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Abstract - This study aims to evaluate potential methodologies for improving the performance of polypropylene (PP) matrix composites
by the addition of carbon fibre and kaolin fillers, processed using a twin screw extruder, and compare them with neat PP. The effect of
filler types and loading was investigated on mechanical properties such as the tensile modulus, flexural modulus, and impact strength,
evaluated by using universal testing systems. Of the two types of composites, carbon fibre reinforced composites gave the best
performance. The results showed that the addition of 30 wt% of short carbon fibre to neat PP raised the tensile modulus and flexural
modulus by 219% and 280%, respectively, compared to neat PP itself. Also, the elongation at break was reduced by 87-96% compared
to neat PP, which is attributed to such fillers restricting the chain mobility of polymer molecules. Addition of kaolin has also resulted in
improved tensile and flexural modulus up to 42% and 41%, respectively, from that of the neat PP. Izod impact test showed that the
addition of kaolin also improves impact strength by up to 10% at low content of kaolin. However, the impact strength was reduced with
increasing kaolin content above 20% by weight, due to the agglomeration of kaolin particles. For PP/carbon fibre composites, the impact
strength slightly increased when increasing the carbon fibre content from 10 wt% to 20 wt%, whereas it slightly dropped when increasing
to 30 wt%. Based on these results, overall, the addition of carbon fibre and kaolin from 10-30 wt% significantly improves the tensile and
flexural modulus properties. These fillers can be considered as promising reinforcing materials to increase the performance of
thermoplastics. These type of composite systems may encourage commaodity thermoplastics to be applied for high-end applications at a
significant rate in the near future.
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1. Introduction

Composites are becoming popular in wide range of applications due to their superior properties such as high specific
strength, tailor-made properties, and fewer joints due to part unitization. However, plastic industry has multiple challenges
yet to be addressed such as improving recycling procedures, characterization and durability of composites systems, and
understanding of the possible failure mechanisms [1, 2]. Reinforcing agents have become the second major component in
the development process of polymeric materials. There are a plenty of reinforcing materials which have been studied to
improve the performance of the matrix materials such as mechanical properties, dimensional stability, thermal resistance, etc
[3, 4]. In general, reinforcing agents are in the form of fibre, particles and flakes. Among the different fibres used in polymer
matrix composites, carbon fibre is one of the most promising reinforcements in polymer matrix composites. There is a huge
consumption for carbon fibre. The annual global demand for carbon fibre was expected to increase from 72,000 tons to
140,000 tons and the carbon fibre-reinforced composite global revenue expected to increase from 28.2 billion USD to 48.7
billion USD [5]. Given these considerations, carbon fibre has been selected in this study as a representative fibrous filler.
For the particle family, fillers were considered either due to their huge consumption or for being interesting materials. Among
the latter, kaolin was considered as the representative candidate in the particle family because it is a ubiquitous natural
mineral which has been previously demonstrated to improve mechanical properties of polymers [6, 7].

1.1  Previous Studies on PP/Carbon Fibre Composite

Over the last few years, there has been great interest in carbon fibre-reinforced plastics for low-cost high-performance
and lightweight structural applications, such as in aerospace, civil engineering and automotive industries, hence they have
the potential to become one of the most important commercial materials in the near future [8-10]. However, even if short
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carbon fibres are currently available in the market, their usage has been restricted in some applications. The evaluation of
mechanical properties of PP/carbon fibre composite in this study can enable the use of conventional plastics in high
performance applications.

Nowadays, carbon fibres are commercially available to be used in PP composites that are produced in different forms,
like homopolymer or copolymer PP composites [9]. Recently attention has been focused on improvement the performance
of carbon fibre-reinforced PP based composites [8, 10-12]. Rocha et al. [8] revealed that Young’s modulus of compression
moulding samples was enhanced by up to 147% when adding 5 pph (parts per hundred) of carbon fibre. Work by Altay et
al. [10] showed that with addition of recycled carbon fibre up to 40 wt%, the tensile and flexural moduli of PP were increased
by about 177% and 359%, respectively [8]. Xiaochun et al. [11] found that the increase of carbon fibre loadings significantly
increased the tensile modulus from 1,500 to 5,000 MPa at 10 wt% of carbon fibre, while flexural strength and flexural
modulus increased from 1300 MPa — 3500 MPa compared to neat PP. At this case, the interface can transfer load more
efficiently, which could be the reason for the increase in flexural strength and modulus [11].

One of the major challenges in the area of carbon-fibre PP base- composites is to improve the fibre matrix adhesion
and interfacial strength of such composites. This is because the interfacial adhesion has a significant impact on the composite
performance. A number of researchers attempted to enhance the properties of carbon-fibre PP based-composite by addition
of PP-g-MA, a well-known coupling agent for PP composites which improves the adhesion between phases in composite
materials [13]. Moreover, it can increase dispersability of the carbon fibres. This can be used as a compatibiliser for
composite blending, as it enhances the interfacial adhesion between the carbon fibre and matrix material via formation of
chemical functional groups at the PP/carbon fibre interface by reaction between PP and maleic anhydride (MAH) [14-16].
Therefore, said composites have shown improved performance when the filler content was increased [15]. The addition of
carbon fibre related to an increase in the crystallinity and density. Further studies on increasing the carbon fibre content in
samples containing PP-g-MAH as compatibiliser indicated the formation of nuclei due to a synergistic effect between PP-g-
MAMH and the carbon fibre [8]. This contributed to the increase in the crystallinity and density [10].

Despite the advantages of carbon fibre as a reinforcing agent, there are some limitations too. The incorporation of
carbon fibre into PP material can cause it to become more brittle, with a corresponding dramatic reduction of elongation at
break [8, 10, 11]. This is because fillers usually restrict the chain mobility of polymer molecules. Since the polymer chains
cannot move freely, the strain at break is reduced with increasing the carbon fibre content [8]. The impact strength is one of
the properties that can be reduced, compared to neat polymers, with the increase of weight fraction of carbon fibre, because
of the stress concentration regions that can be formed around fillers [8, 10, 11].

1.2 Previous studies on PP/kaolin composite

Kaolin is one of the fillers in the particle family that is widely used as an extremely versatile functional filler. Several
reports have revealed that it can improve mechanical properties of thermoplastics such as tensile and flexural moduli.
Moreover, kaolin can improve dimensional stability and enhance toughness and rigidity through the restriction in the mobility
of the polymer molecules.

The addition of surface-treated kaolin improved the flexural modulus over two times that of the unfilled resin at a
loading of 30 wt%, with a small effect on impact strength [6, 17].

Further works reported that PP/kaolin composites showed improved tensile strength, flexural modulus and impact
strength [6, 17, 18]. Ariffin et al. [18] indicated that PP/kaolin composite with 30 wt% kaolin showed an enhanced impact
strength by up to 47% [18]. However, one of the major complications of PP/kaolin composites is the possible high level of
agglomeration [19]. This is because kaolin is an inorganic rigid material with a high surface energy or high polarity compared
to PP which has very low surface energy and polarity [20, 21]. When kaolin was mixed with hydrophobic PP, the
agglomeration of kaolin particles can become crucial. Furthermore, the interfacial adhesion of kaolin particles and PP matrix
is also poor [22].

Based on these previous studies, a key challenge in compounding the polymer composites with kaolin is to get uniform
dispersion and to avoid agglomeration. Many specialists attempted to solve this by surface modification or treatment to
improve compatibility in the polymer matrix [18]. Not only, surface modification, but also the use of coupling agents was
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also explored in order to improve the compatibility between filler and matrix, which is expected to improve the interfacial
adhesion characteristic of the polymeric resins [19].

This study aims to evaluate potential methodologies to improve the performance of PP matrix composites by the
addition of carbon fibre and kaolin. Carbon fibre and kaolin were processed using a twin screw extruder. The effect of filler
types and loading on mechanical properties of extruded PP from neat PP were investigated. Mechanical properties such as
the tensile modulus, flexural modulus, and impact strength were evaluated by using universal testing systems.

2. MATERIALS& METHODOLOGY
2.1 Materials
Raw materials and reinforcing agents were used in this study are shown in the Tables 1 — 3.

Table 1: Melt flow index (MFI) and density of selected resin used in the study

. MFI Density

Resin (Trade name) (/10 min) (glem?)
Polypropylene resin (PP resin), (EL-Pro P739ET) 55* 0.910
Compatibilizer (PP-g-MA), (MAH 1 wt%) (Polybond 3200) 115** 0.910

* MFI tested at 230 °C, 2.16 kg loading  ** MFI tested at 190 °C, 2.16 kg loading

Table 2: Average fibre length and diameter of fibrous fillers
Average fibre length Average fibre diameter
(micron) (micron)
4,000 13

Fibre (Trade name)
Glass fibre (CS331)

Table 3: Average fibre length and bulk density of particulate fillers
Fillers (Trade name) Average particle size (micron) Bulk Density (g/cm?®)

Kaolin (SILFIT Z 91) 2 0.33
2.2 Preparation of PP composites and sample specimens
2.2.1 Compounding condition
Table 4: PP composites formulation
Composites PP/KL10 | PP/KL20 | PP/KL30 | PP/CF10 | PP/CF20 | PP/CF30
(Wt%) (wt%o) (wt%o) (Wt%) (wit%) (wit%)
PP 88.5 77 65.5 88.5 77 65.5
Kaolin 10 20 30 - - -
Carbon fibre - - - 10 20 30
PP-g-MA 15 3 4.5 15 3 4.5

PP hybrid composites were processed in a Minilab twin-screw extruder (HAAKE, Germany). PP and the fillers were
kept in closed containers in the storage room to prevent the moisture adsorption and they were dried again in a vacuum oven
at 80 °C over 15 hours before use. Kaolin and carbon fibre were fed into the extruder by gravimetric feeder (Brabender Loss-
in-Weight Feeder DDW-MDO0-MT-0.5) with twin concave screw. While, raw materials in pellet or rod forms such as neat
PP resins, compatibilizer (PP-g-MA) were carefully pre-mixed before feeding into the extruder by a volumetric feeder. These
components were mixed in a co - rotating twin screw extruder (Haake Rheomax OS PTW16) at a screw speed of 70 rpm
with throughput of 1.8 kg/hr. The temperature profiles from feed to die direction were 180/190/190/210/210/210/210
/210/210/180 °C. For composites manufacturing, the PP based hybrid composite were formulated according to Table 4.
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2.2.2 Specimen fabrication

Three types of composites specimens were prepared for testing mechanical properties: tensile, flexural and 1zod
impact testing. All these samples were prepared by injection moulding machines in the different dimensions.

For tensile testing, specimens were prepared by the Minijet injection moulding machine from HAAKE, Germany
into dumbbell shaped samples following ISO 527 standard. The process conditions are shown in Table 5.

Table 5: Processing condition parameter of Minijet

Mould Injection Holding step
Barrel temperature temperature | Pressure Pressure
5 . .
(°C) (°C) (bar) Time (s) (bar) Time (s)
210 45 250 10 100 5

In the case of specimens for flexural modulus and Izod impact testing these have to be referred to ISO 178 and 1ISO
180. Specimens were cut into the standard dimension. The dimension, in millimetres, of the preferred test specimen are
length 80 £ 2 mm, width 10 + 0.2 mm, thickness 4.0 = 0.2 mm.

Test specimens for Flexural and 1zod impact testing were prepared by an injection moulder from Negri Bossi, Italy.
The process conditions are shown in Table 6. The preferred set of condition was maintained at 23°C and 50 % of relative
humidity.

Table 6: Processing conditions used for injection moulding with Negri Bossi

Holding step
Pressure (bar) Time (5)
210-210-210 - 210 42 15 15

Barrel temperature (°C) Injection Pressure (bar)

For Izod impact testing, the testing specimens had to be notched. The notch shall be located at the centre of the
specimen. The specimens were notched by a notch maker and were prepared as type A [23]. The remaining width at the
notch base has to be 8.0 + 0.2 mm [23]. The testing specimens for flexural modulus and Izod impact testing are shown in the
Figure 4. Before testing, the specimens had to be conditioned as in the standard 1ISO 291 for the material being tested.

2.3 Characterizations

2.3.1 Tensile testing

The tensile tests were performed according to 1SO 527 using the Instron 5984 model. Tensile strength and elongation
at break were recorded. The test specimen shall be conditioned in the controlled atmosphere is (23£2) °C and (50 + 10) %
R.H. The conditioning time is at least 16 hours [24]. The rate used was 50 mm/min with 1 kN load by Universal testing
machine. Five specimens were tested and the average of the five best measurements was reported. All tests were done under
room temperature.

2.3.2 Flexural testing

The flexural tests were performed according to 1ISO 178 using the Instron 5984 model. The procedure used was test
method 1 (three-point loading utilizing center loading) with a span width of 64 mm. The dimension of test specimens was
width 10 £ 0.2 mm, length 80 + 2 mm and thickness 4 £ 0.2 mm. The crosshead rate used was 2 mm/min with 1 kN load.
This test speed rate of 2 mm/min has been referred from ISO 178 which is the speed for the preferred test specimen. The test
specimen shall be conditioned in the controlled atmosphere is (23 = 2) °C and (50 + 10) % Relative humidity. The flexural
properties known as flexural strength and flexural modulus were recorded.

2.3.2 Izod Impact Testing
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For Izod notched impact strength testing, impact energy will be absorbed in breaking a notched specimen, referred to
the original cross-sectional area of the specimen at the notch, with the pendulum striking the face containing the notch. The
absorbed impact energy is expressed in kilojoules per square metre (kJ/m?). The impact strength of the materials was carried
out with pendulum energy of 11 J by using Instron Ceast 9050. All specimens had the following dimensions: 10 x 80 x 4
mm?d. Notched samples with a span length of 80 mm were mounted, according to ISO 180. Five to ten specimens were tested
and the average value is given. A set of 10 specimens shall be tested. However, if the coefficient of variation (CV) less than
5%, a minimum number of five test specimens is sufficient. All tests were done under room temperature.

3. Results And Discussion

3.1 Tensile properties

The results of tensile strength at yield, tensile strength at break and tensile modulus were tested following ISO 527 [24]. At
least five specimens from each formulation were tested. From the Figure 1 represents the tensile modulus of virgin PP (vPP),
PP composites with different amount of fillers.
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Fig.1: The effect of filler types and content on tensile modulus

From the particle family, composites formed by addition of kaolin were evaluated. The problem that was frequently
found was poor interfacial adhesion between the filler surface and the matrix. This is another factor that affects tensile
modulus. Kaolin has a highly polar hydrophilic surface, whereas the polymer (such as PP, PE, etc) is non-polar and
hydrophobic. This led to some difficulty in achieving uniform dispersion of the filler. The poor interaction between filler
and polymer matrix led to a tendency of large agglomeration, which can influence the mechanical properties of the finished
composite [25]. To overcome this limitation, addition of PP-g-MA as compatibiliser was applied in order to promote the
interfacial adhesion between polymer matrix and fillers in this project. This was due to the formation of covalent linkages
and hydrogen bonds between the maleic anhydride and the functional groups on fillers [25]. Previous works have reported
an improvement in mechanical properties of composites after adding PP-g-MA [25, 26].

The improvement in tensile modulus is commonly attributed to the rigidness of fillers, such as kaolin which is a
mineral more inherently stiff and rigid than the PP matrix. The incorporation of these fillers can influence the stiffness of the
whole bulk of composite by restricting the mobility of polymer molecules [17, 25, 27]. Considering the Figure 1, increasing
carbon fibre content from 10 - 30 wt% increased the tensile modulus of PP composite. The addition of 10 wt% of carbon
fibre resulted in an increase of the tensile modulus of about 77% as compared with that of neat PP. These results can be
understood by referring to interfacial bonding and stress transfer along fillers. Normally, the interfacial bonding between
fibres and PP matrix is weak. This is mainly because there are less reactive groups on the carbon fibres, which can improve
the fibre/matrix interfacial adhesion. As for the case of kaolin, here we also overcome this limitation by the addition of
compatiblizer for these experiments with carbon fibres. The presence of PP-g-MA is expected improve the interfacial
adhesion between PP and fibre, resulting in a further improvement in tensile.From the Figure 2, elongation at break of neat
PP and PP based composites have been shown.
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Fig.2: The effect of filler types and content on the percentage of elongation at break (%)

The percentage of elongation at break of PP composites from kaolin was dramatically reduced compare to neat PP.
Generally in the particulate filler, the decrease in elongation was also an effect of the increment of the stiffness and rigidity
of composites by the incorporation of rigid fillers. These rigid particles limited the movement of the PP macromolecule
chains and weakening the ability to cope with external forces, resulting in an increase in the brittleness of the composites
[17, 25]. Moreover, the agglomerations of these fillers in high concentration acted as stress concentrators and obstruct the
ability for stretching of the polymer matrix [17, 25]. However, it can be noted that increasing the kaolin filler content from
10 — 30 wt%, the elongation at break of composite declined significantly.

For the PP fibrous composites there is a similar reduction in the elongation at break when the carbon fibre loading is
increased from 10 wt% to 30 wt%. This is because the rigid fibres hinder the movement of polymer chains so the chains
cannot move freely. The elongation at break was reduced with increasing fibre content [15].

3.2 Flexural properties

Flexural testing of the near polymer and the composites was performed to assess the ability of a material to resist
deformation under a bending load. The results of flexural strength and flexural modulus are shown in Figure 3. The testing
of the specimens were conducted following the standard ISO 178 [28].
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Fig.3: The effect of filler types and content on flexural modulus
The measured flexural modulus closely followed the trend observed for the tensile modulus described above Minor
differences in their scaling are due to the differences of deformation mode (three-point bending in flexural testing and vs.
failure under extension in tensile), shape and dimensions of the samples (flex bars vs. dog-bone shape samples), etc [29].
For the particle reinforced composites, it was observed an improvement of flexural modulus which is attributed to
the reinforcing kaolin materials being more rigid than PP [18, 20]. These particles can enhance rigidity of composites
comparing to extruded neat PP. For the three different filler contents explored, 10 wt% to 30 wt%, the improvement in
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flexural modulus relative to neat PP was within a range of 14 — 50%. These levels of improvement already indicate a strong
interfacial adhesion between fillers and the matrix.

On the other hand, for composites based on carbon fibre the flexural modulus was raised by up to a fourfold when
increasing filler content [10, 14, 30]. The added fibres with good adhesion with the polymer matrix act as the load carrier
where stress can be transferred from the polymer matrix, which can lead to stress distribution within the composite [10, 31].
From the results of tensile and flexural moduli, it can be found that the addition of rigid fillers to the polymer matrix enhances
both tensile and flexural properties, including stiffness of composites. However, these properties can be better improved by
using small particles with uniform distribution and dispersion. This is because small particles have more surface area to
adhere strongly to the polymer matrix which can lead to a strong reinforcing effect. On the other hand, a problem with very
fine particles is that they can adhere strongly to each other and form agglomerations. These can lead to the initiation of failure
sites. The using of coupling agent and surface treatment can assist to reduce particle-particle interaction and prevent the
formation of agglomerated structures [32].

3.3 lzod impact properties

The testing specimens were conducted the impact testing follow 1SO 180 [20]. I1zod impact testing is one of methods
to determine the toughness of materials by measuring the energy required to propagate a crack rapidly. This test test normally
only involves the plane directly ahead of the notch tip where, in a material with low level of plastic response, the fracture
becomes unstable. Whereas, tensile test is a slower test that eventually probes the whole gauge volume of the specimen.
Moreover, the presence of the notch can impose a much higher velocity which results in a large value of local strain rate in
the Izod impact testing experiment, with larger magnitude than in the tensile test. Therefore, it is not surprising that the two
toughness measurements present quite different trends [33]
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Fig.4: The effect of filler types and content on Izod impact strength

For the kaolin filler, it was found that the impact strength of PP/kaolin was initially moderately increased by addition
of kaolin at 10 wt%. Subsequently, it was moderately reduced when increasing kaolin content from 10 wt% to 30 wt%. The
largest decrease in impact strength occured from PP/kaolin at 20 wt% to 30 wt%, i.e. from 4.2 kJ/m? to 3.4 kJ/m?2. We attribute
this to kaolin being an inorganic rigid particle with high surface energy which, when mixed with hydrophobic PP, led to a
serious level of agglomeration for high filler content [22]. Said agglomeration leads not only to an increase in the brittleness,
but it also creates many crack initiations and stress-concentration sites. These can become weak point of composites which
were very sensitive to impact stresses and cause detrimental effects on the impact properties of the composite [34].
Furthermore, the interfacial adhesion of kaolin particles and PP matrix is small, which becomes the weak point of composite
materials. Although PP-g-MA was added as the coupling agent, a high shear from the extruder would be required to reduce
the level of agglomeration, especially for high filler content.

In the case of PP/carbon fibre composites, we observe a different trend, mostly flat. The impact strength slightly
increases when increasing the carbon fibre content from 10 wt% to 20 wt% and then remains essentially constant when
increase to 30 wt%. Therefore we observe no significant reinforcement effect with addition of carbon fibre, compared with
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neat PP, when adding 10 wt% fibre content. Only when increasing the carbon fibre content to 20 wt% we observe that the ,
impact strength recovers and reached the highest at 4.1 kJ/m2. This result can support the previous study that was investigated
by Kumar D. T. et al. [14]. This is due to this rigid filler and the creation of stress region concentrations at the ends of fibres
is another reason for crack formation in the matrix around the carbon fibres. This required less energy to initiate the cracking
propagation and the resulting microcracks propagated, therefore inhibiting an increase, and even reducing, the resistance to
impact [8, 15].

From the experimental results of PP based composite with kaolin and carbon fibre, it can be found that PP/carbon
fibre composite had the outstand performance on tensile and flexural modulus which were more superior than PP/kaolin.
However, the kaolin filled PP composite can be found that impact strenght was improved to be better than neat PP in low
kaolin content (10 wt%). While the incorperation of carbin fibre couldn’t improve the impact strenght sighinificantly. It can
be seen that, these fillers have the benefit in different aspects so the concept of hybrid composite by combined these fillers
is so interesting. The synergistic effectes of these two fillers should be further investigated.

4. Conclusions

This study aimed to evaluate potential methodologies to improve the performance of PP matrix composites by the
addition of carbon fibre and kaolin. Carbon fibre and kaolin were processed using a twin screw extruder. The effect of filler
types and loading on mechanical properties of composite PP and neat PP were investigated. Mechanical properties such as
the tensile modulus, flexural modulus, and impact strength were evaluated by using universal testing systems.

Of the two types of composites, carbon fibre reinforced composites gave the best performance. Our results showed
that the addition of 30 wt% of short carbon fibre to neat PP raised the tensile modulus and flexural modules by 263% and
293% respectively, compared to neat PP itself. The elongation results also support this observation, showing a reduced
elongation at break by 87-96% compared to neat PP, consistent with a restricted chain mobility. On the other hand, regarding
impact strength we observed no significant reinforcement effect with addition of carbon fibre compared with neat PP.

Kaolin still offered an enhanced performance for both tensile and flexural moduli with respect to that of neat PP. These
results, also associated to restricted molecular mobility, are correlated with a significant reduction of the elongation at break
by more than 80% with increasing kaolin content. According to the 1zod impact test, the addition of kaolin can moderately
improve impact strength by 10% at low content of kaolin, 10 wt%. However, the impact strength was reduced with increasing
kaolin content above 20 wt%, consistent with previous work showing that the agglomeration of kaolin particles can weaken
the composite [8].

Overall, both the addition of carbon fibre and kaolin from 10-30% by weight significantly improve the tensile and
flexural modulus properties compared with neat PP, with the PP/carbon fibre composite exhibiting a performance superior
to PP/kaolin. However, the kaolin filled PP composite showed a moderate increase in impact strenght, compared to neat PP,
for low kaolin content (10 wt%), whereas the incorperation of carbon fibre did not significantly change the impact strenght.
Therefore these fillers offer distinct benefits regarding mechanical properties, which raises interesting prospects for the
development of hybrid composites where the potential synergistic effectes of these two fillers could be further investigated.
Both fillers can be considered as promising alternative for reinforcing materials to increase the performance of
thermoplastics. These composite systems may encourage commodity thermoplastics to be applied for high-end applications
at a significant rate in the near future.
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