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ABSTRACT

Biofillers, lignocellulosic and cellulosic fillers have the potential to significantly improve the mechani-
cal properties of polypropylene (PP) and reduce its carbon footprint by reducing the amount of
petroleum-derived polymer used. In addition, the realization of fire retardancy of biofiller-filled PP
composites is an important key topic to enhance their applications; ammonium polyphosphate (APP)
is an effective fire retardant (FR). In this study, to ensure the reliability of biofiller- and FR-filled PP
composites, the creep properties were investigated in terms of the filler and FR content and filler type.
In particular, the influence of APP addition into polymer composites on the creep properties has not
been studied thoroughly. Two biofillers, wood flour (WF) and cellulose filler (CeF), with similar par-
ticle sizes and aspect ratios were used in this study. The creep test was conducted at a temperature of 80
°C in an accelerated test. Furthermore, the creep strain curves were modelled by the Burgers model of
the viscoelastic constitutive equation to analyse the creep deformation behaviour. The incorporation of
biofillers into the PP matrix significantly decreased the creep strain and improved the creep-rupture life
with increasing filler content. Moreover, the creep-rupture life was longer for WFE-filled PP composites
than for CeF-filled PP composites. On the other hand, we found that incorporation of FR increased the
creep rate at steady state and decreased the creep-rupture life of biofiller-filled PP composites, although
the instantaneous creep strain decreased.
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1 INTRODUCTION

From the perspective of environmental loading and the circular economy, the use of petro-
leum-derived polymers should be reduced [1], and the plastic industries must consider
sustainability. Thus, biopolymers, which are made from renewable resources, have received
great attention as alternatives to petroleum-derived polymers. However, polyolefins, in par-
ticular polyethylene (PE) and polypropylene (PP), account for more than 50% of the produced
polymers [2]. PE and PP are used for diverse applications owing to their good mechanical
properties, chemical resistance and low cost. Therefore, many ideas have been proposed
to reduce the environmental impact of polyolefins. One of the strategies for reducing the
consumption of polyolefins is incorporating biofillers, such as lignocellulosic and cellulosic
materials, into polyolefin matrices. By adding up to approximately 70 wt% of relatively inex-
pensive biofillers to polyolefins, the amount of polymer is decreased, which means that the
carbon footprint is reduced [1]. Moreover, wood flour (WF)-filled plastic composites (WPCs)
are recyclable, increasing filler content improves the mechanical properties [3], and its use
reduces the material costs.
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Generally, WPCs are used as a replacement for solid wood for decking, fencing and sid-
ing, and their market is growing every year. Since extruded profile WPC is used for outdoor
applications, the mechanical properties of WPC are affected by temperature, ultraviolet
(UV) radiation and moisture absorption/desorption cycles [4]. Therefore, it is important to
investigate the mechanical properties of WPC, especially the creep properties, under various
conditions for long-term use. Takemura [5] revealed the influence of water absorption on
the bending creep properties of jute-reinforced PP composites. Water absorption for 70 days
increased the strain at the primary creep stage and the creep rate at steady state (second-
ary creep stage). Oever and Molenveld [4] revealed that a higher temperature increased the
bending creep strain of WPC profiles. Additionally, the mechanical properties of WPC are
strongly dependent on the interfacial adhesion between the polymer and the filler. Thus, to
restrict creep deformation, the addition of maleic anhydride-grafted polypropylene (MAPP)
[6-8], the chemical treatment of fillers by using sodium hydroxide (NaOH) [9], the use of a
silane cupping agent [9, 10] and the acetylation of wood [11] are effective solutions. Inter-
estingly, the incorporation of only 1 wt% organoclay into the WF-filled PP composite shows
better creep resistance.

Normally, a long-term creep test requires quite a long time to investigate the time-depend-
ent deformation of a sample. For the prediction of the long-term creep deformation of WPCs,
the time-temperature superposition (TTS) technique can be used to accelerate the creep
test; the TTS technique can be applied to WPCs [9, 11, 13—15]. By conducting a short-term
creep test at different temperatures and determining shift factors by using the Williams-Lan-
del-Ferry (WLF) or the Arrhenius equation, a master curve of creep against the reference
temperature can be obtained. Furthermore, for the prediction of creep strain against time, the
creep curve can be modelled by using the Burgers model [8, 9, 13, 14].

Determining the fire retardancy of WPCs is also important for spreading their applica-
tion. For the fire retardant (FR), ammonium polyphosphate (APP) is an effective additive
for achieving excellent fire retardancy (V-0 rating) according to the UL-94 [16]. However,
the addition of APP deteriorates the mechanical properties of WPCs since APP is an inor-
ganic polar material, and the compatibility between APP and nonpolar polymer PP is poor
[17-21]. In our previous research, we revealed that the amount of APP could be reduced
to 10 wt% by the addition of 50 wt% WF [16] and cellulose powder [22] to achieve a V-0
rating. To ensure the reliability of these materials, the creep properties of biofiller-filled
PP, especially the influence of FR addition on the creep properties, should be investigated.
However, the effect of FR addition on the creep properties has not been thoroughly inves-
tigated.

In this study, two kinds of biofillers, WF and cellulose filler (CeF), were prepared. These
fillers were melt-mixed with PP and APP through a twin-screw extruder. The creep test of
injection-moulded specimens was conducted at a relatively high temperature of 80 °C for the
accelerated test. The objective of this study was to reveal the effects of the filler type and FR and
filler content on the creep properties, namely, the viscoelastic deformation and creep-rupture
life.

2 THEORETICAL BACKGROUND
Creep mainly occurs above the glass transition temperature (Tg) of a polymer, and creep
deformation is viscoelastic deformation. Generally, the creep strain curve is represented as
shown in Fig. la, and the curve can be modelled by the Burgers model of the viscoelastic
constitutive equation [8, 9, 13, 14]. Creep strain is divided into three types of deformation
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up to the secondary creep stage: (I) instantaneous strain &, by elastic deformation, (II) creep
strain X¢&i at the primary stage (transient creep) by viscoelastic deformation and (III) creep
strain €, at the secondary stage (steady state) by viscous deformation. The total creep strain £
total up to the secondary creep stage is expressed by eqn (1):

n—1
8tutal = 80 + zgi + 8n (1)
i=1
The Burgers model is a combination of the Maxwell model and the Kelvin-Voigt model
and consists of elastic elements (springs) and viscous elements (dashpots) [13], as shown in
Fig. 1b. The total strain of the Burgers model is given by eqn (2):
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where G is the applied stress, ¢ is the elapsed time, E|, is the elastic modulus at instantane-
ous deformation, Ei is the elastic modulus of the spring and mi is the viscosity of the dashpot
of the ith element. As expressed in eqn (3), the ratio Mi/Ei is the retardation time Ti, the
required time for extension of the spring while the dashpot retards the deformation response
up to the equilibrium length. The retardation time has a spectrum, and thus, the creep strain
at the primary stage is expressed by a series of Kelvin-Voigt models, as shown in Fig. 1b. The
Burgers model can be adopted for use in the linear viscoelastic (LVE) region (details are pre-
sented in section 4.1). In this study, the creep strain curves were fitted by Burgers model with
six elements (n = 3) through nonlinear least-squares regression for estimation of parameters.
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Figure 1: (a) Typical creep curve (strain versus elapsed time) and (b) Burgers model consisting
of the Maxwell model and the Kelvin-Voigt model.
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3 EXPERIMENTAL PROCEDURES
3.1 Materials and fabrication of composites

The polymer matrix was a PP block copolymer (VMD81M, SunAllomer Ltd., Japan), which
had a melt flow rate (MFR) of 100 g/10 min. For the biofillers, WF and CeF were used. The par-
ticle diameters of the biofillers were measured through laser diffraction, and the median particle
diameters of the WF and CeF were 35.6 um and 31.4 um, respectively. The aspect ratio of both
particle types was approximately 1.8. Scanning electron microscopy (SEM) images of the WF
and the CeF are shown in Fig. 2a and b. From the SEM images, the filler shapes of the WF and
CeF appear to be plate-like and fibre-like, respectively. To improve the compatibility between
the filler and the polymer matrix, MAPP (Kayabrid® 002PP, Nouryon Japan K.K., Japan) was
used. For the FR, APP (Taien K, Taihei Chemical Industrial Co., Ltd., Japan) was used. An SEM
image of APP is shown in Fig. 2c. The filler shape of APP appears to be spherical. The particle
size of APP has a wide distribution, and the maximum particle size is approximately 50 um.

For the fabrication process, all materials (PP, WF or CeF, MAPP and APP) were com-
pounded through a twin-screw extruder, and compounded granules were obtained. In the next
step, dumbbell-shaped tensile specimens (type 1A, ISO527) were fabricated through injec-
tion moulding by using compounded granules. The formulations of the fabricated composites
are listed in Table 1. The MAPP was added as 4% of the filler contents.

3.2 Tensile creep test at 80 °C

The tensile creep test was conducted by using a tensile creep apparatus (CREEP TESTER
L100ER, Toyo Seiki Seisaku-sho, Ltd., Japan). For the accelerated test, an environmental
temperature of 80 °C was selected. The 7', of PP is 0—4 °C, and its crystalline mobility begins
in the range of 50-100 °C [23]. The moulded dumbbell specimens were set in the grip and
equilibrated at 80 °C for 30 min before the creep test was started. In this study, two modes of
creep tests were conducted: (I) Constant-stress mode tests were performed at 5.0 MPa for up
to 72 h, and the creep curves were compared. The obtained experimental creep curves were
fitted by the Burgers model. (I) Creep-rupture tests were carried out by applying a relatively
high stress (e.g. 60%, 70% and 80% of the tensile strength at 80 °C). The objective of the
creep-rupture test is to determine the creep-rupture life at the applied stress. Before the ten-
sile creep test was performed, the static tensile test was conducted, and the tensile strengths
of all the composites were determined. The fracture morphology was observed by SEM (VE-
7800, Keyence Corporation, Japan) at an acceleration voltage of 10 kV.

Figure 2: SEM micrographs: (a) WE, (b) CeF and (c) APP (fire retardant).
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Table 1: The formulations and abbreviations used for the fabricated composites.

PP MAPP WF (CeF) FR
Abbreviation [Wt%] [wt%] [Wt%] [Wt%]
PP 100 - - -
WF40 (CeF40) 58.4 1.6 40 -
WF45 (CeF45) 532 1.8 45 -
WF50 (CeF50) 48.0 2.0 50 -
WF40FR 10 (CeF40FR10) 48.4 1.6 40 10
WF40FR20 (CeF40FR20) 38.4 1.6 40 20
WF50FR 10 (CeF50FR20) 38.0 2.0 50 10
WF50FR20 (CeFS0FR20) 28.0 2.0 50 20

4 RESULTS AND DISCUSSION
4.1 Creep strain curves of PP and determination of the LVE region

The creep strain curves of PP under various applied stresses (i.e. 50%, 60%, 70% and 80%
of the tensile strength) are presented in Fig. 3a. The actual values of the applied stress are
also shown. The PP samples fractured at all stress levels. As shown in Fig. 3a, the creep
behaviour strongly depends on the magnitude of the applied stress. Thus, creep compliances
J (= &(t)/c) were calculated as shown in Fig. 3b. To determine the LVE region, Nuifiez et al.
[13] conducted creep tests at different stress magnitudes, and the strain at the elapsed time
of 30 min was plotted against the applied stress to find the region of linear correlation. Franz
et al. [24] determined the LVE region from creep compliance data. If the creep compliance
curves at different stress levels fall on the same line, then the LVE region can be determined.
As shown in Fig. 3b, except for the creep curve at 80% of the tensile strength, the strain at the
tertiary stage of each creep curve was the same, and the linear correlation (the red solid line)
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Figure 3: (a) Creep curves of pure PP under various applied stresses and (b) creep compliance
curves of pure PP under various applied stresses.
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could be observed. Thus, creep tests at an applied stress less than 5.0 MPa may contain the
LVE region. Therefore, in this study, the creep test was conducted at 5.0 MPa regardless of
the composite system, and fitting by the Burgers model was conducted against these experi-
mentally obtained creep curves.

4.2 Influence of WF and CeF addition on creep properties

In this section, the influence of the filler content and filler type on the creep properties without
the addition of FR is discussed. The creep curves of WF-filled PP composites and CeF-filled
PP composites at an applied stress of 5.0 MPa are displayed in Fig. 4. Please note that WF- or
CeF-filled PP composites did not fracture at a stress of 5.0 MPa, although pure PP fractured at
this stress. Regardless of the filler type, the creep strain significantly decreased at higher filler
contents. Furthermore, the fitting parameters for the Burgers model are listed in Table 2, and
the fitted curves are exhibited as solid lines in Fig. 4. The coefficient of determination (R?)
was above 0.98 in all samples, and good correlation was confirmed. Primarily, E, increased
with filler loading, which means that the instantaneous strain & decreased. In the transient
creep region, the elastic modulus Ei and retardation time Ti also increased dramatically. This
indicates that the amount of creep strain in the transient region decreased and required more
time to shift to steady-state creep deformation. Moreover, the viscosity 1, increased with
increasing filler content. In other words, the creep rate (the slope of the creep strain curve)
decreased with higher filler loading in the steady state. Hence, these results suggest that the
reinforcement effect of fillers and the improvement of the adhesion between the filler and PP
by MAPP may have contributed to the restriction of creep deformation.

Comparing the WF and CeF, the reduction in creep strain was almost the same. Besides,
the creep rate, 1/n , of the WF-filled PP composite in the steady state decreased significantly
with increasing WF content. However, in the case of the CeF-filled PP composites, the reduc-
tion in the creep rate against the filler content was less than that of the WF-filled composites.
Thus, WF may have a better reinforcement effect than CeF on the creep property.

Furthermore, the relationship between the applied stress and the rupture time is presented
in Fig. 5a. In a short-term creep test (up to 20 h), the linear correlation between the applied
stress and rupture time was confirmed. The slope of the straight line did not differ between
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Figure 4: Creep curves of (a) WF-filled PP composites and (b) CeF-filled PP composites. The
creep test was conducted under a constant applied stress of 5.0 MPa.
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Table 2: Fitting parameters of (a) WF-filled PP composites and (b) CeF-filled PP compos-
ites by the Burgers model (n=3).

(a)
Abbreviation E [GPa] E, [GPa] 1,[s] E, [GPa] 1,[s] n,[Pa.s]
PP 0.33 1.06 177 0.84 2,215 6.88 x 107
WF40 0.80 2.21 603 2.41 9,549 1.92 x 10°
WF45 0.92 2.70 623 3.68 15,012 3.87 x 10°
WF50 1.02 2.83 639 5.27 16,091 5.03 x 10°
(b)
Abbreviation E [GPa] E, [GPa] 1,[s] E, [GPa] 1,[s] 1, [Pa.s]
PP 0.33 1.06 177 0.84 2,215 6.88 x 107
CeF40 0.86 2.33 446 2.71 14,829 2.59 x 10°
CeF45 1.07 3.06 558 2.97 17,143 2.65 x 10°
CeF50 1.10 2.96 691 2.72 18,616 2.76 x 10°
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Figure 5: (a) Creep-rupture curves of pure PP and PP-based composites and (b) strain at
break against the applied stress of pure PP and PP-based composites.

the pure PP and PP-based composites. Besides, the straight lines were shifted upward with
increasing filler content regardless of the filler type. This result means that filler addition
increases the creep-rupture life. Comparing WF and CeF, the creep life of the CeF-filled
PP composites was slightly shorter than that of the WF-filled PP composites. As explained
in the previous paragraph, the CeF-filled PP composites exhibited a higher creep rate in
the second stage than the WF-filled PP composites. From the literature [25], higher lignin
contents improved the mechanical properties of semi-bleached cellulose fibre-reinforced PP
composites. In our study, the geometric shape of the filler may not influence the mechanical
properties due to the almost identical aspect ratios of WF and CeF. Figure 6 shows the creep
fracture surfaces of PP, WF50 and CeF50 under stress of 60% of the tensile strength. The
elongation of PP along the tensile direction was reduced by the addition of biofillers. Fur-
thermore, the pull-out of CeF was observed when WFs were wrapped by PP. Thus, the lignin
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Figure 6: The fracture surfaces under 60% stress: (a) PP, (b) WF50 and (c) CeF50.

component at the surface of WF might have contributed to improving the compatibility of
the WF and the PP matrix. The relationship between the applied stress and fracture strain is
depicted in Fig. 5b. The WF-filled PP composites exhibited a lower fracture strain than the
CeF-filled PP composites due to hindering the deformation. For these reasons, WF-filled PP
composites show better creep properties than CeF-filled PP composites.

4.3 Influence of FR addition on creep properties

In this section, the influence of FR addition to the biofiller-filled PP composites on the creep
properties is discussed. For example, the creep strain curves of the WF (50 wt%)-filled PP
composites with various FR contents and CeF (50 wt%)-filled PP composites with various
FR contents are shown in Fig. 7a and b. Furthermore, the fitting parameters are listed in
Table 3. As shown in Fig. 7, the creep strain decreased with increasing FR content. The creep
deformation behaviour was analysed in detail using the fitting parameters in the Burgers
model. Please note that the value of R> was above 0.97. The value of E, increased with the
addition of FR. Thus, FR addition contributed to the decrease in the instantaneous strain g;. In
the transient creep region, the elastic modulus Ei increased with higher FR loading. However,
interestingly, the retardation time i decreased with increasing FR content. Furthermore, the
viscosity 1, in steady-state creep also decreased with FR addition. These decreasing tenden-
cies of the retardation time and viscosity are completely different from the case of biofiller
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Figure 7: Creep curves of (a) WF (50 wt%)-filled PP composites with various FR contents
and (b) CeF (50 wt%)-filled PP composites with various FR contents. The creep
test was conducted under a constant applied stress of 5.0 MPa.
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Table 3: Fitting parameters by the Burgers model (n=3) of (a) WF (50 wt%)-filled PP com-
posites with various FR contents and (b) CeF (50 wt%)-filled PP composites with
various FR contents.

(a)

Abbreviation E [GPa] E,[GPa] 1,[s] E, [GPa] 1,[s] 1, [Pa .s]
WEF50 1.02 2.83 639 5.27 16,091 5.03 x 10°
WF50FR10 1.32 2.88 506 3.33 12,848 2.76 x 10°
WF50FR20 1.34 3.12 426 4.21 10,625 1.48 x 10°
(b)

Abbreviation Ej[GPa] E,[GPa] 1,[s] E, [GPa] 1,[s] n,[Pa.s]
CeF50 1.10 2.96 691 2.72 18,616 2.76 x 10°
CeF50FR10 1.25 3.10 421 3.10 16,233 2.69 x 10°
CeF50FR20 1.23 3.14 201 391 10,752 2.73 x 10°

addition. Even though FR addition reduces the instantaneous creep strain and the strain in the
transient region, the decrease in retardation time in the transient region and viscosity in the
steady-state region means that the resistance to deformation decreases and that the creep rate
increases with the addition of FR. Therefore, during long-term use, FR addition may produce
a higher creep strain than biofiller-filled PP composites without FR. According to the litera-
ture [17-21], APP generally deteriorates the static mechanical properties of composites due
to the poor adhesion between APP (inorganic material) and PP (organic material). Thus, the
increase in the creep rate in the steady state may be attributed to weaker adhesion between
APP and PP.

Furthermore, the influence of the FR content on the failure time of biofiller-filled PP com-
posites is presented in Fig. 8. In addition, the strain at break of biofiller-filled PP composites
with various FR contents against the applied stress is summarized in Fig. 9. As shown in
Fig. 8, the straight line shifts down with increasing FR content regardless of the filler type
and content. For instance, the creep-rupture life is similar for biofiller (50 wt%)-filled PP
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Figure 8: Creep-rupture curves of (a) WF-filled PP composites containing FR and (b) CeF-
filled PP composites containing FR.
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Figure 9: Relationship between the applied stress and strain at break: (a) WF-filled PP
composites containing FR and (b) CeF-filled PP composites containing FR.

composites with FR (20 wt%) and for biofiller (40 wt%)-filled PP composites. Both the
creep-rupture life and the strain at break decreased as the FR content increased.

To understand in detail how FR addition influences creep properties, the fracture morphol-
ogy was observed through SEM, as shown in Fig. 10. Figure 10a shows the fracture surface
of the WF50FR20 sample, and Fig. 10b shows the fracture surface of the CeF50FR20 sam-
ple. In the case of WF50FR20, the WF could not be observed due to its good compatibility
with the PP. However, many large APP particles (circles) could be confirmed on the fracture
surface. Since the APP particles were not wrapped by PP, the compatibility between APP
and PP could have been weak, and the fracture may have been caused by large APP parti-
cles. Additionally, in the case of CeF50FR20, the pull-out of CeF and large particles of APP
and the presence of large spherical holes were observed. Thus, the weak bonding properties
between APP/PP and CeF/PP promoted creep deformation. To prevent the deterioration of
the mechanical properties, the surface coating of APP with 3-(methylacryloxyl) propyltri-
methoxy silane treatment [18] and beta-cyclodextrin through in situ polymerization [20] are
effective solutions to improve the compatibility of PP and APP. This idea is based on the
organic modification of the APP surface. However, these methods are limited to static tensile
or bending properties. In this study, we found that APP addition significantly decreased the
creep-rupture life. Thus, the effectiveness of the surface treatment of APP should be consid-
ered for the long-term creep properties to improve the reliability of the composites.
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Figure 10: The creep fracture surface: (a) WF50FR20 and (b) CeFS0FR20 (under stress of
60% of the tensile strength).



K. Matsumoto, et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 9, No. 4 (2021) 349

5 CONCLUSIONS
In this study, we investigated the influence of the biofiller type (wood flour and cellulose
filler), biofiller content and fire retardant (APP) content on the creep properties at 80 °C.
The creep strain curve in the linear viscoelastic region was successfully fitted by the Burgers
model with six elements. In this study, we obtained the following conclusions:

1. The addition of biofillers restricted creep deformation with increasing biofiller content.
Thus, the creep-rupture life of PP was notably improved. However, the creep-rupture
life was longer with WF, a lignocellulosic filler, than with CeF, a cellulosic filler, even
though both fillers had nearly the same particle diameters and aspect ratios.

2. Higher contents of FR (APP) could decrease the instantaneous strain. However, the creep
rate at steady state increased with APP addition. Furthermore, APP addition decreased the
creep-rupture life and strain at break due to the weak compatibility between APP and PP.
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