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Abstract

Polyamide 12 (PA12) is a type of polymer extensively used in many applications due to its strength, low water absorption and
density. Blending PA12 with elastomers and other consumer polymers expand its applications. Pure ethylene propylene diene
monomer (EPDM) is soft and elastic, which limits it load bearing applications. To overcome such limitation, PA12 and EPDM can
be greatly improved by reinforcing the matrix with Cloisite 30B (C30B). The only objective is to determine the Mullins effect of
EPDM and C30B when blended with PA12. The three constituents were simultaneously mixed by using an internal mixer (Haake
Rheomix 600) at a blade rotational speed of 100 rpm, during 6 or 3 mins, at 200 °C. To minimize the degradation of the composite
components during mixing, especially the alkyl ammonium ions, the processing temperature was fixed at 200 °C, which corresponds
to less 20 °C above the melting point of PA12. All samples were pelletized by compression moulding at 200 °C between 2 mm
thick plates, at several C30B mass fractions ranging from 0 to 5 w.t%. Cyclic tension tests are conducted to probe the hysteretic
action of the C30B composites. The results show that the stress increased in a separate manner from 10 MPa to 40 MPa. This
clearly implies that an increase in the stress response can be realized by increasing the w.t % of either EPDM in the binary
composites or C30B in the ternary nanocomposites, meaning that EPDM or C30B can potentially affect the mechanical response.
In all the composites, a clear Mullins effect can be noticed as the stress in the reloading operation is lesser than the response of the
virgin specimens until striking the beginning of maximum applied strain. Also, a smaller hysteresis loop can be noticed with
increase in the amount of C30B into the pure PA12 blend. This work can likely add to understanding the properties of PA12 filled
with EPDM and C30B particles and dignify the applications.
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1. Introduction

Nylon came to limelight by Wallace Carothers and first brought to public sale in October 1938 (Sivaram, 2017), and
lucratively used for various applications since then. Polyamide-12 (PA12), as one of the types of nylon, has been
applied in many different fields, such as consumer goods, electrical and electronics, textile industries, domestic use
(Kondo et al., 2022), polyamide 12 nanocomposites applications have created a competitive domain for scientific
researchers and industries (Dorigato et al., 2017; Li et al., 2019) and laser sintering systems (Schmid et al., 2017). The
mechanical properties of PA12 are pivotal for its usage, which depend on many factors, including mixing temperature,
mixing ratios, curing temperature and mixing time (Stojsi¢ et al., 2022; Mahmoud et al., 2024). Ortega et al (2016)
observed that curing time and temperature directly affected the linear viscoelastic properties of binary composite of
bitumen/montmorillonite. In contrast (Olongal et al., 2021) investigated the effect of MA-g-ABS/ZnO nanoparticles
bacteria growth and showed that bacteria colonies is affected by incorporation of ZnO NPs in the composites.
Benneghmouche and Benachour (2019) observed that incorporation of nano-clay into the SAN/EPDM increased the
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Youngs modulus of the blends. Jeddi et al (2017) observed the dominant role of filler-filler interaction in the
viscoelastic behaviour of SAN/EPDM system. Few works like (Krairi & Doghri, 2014; (Salazar et al., 2022; Avanzini
et al., 2024) also investigated the viscoelastic and damage behaviours of polyamide 12 and other related polymers.

Much as PA12 has shown promising properties, the modulus of pure PA12 is typically low when compared to binary
nanocomposite (Petousis et al., 2022). In addition, the breakage toughness of PA12 is much lower than filled rubbers
(Wang et al., 2020; Linul et al., 2020). The low breakage toughness shows that PA12 is brittle meaning that little
premature faults can easily grow into huge cracks when subjected to external loading, manifesting to eventual material
failure. To overcome this problem, Polyamide 12 composites are blended with nano-clay as reinforcement particles.
It has been a long history to use EPDM and nano-clay as fillers to modify the mechanical properties of polymers
(Hassan et al., 2015; Baran et al., 2020). It is a known fact that particle size has a major role and strong effect on the
mechanical properties of polymer blends. At the onset, there is a consequence of hydrodynamic reinforcement (Meyer
et al., 2020; Li et al., 2024). Filler networks may be achieved through weak interparticle bonds with disable polymer
(Millereau et al., 2018; Bokobza, 2023).

Many researchers have used cyclic tests to evaluate the mechanical performance of materials. For instance, Wang et
al (2015) observed that using cyclic healing can reduce severe plastic deformation and significant shape changes.
Another study of (Yin et al., 2024) revealed that the material under study exhibits a different shape to the stress-strain
curve upon loading and unloading. It was reported (Schroer & Wheeler, 2018) that deformation under repeated loading
is key to further optimize the high-strength of materials. Only few works (Chafidz et al., 2019) have been carried out
to probe the performance of polymer composites reinforced with nanoparticles, which obviously showed an
enhancement in mechanical properties of the polymer. However, most of these works focused mainly on the
monotonic uniaxial tension reactions, while mechanical properties in cyclic loading conditions were not completely
explored. To be more precise, the hysteresis conduct of PA12 composites under cyclic loading has not been considered
by researchers. It was believed that the hysteresis loop in the stress-strain curves under cyclic loading, which acts for
the internal energy debauchery during cycle loading, is firmly connected to the fracture toughness (Long & Hui, 2016;
Qi et al., 2018). A huge hysteresis loop shows powerful energy debauchery, and this may remarkably improve the
fracture toughness of the material.

Hysteresis in soft material can be caused by two main factors and they are: A — the viscoelastic relaxation outcome.
B - the damage-induced stress softening conduct, which is also known as Mullin’s effect (Srivastava & Mishra, 2018;
Li et al., 2020), this shows that the stress in the reloading process is smaller than the stress response of the neat
specimens until the maximum strain in the earlier loading record is reached. Some devices can explain the origin of
Mullins effect, such as the damage induced by deformation, the rupture of physically crosslinks (Xiao et al., 2021;
Plagge & Klueppel, 2019; Morovati & Dargazany, 2019). On the progress, the Mullins effect outcomes in hysteretic
stress-strain links and this is a major mechanism for internal energy debauchery and fracture toughness improvement.

The novelty of this work is centred on the recycling of waste rubber in thermoplastic in an eco-friendly technique.
The use of nano-clay as a dispersion agent made this study unique in synergy with thermoplastic and rubber waste.
The viscoelasticity of the composites is carried out using cyclic test to determine Mullin's effect. The gap in
knowledge include that heavy metals from rubber waste contribute immensely to soil, air and water pollutions
(Mohankumar et al., 2016; Banerjee et al., 2019; Gujre et al., 2021). Efforts to reduce it or totally eliminate it gave
rise to this study. Fazli & Rodrigue (2020) had a limitation of low affinity and interaction between thermoplastic
matrix and crosslinked rubber leading to phase separation and weak adhesion between both phases in their research.
The blending of polar polymer and modified clay is difficult to process even though a better properties are obtained
as reported by (Mapossa et al., 2023). EPDM has perfect bulk properties according to (Laing et al., 2020), but does
not have enough surface energy due to its non-polar character and the movement of low-molecular-weight substances
with the surface during mixing and moulding is a drawback (Benneghmouche & Benachour, 2019). The gap to breach
the limitation is the use of polar thermoplastic and modified clay to form a ternary composite where EPDM will act
as a third component for environmental sustainability.

To the best of our knowledge, no thorough studies on characterization of the hysteresis based on PA12 composites
filled with nano-clays under cyclic loading has been published. This work will focus on investigating the Mullins
effect on the cyclic loading tests of nano-clay into the PA12 composites. For such purpose, we prepared several binary
composites and ternary nanocomposites with PA-12 matrix, elastomer and nanofiller using melt mixing process.
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2.0 Material and methods

2.1 Materials

The polymer used as a matrix in this study is a polyamide 12 (PA12), referenced as Rilsan® AECHVO supplied by
Indorama Petrochemical Ltd (Portharcourt, Nigeria). The number average molar mass was shown to be 20,000 g/mol
and the polydispersity index was found to be 1.9. The melting point of this PA12 grade is 183 °C. The tensile strength
of PA12 is 45 MPa, while density 1.02 gm3. Elastomer of ethylene propylene diene monomer (EPDM) particles, with
an average size of 425 um and sourced from end-life car door seals, were also used. The silicate dispersed into the
matrix is an organically modified montmorillonite clay (OMMT), referenced as Cloisite® 30B (C30B), and supplied
by Southern clay products (Gonzales, Texas). C30B is methyl tallow bis-2-hydroxyethyl ammonium exchanged
montmorillonite clay with a cationic modifier concentration of 90 milliequivalents per 100 g. The density of this
organophilic clay is 1.98 (Ait Hocine et al., 2019).

2.1.1 Preparation of nanocomposites.

Because of the hygroscopic nature of PA-12, it was first dried in a vacuum oven at 80 °C for 4 hours prior to mixing.
The three constituents were simultaneously mixed by using an internal mixer (Haake Rheomix 600) at a blade
rotational speed of 100 rpm, during 6 or 3 mins, at 200 °C. To minimize the degradation of the composite components
during mixing, especially the alkyl ammonium ions, the processing temperature was fixed at 200 °C, which
corresponds to less 20 °C above the melting point of PA-12. All samples were pelletized by compression molding at
200 °C between 2 mm thick plates, at several C30B mass fractions ranging from 0 to 5 w.t%. The sample code and
composition of materials used with their percentage weight are presented in Table 1.

Table 1. The sample code/composition (wt%) of the experimented materials

Sample code PA12 (%) EPDM (%) C30B (%)

PA 100 0 0
PA-E 95 5 0
PA-E 90 10 0
PA-E 80 20 0
PA-E 70 30 0
PA-E-C 89 10 1
PA-E-C 88 10 2
PA-E-C 87 10 3
PA-E-C 85 10 S
PA-C 97 0 3

2.1.1.1 Mechanical tests characterization.

The mechanical properties of the material seen in Table 1 were measured using tension tests. All tests were carried
out using MTS criterion model 43 testing machine at a crosshead motion of 0.033 mms* at 20 °C ambient temperature.
The stress relaxation tests were carried out on the unfilled PA12 matrix to probe the viscoelastic behaviours. A 10
MPa force was applied in each 1 s to the specimens and the stress was increased up to 11000 s. Cyclic tension tests
were carried out on both unfilled and filled PA12 composites. These cyclic tests were normally used to characterize
the Mullins effect on filled rubbers. The cyclic tests play a major role in evaluating the low-frequency mechanical
production of elastomer composites for certain applications, for instance, absorbing (damping) materials. The modes
used stretched the specimens to the maximum load of 10 MPa and unloaded it to zero force with two cycles, then
stretched to 20 MPa and unloaded again in the subsequent cycles. These procedures were repeated until a 50 MPa was
reached as shown in Figs. 1 & 2. The tests were operated in two modes, respectively. All samples were subjected to
at least 5 cycles and each cycle of the sample specimen is deformed to a stress of 50 MPa and then unloaded to zero
force. For uniaxial tension tests, the dumbbell shaped specimens are normally used (Khlystov & Zheng, 2013; Guan
et al., 2023; Beerli et al., 2024) as viewed in Fig. 3. Nevertheless, in our elaboration study, it was discovered that
fabricating such specimen with such shape is difficult but better than other shapes like the dog bone shape. Seeing that
the total applied strain is very small, video extensometer was used to determine the homogeneity of material
deformation. It should be noted that the experimental characterization used in this work was carried out using static
tests (tests without executing the software code). Therefore, triangular shape of loading is applied (where magnitude
is zero at one end of the span and increases constantly till the second end of the span).



998

Stress (MPa)

Stress (MPa)

Archibong et al./ UNIZIK Journal of Engineering and Applied Sciences 3(3), 995-1004

50-
20-
— PAEI0-3 i/_U
04 |—pass 13-
—PA-El0
—PAE) PAE30
30 ——PA-E30
T [—raEi0y 16
PAE20
g
©
i 144
i 7 PAEI0

104 129 PA-ES r—L/_J
ey
1.0

|
I L 1 ! I v I

— T T — T T T T T . . .
0 2000 4000 6000 8000 10000 12000 0 00 40 600 S0 1000 12000
Time (s) Time (s)

Figure 1. Relaxation response for binary composites
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Figure 2. Relaxation response for ternary nanocomposites
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Figure 3. PA12 composite sample specimen between the lower base and upper fixture which had undergone uniaxial
cyclic testing.

3.0 Results and Discussions

3.1 Stress relaxation

Stress relaxation is a time-dependent decrease in stress under a constant strain or it is also considered as the change in
force as a function of time. Figs. 1 and 2 shows the stress relaxation behaviour of unfilled PA12 with different mixing
ratios of EPDM elastomer and nano-clay. For binary composite blends, it was discovered from Fig. 1 that neat PA,
PA-E5, PA-E10 and PA-E10-3' completed four cycles before deformation set in compared to blends with PA-E20 and
PA-E30. This means that the later blends displayed lesser elastic responses compared to the former. Furthermore,
blend with higher mass fraction of EPDM of 30% exhibited the lowest elastic response compared to neat PA. This
may be because of low-frequency response of different blend systems which is controlled by the relaxation
mechanisms (Mazidi & Aghjeh, 2015) which is related to interfacial region between the components and the matrix.
In a similar way, Fig. 2 shows that ternary nanocomposites with different ratios of clay could not make it to the fourth
cycle indicating that the addition of clay into the PA/EPDM reduced the elastic response of the nanoblends. However,
the ability to elongate is dependent upon the dispersion and size distribution of EPDM particles (Aritonang et al.,
2020). Inorganic particles are rigid and have a much higher stiffness than the thermoplastic matrix. Incorporation of
C30B into the PA12/EPDM decreased the strain at break (Wang et al., 2019). Increasing the amounts of C30B contents
further decreased the values of strain at break for all the nanocomposite blends. This means that on addition of nano-
clay, the strain at break of PA12/EPDM/C30B nanocomposites decreases in comparison with the binary PA12/EPDM
blend at lower EPDM content (5 — 10 w.t%). This decrease in strain at break with addition of organoclay is attributed
to the decrease in ductility with increased stiffness caused by clay’s uniform dispersion in copolymer matrix. This
restricts rubber effect and mobility of the polymer chains in the presence of clay platelets (Baniasadi et al., 2021).

3.2 The cyclic tension

The cyclic loading outcome of the PA12 composites with different mass fraction of EPDM or C30B binary or ternary
nanocomposites are shown in Figs. 4 and 5. From the tests, the stress was increased in a separate manner from 10 MPa
to 40 MPa. This vividly indicates that an increase in the stress response can be realized with increasing the wt % of
either EPDM in the binary composites or C30B in the ternary nanocomposites, meaning that EPDM or C30B can
potentially affect the mechanical response (Ghanta et al., 2020; Rostami et al., 2022; Archibong et al., 2023). Mullin’s
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effect is an aspect of mechanical response in filled rubbers of the stress-strain curve which depends on the maximum
loading previously encountered (Srivastava & Mishra, 2018; Fazekas & Goda, 2021; Zhu & Zhong, 2021). This occurs
when there is an expansion of the specimen at a constant deformation rate. For instance, from the starting point to the
end point of each cycle. In all the composites, a clear Mullins effect can be noticed as the stress in the reloading
operation is lesser than the response of the virgin specimens until striking the beginning of maximum applied strain
(Clough et al., 2016; Millereau et al., 2018). Also, the C30B remarkably affect the Mullin's effect as reported in
(Bokobza, 2023; Yin et al., 2024). A smaller hysteresis loop can be noticed with increase in the amount of C30B into
the neat PA blend. Meanwhile, the residual strain after unloading is firmly related with the existence of nano-clay.
PA12 composites with mass fraction of EPDM and C30B fillers exhibited similar response.
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Figure 4. A schematic curve for the area of hysteresis loop, maximum stress, and residual strain for binary
composites
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Figure 5. A schematic curve for the area of hysteresis loop, maximum stress and residual strain for binary/ternary
nanocomposites

4.0 Conclusion

The hysteresis of PA12/EPDM polymeric blends filled with nano-clay has been evaluated using cyclic test. In this
study, we investigated the mechanical performance of elastomer and C30B composites using cyclic tension and stress
relaxation. The significance of this research is to recycle waste rubber using thermoplastics. Specifically, we processed
a series of PA12 composites with different mass fraction of EPDM. The stress relaxation tests show that the filled PA-
E10 and PA-E10-3' displays a viscoelastic relaxation response and EPDM with lower and higher mass fraction greater
than 10 shows lesser relaxation. With this, blends with higher mass fraction of EPDM of 30% exhibited the lowest
elastic response compared to pure PA. This may be because of low-frequency response of different blend systems
which is controlled by the relaxation mechanisms. The stiffness of the filled PA12/EPDM composites increases with
increase in C30B mass fraction. Both EPDM and C30B composites exhibits a vivid Mullins effect. The area of
hysteresis loop depends on the mass fraction of EPDM and C30B. A smaller hysteresis loop can be noticed with
increase in the amount of C30B into the pure PA blend. Meanwhile, the residual strain after unloading is firmly related
with the existence of nano-clay. Therefore, cyclic test is a nice tool for determining the Mullins effect of polymeric
composites. Further research work should be based on modelling the outcome of the experiment for optimization of
our results.
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