, and subsequently
placed in a desiccator to ensure they remained dry and
did not absorb moisture until the injection process. Ten-
sile (ISO 527) and impact (ISO 180) test samples were
molded using an Engel-brand Spex Victory 80 model
injection molding machine (Germany) with a closing
force of 800 kN. The injection molding procedure
adhered to the specifications outlined in Table 2, in
accordance with ISO 294 standards.

2.3 | Characterization

Tensile tests were conducted in accordance with ISO
527-1 standards, and 3-point flexural tests were per-
formed following ISO 178 standards using the Zwick
7010 model machine with a 10 kN load cell. Izod impact
tests, with three different notch radii (R = 0.25/1/2 mm),
were carried out on an Instron Ceast 9050 model
machine with a 5.4 Joule hammer, in compliance with
ISO 180 standards. Tensile tests were conducted at room

temperature and at a drawing rate of 50 mm/min on
5 Type 1A specimens, as defined in ISO 527-1 standard,
with a thickness limited to 4 mm, and averages were cal-
culated. Three-point flexural tests were performed at
room temperature and at a bending rate of 5 mm/min on
5 bar-shaped specimens defined in ISO 178 standard,
with a thickness of 4 mm, a width of 10 + 0.2 mm, and a
length >80 mm, and averages were calculated. For
impact tests, 10 bar-shaped specimens measuring
4 x 10 x 80 mm were used for each notch parameter,
and averages were taken. Hardness measurements, based
on the Shore D scale, were conducted using a Zwick Roel
model machine, adhering to ISO 48-4 standards.

The DSC test was conducted using a Seiko DSC 7020
model equipment following ASTM D3418-21 standards.
Heat deflection temperature (HDT) tests were performed
on an Instron Ceast HV3 model equipment in accordance
with ASTM D1525-17 standards. Thermogravimetric
analysis (TGA) tests were carried out on a Seiko
TG/DTA6300 model equipment following ISO 11358-1
standards. FTIR tests were conducted using a Perkin
Elmer Spectrum 100 FT-IR model equipment following
ASTM D6348-12 standards. The DSC melt peak analyses
were used to calculate the crystallinity percentages (X¢)
using the equation provided in Equation (1), and the
crystal lamellae thicknesses (1) were determined using
the Gibbs-Thomson equation given in Equation (2).*° In
calculations, the enthalpy of 100% crystalline state (AH,,)

TABLE 1 Sample formulations and Samplecode  PP(%) W (%)  HNSF(%) SEBS(%)  SEBS-g-MA (%)
codes PPO1 100 -

PP02 80 20 =

PPO3 80 15 5

PP04 80 10 10

PPO5 80 5 15

PP06 77 10 10 3

PPO7 74 10 10 6

PPO8 71 10 10 9

PP09 77 10 10 - 3

PP10 74 10 10 = 6

PP11 71 10 10 - 9

resistance
pellet
=

FIGURE 1 The extrusion process E_ /
and depiction of temperature zones. _ .

7
Screw
direction

[Color figure can be viewed at
wileyonlinelibrary.com]

30°C 110°C 170°C 190 °C
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TABLE 2 Injection process parameters for the specimen
preparation.
Parameters Value Temperatures Value
Injection rate 50 mm/s  Nozzle 200°C
Injection pressure 100 bar Metering zone 190°C

Transition zone 175°C
Feed zone 165°C
40 + 5°C

Holding pressure 40 kN
Holding time 3s

Cooling time 10's Mold surface

for PP was considered as 209 J/g, the equilibrium melting
temperature (T,,) was set at 174°C, and the surface
energy of the crystals (6.) was assumed to be 29 mJ /m?,
and @ in the formula represents the weight fraction of
residues in the matrix.

AH
= %100 (1)
AH, (1—®)
T 26
=1 ()
T AHp

The fractured surfaces of impact-tested samples were
examined under an Inspect S50 model SEM to visualize
microstructures. To analyze the morphology of the elasto-
meric phase (SEBS and SEBS-g-MA) in the composites
via SEM, a specific etching procedure was conducted.
The chosen samples underwent rapid cooling in liquid
nitrogen followed by fracturing. Following this, the sur-
faces were etched using THF at 60°C for a duration of
30 min, and then dried under vacuum at room tempera-
ture for 24 h. Subsequently, SEM micrographs were cap-
tured from the fractured surfaces of the samples.

3 | RESULTS AND DISCUSSION

3.1 | FT-IR test results

Figure 2 displays the FT-IR spectra for PP and its com-
posites. For PP, the FT-IR peaks include the symmetric
stretching of the nonsymmetrical CH3 group's C—H bond
at 2950 cm ™', the symmetric stretching of the nonsym-
metrical CH2 group's C—H bond at 2920 cm™*, the sym-
metric stretching of the CH3 group's C—H bond at
2870 cm ', the bending of the CH3 group's C—H bond
at 1456 cm ™%, the bending of the CH3 group's C—H bond
at 1376 cm™ ', the stretching of the C—H bond at
1166 cm ™', the chain stretching vibration of C—C at
996 cm ™, the bond vibration of C—C at 973 cm™?, the
bending of the C—H bond at 840cm ', and the

stretching of the C—C bond at 808 cm™ Y, all observed in
all samples. All spectra closely resemble PP's known
characteristic peaks.”>' No IR splitting resulting from
intermolecular or crystalline packing was observed, as
the chains are too far apart. In fact, the intermolecular
forces are too small for crystal field splitting to be
observed.*

Only in samples PP09 and PP10, peaks at 3671 and
3800 cm ™' correspond to hydroxyl groups. These peaks
may be related to the presence of potential polar groups
derived from additives.”” This situation could also be
associated with changes in band intensity among mix-
tures with different concentrations of the same additive.
For samples coded as PP09 and PP10, the characteristic
peaks of the SEBS addition are observed between 2990
and 2880 cm '. The absence of these peaks in sample
PP11 indicates the grafting of SEBS chains, forming a
covalent bond between SEBS and SEBS-g-MA and the
polymer.*> When comparing the FTIR results of all sam-
ples, there is no noticeable chemical interaction. How-
ever, MA caused peaks to shift. Similarly, depending on
the formulation ratios of the mixture, changes are
observed in all peak heights.

3.2 | Mechanical test results

The results of tensile and flexural tests are presented in
Table 3. The stress—strain curves for all composites’ ten-
sile tests are provided in Figure 3. With the exception of
impact strength, the composite coded as PP02 with a 20%
wollastonite filler exhibited superior mechanical proper-
ties compared with pure PP. In composites where hazel-
nut shell and wollastonite were added as filler materials
in equal proportions (both 10%), a decrease in the propor-
tion of wollastonite led to a decline in all mechanical
properties of the composite. Wollastonite demonstrated a
more pronounced effect on mechanical properties com-
pared with hazelnut shell filler, and this improvement is
believed to be attributed to the long and thin fibrous
structure of wollastonite.>* Previous studies have consis-
tently noted that an increase in the proportion of organic
filler in the structure correlates with a decrease in
mechanical properties.*> >’ Upon the addition of SEBS
and SEBS-g-MA to the mixture with an equal ratio of
hazelnut shell and wollastonite, it resulted in a reduction
in tensile strength, tensile modulus, flexural strength,
and flexural modulus, while concurrently enhancing
impact strength.

The results of hardness and impact tests are provided
in Table 4. This increase in impact strength became more
pronounced with the higher ratio of SEBS and SEBS-
g-MA in the structure. It is believed that this
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FIGURE 2
wileyonlinelibrary.com]

improvement is due to the superior energy dissipation
capacity of SEBS, as known from the literature, in com-
parison to other materials in the mixture, with the aim of
enhancing impact resistance.”®** The impact strength of

T T T T T
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Fourier-transform infrared spectroscopy spectra of polypropylene composites. [Color figure can be viewed at

SEBS-g-MA was more prominent compared to SEBS, and
this is thought to be attributed to the presence of MA in
SEBS-g-MA, which improves interfacial properties,
resulting in a longer-chain and more regular structure,
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TABLE 3 Tensile and flexural tests results.

Sample code Tensile strength (MPa)

PPO1 30.82 (20.25) 1233 (£59)
PP02 31.75 (+0.52) 1270 (+23)
PP03 30.73 (£0.21) 1229 (+26)
PP04 29.31 (+0.21) 1172 (+28)
PPO5 28.03 (+0.14) 1121 (+66)
PP06 27.89 (0.39) 1157 (+87)
PP07 27.12 (+0.37) 1085 (+07)
PP0S 25.77 (+0.09) 1031 (+84)
PP09 28.99 (+0.21) 1160 (+07)
PP10 29.11 (+0.34) 1164 (+£74)
PP11 28.41 (+0.45) 1136 (+17)

Izod impact strength (kJ/m?)

Tensile modulus (MPa)

Flexural strength (MPa) Flexural modulus (MPa)

33.97 (+0.76) 1359 (80)
48.09 (+1.02) 2405 (+22)
46.06 (+0.26) 2422 (+147)
45.08 (+£0.49) 2234 (+37)
44.02 (+1.07) 2068 (+42)
42.00 (+1.43) 2090 (+37)
42.47 (+1.21) 1848 (+17)
40.58 (+0.28) 1677 (+91)
44.39 (£0.67) 1690 (+96)
41.96 (+0.27) 1416 (+76)
40.02 (+1.04) 1399 (+69)
TABLE 4 Hardness and Izod

impact tests results.

Notch Notch Notch

Sample code Hardness (Sh D) R0.25 R1 R2

PPO1 74.0 (+0.03) 2.43 (+0.23) 2.80 (+0.17) 3.10 (+0.34)
PP02 67.0 (+0.05) 2.65 (+0.18) 4.01 (0.26) 4.21 (+0.56)
PPO3 66.0 (+0.34) 2.51 (+0.05) 3.82 (+0.14) 4.05 (+0.08)
PPO4 67.0 (+0.22) 2.33 (0.04) 3.69 (+0.22) 3.88 (+0.11)
PPO5 68.0 (+0.14) 2.11 (+0.11) 3.29 (+0.19) 3.68 (+£0.27)
PP06 66.0 (+0.11) 2.70 (+0.81) 3.80 (+0.52) 4.08 (+0.56)
PPO7 66.0 (+0.21) 3.16 (+0.98) 3.88 (+0.27) 4.47 (+0.85)
PPO8 66.0 (+0.33) 4.05 (0.56) 4.25 (+0.63) 4.90 (+0.09)
PP09 67.0 (£0.16) 2.98 (+0.09) 3.96 (+£0.14) 4.10 (£0.10)
PP10 66.5 (+0.23) 3.51 (+0.18) 4.40 (0.26) 4.73 (+0.36)
PP11 66.0 (+0.35) 4.38 (+0.21) 4.43 (+0.25) 5.26 (+0.14)

and consequently, an improvement in mechanical
properties.*’

The highest hardness value was measured in pure
PP. Specifically, the highest hardness value was observed
in pure PP. Generally, the hardness values of composites
filled with hazelnut shell and wollastonite are closely
aligned. While the increase in the proportion of hazelnut
shell resulted in a slight hardness increase, this effect is
not highly significant. A similar trend is observed
between SEBS and SEBS-g-MA. While the hardness of
the SEBS composite remains unaffected, the presence
of SEBS-g-MA in the structure has altered the hardness,
though to a minor extent. It is speculated that as the ratio
of SEBS-g-MA increases, the morphology is more
affected, the structure becomes more flexible, contribut-
ing to a decrease in hardness.*' The effect of notch size
on the formation and progression of cracks is quite

evident. As the notch radius increases, the impact resis-
tance increases accordingly. Decreasing notch sizes
causes stress intensifications in the composite structure
altering the fracture behavior of the composite.

3.3 | DSC test results

DSC test results' numerical values are presented in
Table 5, while a graphical comparison of melting and
crystallization behaviors is provided in Figure 3. Signifi-
cant differences are observed in enthalpy changes (AH,,),
melting temperatures (T,,), and melting peak widths
among PP composites. The width of the obtained melting
peaks (Figure 4) is believed to originate from the mixture
of PP's a- and P-crystal phases and proportional varia-
tions in the filler materials.** Similarly, the melting
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FIGURE 3

enthalpies and peak maxima are observed to be influ-
enced by the presence of the filler material. While pure
PP (PPO01) exhibits the highest AH,, value, the PP02 sam-
ple with 20% Wollastonite filler stands out with a lower
AH,, and a T, close to pure PP. Despite PP02 having
lower crystallinity compared to pure PP, its higher lamel-
lar thickness can be explained by wollastonite particles
supporting the p-crystallization of the PP matrix.**~**

The changes in crystallization rates and crystal lamel-
lae thickness are shown in Figure 5. From Figure 5, it is
evident that pure PP exhibits significantly higher crystal-
linity compared to the PP composites. This observation
leads to the hypothesis that the size of the filler material,

Tensile test stress—strain curves. [Color figure can be viewed at wileyonlinelibrary.com]

its distribution orientation within the structure, and the
disruption of the polymer chain order contribute to the
reduction in crystallinity.’®> When examining crystal
lamellar thickness, difference is observed among the sam-
ples. This suggests that the samples generally display sim-
ilar spectral characteristics, indicating a consistent
response to proportional changes in filler materials.

3.4 | MFI and HDT test results

The values for melt flow index (MFI) and HDT are pro-
vided in Table 5 and Figure 6. Generally, an increase in
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the ratio of hazelnut shells in the mixture has been
observed to increase both the MFI value and HDT tem-
perature. Although hazelnut shells are speculated to
reduce the MFI value through exhibiting a flow-reducing
effect due to their cellulose content.*> Experimental
errors in MFI and HDT temperatures can be correlated
with the distribution and particle size of hazelnut shells
within the matrix.'**® On the other hand, SEBS and
SEBS-g-MA  (styrene-ethylene/butylene-styrene  co-
polymer grafted with Maleic Anhydride) have shown a
reducing effect on both MFI value and HDT temperature.
With an increase in the ratios of SEBS and SEBS-g-MA in
the mixture, MFI values have decreased further. The
impact of SEBS-g-MA on the MFI value appears to be
more significant than SEBS. This could be attributed to

——PPO1 - PP05 ---PP09
----PP02 - PPO6 - PP10

< Endothermic heat flow

—r
75 100 125 150 175 200 225
Temperature (°C)

FIGURE 4
figure can be viewed at wileyonlinelibrary.com]

Differential scanning calorimetry curves. [Color

TABLE 5 Thermal test results of the samples.

Sample code MFI (g/10 min) HDT (°C) AH,, (J/g)
PPO1 5.13 91.0 82.2
PP02 4.84 69.3 64.4
PPO3 4.95 67.6 70.1
PP04 5.10 65.7 68.6
PPO5 5.29 68.0 63.4
PP06 4.98 65.2 67.7
PPO7 4.35 62.8 61.1
PP0O8 4.18 63.0 62.7
PP09 4.71 67.3 60.2
PP10 4.20 65.0 63.2
PP11 3.81 64.6 65.5

the maleic anhydride groups in SEBS-g-MA increasing
the reactive properties of the polymer, as higher reactivity
in the structure can alter the processability and flow
characteristics, thereby decreasing the MFI value.*®
Regarding HDT temperatures, SEBS-g-MA has demon-
strated a more favorable effect compared to SEBS. The
increase in the ratios of SEBS and SEBS-g-MA in the PP
composites resulted in a decrease in HDT temperatures.

3.5 | TGA testresults

To explore the influence of fillers on the thermal stability
of PP composites, thermogravimetric analyses were per-
formed on pure PP, as well as on composites filled with

40
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~ 324
e £
O 304 £
* <
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20 I,\ l,)‘ I,5 I& Is |6 I,‘ I% lg IQ l’\ 5
o Q?“ Q?° o® ??Q ??0 o°° Q?“ 9?° 9?'\ Q?'\
Sample Codes
FIGURE 5 Crystallization ratio and changes in crystal

lamellae thickness. [Color figure can be viewed at
wileyonlinelibrary.com]

s o X, A
AH’, (3/g) 8. (mJ/m?) (°C) (°C) (%) (nm)
209 29 160.0 174 39.3 8.8
209 29 160.6 174 24.7 11.7
209 29 160.7 174 26.8 10.8
209 29 160.8 174 26.3 11.1
209 29 162.0 174 243 13.3
209 29 159.8 174 24.9 12.3
209 29 160.9 174 21.6 13.0
209 29 161.1 174 213 16.6
209 29 161.3 174 22.2 11.8
209 29 161.9 174 22.4 12.4
209 29 164.3 174 22.3 11.8
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wollastonite and hazelnut shells, in addition to blends
containing SEBS and SEBS-g-MA compatibilizers. The
decomposition temperature and the onset of thermal sta-
bility, indicated by the temperature at 5% weight loss (%
T5), were determined and summarized in Table 6.
Figure 7a,b illustrate the TG and DTG curves for both
pure PP and PP composites.

A single-step degradation process was observed for
both pure PP (PP01) and the 20% wollastonite-filled PP
composite (PP02).*” The degradation of PP (T5) is
believed to initiate at 425.6°C with the formation of free
radicals, leading to chain scissions. PP composites con-
taining hazelnut shell filler exhibited a two-step decom-
position. The first step was associated with the
degradation of hazelnut filler and occurred depending on
the composition and content of the mixture. The second
step corresponded to the decomposition of polymer part
of the composites. Due to the thermal stabilizing effect of
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FIGURE 6 Comparison of heat deflection temperature and
melt flow index values for samples. [Color figure can be viewed at
wileyonlinelibrary.com|

TABLE 6 The numerical data

Sample code
obtained from the thermogravimetric

PPO1
PP02
PPO3
PPO4
PPO5
PPO6
PP0O7
PP0O8
PP09
PP10
PP11

analysis tests.
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wollastonite,*® PP composites demonstrated enhanced
thermal stability compared to pure PP. The contributions
of SEBS and SEBS-g-MA influenced the thermal degrada-
tion of the composites, as evidenced by the shift in the
decomposition initiation temperature (%T5) and the mass
loss curve toward lower temperatures in a nitrogen atmo-
sphere. Figure 5b's DTG curve supports this observed
thermal stability. The thermal stability of polymer blends
predominantly relies on the morphology and miscibility
of the system. The results of thermal degradation suggest
that the addition of the filler can enhance the thermal
stability of pure PP. However, the thermal stability of the
composites decreased with the addition of SEBS and
SEBS-g-MA. This effect was more pronounced due to the
increased reactive properties of the polymer with maleic
anhydride groups in SEBS-g-MA.**

3.6 | Results of morphological
investigations

The SEM microstructures obtained from the fractured
surfaces of samples are presented in Figure 8. The
microstructure of pure PP labeled as PPO1 (Figure 8a)
demonstrates the typical fracture characteristic of PP.*
It is observed that wollastonite is homogeneously dis-
tributed within the structure and further increases the
brittleness of the structure, leading to fibrillation
(Figure 8b). Although partial, void formations due to
separations between wollastonite particles and the
matrix interface are observed within the structure. It
can be expected that these voids reduce mechanical
properties such as tensile strength and flexural strength.
However, similar studies have reported partial increases
in mechanical properties with wollastonite loading up
to 20%, indicating that this phenomenon is related to
the filler content.’® Essentially, this can be explained by

Ts (°C) Tsp (°C) Tmax (°C) Residue at 600°C (%)
425.6 458.2 480.3 2.4
437.6 464.1 482.1 23.0
435.0 465.0 489.6 17.5
438.5 466.1 488.1 13.9
435.9 464.4 487.6 8.4
432.8 463.9 485.8 13.5
431.3 461.5 484.9 12.7
431.9 462.4 483.2 9.3
426.7 462.5 485.4 13.8
431.9 462.3 487.2 13.3
425.0 459.6 484.2 12.3
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FIGURE 7 Thermogravimetric analysis curves of samples. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 The scanning electron microscopy microstructure images of pure polypropylene (PP) and PP composites. [Color figure can

be viewed at wileyonlinelibrary.com]

the limited void formation within the structure and the
ability of wollastonite to bear a greater load than the
matrix.>!

The decrease in wollastonite filler content and the
increase in hazelnut shell addition have reduced fibrilla-
tion in the microstructure (Figure 8c—e). The addition of
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FIGURE 9 The scanning electron microscopy microstructure images of samples. [Color figure can be viewed at wileyonlinelibrary.com]

SEBS and SEBS-g-MA has forced the structure to become
more regular. The changes in the microstructure confirm
this (Figure 8f-k). With an increase in the SEBS-g-MA
ratio, agglomeration is observed within the structure
(Figure 8j,k). This agglomeration could be attributed to
the increase in the MA content in SEBS-g-MA or to an
uneven distribution. The high concentration in the
regions of agglomeration may originate from the irregu-
lar surface of lignocellulosic material, namely hazelnut
shell.

In Figure 9, it can be observed that the SEBS and
SEBS-g-MA compatibilizer particles, perceived as black
holes, exhibit shapes resembling spherical or near-
spherical or irregular anisotropic lamellae of different
sizes. The spherical shapes in the structure are believed
to result from rounding due to interfacial tension
between the PP matrix and the elastomeric phase.’* In
composites where the SEBS and SEBS-g-MA ratio is 3%,
the size of these spherical elastomeric phases is relatively
smaller compared to the composites with 6% and 9% filler
content (Figure 9a). As the ratio increases, it is observed
that the size of the spherical shape increases, and their
number is relatively fewer compared to the 3% filler con-
tent. Overall, it can be stated that SEBS and SEBS-g-MA
are homogeneously distributed within the structure, and
this distribution affects the microstructure according to

the sizes of the resulting spherical elastomeric phases,
thereby influencing mechanical and thermal properties.

4 | CONCLUSIONS

This study investigated the mechanical and thermal prop-
erties of PP composites by utilizing PP as the matrix and
incorporating wollastonite, hazelnut shell fillers,
and SEBS/SEBS-g-MA as modifiers. The SEM microstruc-
tures were examined, and the results were compared.
Based on the findings of this comprehensive study, sev-
eral important conclusions emerge. First, regarding the
influence of fillers on mechanical properties, we observed
that wollastonite had a more pronounced effect due to its
long and slender fibrous structure. Additionally, the addi-
tion of SEBS and SEBS-g-MA led to a decrease in tensile
strength, tensile modulus, flexural strength, and flexural
modulus, while simultaneously increasing impact
strength. This increase in impact strength indicates the
effectiveness of SEBS and SEBS-g-MA in enhancing
impact resistance. Regarding thermal behavior and stabil-
ity, the presence of fillers and compatibilizers affected the
crystallization rates, thickness of crystal lamellae, and
thermal stability of the composites. Wollastonite contrib-
uted to thermal stability, while SEBS-g-MA showed a

B5UB017 SUOWIWIOD 3A[Fe1D) 8|qedljdde au3 Aq peusenoh a8 sojoiie YO ‘35N JO S3|NJ 0 A%eiq 18Ul IUO AB|IA UO (SUO T PUOD-pUR-SLURY WD A8 | M ARRIq U1 |UO//SORY) SUORIPUOD PUe SWB L 8U388S *[7202/90/0T] Uo ARiqIT 8ulluo /|IM Aiseaiun erwe N Aq 0T.SS dde/200T 0T/10p/wo0 A8 M AReiq 1 puljuo//sdny woiy papeojumoq ‘0 ‘829L60T


http://wileyonlinelibrary.com

KARAGOZ Er AL.

zots | WiLEY-Applied Polymer

CIENCE

more positive effect compared with SEBS. SEM micro-
structure images revealed the distribution of SEBS and
SEBS-g-MA in the composite structure. The observed
spherical elastomeric phases in the microstructure were
influenced by filler content and the ratio of SEBS to
SEBS-g-MA. Higher ratios of SEBS and SEBS-g-MA
resulted in larger spherical shapes as well as a reduced
number of particles. In conclusion, this study emphasizes
the importance of filler selection, addition of compatibili-
zers, and their distribution in the composite structure for
achieving desired mechanical and thermal properties.
These findings contribute to the development of
cost-effective and sustainable materials for industrial
applications. Future research in this field should focus on
optimizing formulations for specific applications and
investigating the long-term performance of these compos-
ites under real-world conditions.
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