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ABSTRACT

In order to investigate the effect of the relative motion of nano CaCOj reinforced bamboo pulp fiber (BPF)/HDPE
composite components on the mechanical performance, a comparative study was performed. BPF was treated by
nano CaCOj; blending (BM) and impregnation modification (IM) technology. The composites were produced
using hot press (HPMP), extrusion (EMP) and injection molding process (IMP). The physical morphology of
BPF was similar at different manufacturing processes. Compared to the samples manufactured by HPMP, a
decrease in the (specific) flexural strength of BPF/HDPE composites and an increase in those of composites trea-
ted by nano CaCO3; manufactured by EMP and IMP were observed. The injection molded composites exhibited
the best values in the (specific) impact strength, (specific) tensile properties. IM had a greater effect on the rheo-
logical behavior of the composites than BM, and nano CaCO; treatment most effectively affected the performance
of the extrusion molded composites.
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1 Introduction

As an abundant resource, the merits of natural fibers (e.g., bamboo fibers) exist inexpensive,
biodegradability, non-hazardous, non-abrasive, light-weight, high specific strength and stiffness. These
merits allow bamboo fibers to be used as one of excellent reinforcing materials for replacing conventional
petroleum-based plastics, such as polypropylene (PP) and polyethylene (PE) to make useful structural or
semi-structural composite materials, especially in lightweight applications [1-8]. Bamboo fiber
composites possess good mechanical properties, good thermal properties, good acoustic insulation
properties, good electrical resistance, high resistance to fracture, high fiber content for equivalent
performance, and low environmental impacts, as well as the improved fuel efficiency, energy recovery
and carbon credits at the end of life incineration of natural fibers [9—13]. Natural fiber composites have
been widely applied in automotive, electronics, interior decoration and building industries [14—16].
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Natural fiber composites are prepared by many different manufacturing processes, including hand lay-
up, hot press molding (HPMP), extrusion molding (EMP), injection molding (IMP), vacuum assisted resin
transfer molding (VARTM), filament winding and 3D printing, etc. [17-21]. The selection of the correct
manufacturing process is often dependent on the materials being used and the target application of the
product that is going to be produced. Each processing technique is that the manufacturing pressure varies
among those processes, for instance, the HPMP only exerts several megapascal, where EMP requires
dozens of megapascal and IMP needs several hundred megapascal. Bledzki et al. [22] adopted injection
molding and compression molding to prepare wood fiber reinforced PP composites, and it was concluded
that the injection molding showed better tensile, flexural, and impact resistance properties compared to
the compression molding (containing same pressure). The charpy impact strength was increased to the
maximum in the compression molding for hard-wood fiber-PP composites.

Currently, natural fibers are used to produce many types of products in various shapes that can be
designed to fit a multitude of functions and applications. However, the interfacial compatibility between
hydrophilic natural fibers and hydrophobic polymers used in these products is still a challenge, which
puts restraints on the development and application of natural fiber composites. The improvement of the
interfacial properties is key to develop natural fiber reinforced composites. Two treatments were reported
to help improve the interfacial compatibility in natural fiber composites: (1) using a hydrophobic group to
replace the hydroxy groups (-OH) on the natural fiber’s surface, which could improve the compatibility
of the natural fiber with the hydrophobic polymer [23-25]; (2) by forming chemical bonds with the -OH
on the surface of the natural fiber, the hydrophilic nature of the fibers was reduced [26-28], which was
considered to be the more effective method. Although some modification methods possess good
improvement effects, it is difficult for them to be popularized and applied in industry due to high cost and
poor environmental benefit [29]. Nano CaCO; can be used as a surface treatment method due to the low
material cost, nano-scale, and ultra-fine solid structure. The nano CaCO; impregnation modification
technology is an effective method not only to improve the properties of single natural fiber, but also to
develop the compatibility between natural fibers and polymer matrices. According to the previous
research, the heterogeneous inorganic nanoparticle CaCOj3; appeared on the surface of the impregnated
fiber after the treatment. The root mean square of surface roughness increased by 5.8%, the hydrophilic
nature of the retted fibers decreased by 59.4% and the Young’s modulus increased by 344% [30].
Nanoparticle CaCO3; was much more likely to fill voids of the fiber with an external pressure of 13.8
MPa and the impregnation efficiency for reducing the fiber porosity increased by 70.1% [31]. Moreover,
studies have shown that nano CaCOj; did help to improve the properties of composites manufactured by
these processing techniques. For example, Shi et al. [32] reported that the inorganic nanoparticle
impregnation (INI) treatment improved the interfacial compatibility in kenaf fibers-polypropylene (PP)
composites manufactured by the sheet molding compound process, which showed increases in the tensile
modulus and tensile strength of the composites by 25.9% and 10.4%, respectively, when compared to the
control samples. Xia et al. [33] concluded that the flexural modulus, flexural strength, tensile modulus,
and tensile strength of kenaf fiber/polyester composites prepared by vacuum assisted resin infusion
(VARI) process were improved by 33.1%, 64.3%, 22.3%, and 67.8%, respectively, when compared to
that made from non-CaCOs-impregnated fibers. In our group’s previous work, nano CaCOj3 treatment was
used to improve the interfacial bonding and mechanical properties of composites manufactured by HPMP,
EMP and VARI process.

Although there have been many studies focusing on the effect of natural fiber type, content, shape, size
and the addition of additives on the properties of the composites produced from one of the previously
described processing techniques, limited research has been completed for the comparison of different
processing techniques and their effect on the properties of natural fiber reinforced composites. As of this
point the interaction mechanism between CaCO; nanoparticles and natural fibers, as well as the effect of
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inorganic nanoparticles impregnation on the rheological properties of the composites was explored in this
study. The bamboo pulp fiber (BPF) was used as the reinforcement for high-density polyethylene (HDPE)
to form a composite, which is also regarded as an economical and environment-friendly way to utilize the
bamboo residues. Nano CaCOs; blending modification (BM) and impregnation modification (IM)
technology were proposed as an effective method to improve the properties of the composite. In order to
evaluate which nano CaCOj; treatment had a better effect on the mechanical properties of the composites,
whether nano CaCOj; treatment could work for various process techniques (i.e., the HPMP, IMP and
EMP), and how nano CaCOj; affected the interfacial properties of composites in the melting state, an
experimental study on the mechanical properties, fracture morphology and rheological properties for the
BPF reinforced HDPE composites was conducted.

2 Material and Methods
2.1 Materials

The details and paramters of all materials used which included bamboo pulp fiber (BPF), high density
polyethylene (HDPE), maleic anhydride grafted polyethylene (MAPE), PE-wax, ethylenediamine tetraacetic
acid disodium salt (EDTA-2Na) and nano CaCOj; were illuminated in the previous study of our group [34].

2.2 Nano CaCO; Treatment

BPF were treated by two nano CaCO5; modification processes. The first modification was impregnation
(IM) which followed the same procedure used by Wang et al. [34] to create IM-BPF, and the enhancement
mechanism of IM on material can be seen in Fig. 1; the other process was nano CaCOj; blending modification
(BM). In the BM process, in order to compare the effects of IM and BM on the property of composites, an
equivalent content of nano CaCO5; was used to blend with BPF directly according to the loading of nano
CaCOg3 (L, wt%) in the process of IM (Egs. (1) and (2)).
a="1""2 5 100% (1)

m
L = ajp—ppr — appr ()

where, a (%) was the ash content which was tested according to the GB/T 742-2008 standard, m; (g) was the
initial mass of the BPF, m, (g) was the mass after ashing, L (wt%) was calculated by looking at the difference
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Figure 1: The enhancement mechanism of nano CaCOj; impregnation modification (IM)
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2.3 Composites-Manufacturing Process

The composite samples used for this study were prepared using three separate manufacturing processes
(Fig. 2). Prior to mixing, BPF, BM-BPF and IM-BPF were dried at 103°C in an air-circulating oven for 5 h
(moisture content <2 wt%). After the fibers were dried, they were respectively mixed with PE-wax, HDPE,
and MAPE in the device (SHR-25A) for 45 min at 40°C. The formation of composites was shown in Table 1.
Upon being removed from the machine, the mixture then underwent melt mixing in a twin-screw extruder
(SJZ45/90-YF110) where it was passed through the die of the extruder, forming the composites. Once the
composite was extruded, it was granulated using a crushing machine (KCP150), and the composites
pellets were obtained which were further used by hot press molding (HPMP), extrusion molding (EMP)
and injection molding process (IMP).
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Figure 2: Schematic diagram of manufacturing process of composites

Table 1: The formation of composites in all manufacturing techniques

Material BPF BM-BPF IM-BPF HDPE PE-wax MAPE
Contents (Wwt%) 30 0 0 65 1 4

0 30 0 65 1 4

0 0 30 65 1 4

2.3.1 Composites Manufactured Using HPMP

The composites pellets were subjected to hot-pressing at a temperature of 180°C under a pressure of
3.42 MPa, over a period of 30 min. The final dimension of the composite samples was 260 mm x
110 mm X 4 mm.

2.3.2 Composites Manufactured Using EMP

The composite pellets were melted then mixed in an extruder with a single-screw, after which they were
cooled with water to produce the final composites with a cross section of 30 mm width by 4 mm thickness.
The barrel temperatures used at different points of the extruder were 160°C, 170°C, 180°C and 175°C, and all
of which were subjected to a die pressure of 20 +5 MPa.
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2.3.3 Composites Manufactured Using IMP

Test samples with a thickness of 3 mm were molded using an injection process at a melting temperature
of 185°C and injection pressure of 106.67 MPa.

2.4 Physical Morphology of BPF

Obtained from the granules, the BPF was prepared by a twin-screw extruder at different crushing times
using the xylene extraction method as shown in the solid red box in Fig. 2. The residuum was washed by
acetone and then filtered. Using deionized water, the residuum was washed and dried till the weight was
a constant value. Once the weight of the samples stabilized, the length and width of BPF were then
analyzed by fiber quality analyzer (FQA, LDAO2), which was used to explore the influence of the
extruder on physical morphology of BPF.

2.5 Density Measurement

According to ASTM standard D792, the density of the composites was measured using a high precision
density tester (MatsuHaKu) with a precision of 0.0001 g/cm’. Three replicate samples of each composite
with masses ranging from 1-5 g were measured in accordance to the Archimedes principle (Table 2).

Table 2: The density of composites in all manufacturing techniques

Samples\ Density (g/cm”’)
Manuf: i hni

anufacturing techniques EMP IMP HPMP
BPF/HDPE Composites 1.068 1.057 1.063
BM-BPF/HDPE Composites 1.076 1.065 1.076
IM-BPF/HDPE Composites 1.083 1.064 1.073

2.6 Mechanical Test
2.6.1 Flexural Test

Flexural test was performed using a three-point bending test, which was in accordance with ASTM
Standard D790-10. As indicated in the standard, a span of 16 to a depth of 1 (1.6 mm or greater in

thickness) was used as the ratio. Flexural strength and modulus were determined using a loading speed of
17 mm/min.

2.6.2 Impact Test

Impact testing on the samples was performed following ASTM D6110 to evaluate the behavior of the
materials subjected to sudden forces. Six replicate specimens with a dimension of 80 mmx12.7 mm (length
by width) were tested at a speed of 2.9 m/s at room temperature (25°C) in order to obtain the breaking energy.

2.6.3 Tensile Test

Tensile test was conducted using a universal mechanical testing machine (INSTRON 5848, USA)
according to ASTM D638-10. Measurements were performed on standard type of dog-bone shaped
samples at room temperature with a constant cross-head speed of 5 mm/min. A minimum of four
specimens were tested for each composite.

2.6.4 Analysis of Variance (ANOVA)
ANOVA was carried out by IBM SPSS Statistics 19 package software in this research. And one-way
ANOVA was a multiple comparison of Duncan (D) with a confidence interval of 0.05.
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2.7 Rheological Measurements

A Haake Polylab torque rheometer with a Rheomix 600 QC counter-rotating roller rotors mixing
chamber was used to evaluate the melt viscosity of the composites. The velocity relation between rotors
was 3/2, and the temperature was regulated by electric heating and air cooling. All tests were performed
at 170°C and 40 rpm (4.196 rad/s), and the mixing chamber was loaded at 70% volume capacity. The
addition of granules was calculated according to Eq. (3). The torque rheometer monitors torque varied as
a function of time and temperature. The maximum and stabilized torques and mechanical energy of the
composites were determined. Moreover, the processing behavior of composites can be reflected by
fluctuation amplitude A (Eq. (4)).

m=p x v, x70% 3)
where, m (g) was the addition of granules, p (g) was the density of the material, v, (cm®) was the net cavity
volume of rotor.

2(Tmax - Tmin)

A\ =
Tmax + Tmin

“)
where, Th.x and Ty, were the maximum and minimum torque, 4 was the fluctuation amplitude, which is
related to the uniformity and rheological state of material.

2.8 Morphological Observation

A field emission environmental scanning electron microscope (ESEM; XL30 ESEM-FEG; FEI Co.,
USA) was used to analyze the surface of the IM-BPF and the fractured morphologies of the composites.
The samples electrical conductivity was improved by coating them with platinum for a 90 s period.
After being coated, the samples were then mounted into a vacuum chamber at a pressure of less than
5 x 107° Pa. The micrographs were collected at an accelerating voltage of 7 kV.

3 Results and Discussions

3.1 Physical Morphology of BPF under Different Crushing Times

Table 3 shows the physical morphological parameters of BPF at the different cycle numbers of pelleting-
crushing. It was observed that the BPF length decreased with the increase of crushing times due to the shear
action of the extruder. The BPF length was changed from 1.467 to 0.275 mm while the BPF width was
swelled from 16.2 to 19.9 um. Table 3 shows that the BPF length decreased by 71.91% and the BPF
width increased by 22.84% when the crushing times increased from O to 1, indicating that the design
structure of the screw had a dominant effect on the physical morphology of BPF. As the crushing time
increased, the length of the BPF gradually decreased and the proportion of the BPF short fiber increased.
However, the effect of the crushing time on the width of the BPF exhibited no large change. It was
indicated that the crushing time had slight influence on the physical morphology of BPF during the
extrusion and pelletizing process, revealing that the morphology of the BPF was not the cause of the
property differences of the composites produced from the EMP, IMP and HPMP.

3.2 Surface Morphology of BPF Treated by IM

As shown in Fig. 1, there were pits and voids on the surface of BPF which can provide sites for CaCO; to
attach [35]. It also can be observed that CaCO3; was adhered to the surface of IM-BPF successfully, which
reduced the force among IM-BPFs and made IM-BPFs arrange loosely. Based on Egs. (1) and (3), the
loading of CaCO; was about 15 wt% which was the content of nano CaCOj; used in BM process.
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Table 3: The physical morphology of BPF under different crush times

Crushing BPF length (mm) BPF length distribution (%) Average

t idth
mes Number  Weight  Double weight <0.5 0.5~1.0 1.0~1.5 1.5~2.0 >2.0 width (um)

average average average

0 0.960 1.467 1.945 32.43 30.04 17.89 1048 9.22 16.2
1 0.175 0.412 1.052 95.75 2.78 0.97 0.33 0.17 19.9
2 0.172 0.277 0.486 96.56 3.21 0.21 0.01 0.01 19.7
3 0.153 0.275 0.593 97.19 2.32 0.40 0.08 0.01 19.9

3.3 Mechanical Properties of Composites in All Processes

The mechanical properties (Tables 4-6 and Figs. 3-5) of BM-BPF and IM-BPF reinforced HDPE
composites in all manufacturing processes were characterized and compared to the BPF(30%)/HDPE
composites that were prepared as the control group in this study.

Table 4: Flexural properties of composites manufactured by EMP, IMP and HPMP

Sample Flexural strength (MPa) Flexural modulus (GPa)
Average Standard ANOVA' Average Standard ANOVA'
value deviation value deviation

BPF(30%)/HDPE composites EMP 53.94 1.26 a 2.2 0.08 a
IMP 51.83 0.61 b 1.87 0.10 b
HPMP  59.17 1.24 c 2.8 0.06 c

BM-BPF(30%)/HDPE EMP 54.53 1.71 a 2.12 0.06 a

composites IMP 48.13 0.76 b 1.67 0.08 b
HPMP 4433 2.17 c 2.33 0.18 c

IM-BPF(30%)/HDPE composites EMP 58.99 2.35 a 2.18 0.12 a
IMP 48.90 1.54 b 1.67 0.07 b
HPMP  38.26 0.51 c 1.86 0.19 c

Notes: 'There are significant differences at the 0.05 level of Duncan test and groups with the same letters do not differ statistically (P < 0.05).

Table 5: Impact property of composites manufactured by EMP, IMP and HPMP

Sample Impact strength Standard deviation ANOVA'
(kJ/m?) (kJ/m?)
BPF(30%)/HDPE composites EMP 22.47 2.34 a
IMP 40.95 3.66 b
HPMP 19.62 3.86 a
BM-BPF(30%)/HDPE composites EMP 20.82 3.54 b
IMP 38.39 3.77 c
HPMP 11.10 1.46 a
IM-BPF(30%)/HDPE composites EMP 23.37 1.72 a
IMP 40.02 6.31 b
HPMP 15.67 5.79 c

Notes: 'There are significant differences at the 0.05 level of Duncan test and groups with the same letters do not differ statistically (P < 0.05).



1836 JRM, 2022, vol.10, no.7

Table 6: Tensile properties of composites manufactured by EMP, IMP and HPMP

Sample Tensile strength (MPa) MOE (GPa)

Average Standard ANOVA' Average Standard ANOVA'
value deviation value deviation

BPF(30%)/HDPE composites EMP 16.65 0.27 a 1.15 0.11 a
IMP 45.09 2.97 c 2.81 0.4 b
HPMP  22.17 1.13 b 1.54 0.38 a
BM-BPF(30%)/HDPE EMP  33.42 1.52 b 2.45 0.11 b
composites IMP 40.84 245 c 2.41 0.21 b
HPMP  18.92 0.58 a 1.48 0.37 a
IM-BPF(30%)/HDPE composites EMP 33.71 0.79 b 2.28 0.44 b
IMP 42.53 2.50 c 2.41 0.22 b
HPMP  19.12 0.72 a 1.79 0.31 a

Notes: 'There are significant differences at the 0.05 level of Duncan test and groups with the same letters do not differ statistically (P < 0.05).
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3.3.1 Flexural Properties and Specific Flexural Properties

Compared to the HPMP, the flexural strength (specific flexural strength) of the BPF/HDPE composites
prepared by the EMP and IMP decreased by 8.84% (9.25%) and 12.40% (11.93%), respectively; the flexural
strength (specific flexural strength) of BM-BPF/HDPE composites increased by 23.01% (22.96%) for the
EMP and 8.57% (9.66%) for the IMP; The IM-BPF/HDPE composites’ flexural strength (specific flexural
strength) increased by 54.18% (52.80%) for the EMP and 27.81% (28.88%) for the IMP (Table 4,
Fig. 3). According to the ANOVA results, a significant difference among the flexural properties of the
composite samples was observed. Generally, the composites showed an increasing trend in the
mechanical properties with an increase in manufacturing pressure, however, the trends neither for the
flexural strength nor specific flexural strength was in agreement with the manufacturing pressure. This is
because the effect of reinforced fibers was most efficient along the axis that fibers were orientated within
the fiber reinforced polymer composites and the preparation technology can determine the final
distribution of the oriented fibers in the samples. Moreover, it has been reported that [36] using EMP to
manufacture a fiberous anisotropic composite differed from that produced using HPMP and IMP. The
BPF/HDPE samples that underwent BM and IM were produced using IMP and HPMP saw no increase in
their flexural properties of strength and specific strencth when compared to untreated composites.
Whereas it was observed that the flexural strength and specific flexural strength of the samples prepared
by the EMP increased with the nano CaCOj treatment. The highest flexural strength was observed in the
IM-BPF/HDPE composite manufactured by EMP which was 8.18% higher than that of BM-BPF/HDPE
composite, probably because of the better interfacial compatibility caused by stronger connections in the
molecular chains. These stronger connections led to less slipping of the HDPE matrix and hence a higher
flexural strength. Xia et al. [31] reported that the inorganic nanoparticle impregnation (INI) treatments
could improve the compatibility between kenaf fibers and polypropylene matrix, resulting in increased
mechanical properties of the composites reinforced with INI-treated fibers. This could be described by
two reasons, the first was that nano CaCOj treatment decreased voids caused by the BPF, which in turn
reduced defects in the composite structure. This reduction of defects caused the increase in rigidity of the
HDPE matrix and increase in storage modulus of the composites [37]. Secondly, nano CaCO; was
dispersed throughout the cellular structure of the BPF and the H-bond interaction may be formed between
CaCO; and surface hydroxy of BPF (Fig. 1). This bonding increased the interactions in the surface area.
The increased interactions among HDPE, BPF and CaCOj restricted the movement of the polymer
chains, thus the flexural strength was improved. There was a significant difference between the flexural
properties of the BM-BPF/HDPE and IM-BPF/HDPE composites prepared by the EMP, but slight
difference was observed between the flexural modulus of the BM-BPF/HDPE and IM-BPF/HDPE
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composites. From the results, it can be inferred that nano CaCO; treatment worked more effectively for
composites produced using the EMP than those using the IMP and HPMP. It also can be inferred that IM
had a greater effect on the properties of composites than BM.

3.3.2 Impact Strength and Specific Impact Strength

It was observed that the impact strength (Table 5) of the composites produced using the IMP was greater
than the composites produced using the EMP and HPMP. This result was in alignment with previous study
conducted by Bledzki et al. [22], in which it was concluded that the impact resistance in the IMP shows
better performance, where in the HPMP, a large amount of initiation damage was observed. The specific
impact strength (Fig. 4) of the composites had a trend similar to the impact resistance and these results were
consistent with the preparation pressure. Compared with the injection molded composites, the impact
strengths (specific impact strengths) of the extrusion molded BPF/HDPE, BM-BPF/HDPE and IM-BPF/
HDPE composites were reduced by 45.13% (45.68%), 45.77% (46.34%), and 41.60% (42.60%),
respectively. Compared to the injection molded composites, the impact strengths (specific impact strengths)
of the hot press molded BPF/HDPE, BM-BPF/HDPE and IM-BPF/HDPE were reduced by 52.09%
(52.34%), 71.09% (71.37%) and 60.84% (61.18%), respectively. It was observed that the impact strength of
the composites was greater when produced using the EMP than that using the HPMP. According to the
ANOVA results, a significant difference among the impact strength of the BM-BPF/HDPE (IM-BPF/HDPE)
composite samples manufactured by EMP, IMP and HPMP was observed. Theoretically, according to
“mixture rules” for the composite structures, the fiber characteristics become dominant and responsible for
the huge drop on the impact strength of the composite [38,39]. However, it was illustrated in this study that
there were no significant differences in the BPF/HDPE, BM-BPF/HDPE and IM-BPF/HDPE composites
prepared by the IMP and EMP. It was observed that the BPF/HDPE composites presented the highest
impact strength and specific impact strength among all composites produced by the HPMP, which were
respectively 76.76% and 78.88% greater than the BM-BPF/HDPE composites and respectively 25.21% and
26.44% greater than the IM-BPF/HDPE composites (Table 5 and Fig. 4). The addition of nano CaCOj;
made a significant difference in the impact strength between BPF/HDPE and BM-BPF/HDPE composites
prepared by the HPMP. This can be attributed to the fact that the CaCOj; could well contact BPF directly
when CaCOj; with a mass fraction of 15 wt% was incorporated into the composites. As a result, the stress
cracks propagated much easier through the composites when impacted by an external force. Moreover, the
hot press molded IM-BPF/HDPE composite had a higher impact strength than that of BM-BPF/HDPE
composite, which might also be related to a better dispersion of the IM-BPF in the HDPE matrix.

3.3.3 Tensile Properties and Specific Tensile Properties

It is well known that the fiber reinforcing effect is most efficient along the fiber axis orientation.
However, the processing technique will dictate the final fiber orientation distribution in the composite,
which is one of the most important characteristics in determining the composites mechanical properties.
Compared to the EMP and HPMP, the IMP could produce composites with greater tensile strength,
modulus of elasticity (MOE), specific tensile strength, and specific MOE for each composite formulation
used in this study (Table 6 and Fig. 5). These improved properties of the injection molded composites
indicated that the effectiveness of this form of fiber reinforcement was also supported by the results of the
impact strength and specific impact strength reported in this study. It was observed that the significant
improvement in the tensile properties occurred in the samples that were produced with the modified BPF
that underwent extrusion molding, but this improvement was not observed in other molding processes.
The tensile strength and MOE of the extrusion molded BM-BPF/HDPE and IM-BPF/HDPE composites
increased about 2-fold compared to the extrusion molded BPF/HDPE composites, thus enhanced the
mechanical interlocking caused by the modification. The increases in tensile properties of extrusion
molded composites were due to the effectiveness of the CaCO; blending and impregnation modification
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of the fibers. It was indicated that nano CaCO; treatment was more effective in the EMP than in the IMP and
HPMP, which was also reported in a previous study [35], but it was not clear which nano CaCOj; treatment
could yield greater properties.

3.4 Fracture Morphology

ESEM was used to analyze the fiber surface, fiber pullout and fiber-matrix interface of the composites
(Fig. 6). During the ESEM examination, it was observed that the fibers of each type of composite were still
surrounded by HDPE at the fracture cross section of the samples. The HDPE could hold fibers after the
sample was broken, indicating that a closer contact between the fiber and the matrix as well as a better
wetting of the fibers was achieved. The contact between the matrix and fibers was improved, suggesting
that the fibers were fully penetrated by the matrix, which explained the presence of matrix material on the
fibers surface. Less fiber pullout was observed in the composites produced by the EMP and IMP,
suggesting that there was less effective energy dissipation [40]. When the failure occurred at the fiber-
matrix interface, extensive fiber pullouts from the matrix were observed. Then it can be supposed that the
increase of the mechanical properties of the composite was the effect of the increase in the bonding at the
fiber-matrix interface. Thus, by treating the BPF with nano CaCO; using the BM and IM, the interfacial
bonding between the fiber and matrix could be improved. When the fibers are vertical to the fracture
surface, they play a vital role in arresting crack propagation in the HDPE matrix. The BPF can serve as
nucleation sites for the deposition of CaCOj to initiate crystalline formation [41], which can be attributed
to a better interaction among CaCO;, BPF, and HDPE matrix. This type of interaction was caused by the
friction and mechanical interlocking. As a result, when the composites were subjected external forces, the
BM-BPF and IM-BPF were difficult to be pulled out from the HDPE matrix. This better interfacial
interaction increased mechanical properties of composite, which was confirmed by the results of the
mechanical properties test.

3.5 Rheological Properties of Composites

Rheology studies the flow of matter by measuring the change in the torque (7) & energy (£) at a constant
rotational speed. Using this method, the quantitative and essential information of flow behavior of polymer
blends, structural changes during processing, and the influence of various additives on new formulations can
be examined, which is used for quality control and product development [42]. The polymer temperature can
also be recorded using a torque rheometer, which varies over time due to the dissipation of the viscous energy
being determined by inserting a thermocouple into the sample chamber. Polymer melts generally exhibit non-
Newtonian viscosity, the torque exerted on each roller results from a distribution of viscosities [43].

Fig. 7 illustrates the rheological properties (torque (7), melt temperature (7M/) and energy (£)) of BPF/HDPE,
BM-BPF/HDPE and IM-BPF/HDPE composites. It can be seen from Fig. 7 that all the composites had the feeding
peek and the T'was highest (7;,,.) due to the lower temperature of material at the initial time. The volume of material
decreased because of compression when the material became softened by heat, causing the 7 reduce. As the time
increased, the Tand TM tended to balance torque (71,4) and TM,,,, respectively, which is because the material was
gradually plasticized evenly. In addition, according to the fluctuation amplitude 4, it can be seen that IM made the
material more homogeneous during processing. Using the information, the effect of nano CaCOj; on the rheological
properties of composites was explored. It was observed that the Tp,ax, T1a and TM values of BPF/HDPE, BM-BPF/
HDPE and IM-BPF/HDPE composites did not show significant changes, whereas £, increased from 119.05 kJ
(BPF/HDPE composites) to 122.2 kJ (BM-BPF/HDPE composites) and 126.1 kJ (IM-BPF/HDPE composites).
Results showed that nano CaCO; caused a positive increment in torque properties, which was due to the
improved interfacial adhesion and lower void content caused by the addition of nano CaCOs. It could be
inferred from these results that nano CaCO; treatment was an efficient method for improving interfacial
properties of the composites. It was observed that the modification method of IM was superior to the method of BM.
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Figure 6: ESEM micrographs (x500) of BPF/HDPE, BM-BPF/HDPE IM-BPF/HDPE composites fracture
surfaces subjected to manufacturing process, for (a) EMP; (b) IMP; (c) HPMP
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Figure 7: Rheological properties of composites

4 Conclusions

The influence of the different preparation technologies (HPMP, EMP and IMP) on the mechanical
properties, morphological observation, and rheological properties of the BPF, BM-BPF and IM-BPF
reinforced HDPE composites was investigated. These tests helped to experimentally determine the effects
of nano CaCOj; treatment methods (BM and IM) on different preparation technologies used to produce
BPF/HDPE, BM-BPF/HDPE and IM-BPF/HDPE composites. The crushing times had a slight influence
on the physical morphology of BPF that underwent extrusion and pelletizing process. As the crushing
time used to granulate the composite material increased, the proportion of short BPF increased, and the
BPF length decreased, whereas the BPF width had no major changes. All injection molded composites
presented greater mechanical performance than the composites produced using EMP and HPMP due to
the differences of the manufacturing pressure. Compared with the HPMP, the flexural strength (specific
flexural strength) of the BPF/HDPE composites decreased by 8.84% (9.25%) and 12.40% (11.93%); BM-
BPF/HDPE composites increased by 23.01% (22.96%) and 8.57% (9.66%); IM-BPF/HDPE composites
increased by 54.18% (52.80%) and 27.81% (28.88%), in the EMP and IMP, respectively. Nano CaCO;
influenced the 7 and TM of the composites when compared to the control samples, particularly on E. It
was observed that IM had a greater effect on the rheological properties of the composites than BM, and
nano CaCOj; treatment most effectively affected the properties of the extrusion molded composites.
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