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Abstract: The fracture toughness of WPE significantly in-
fluences its service life and safety, particularly under sudden
impact. This study examines the dynamic fracture proper-
ties of WPE with varying wood fiber (WF) contents through
low-speed impact tests and digital image correlation (DIC)
analysis. The results show that wood fiber plays a dual role: it
increases the likelihood of brittle fracture while simulta-
neously enhancing resistance to rapid crack advance. The
addition of WF enables the WPE composite material to
withstand higher impact forces and absorb more impact
energy during the initial impact stage (0-1ms). The initial
peak force of WPE8 in 80 % wood fiber specimens was
optimal, and the crack propagation length under 10 ] impact
was 9.20 mm. The analysis of mode I stress intensity factors
(SIFs) confirms this duality. Under increasing impact energy,
all WPE composites exhibit rising mode I SIF values, with
WPES reaching 2.32 MPa m'? at 10 ] — 4.7, exhibiting a rela-
tively high flexural strength (52 MPa) and modulus (3.2 MPa).

Keywords: wood plastic composite; high—density poly-
ethylene; wood fiber; dynamic fracture toughness; digital
image correlation

1 Introduction

Polymeric materials find extensive applications in production
and daily life. To further improve material performances and
expand their application scope, reinforcing fibers represented
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by carbon fibers are commonly incorporated into the matrix
[1,2]. As the philosophy of green sustainable development gains
growing recognition, natural materials (including natural fi-
bers) are widely employed as reinforcing phases for polymer
matrix composites [3-5]. Differences in the variety and loading
content of natural fibers can impart tailored comprehensive
performances to the composites [6-8], and the composite ma-
terials prepared from the above-mentioned lignocellulosic fi-
bers, thermoplastic resins and other additives are called wood-
plastic composites (WPC) [9, 10]. It is easy to shape and does not
require paint for modification. It is resistant to insects and is
not easily deformed [11, 12]. These characteristics have made
WPC widely used in the field of architecture, landscaping, and
furniture [13]. In recent years, by regulating the amount of
biomass fibers, interface modification, and the length-to-
diameter ratio (L/D) of fibers, WPC with different mechanical
properties has been prepared [14-16]. To further reduce costs
and raise fiber incorporation fractions, Xu et al. revealed the
preparation process and molding mechanism of WPC with
high wood fiber content from the aspects of rheology and
physics [17, 18]. Zhou et al. revealed the effect of increasing
wood fiber content on the improvement of the flexural
modulus of WPC, which mainly depends on the continuous
plastic crust structure on the surface of the WPC [19]. However,
the increase in wood fiber content poses great challenges to the
interfacial bonding performance between fiber and Matrix [20,
21]. The increase in wood fiber content is prone to fiber ag-
gregation, which causes material defects, deformation, and
fracture when subjected to long-term load [22]. In addition, the
increase in wood fiber content disrupts the continuous long-
chain structure of HDPE, increases the rigidity and brittleness
of the material, and is prone to brittle fracture when subjected
to impact stress [23]. The dynamic fracture toughness of WPC is
a decisive parameter governing their service life and opera-
tional safety. Accordingly, exploring the evolution of dynamic
fracture toughness of WPC with varying fiber loadings bears
significant theoretical and engineering significance [24].
Traditional research on dynamic fractures mainly fo-
cuses on macroscopic overall mechanical indicators and
fracture characterization, and cannot continuously and
visually detect the entire process of dynamic fractures. After
the introduction of high-speed DIC, the entire process of
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dynamic fracture can be visualized in a full-field, transient
and continuous manner, making up for the shortcoming that
traditional methods cannot capture the transient meso-
scopic evolution. In this work, high-density polyethylene
(HDPE) featuring superior chemical stability and excellent
processability, and abundantly available wood fibers, were
utilized to fabricate wood fiber reinforced high-density
polyethylene (WPE) composites, and the addition amounts of
wood fibers are 0, 20, 50 and 80 wt%. The specimens were
tested using a low-speed drop impact machine. During the
testing process, DIC was used to collect image data on the
dynamic fracure process of WPE affected by the addition
amount of wood fiber, specifically involving the analysis of
drop impact performance, history and ratio of crack prop-
agation, stress intensity factor, and surface morphology. It
attempts to reveal the mechanism of the effect of wood fiber
content on damaged WPE during impact fracture and ex-
plores the development path of the preparation of WPE
composites with high-filled fibers.

2 Materials and methods
2.1 Materials

(1 high-density polyethylene (HDPE): The raw material is
white and granular, with a model of 50008, a density of
0.949-0.953 g/cm®, and a melt index of 0.8-1.1g/10 min
at 190 °C. It was purchased from Petro China Daqing
Petrochemical Co., Ltd.

(2) Wood fiber (WF): The 2-mm thick poplar veneer is
crushed using a grinder and screened through a 60—
80 mesh metal sieve to obtain uniformly shaped poplar
powders. The poplar veneer was purchased from Jinan
Yuanfang Wood Trading Company.

(3) Maleic anhydride grafted polyethylene (MAPE): Used
for improving the interfacial compatibility between
HDPE and wood fiber, with a grafting rate of nearly 1 %
and a melt index of 0.7-0.9 g/10 min at 190 °C. It was
purchased from Shanghai Rzhiisheng New Technology
Development Co., Ltd.

(4) Polyethylene wax (PW): Used as a lubricant for the
extrusion of WPE materials during granulation, pur-
chased from Shandong Qilu Petrochemical Engineer-
ing Co. Ltd, Zibo.

2.2 Preparation of test pieces

Place the wood fibers in an oven, dry them at 65 °C for 48 h
until they are dried, and keep them for later use. According
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to Table 1, use an electronic balance to weigh the corre-
sponding weight of raw materials and add them to the mixer
for pre-stirring. Add the stirred raw materials to the twin-
screw granulator for granulation. The processing parame-
ters of granulation are shown in Table 2. According to the
ratios of wood fiber addition to the total amount of HDPE,
wood fiber, and MAPE (0, 20, 50, and 80 %), each group of
specimens was named as WPEO, WPE2, WPE5, and WPES.

The extruded WPE particles were further crushed using
a grinder to obtain uniform particles. Using a metal mold
with a size 0f 150 x 200 x 14 mm and a shape of quadrate. The
same weight of HDPE and WPE particles were weighed and
placed in the mold. After covering the demolding paper and
the thermally conductive steel plate, they were treated at
180 °C for hot pressing. The pressure was applied at 1.2 MPa
for 8 min. During the hot-pressing process, release the
pressure 2-3 times for exhaust treatment to avoid material
defects caused by residual water vapor. Subsequently, the
mold was taken out and placed in a cold press until it was
cooled and shaped, followed by demolding treatment to
obtain a plate-shaped specimen with uniform thickness and
smooth surface. The preparation process and main detection
contents are shown in Figure 1.

2.3 Test methods
2.3.1 Sample density measurement

The WPE specimens with different formulations were cut
into 5 sample pieces with a size of 20 x 20 x 14 mm, and the
density of each group of specimens was measured by the
overflow method. The steps are as follows: (1) Weigh the
sample pieces using an electronic balance with an accuracy
0f 0.001 g. (2) Pour an appropriate amount of distilled water
into the measuring cylinder. (3) The sample pieces of each
group were immersed in distilled water in turn, and the
volume of the WPE sample pieces was converted according
to the change of the scale of the measuring cylinder. (4)
Calculate the density of each sample piece based on its vol-
ume and weight, and take the average value.

Table 1: WPE formula with different wood fiber contents (g).

No. HDPE WF MAPE PW
WPEOQ 1,000 0 0 0
WPE2 1,520 400 480 240
WPE5 920 1,000 480 240
WPE8 320 1,600 480 240
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Table 2: Processing temperature of WPE granulation.
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Temperature of different heating sections (°C)

Feeding speed (kg h™") Extrusion speed (rpm)

1 2 3 4 5 6 7

Nose

150 160 170 180 180 180 170

170 3 55

Hot-press

Mold

Wy

2.3.2 Determination of dynamic elastic modulus and
Poisson’s ratio

The dynamic elastic modulus and Poisson’s ratio of different
types of WPE materials were measured in a non-destructive
manner using a UMS-100 ultrasonic echo test system. The
measurement system applied a longitudinal wave to the
WPE material through the Teclab #L-5-3 (5 MHz) ultrasonic
transducer and applied a transverse wave to the WPE ma-
terial through the Teclab #L-5-3 (5 MHz) ultrasonic trans-
ducer, with five repeated samples in each group.
Subsequently, the data processing software UMSoft V5.0 was
used to determine the longitudinal and transverse wave
velocities inside the WPE material, while the elastic modulus
(Ep and Poisson’s ratio (vz) of the WPE material can be
calculated using formulas (1) and (2), respectively. By
measuring the longitudinal and transverse wave velocities
in the solid, the elastic modulus (E;) and Poisson’s ratio (v,;)
of the solid material can be obtained using the above equa-
tions. The specific calculation formula is as follows:

(3¢ - 4)pCs

Ed=W (1)
¢ -2

2

Va 2(QZ—1) ()

2.3.3 Test of dynamic fracture toughness

(1) Preparation of test pieces

150%200x14 mm

. 20% WF

\y,80% WF

V

Figure 1: Preparation process of WPE
specimens.

Different WPE materials were cut into 64 x 28 x 14 mm for
the test of dynamic fracture performance. A 1-mm blade was
used to cut a notch with a depth of 13-14 mm in the middle of
the specimen, and a 0.5-mm blade was further used to pro-
cess an initial notch with a depth of 1 mm at the top of the
gap. After spraying the surface of the test pieces with white
self-spraying paint, an oily black marking pen was used to
draw speckles on the surface of the test pieces, and the cross
of the speckles was strictly avoided during the drawing
process. The size and style of the specimen are shown in
Figure 2, which also depicts the coordinate system of the
crack tip for dynamic parameter determination and with a
25 x 25 mm’ dashed box representing the region of interest
(ROD).

(2) Experimental setup and program test

According to ASTMD7136-2005, the Instron CEAST 9350
testing machine was used to conduct low-speed drop
hammer impact on the test pieces, and five repeated samples
in each group. The diameters of the loading roll punch and
the backup roll were 8 mm and 4 mm respectively, and the
impact energy was set to 10 ], 20 J, and 30 J. There are random
speckle patterns on the surface of the specimen. The surface
deformation of the specimen during the fracture process
was captured by using high-speed imaging technology. As
shown in Figure 3, the surface of the specimen was illumi-
nated with a high-power flash lamp, and the deformation of
speckles during the whole fracture process was recorded by
the Photron Fastcam SA-Z high-speed camera. The whole
process from the impact head first contacting the surface of
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Figure 2: The pattern of dynamic fracture of the WPE specimens.

the specimen to the final damage of the specimen was
recorded at a speed of 100,000 frames per second. Other
specimens were tested while maintaining the same frame
frequency. The speckles of the un-deformed state, the
deformed state, and the subsequent deformed state are
paired and correlated in turn. Therefore, two displacement
components (i, v) on the specimen surface can be evaluated.

(3) Performance analysis of drop hammer impact test

By adjusting the loading weight of the Instron CEAST 9350
testing machine, dynamic fracture performance tests were
conducted on specimens with different impact strengths
(107], 207, 30]). Through the experimental data collector, the
data of impact energies, impact strengths, and impact dis-
placements of each group of specimens with the change of
impact fracture time were obtained.

(4) Evaluation of crack propagation rate and propagation
history

Impact machine

High-power
flash lamp

DE GRUYTER

The initial frame of crack generation was determined by
comparing the stress diagrams, and the stress diagram of the
whole process was selected at an interval of 10 frames (ten-
thousandths of a second), as shown in Figure 4. By using
Photoshop software, with the width of the specimen as the
reference value, it was determined that the image of the
time-varying stress field was consistent with the actual ratio
of sample size. The curve measurement tool in Photoshop
software is used to measure along the crack edge of the
specimen from the starting point to the crack tip, and the
corresponding statistics of the instantaneous propagation
history of cracks in each frame of the stress field images
were completed. Based on this data, the calculation of crack
propagation rate was completed. The real-time crack prop-
agation rate on the surface of WPE material (V) is:

L

V= 3
tii—t ®

(5) DIC analysis and evaluation

DIC, also known as Digital Speckle Correlation, is a non-
contact image measurement technology that applies com-
puter vision technology. The basic principle is to obtain the
displacement vector of the same pixel in the speckle image
before and after the deformation of the object surface by
tracking or matching the position information of the same
pixel, and then obtain the full field displacement of the
entire sample surface from place to place. The principle is
shown in Figure 5. Firstly, there needs to be a random
speckle pattern on the imaging surface of the sample block
under test, which can reflect the deformation. Then, during
the testing process, the speckle distribution on the surface of
the specimen after loading and deformation is recorded and
stored in a computer. Finally, the displacement field infor-
mation on the surface of the specimen is obtained using

Microcomputer

Record

High-speed

Figure 3: Dynamic fracture test process of WPE
camera

specimens.
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Figure 4: The propagation process of the crack tip of the initial notch on
the surface of the WPE specimens.

relevant mathematical algorithms using the Vic-2D 6 image
analysis software (Correlated Solutions, Inc., SC, USA).
Figure 6 is representative speckle images and stress field
images.

By performing the analysis of multi-point least squares
on the orthogonal displacement data of the crack tip
extracted from each photo, the real-time mode I and mode II
stress intensity factors (SIFs) of the material can be solved,
and the influence history of mode I and mode II SIFs of the
sample pieces during the entire dynamic fracture process
can be finally obtained. The asymptotic expression for the
control of the orthogonal displacement field (u, v) near the
crack tip of the initial notch in the sample pieces before
cracking can be expressed as:

Reference image

Deformed image

Figure 5: The reference speckle pattern and the deformed speckle
pattern of WPE specimens.
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Where, (0) is the real-time polar coordinates established at
the crack tip, kK and u are the in-plane stress and shear
modulus, p and 6 are the parameters of rigid body rotation,
Uox and vgy are the rigid body displacement along x-axis and
y-axis, respectively. In the main terms of equation (4), when
n=1, K? and K% respectively represent the mode I and mode
II dynamic stress intensity factors during the dynamic
fracture process of the WPE sample pieces. Once the crack
begins to propagate, the asymptotic expression for the con-
trol of the orthogonal displacement field (u,v) during the
stable propagation stage is:
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Figure 6: Stress field distribution diagram. (a) WPEO speckle and displacement field pattern; (b) WPE2 speckle and crack propagation pattern.
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In the equation, (x, y) is the Cartesian coordinate system
established for the real-time crack tip propagation. Simi-
larly, in the main terms of equation (5), whenn =1, K% and K
respectively represent the mode I and mode II dynamic SIFs
during the dynamic fracture process of the WPE sample
pieces.

2.3.4 Surface micro-topography

The sample is frozen with liquid nitrogen and rapidly brittle
fractured, and the sample pieces were fixed on the sample
stage with conductive adhesive for gold spraying. Then the
microstructure of the cross-section was observed using a FEI
Quantum 200 scanning electron microscope under an
accelerating voltage of 30 kV.

3 Results and discussion

3.1 Dynamic elastic modulus and Poisson’s
ratio

The density, number of transverse waves, number of longi-
tudinal waves, elastic modulus, and Poisson’s ratio of
different WPE materials were obtained by drainage method
and ultrasonic echo method (Table 3). Based on the above
data, according to Formulas (4) and (5), the mode I and mode
II SIFs of different WPE materials before and after the
propagation of the initial notch under 3P-END impact
loading conditions can be calculated by self-programming.

3.2 Analysis of dynamic impact performance

The force-time curves of WPE materials with different wood
fiber contents are shown in Figure 7 (al), (a2), and (a3). The
trend of force-time curves of WPE specimens with different
wood fiber contents is similar under the impact energies of
10, 20, and 30 J, and there are two stages of peak forces. As the
content of wood fiber increases, the occurrence of the initial
peak force gradually advances. At the maximum impact
energy of 30], the generation time of the initial peak force
tends to converge. However, the maximum peak force
reached by the WPE8 specimen at the earliest time under
three different impact energies indicates that the introduc-
tion of wood fiber effectively enhances the rigidity of the
WPE material. In the initial stage of the specimen’s impact
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Table 3: Performance parameters determined by ultrasonic echo method for WPE specimens with different wood fiber.

No. Maximum density p4 Longitudinal wave number Transverse wave number Elastic modulus E;  Poisson’s ratio

(kg/m3) C,(m/s) Cs(m/s) (GPa) Vg
WPEO 0.953 2,341 986 0.75 0.37
WPE2 0.885 2,154 872 0.53 0.34
WPE5 0.752 1,768 654 0.61 0.25
WPES8 0.767 1,234 487 0.67 0.28

fracture, the presence of more wood fiber has a better crack
suppression effect. As the impact strength increases, the
generation time of the second peak force of each group of
specimens approaches. Although WPEQ specimens generally
have higher peak forces under the three impact energies, it
can still be observed that as the wood fiber content increases,
the peak forces of WPE2, WPE5, and WPES8 gradually in-
crease. In addition, compared with WPEOQ specimens, WPE2,
WPES5, and WPES exhibit greater data fluctuations during
the impact fracture stage, which may be attributed to the fact
that the introduction of wood fiber breaks the uniform
structure of polyethylene materials. The random presence of
wood fiber produces varying degrees of crack suppression
during the fracture process of the specimen, which in turn
requires greater impact force to cause the fracture.

The energy-time curves of WPE with different wood fi-
ber contents are shown in Figure 7 (b1), (b2), and (b3). Under
different impact energies, the impact energy of WPE mate-
rials exhibits different characteristics with the increase of
wood fiber content. Taking the impact energy of 10] as an
example, the maximum energy of the WPEO specimen
reached 9.99] and stabilized after 7.71 ms. When the wood
fiber content reaches 80 %, its maximum impact energy is
1.96], which is only about 20 % of the maximum energy of the
WPEO specimen This peak has already been reached at
5.23 ms, which implies that the introduction of wood fiber
leads to a decrease in the toughness of WPE materials,
thereby absorbing the maximum destructive energy in a
shorter period. From Figure 6 (b2), it can be observed that
with the increase of wood fiber content, WPE materials
absorb greater impact energy at a similar time, indicating
that the introduction of wood fiber requires WPE materials
to absorb greater impact energy during impact fracture.
However, combined with the decreasing trend of impact
energy in Figure 6 (b3), it indicates that there is a threshold
for the energy absorption effect generated by the increase in
wood fiber content.

The displacement-time curves of WPE specimens with
different wood fiber contents are shown in Figure 7 (c1), (c2),
and (c3). From the figure, it can be seen that as the wood fiber
content increases, the impact displacement of WPE

specimens gradually decreases, and the displacement of
WPE specimens with 80 % wood fiber content is the least in
each group. The above data shows that as the wood fiber
content increases, the displacement generated by the frac-
ture gradually decreases, which may be because wood fiber,
as a rigid filler, increases the overall stiffness of WPE ma-
terials. When subjected to impact, WPE materials with high
wood fiber content respond more quickly due to their
increased stiffness, leading to their shortest displacement
length at failure in a relatively short period.

3.3 Analysis of crack propagation rate and
propagation history

The crack propagation rate of WPE materials with different
wood fiber contents is shown in Figure 8. From the figure, it
can be seen that under the impact energies of 107, 20], and
307, the introduction of wood fiber causes the peak value of
the initial notch propagation rate to appear earlier. The crack
propagation rates of the WPE2 group and the WPEO group
were similar under three different impact energies. By
observing the crack propagation rates of WPE2, WPE5 and
WPE8 under three different impact energies, it can be
observed that with the increase of wood fiber content, the
initial notch propagation rate shows an increasing trend.
When the fiber content was 80 % (WPE8), the maximum crack
propagation rate at the initial stage (0-10 frames) under three
different impact energies, which were 4.61, 10.49, and
6.64 mm/frame, respectively. Compared to the blank spec-
imen in the same group, the initial notch propagation rate was
26,153, and 16 times that of the WPEQ specimen. Polyethylene
resin, as an elastic body, has a certain impact space to with-
stand damage, and when the impact displacement continues
to deepen, it can produce a large bending displacement,
thereby delaying the occurrence of fracture failure. Although
the addition of wood fibers can retard crack propagation, it
simultaneously accelerates the internal stress transfer rate of
the composite system. Especially for composites with high
wood fiber content, the adverse effect of accelerated crack
propagation far outweighs the fiber-induced crack-blocking
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Figure 7: Displacement-time, energy-time, and displacement-time curves of WPE specimens with different wood fiber contents. (a1) (b1) (c1) Impact
energy of 10J; (a2) (b2) (c2) Impact energy of 20J; (a3) (b3) (c3) Impact energy of 30].

effect. This phenomenon arises from abundant weak inter-
facial layers formed between densely packed fibers at high
filler fractions, after stress is transmitted through the wood
fiber phase, cracks rapidly propagate along these weak inter-
fiber boundaries. Thus, when the specimen is subjected to
impact force, although the WPES8 specimen can withstand a
greater impact force during the initial notch propagation
stage, it also causes material defects, which easily leads to
stress concentration at the location where wood fiber ag-
glomerates, thereby increasing the initial notch propagation
rate. As the impact energy increases, the greater the impact
force causes specimens to generate stress response faster, and
the peak of crack propagation rate in each group of specimens
gradually advances.

The crack propagation history of WPE materials with
different wood fiber contents is shown in Figure 9. The initial
notch propagation length of WPEQ with an impact energy of
107] is 0.90 mm. When the wood fiber content increases, the
initial notch propagation lengths of WPE2 and WPE5 are
1.48 mm and 1.37 mm, respectively, which are similar to those

of pure polyethylene samples. However, the initial notch
propagation length of WPE8 specimens containing 80 % wood
fiber increased to 9.20 mm, which is much higher than other
samples. This phenomenon indicates that higher wood fiber
content increases the brittleness of the material, which is not
conducive to WPE materials for bearing instantaneous impact
force. The maximum crack propagation lengths of the WPE8
specimens were 18.17 mm (10 J), 15.33 mm (20 ]), and 17.52 mm
(30]), respectively, which were the highest values in each
group. Although WPES specimens have a higher initial notch
propagation rate and the shortest impact fracture time, they
have the longest crack propagation history. The presence of
fibers effectively prolongs the formation of cracks. When the
specimen fractures, it is obstructed by rigid wood fiber,
resulting in a longer crack propagation path. With the in-
crease in wood fiber content, it may lead to fiber aggregation,
Such fiber aggregation may form micro-defects in the mate-
rial, which can become the starting point of cracks under
stress, leading to an increase in the initial notch propagation
rate and propagation history.
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Figure 8: Crack propagation rate of WPE specimens with different wood fiber contents. (a) Impact energy of 10 J; (b) Impact energy of 20 J; (c) Impact

energy of 30).

3.4 Stress intensity factors analysis

The influence of mode I and mode II SIFs of WPE materials
with different wood fiber contents are shown in Figure 10. As
shown in Figure 10 (a1), (b1), and (c1), all specimens showed
an increasing trend in the mode I SIFs before the onset of the
propagation of initial notch (t-t; < 0) and after the onset of the
propagation of initial notch (¢t-t; > 0). The initial frame is
defined as the time when the initial notch begins to propa-
gate (t-t; = 0), and frames 0-10 belong to the initial stage.
Under the impact energy of 10 J, the influence factor of the
WPE8 specimen containing 80% wood fiber reached
2.32 MPa m" at the 10th frame, which is 4.7 times that of the
WPEO specimen. And reached a peak of 4.88 MPa m'? at the
50th frame, which is the maximum value within the group.
Based on the data in Figure 9, a higher mode I stress intensity
factor indicates an increase in crack propagation resistance.
However, a higher mode I stress intensity factor is correlated
with a longer crack propagation history, indicating that
although the introduction of 80 % wood fiber causes an in-
crease in material brittleness, it has a certain barrier effect
on the propagation of crack tips. As the impact energy in-
creases, the WPE specimens with wood fiber have higher

—a— WPEQ —e— WPE2

—a— WPES

mode I SIFs compared to the WPEOQ specimen, further indi-
cating that wood fiber can form a certain resistance at the
crack tip through rigid wood fiber during the process of
increasing impact capacity.

As shown in Figure 10 (a2), (b2), (c2), although there is a
small fluctuation in the values of the mode II SIFs compared
to the mode I SIFs, the average values of the SIFs for each
group corresponding to different impact energies are 0.047,
0.085, and 0.043 MPa m'?, respectively. The curve is flat. The
failure mode of WPE specimens is still dominated by a
cracking mode perpendicular to the stress direction. As the
amount of wood fiber added increases, each group of spec-
imens exhibits similar characteristics under different
impact energies, and the crack shear propagation mode
parallel to the stress direction can be ignored.

3.5 Microscopic morphology of fracture
surface
The morphology of the impact fracture surface of WPE ma-

terials with different wood fiber contents is shown in
Figure 11. Polyethylene is a kind of widely used

—vp— WPE 8
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Figure 9: Crack propagation history of WPE specimens with different wood fiber contents. (a) Impact energy of 10 J; (b) Impact energy of 20 J; (c) Impact

energy of 30).
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Figure 10: Influence of mode I and mode II SIFs of WPE specimens with different wood fiber contents. (a) Impact energy of 10 J; (b) Impact energy of 20 J;

(c) Impact energy of 30].

thermoplastic polymer. According to the scanning electron
microscope images, the fracture surface of PE exhibits
typical ductile fractures, characterized by irregular and
rough surface morphology, which indicates the plastic
deformation that the material undergoes before fracture
(Figure 11(a)). In addition, the appearance of filamentous
textures in some areas of the plastic matrix further confirms

Figure 11: The morphology of impact fracture
surface of WPE specimens with different wood
fiber contents. (a) WPEO; (b) WPE2; (c) WPES5;
(d) WPES.

the plastic deformation, which is caused by the propagation
of molecular chains.

The fracture surface of WPE2 specimens with 20 % wood
fiber was observed by scanning electron microscopy
(Figure 11(b)). The obvious pull-out phenomenon between
the PE matrix and wood fiber may be related to interfacial
compatibility. The interface between wood fiber and PE is
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bridged by MAPE, which can enhance the interfacial
bonding performance of the two materials. Nevertheless,
tiny voids and fiber-pull-out structures in certain areas can
still be observed, which may be related to the uneven dis-
tribution of interface modifiers.

From Figure 11(c), it can be seen that WPES specimens
with 50 % wood fiber exhibit obvious wood fiber particles,
displaying a denser distribution than WPE2. Although the
particle sizes of wood fiber in the two materials are similar,
the distance between wood fiber particles is smaller due to
the higher content of wood fiber in WPES5, increasing the
interface bonding area. Although both groups of materials
were added with the same amount of MAPE, WPES5 exhibited
more interfacial failure in certain areas than WPE2, which is
possibly due to the stress concentration caused by higher
wood fiber content. In addition, the shorter filamentous
texture of polyethylene can be observed in the WPES5 spec-
imen than in the WPEO specimen, which may be related to
the reduced plastic deformation ability of the material.

WPES specimens with 80 % wood fiber were observed
by scanning electron microscopy (Figure 11(d)), compared to
the other three groups of specimens, the fracture surface of
the WPES specimens exhibited more breakages and pores,
but no obvious filamentous texture of polyethylene formed
by tensile force was observed. This may be because the
addition of 80 % wood fiber increases the rigidity of WPE
materials, which are mostly brittle during impact fracture.
The fiber morphology that is not wrapped by polyethylene
resin can be seen locally, which is also prone to causing
cracks when the material is subjected to impact loads,
resulting in a higher crack propagation rate in the initial
stage of impact fracture.

4 Conclusions

This study conducted a detailed investigation into the dynamic

mechanical properties of wood fiber/high-density polyethylene

(WPE) composites and emphasized the significant role of wood

fiber content in shaping the impact performance, fracture

behavior and microstructure characteristics of the materials.

The conclusions are as follows:

(1) As the wood fiber content increases, the initial peak
force under impact loading shifts forward, indicating a
faster material response and greater initial stiffness
and the composite material transitions to be harder but
more brittle. This behavior was most obvious in the
WPES samples, the total impact fracture time of WPES
is the shortest, but the crack propagation process is the
longest. At 10 J, the crack propagation length of WPES is

L. Yuan et al.: Study on the fracture toughness of wood fiber —— 11

9.20 mm, which is much longer than that of other
specimens.

(2) The analysis of mode I stress intensity factors (SIFs)
shows that with the increase of impact energy, all WPE
composites exhibit rising mode I SIF values, and WPE8
reaching 2.32 MPam'? at 10] — 4.7 times higher than
WPEO, indicating that high-filled fibers make the
composite materials have a stronger ability to resist
crack propagation.

(3) Microstructure observations indicate that with
increasing wood fiber content, WPE composites tran-
sition from ductile, plastic deformation to rigid, brittle
deformation. Moreover, when the fiber content is
extremely high, the interfacial interaction is very poor
and shows the extreme bhrittleness of the composites.

This work characterized the mechanical damage of wood-
plastic composites (WPCs) via digital image correlation (DIC),
and several limitations of the present study should be clarified.
Limited loading conditions and fiber modification variables
were adopted in the experiments, only surface strain fields of
specimens were captured, without dynamic DIC observation
under practical service environments such as humidity, heat
and low temperature. Further research can expand multi-
condition coupling tests and combine microscopic character-
izations to supplement the damage mechanism.
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