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Effect of Particle Size on Mechanical Properties of
Sawdust-High Density Polyethylene Composites under
Various Strain Rates
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There is a need to understand the effect of wood particle size, as it affects
the characteristics of wood-based composites. This study considers the
effect of wood particle size relative to the dynamic behavior of wood
composites. The compression Split Hopkinson Pressure Bar (SHPB) was
introduced to execute dynamic compression testing at the strain rate of
650 s, 900 s, and 1100 s, whereas a conventional universal testing
machine (UTM) was used to perform static compression testing at the
strain rate of 0.1 s', 0.01 s', and 0.001 s™' for four different particle sizes
(63 ym, 125 pm, 250 pm, and 500 pm). The results showed that
mechanical properties of composites were positively affected by the
particle sizes, where the smallest particle size gave the highest values
compared to the others. Moreover, the particle size also affected the rate
sensitivity and the thermal activation volume of sawdust/HDPE, where
smaller particles resulted in lower rate sensitivity. For the post-damage
analysis, the applied strain rates influenced deformation behavior
differently for all particle sizes of the specimens. In a fractographic analysis
under dynamic loading, the composites with large particles experienced
severe catastrophic deformation and damages compared to the smaller
particles.
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INTRODUCTION

Biocomposites are some of the most advanced and adaptable engineering materials.
They can be developed with minimal overall production cost by embedding waste wood
particles from other manufacturing processes or recycled materials in polymer. One of the
most commonly used wood-derived fillers is wood flour. Wood flour is commercially
produced from post-industrial sources, such as planer shavings and sawdust. Wood-derived
fillers possess several advantages compared with inorganic fillers, including lower density,
greater deformability, eco-friendly, lower abrasiveness, and lower cost (Rahman et al.
2010).

One of the variables distinguishing wood flour is mesh size (particle size). The
effect of particle size on the mechanical performance of composites has been addressed by
many authors. Particle size greatly influences the mechanical properties of polymeric
composites, such as Young’s modulus, yielding stress, fracture toughness, efc. (Hossain et
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al. 2014). Polymer composites containing particles with a small aspect ratio have also been
studied extensively due to their technological and scientific importance (Fu ef al. 2008).
Composites that had a low aspect ratio showed superior strength, which allows better
transfer between the matrix and the fillers (Ashori and Nourbakhsh 2009). Moreover, some
researchers concluded on the basis of an energy debonding criterion damage dissipation is
strongly dependent on the size of particles, where smaller particles are favorable to increase
material toughness (Lauke 2009). Meanwhile, at the same particle content, smaller particle
size leads to lower interparticle distance where extensive plastic deformation in the matrix
can be easily induced (Zhang et al. 2011).

However, the majority of previous studies only focused on the static behavior
without addressing the dynamic mechanical properties of this kind of composite. Many
engineering products, and especially composite structures, need to be able to resist high-
impact conditions. Therefore, it is critical to determine their dynamic behaviors (e.g.
dynamic deformation) in order to avoid any unexpected failure during the service. For
example, damage can occur from a hammer being dropped on a composite pipe or from a
bullet striking composite armor. Since impact damage resistance is such an important
property for composite materials, the desire to produce products or structures that are
capable of withstanding high-velocity impacts become even more essential.

In this study, the effect of particle size on the static and dynamic compression
properties of sawdust/HDPE composites under various levels of strain rates was examined.
In the experimental set-up, a compression split Hopkinson pressure bar (SHPB) apparatus
was used to execute high strain rate testing. A universal testing machine (UTM) was used
to perform static compression testing of sawdust/HDPE composites using four different
sizes of sawdust particles (500 um, 250 pum, 125 um, and 63 um). The size of the sawdust
particles was confirmed using a particle size analyzer. Furthermore, composite responses
were investigated in terms of their stress/strain behavior, ultimate strength, and stiffness.
A correlation between the sawdust particle size, rate sensitivity, and thermal activation
volume was also determined. For post-damage analysis, physical observation and scanning
electron microscopy (SEM) analysis further clarified the condition of failure for all tested
specimens under both static and dynamic loadings.

EXPERIMENTAL

Materials and Fabrication of Composites

High density polyethylene (HDPE) was obtained from ADV System Technology,
(Kedah, Malaysia) at 2.0 g/10 min melt flow index (2.16 Kg/190 °C) with the density of
0.9537 g/cm?. Sawdust was obtained from a furniture supplier at Kangar, Perlis, Malaysia,
where the initial size is mixed between large and fine particles. The sawdust is from the
main species of Sapotaceae, which is also known as Lalaquium spp. (called as nyatoh in
Malaysia) and is a light hardwood type. In this study, the automatic hammer continuous
grinder (KH-08B) was used to reduce the particle sizes. After that, the sawdust was sieved
into four different sizes (i.e. approximately 500 pm, 250 pm, 125 pum, and 63 um) using a
vibratory sieve shaker AS 200 control before sending to the particle size analyzer for
particle size confirmation. The HDPE sawdust filler-reinforced composites were prepared
by the melt extrusion method. For standardization, 15 wt.% by weight of sawdust was
added into the HDPE matrix. A molten sample was taken from the extrusion end, and it
was compressed by hot compression molding using a cylinder mold.
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Particle Size Analysis

This analysis was purposely run in order to measure the particle size distribution of
the sawdust filler. The particle size distribution of micro-sawdust particles was measured
by the dry sieving method using dry laser diffraction (Malvern Sciro2000 Mastersizer,
Perlis, Malaysia). This approach was employed in order to report the central point of the
distribution and to describe the width of distribution. In the case of a symmetric
distribution, all central values are equivalent: mean = median = mode. The mean diameters
and particle size distribution were computed [D (v, 0.5)], where D and (v, 0.5) are particle
size diameter and median for a volume distribution, respectively.

Post Damage Analysis
Scanning electron microscopy (SEM)

The dynamic fracture of sawdust/HDPE composites was examined using SEM
(JEOL JSM-6460LA, Penang, Malaysia). Each sample was prepared from a cross section
of fracture surfaces, which was attached to an aluminum mount with carbon double-sided
tape and sputter-coated with Au/Pd by using a Palaron SC 515 (Penang) to eliminate the
electron charging effect.

Mechanical Tests
Static test

In static testing, the slenderness ratio (/d) of each compression specimen had a
dramatic influence on the frictional effects. In this situation, the ASTM E9-89 (1995)
standard was highly recommended for the slenderness ratio of polymeric materials.
Therefore, the specimen length was cut based on ASTM Designation E9-89, where the
slenderness ratio (d = 12 mm) of the specimen was approximately 1.5. Sawdust/HDPE
composites were tested under constant crosshead speeds of 1.08 mm/min, 10.8 mm/min,
and 108 mm/min, which corresponded to the strain rates of 0.001 s, 0.01 s, and 0.1 s°!,
respectively, using the UTM. To reduce frictional effects during the test, petroleum jelly
was applied to both specimen surfaces. Five measurements were taken for each different
loading to compute the average behavior of tested composites.

Dynamic test

This test was done using the compression SHPB apparatus (Fig. 1). The system
consisted principally of a gun barrel, a 152 mm striker bar, a 1500 mm input bar, and a
1500 mm output bar, which remained elastic during the tests. High strength silver steel was
used in the Hopkinson bars to reduce any drastic impedance mismatch between the
specimen and the metallic bars (Nakai and Yokoyama 2008).

The specimen was held in place between the two Hopkinson bars (Fig. 1) by
applying a small pre-compression load and by turning the head of the support block. In this
test, petroleum jelly was also applied to the bar/specimen interfaces to minimize frictional
effects.

A Lagrangian x-t diagram showing the details of the strain pulse propagation in the
Hopkinson bars is given in Fig. 2. All three strain pulses—incident, reflected, and
transmitted—were recorded with two pairs of strain gauges mounted on the Hopkinson
bars.
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Fig. 2. Lagrangian x-t diagram visualizing wave passage in split Hopkinson bars

The stress (o), strain (€), and strain rate (€) of the specimen were determined with
the following equations (Omar et al. 2012):

Gs(t) - EA_SSr(t)
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where 4, E, and ¢ = E/p"? (p = mass density of bar), are cross-sectional area, Young’s
modulus, and wave velocity of the bars, respectively. L and 4s refer to the length and cross-
sectional area of the sample, respectively, and the parameters er (f) and & (f) are the
collected axial strains of the reflected pulse and transmitted pulse, respectively.

RESULTS AND DISCUSSION

Particle Size Confirmation

Particle size was measured with a size analyser, and the particle shapes were
examined using the SEM. Figure 3 shows the cumulative results and the SEM images of
four different sizes of sawdust particles. The mean particle sizes of the four sets of sawdust
particles were 500 um, 250 pm, 125 um, and 63 pm. SEM images were used to identify
the particle shapes. The sawdust particles had different shapes, such as cylindrical and
spherical, which could both be referred to as irregular shapes (Lu et al. 2010). Thus, the
sawdust particles were appropriately sized and shaped. Apart from that, aspect ratio also is
one of the important parameters that need to be considered in evaluating the effect of
particle size and shape towards composite’s mechanical properties. Theoretically, aspect
ratio can be defined as the length of the longest Feret diameter over the length of the
shortest Feret diameter [Flongest/Fshortest] (Moschakis et al. 2005) where it has been
implemented to sawdust filler as illustrated in Fig. 4. Based on the SEM images in Fig. 3,
it was experimentally demonstrated that the aspect ratio of irregular cellulosic sawdust
filler used in this study was approximately 3.
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Fig. 3. The particle size distribution results (a-d) and SEM images of sawdust microparticles on
sawdust/HDPE composites
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Fig. 4. The determination of aspect ratio for sawdust particles

Stress/strain Characteristics

By recording the amount of deformation (strain) at distinct intervals of compression
(stress), many of the material characteristics may be calculated, including yield strength,
stiffness, ultimate strength, and fracture (Beer ef al. 2001). Therefore, the true compression
stress/strain curves of the sawdust/HDPE composites were summarized as a function of
filler measured under various loading rates (Fig. 5).

The stress/strain curves of neat HDPE under similar loading rates have been
reported previously (Jaya et al. 2016). All sawdust/HDPE composites behaved differently
under various loadings, where failure points were examined under dynamic but not static
loading. As the strain rate increased, the molecular mobility of the polymer chains
decreased; therefore, more fractures developed to acclimate to a larger deformation of
specimens (Guo and Li 2007). Moreover, the specimens were subjected with high
velocities, which directly contributed to severe catastrophic shear yielding and micro-
damage within specimens.

Additionally, the particle sizes had a noticeable influence on the stress/strain
mechanical properties of all tested specimens, mainly under high strain rate. At high strain
rate loading, composites with smaller particles (125 um and 63 pum) showed a more
significant strain-hardening than composites with larger particles (250 pm and 500 um).
This outcome shows that the particle sizes directly affected the toughness behavior of the
composites, as a particle with smaller size tend to have larger surface area, which directly
acts as the adhesive factor towards the composite system.

Theoretically, an increase in debonding stress as the particle size decreases would
create an adhesive agent that will eventually decrease the toughening effect (Dubnikova et
al. 2004). Moreover, according to Kitey and Tippur (2005), filler particle size influences
the fracture and cracking behavior when particles are weakly bonded to the matrix. Based
on this concern, a failure mechanism under compressive load based on different particle
sizes has been proposed (Fig. 6). During compression testing, composites with larger
particle size tended to experience a severe disturbance of opening matrix angle within the
system, which will eventually result in bigger cracking diameter compared with composites
with smaller particles.

Jaya et al. (2016). “Sawdust polyethylene composites,” BioResources 11(3), 6489-6504. 6494



PEER-REVIEWED ARTICLE

bioresources.com

=80 imtron | supe | |22 stron | SHP
£ "0 (l]lslln:_t:l s : £ B [nsl](i:l SHE B_l
= 1s 1100 s E'fﬂ E 0.1s 1100 s
S L 0o o0 | S . 0.01s | 900
z 60 1100s™  p001s | 6505 | | 7607 11005 0.001 57 | 65057
== = =0 ‘)00 st
730 9005 750
£40 E40 - s
z z 50s
£30 Teso0 £ 30 1 )
= o =
£20 £20 -
g s ~0.157
g 10 g 10 = 0.01s™
£ 0 : : . = 0 : = 0.001 5™
0.05 0.1 0.15 0.2 0.25 5 0 1 0.15 0.2 0.25
True compression strain True compression strain
~80 ~80
= Instron | SHPB £ D Instron SHPB
S0 0157 110057 | |S70 — 11005 0.1s7 | 110057
< — 1100 00157 90057 | |S 9005t 0.01s" | 9005
# 1| 650 57 » 60 - 1| 650 ¢
§ i 9005 0.001s™ | 6505 é i — 6505 0.001 s 650 s
730 65057 5501
40 E40 - )
7 7 0.1s™
&30 - (.)/.1 s &30 !
=5 =)
£20 - £20 1
g ¢ 10
2 10 210
g "S0.0015| |2 0001 5
= 0 ‘ : . , = 0 i : . 0.001s
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
True compression strain True compression strain

Fig. 5. True stress/strain curves of sawdust/HDPE composites with (A) 500 ym, (B) 250 pm, (C)
125 ym, and (D) 63 um particle under different loading rates
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Fig. 6. The deduced failure mechanism under compressive load based on different particle sizes
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Stiffness and Strength Properties

The stiffness of a material represents its ability to resist deformation and is
characterized by the slope of the linear region of the stress-strain curve (Zabashta 1974).
The strength is defined as the maximum stress that the material can sustain under uniaxial
compression loading (Kalia ez al. 2009). Both of these properties have been used as basic
principles throughout the evaluation of material performance. Therefore, these properties
were used to assess the performance of the sawdust/HDPE composites as a function of
filler size (Figs. 7 and 8). The relationship between particle size and compression modulus
was almost identical under both static and dynamic loadings (Fig. 7). Hence, the
compression modulus increased steadily with decreasing particle size. This obvious
difference in the result between neat HDPE and its composite was initiated by the addition
of filler in the matrix, which made it more rigid (Supri and Lim 2009).

At strain rates of 0.001 s™! and 1100 s™!, the compression modulus of sawdust/HDPE
with a particle size of 63 um increased by approximately a 78.9% and 24.3%, respectively,
compared with neat HDPE. In contrast, sawdust/HDPE with a larger particle size (125 pm,
250 um, and 500 pum) recorded a lower increment in terms of compression modulus
compared with the control. In addition, based on one-way ANOVA analysis, at 0.001 s!
and 1100 s™! strain rate, the p-value is equal to 0.0001 and 0.0000, respectively, where the
value is less than 0.05. These findings indicate a significant difference of compression
modulus between those fillers (63 pm, 125 pm, 250 um, and 500 pum). Theoretically,
compression modulus elasticity increases with the addition of micro-particles to a polymer
matrix, due to the fact that hard particles have much higher stiffness values than the matrix
(Fu et al. 2008). This improvement is more significant when adding smaller particles, as
smaller particles increase the stiffness within the composite system more than larger
particles (Onuegbu and Igwe 2011).
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Fig. 8. The ultimate compression strength of HDPE and sawdust/HDPE composites under
various loading rates as a function of particle size

Further analysis was carried out on the strength properties of sawdust/HDPE
composite as a function of particle size (Fig. 8). The dependency between particle size and
ultimate compression strength (UCS) was practically identical under both static and
dynamic situations; UCS increased progressively with decreasing particle size. Based on
one-way ANOVA analysis, the p-value under 0.001 s and 1100 s™! strain rate was 0.000.
From the statistical point of view, a probability (p-value) less than 0.05 implies that there
was a significant difference of the compared parameter between groups. In this case, it
shows that there was a significant difference of ultimate compression strength between
involved fillers (63 um, 125 pm, 250 um, and 500 pum), where the smallest particle
recorded higher values. In regard to surface area, smaller particles have a higher total
surface area than larger particles upon wide strain rate loading. It follows that the strength
increased with increasing surface area of the filler particles through a more efficient stress
transfer mechanism (Fu et al. 2008). This result also suggests that when the particle size is
relatively large, reducing its size effectively improves the compression strength of the
composites. This conclusion is valid for the micro-composites shown in the results above,
but it does not apply to nanocomposites due to the effect that nanoparticle size has on
strength (Mishra ef al. 2005). Furthermore, the UCS values for all tested specimens in Fig.
8 also increased with increasing strain rate. Hypothetically, restriction of the polymer chain
movement at high strain rate loading may also enhance the formation of additional Van der
Waals interactions between structures. These additional interactions strengthen the
polymer composite as the strain rate increases (Omar et al. 2011b).

Strain Rate Sensitivity and Thermal Activation Volume

In order to ease the comparison of strain rate sensitivity between specimens, it is
often useful to obtain the results in terms of values. Thus, the strain rate sensitivities were
calculated using an established parameter, which is shown in the following equation:
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where o1 and o2 are the flow stress at the fixed strain (0.025) under various strain rates, and
&, and &; represent the strain rate investigated. At a strain of 0.025, the flow stresses of
every specimen under various strain rates remained below the UCS point, giving useful
knowledge in terms of stress/strain behavior. There is a definite relationship between strain
rate sensitivity and thermal activation volume of the material (Hobeika ez al. 2000), which
can be expressed by the following equation (Omar et al. 2011a,b),

ln(€2/51)]
02 — 01 ﬁ Q)

where £ is the Boltzmann constant and 7 is the absolute temperature. Thermal activation is
defined as a dislocation-affected region in plastic deformation (Hobeika et al. 2000); in
polymers, dislocation refers to the motion results in the rapid transfer of mass along the
polymer chains (Zabashta 1974). The calculated strain rate sensitivities and thermal
activation volumes of sawdust/HDPE composite specimens are shown in Table 1.

The sawdust particle size had a substantial influence on both the strain rate sensitivity
and the thermal activation volume under both static and dynamic loadings. The data
demonstrated that smaller particles progressively decreased the strain rate sensitivity of the
HDPE/SD composites. Also, the percentage of rate sensitivity reduction between 63 pm
and 125 pm was approximately 70% and 10%, under both static and dynamic loadings,
respectively. Usually, during the selection of material for extreme applications, the data of
strain rate sensitivity would be very useful, where material with less sensitivity properties
were required (Omar et al. 2013).

&) > &

'8 |€—0025 (4)

LT

Table 1. The Rate Sensitivities and Thermal Activation Volume of the Neat HDPE
and the Sawdust/HDPE Measured Under Static and Dynamic Regions

Sample Range of Strain Classification Strain Rate Thermal Activation
Rates(s) Sensitivity (MPa) Volume (m?®)
HDPE neat 0.001 to 0.01 Static. 0.652 5.7823 x 10°%
650 to 1100 Dynamic 27.56 1.3679 x 1028
500 pm 0.001 to 0.01 Static. 0.610 6.1824 x 10%
650 to 1100 Dynamic 25.13 1.5007 x 1028
250 um 0.001 to 0.01 Static 0.573 6.5816 x 10%
650 to 1100 Dynamic 22.71 1.6606 x 1028
125 um 0.001 to 0.01 Static 0.434 8.6735 x 10?7
650 to 1100 Dynamic 19.01 1.9832 x 108
63 um 0.001 to 0.01 Static 0.130 2.9009 x 1026
650 to 1100 Dynamic 17.11 2.2041 x 1028

The strain rate sensitivity is frequently used to describe the variation in flow stress,
and it corresponds to increasing strain rate, defined as o/¢, where ¢ and ¢ are the flow stress
and strain rate, respectively (Korla and Chokshi 2010). In this case, it appeared that the
particle surface area influenced the flow stresses (o: F/4) within the composite system
when it was subjected to a force. Theoretically, during loading, composites containing
smaller particles (larger surface area) would contribute to the lower flow stress distribution
within the composite system, which would eventually decrease the strain rate sensitivity of
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the flow stresses. However, HDPE/SD composites with smaller particles showed increased
thermal activation volume under both static and dynamic loadings. Therefore, the motion
of polymer chains was less constrained with smaller particles, which resulted in high
thermal activation volume.

Post Damage Analysis

Physical analysis

Figure 9 shows images of neat HDPE and HDPE/SD composites under a wide range
of low strain rate loadings (0.001/s, 0.01/s, and 0.1/s). All HDPE/SD composites showed

increasing deformation as the strain rate increased.
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Fig. 9. Deformation of HDPE/SD composites with various particle sizes of (a) 63 ym SD, (b) 125
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Additionally, composites with larger particles showed dramatic deformation, but
the least amount of deformation was observed in composites with the smallest particle size.
The samples also became shorter and tended to buckle at the bottom. Furthermore,
specimens under dynamic loading also expressed the same trend of deformation, where the

rate of deformation increased as the strain rate increased (Fig. 10).
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Fig. 10. Deformation of HDPE/SD composites with various particle sizes of (a) 63 um SD, (b) 125
pum SD, (c) 250 ym SD, and (d) 500 ym SD under wide ranges of dynamic loading

The composite with a larger particle size (500 pum) revealed the most severe
damages (cracking). These physical observations proved that the smaller particle size
improved the sawdust filler properties and indirectly enhanced the performance of the
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composites. Interestingly, the photographs in Figs. 9 and 10 showed a good correlation
with the stress/strain characteristic discussed in reference to Fig. 5. It was physically shown
that the catastrophic fractures could only be seen under a dynamic loading and not under a
static loading. All tested specimens were measured and summarized in Figs. 9 and 10.

Fractographic analysis

The fractographic features of the sawdust/HDPE composites under a high strain
rate of compression loading were identified by the microscopic observation of failed
composite fracture surfaces after high impact loading (Fig. 11). Figure 11 shows SEM
micrographs of the dynamic compression fracture at a dynamic loading of 1100 s in
sawdust/HDPE composites with different sawdust particle sizes.
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Fig. 11. The fracture surface of sawdust/HDPE composites with various particle sizes of (a) 500
um, (b) 250 um, (c) 125 ym, and (d) 63 uym under 1100 s of strain rate

Three critical failure mechanisms were identified: translaminar fracture,
intralaminar fracture, and interlaminar fracture. One of the first damages that occurs in
composites is matrix cracking, which runs parallel to the fillers at a much lower stress
(Kashtalyan and Soutis 2007). Matrix cracks develop in the filler direction, and multi-
directional cracks form when the density of the matrix cracks increases with the increase
in applied load (Zhang et al. 1999). When the matrix is sufficiently stiff and strong,
alternative failure modes intervene, such as filler crushing. Filler crushing occurs when the
uniaxial strain in the composite is equal to the intrinsic crushing strain (efc) of the fillers
(Fleck and Shu 1995). Subsequently, interlaminar delaminations develop and extend at the

Jaya et al. (2016). “Sawdust polyethylene composites,” BioResources 11(3), 6489-6504. 6501



PEER-REVIEWED ARTICLE b | oresources.com

tip of the matrix cracks. The stress in the primary load-bearing layer is redistributed,
leading to the ultimate failure of composite structures. These damages were severe under
composites with larger particle sizes. This observation was in agreement with the
explanation made in Figs. 7 and 8, where composites with the smallest particle size (63
um) recorded higher compression properties than their counterparts with larger sizes.

CONCLUSIONS

Both static and dynamic mechanical tests were executed to determine the effect of particle
sizes of sawdust/HDPE composites up to nearly 1100 s™' of strain rates using the split
Hopkinson pressure bar apparatus. From the overall results, the following conclusions were
drawn:

1. It was found that the stress/strain characteristics of the sawdust/HDPE composites were
influenced by particle sizes, where for example the larger the particles in the composite,
the greater would be the toughening effect.

2. Apart from that, the strain rate sensitivity and thermal activation volume of all tested
sawdust/HDPE composites were also calculated. Based on the calculated values, it was
found that the reduction in sawdust particle size also significantly decreased the rate
sensitivity of the sawdust/HDPE composites, whereas the thermal activation volume
showed a contrary trend.

3. Finally, for the post-damage analysis, it was found that all tested sawdust/HDPE
composite specimens experienced severe catastrophic fractures under dynamic loading.
Meanwhile, no fracture was observed in the case of static loading. Thus, it was
physically verified that the catastrophic fractures can only be seen under a dynamic
loading, rather than under static loading.
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