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ABSTRACT

The design of biocomposite structures for outdoor applications should consider the influence of ultraviolet (UV)
irradiation on the mechanical performances to more accurately determine their durability characteristics and
prevent significant damage. Ultraviolet radiation causes the discoloration, surface roughness, mass loss, and
degradation of the mechanical properties of biocomposites. In this study, the flexural strength and low-velocity
impact response of polypropylene reinforced with short flax or pine fibers, which differed with respect to their
physical and chemical properties, were investigated. Flax fibers are twice the length of pine fibers, and exhibit
higher cellulose contents. Moreover, flax fibers have been demonstrated to increase the flexural strength and
impact resistance of biocomposites. However, under UV irradiation, pine fibers containing more lignin dampened
the degradation. Under photo-oxidative conditions, lignin is degraded to protect crystalline cellulose by acting as
a light-absorbing compound. Non-destructive techniques such as Fourier transform infrared spectroscopy (FTIR),
colorimetry, confocal imaging, acoustic emission, and CT scanning were therefore used to evaluate the effect of
UV radiation on the chemical properties, color change, surface roughness, bending behavior, and drop-impact

damage.

1. Introduction

Biocomposites, particularly short natural fiber-reinforced thermo-
plastic (SNFT) composites, have recently attracted significant industrial
interest, and are typically used in the automotive industry, packaging,
and construction sector [1,2]. The advantages of biocomposites include
the cost and properties such as low density, excellent mechanical
properties, and environmental friendliness [1,3]. However, it should be
noted that these biocomposites allow for the manufacture of parts with
complex shapes (gears, etc.) in a single injection molded element.
However, the sensitivity of natural fibers to the climatic environment
limits the use of biocomposites in exterior applications, as previously
reported [4-16].

Several researchers studied the durability of biocomposites by
considering the variations in climatic conditions in several regions of the
world, namely the tropical, Mediterranean, and continental regions
[17-20]. Biocomposites degrade under the effects of a combination of
environmental factors such as temperature, humidity, ultraviolet (UV)
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rays, and biological attack. In previous studies, laboratory
UV-weathering chambers were used to accelerate the degradation pro-
cess and predict the alteration of materials [6,7,16,21]. The advantage
of accelerated aging tests is related to their capacity to reproduce
(within several weeks) the degradation of biocomposites, which gener-
ally occurs outdoors over months or years. In addition, using accelerated
aging testers, the contribution of each factor (humidity, UV, etc.) to
degradation can be quantified. In particular, high temperatures and UV
irradiation generate photo-oxidation in biocomposites; thus causing
discoloration, increased surface roughness, mass loss, and a degradation
of the mechanical properties such as the tensile strength and Young’s
modulus. Extensive reviews of the literature on biocomposite aging have
been provided in [22,23].

The decrease in the SNFT performance under the effect of inclement
weather is largely due to the degradation of natural fibers [24]. How-
ever, the degradation of natural fibers is dependent on their chemical
and physical characteristics [25]. Peng et al. 2015 [16] studied the in-
fluence of the chemical composition of natural fibers (cellulose,
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Table 1
Chemical, geometrical, physical, and mechanical properties of natural fibers.
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Materials Chemical properties* Géometrical properties Physical and mechanical properties*
Cellulose (%) Hémicellulose(%) Lignin (%) [ (mm) d (pm) lyd p (g.cm™3) E (GPa) o (MPa)

Flax 68.7-75.5 12.2-14 2.1-4.7 1.9 + 0.02 27 +0.01 70.34 1.28-1.3 27-80 345-1830

Wood Pine 42 29 28 1.1 +0.02 32 4+ 0.01 34.47 1.2 9 730

1: Mean length; d: Mean width; 1/d: Aspect rtio; p : density; E: Young Modulus; o: Stress.

* [31-37]

hemicellulose, and lignin) on the accelerated deterioration of poly-
propylene SNFT reinforced with short wood fibers. It was reported that
the removal of lignin from natural fibers results in a relatively higher
stiffness and mechanical strength. However, under UV irradiation, cel-
lulose promoted the formation of microcracks on the surface of the
biocomposite samples, thus promoting the degradation of the mechan-
ical properties. This indicates that lignin can act as a degradation in-
hibitor. Similarly, Beg K. L. (2008) [6] studied the accelerated
weathering of bleached and unbleached PP /Kraft biocomposites.
Bleached Kraft fiber biocomposites (%lignin < 1%) exhibited increased
degradation in terms of the mechanical strength and impact resistance
due to the absence of lignin in the fiber structure. Moreover, Stark et al
2006 [26] reported that injection-molded Polypropylene/50% short
wood fibers biocomposites are more resistant to UV irradiation than
thermocompression-molded samples, as they exhibit a more significant
encapsulation of fibers by a matrix layer. In a more recent study, Rata-
nawilai and Taneerat [27] found that SNFT based on PP demonstrated
an improved weather resistance than SNFT based on low-density poly-
ethylene (LDPE), high-density polyethylene (HDPE), and polyvinyl
chloride (PVC).

In the abovementioned studies, the influence of natural fiber and its
chemical and physical structures on the aging of SNFT was determined;
and in most of these studies, the degradation of mechanical properties
was evaluated primarily based on quasi-static tests (traction and/or
bending), in addition to Izod tests. However, SNFT structures designed
for exterior applications are vulnerable to low-speed impact. Signifi-
cantly few studies were conducted on the low-speed impact of SNFT [28,
29]. As mentioned previously, the impact on SNFT at impact causes
damages (cracks and indentations), which are proportional to the
impact speed. Moreover, as reported, this damage can be attributed to
different fiber/matrix interactions; and therefore, to the SNFT damage
mechanisms. However, with reference to the literature, few studies
considered the influence of UV irradiation on the drop-weight impact
performance of short natural fiber-reinforced thermoplastic composites;
and in particular, the influence of lignin and its role in stabilizing the
impact performance after the UV irradiation of SNFT [30].

The aim of this study was to determine and evaluate the influence of
natural fibers, Whether rich or poor of the lignin content, on the me-
chanical properties and the impact behavior of UV-altered SNFT. Hence,
an injected polypropylene reinforced with 30% flax fibers or pine wood
fibers was evaluated in this study. The visual aspect (color and rough-
ness), chemical properties, and mechanical properties were monitored
throughout the alteration. The mechanical behavior was assessed based
on quasi-static bending and low-speed impact tests. Using an acoustic
emission (AE) technique, the damage was monitored in real-time during
the bending tests. The evolution of cracks during bending tests were
monitored using a charge-coupled device (CCD) camera, and the dam-
age induced by the drop-weight impact test was observed using three-
dimensional (3D) X-ray tomography.

2. Materials and methods
2.1. Samples and manufacturing method

The biocomposite grains PP30-F (polypropylene reinforced with
30% by the weight of flax fiber “FF30P233-00”) and PP/30P

(polypropylene reinforced with 30% by the weight of the pine fiber
“WP30P233-00") purchased from Rhetech, USA, were used in this study.
Natural fibers mainly consist of cellulose, hemicellulose, and lignin.
With reference to the literature, Table 1 presents the chemical compo-
sition of natural fibers and their géometrical, physical and mechanical
properties. Based on the data, it was found that pine fibers are rich in
lignin, and flax fibers low in lignin exhibit significantly high cellulose
and hemicellulose contents.

In accordance with the ASTM D-790 and ASTM D-2856 standards,
the bending and impact samples were injection-molded at a temperature
of 200 °C using an AlorAir Zeus ZTR 900 press with a capacity of 100 t
(Zhafir plastic machines distributed by Haitien; Zeres Series; ZE900/
210). Prior to injection, the granules were dried in an oven at a tem-
perature equivalent to T = 80°C for 2 h, to eliminate the humidity in the
fibers, and therefore reduce or prevent microvoids in the samples after
injection.

2.2. Accelerated aging test

Accelerated artificial aging was performed using a QUV/SE appa-
ratus from Q-Lab Co., USA, with UVA-340 fluorescent lamps (UV irra-
diance at a wavelength of 340 nm) for a total of 960 h. Each aging cycle
consisted of 8 h of dry UV exposure with an irradiance level of 1.55 W/
m? at 60°C. The changes in the surface color, roughness, surface
morphology, flexural properties, and drop-weight impact behavior of
the tested samples were evaluated after O h, 160 h, 320 h, 640 h, and
960 h.

2.3. The FTIR spectral measurements

Fourier transform infrared spectroscopy (Nicolet™ iS10 FTIR spec-
trometer) was used to study the surface chemical changes in the bio-
composites before and during accelerated weathering. The scans were
recorded with absorbance units of 650-4000 cm ™! at a resolution of 2
em™! to study the functional groups on the biocomposite surfaces. The
measured spectra allowed for the analysis of the functional group
modifications of the samples after UV aging.

2.4. Roughness measurements

The surface micro-topographies and roughness of the non-weathered
and weathered samples were measured using a 3D laser confocal mi-
croscope (Keyence, Canada). The measurements allowed for the evalu-
ation of the evolution of the sample roughness during the UV exposure
using the average roughness parameter Ra.

2.5. Color analysis

The color evaluation of the unaged and aged samples was performed.
The color was determined using a Nix Mini sensor according to the CIE
1976 system (L*, a*, b*); where L* (from O to 100) indicates a lightening
material, and a* and b* are the positions of the chromaticity on the axes
from -300 to +300, which are the green-to-red and blue-to-yellow axes,
respectively. Given that the L*, a*, and b* system is uniform, it allows for
the calculation of the color difference between the non-weathered and
weathered samples. The total color change (AE) was calculated in
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Fig. 1. Infrared spectra of unaltered and altered samples: (a) PP30-F and (b) PP30-P.
accordance with the ASTM D2244 standard using AE = using Micro-80 sensors (wideband, 100-1000 kHz), in which a silicone

VAL2 + al? + Ab2.

2.6. Three-point flexural test

Bending tests were performed using an Instron Model LM-U150
equipped with a 10 KN load cell, in accordance with the ASTM D790
standard [38] at a load speed of 1 mm/min. Three samples of each type
were tested to verify the repeatability of the results. The deformation
and strain were measured using a digital image correlation system
(LaVision Inc., Gottingen, Germany).

The damage Mechanisms were continuously monitored during the
bending test using an AE measurement system supplied by the Physical
Acoustics Corporation (MISTRAS, USA). The AE signals were obtained

adhesive was employed as a coupling agent between the transducer and
the specimen. To eliminate the background noise, the acoustic threshold
was set as 35 dB. It should be noted that the quality of AE data depends
on the AE wave parameters, namely, the peak definition time (PDT), hit
definition time (HDT), and hit lockout time (HLT). The parameters were
defined as PDT = 40 ps, HDT = 80 ps, and HLT = 200 ps. Before each
test, a pencil break test procedure was used to calibrate the acquisition
system and optimize the distance between the two sensors. The recorded
AE acoustic signals were classified with respect to the amplitude,
number of counts, duration, and frequency [3,38,39]. Based on the
K-means clustering algorithm, each group of acoustic events was
assigned to a damage mechanism.
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Fig. 3. Topography surfaces and roughness profiles of unaltered and altered PP30-F samples at 960 h.
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2.7. Drop-weight impact test

Impact tests were performed in accordance with the ASTM D5628
standard using an Instron CEAST 9350 machine equipped with a 22-KN
acquisition load cell. All samples were tested at a low impact energy of 2
J. We selected this low energy to study the influence on the material
during UV-accelerated weathering. To verify the repeatability of the
results, three samples were tested in each experiment, and the average of
the results was considered for interpretation. After the tests, the cracks
and damages in the impacted samples were measured using X-ray
tomography.

3. Results and discussion
3.1. Fourier transform infrared spectroscopy analysis

The FTIR spectra (600-2000 cm 1) of SNFT PP30/F and PP30,/P are
shown in Fig. 1. Spectral analysis revealed that the chemical structures

of both SNFTs did not change after aging, given that the same charac-
teristic bands typical of the original bands (unaltered SNFT) were

observed. Nevertheless, after ageing, peaks 1315 cm ™! and 1420 cm™!
attribute to (O-H in plane bending of cellulose and hemicellulose) as
well as peaks 1050 cm ™! and 1152 cm ™! attribute to (C2-O2H stretching
of cellulose and hemicellulose) and (C1-O- C4 antisymmetric stretching
of cellulose and hemicellulose) respectively increased as a function of
exposure time suggesting the appearance of cellulose and hemicellulose
in the photo-oxydation of biocomposites [40,41]. However, the
photo-oxidation of the composites under UV irradiation can be mainly
attributed to the carbonyl and carbon reactions of lignin, which corre-
spond to the peaks at 1640 cm 'and 1731 cm ™! [21,42]. Based on the
results, the intensity of both peaks at 1640 em™! (absorbed O-H and
conjugated C-O of lignin) and 1731 ecm™ (C=O stretching af acetyl or
carboxylic acid of lignin) in both SNFTs increased during aging. After
960 h of exposure, the intensity of the peaks at 1640 em™! and 1731
cm™! reached 40% and 125%, respectively, for PP30/F; and 128% and
275%, respectively, for PP30-P. These results suggest that pine fibers
(rich in lignin) undergo more photo-oxidation reactions under UV irra-
diation. The presence of such bands before aging in the two SNFTs was
due to the presence of carbonyl and carbon double bonds in cellulose,
and especially the lignin of natural fibers [42].
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Fig. 6. Bending test results for unaltered and altered samples (a) PP30-F, (b) PP30-P.

3.2. Color measurement

The results in Fig. 2 present the decoloration of PP30-F and PP30-P as
a function of the exposure time. The results revealed that the color
change AE of the two materials evolved significantly within the first 480
h of exposure, and slight changes were recorded until 960 h. Hence, the
change reached its maximum. These changes were attributed to a sig-
nificant increase in the luminosity parameter (L value). Quantities a and
b exhibited a small decrease for both materials (figure 2). An analysis of
the images in Fig. 2 d revealed that both materials exhibited significant
color changes. The two materials were photobleached and illuminated
after 960 h of UV exposure. The changes in the color of the bio-
composites are mainly due to the loss of the methoxyl content of the
lignin, the photo-dissociation of the carbon-carbon bonds and the for-
mation of carbonyl-based chromophore groups [23]. According to the

results the PP30-P are lighter, and they have a greater clarity L* in the
initial state (before aging), reflecting a color difference DE * lower than
PP30-F after ageing. This can be explained by the fact that the color of
the natural fiber reverts to the rate of quinone structures including an-
thraquinones, naphthoquinones, phenanthraquinones and benzoqui-
nones from lignin [43], and that Pine and Flax fibers has a different
lignin structure [44,45], therefore the color properties will be different
in the two natural fibres. It is known that lignin mainly consists of a
compound of three types of substituted phenols, which include:
p-hydroxyphenyl (H), vanillin (G), syringaldehyde (S)) [43]. In the case
of Pine fibres, the G unit represents more than 90% of its lignin structure
[45] while the Flax fibers contain 72% G unit, 13% H unit and 15%
S-unit [44]. After 960 h of exposure, the color changes reached 40.95%
and 31.31% for PP30-F and PP30-P, respectively.



K. Nasri et al.

Composites Part C: Open Access 9 (2022) 100296

(a) T T T T
—e— PP30-F
1 —=—PP30-P
1,0 J
- \.
=
(43 ]
‘I\.
0.9 *— \.\- 1
4 \.\= n
08 T T T T
0 200 400 600 800 1000
Time (h)
(c) T T ' T
—e— PP30-F
—a— PP30-P
1,0 4 .
L ]
&
w 09+ o
- l’.\.
B
o\. —
0.8 4 \.\ -
0.7 T T T L
0 200 400 600 800 1000
Time (h)

—e— PP30-F
—a— PP30-P
1,0 4
-
~
b= .\.ﬁ.-\
o 09+ \ el o
o\.
0.8 4 4
L)
\= =
0.7 T Ll T T
0 200 400 600 800 100
Time (h)

Fig. 7. Evolution of mechanical bending properties of PP30-F and PP30-P on normalized axes: (a) bending modulus (E,), (b) flexural strength (o3,), and (c)

deformation at failure (ep).

Table 2
Flexural properties of composites before and after 960 h weathering

Materials Conditions Flexural properties
Ey [Gpal o, [Mpa] ey [%]
PP30/F Unweathered 3.64 (4.94) 61.55 (2.85) 3.44 (0.29)
Weathered for 960 h 3.02 (2.98) 45.28 (2.38) 2.62 (0.76)
Difference [%] 17.03 26.43 23.83
PP30/P Unweathered 3.29 (2.43) 40.11 (2.79) 2.68 (0.75)
Weathered for 960 h 2.97 (3.70) 36.22 (2.78) 2.21 (0.45)
Difference [%] 9.72 9.70 17.53

Ep: Bending modulus; oy: Flexural strength; e;,: Deformation at failure.
Values in parentheses are standard deviations.

3.3. Roughness measurement

Figs. 3 and 4 present the micro-topographies of the samples during
aging. Before aging, both biocomposites exhibited defect-free and
smooth surfaces. After 960 h of exposure, micro cracks were observed.
The cracks were mainly due to the splitting of the chains of the PP matrix
[23]. However, the phenomenon was less significant for PP30-P (con-
tains more lignin) when compared with PP30-F, which can be attributed

to the antioxidant effect of lignin [23]. Moreover, the profiles of the
surface samples were indicated in the same figure.

The evolution of the average roughness of the PP30-F and PP30-P
samples as a function of the exposure time is presented in Fig. 5. An
analysis of the results revealed that the roughness increased as a func-
tion of the exposure time for both materials. The increase in roughness
can be attributed to the increase in the duration of exposure of the
biocomposites to UV irradiation, thus leading to photo-oxidation; in
addition to the scission of the polymer chain and surface microcracks
[21,42]. The appearance of these led to an increase in the roughness of
the biocomposites [23]. Moreover, PP30-P exhibited relatively fewer
rough surfaces, which may be due to the antioxidant effect of lignin. On
average, pine fibers contain more lignin than flax fibers by a factor of 10
(Table 1). After 960 h of exposure, the PP30-F exhibited an Ra of 17.86
um when compared with that of 9.07 um for PP30-P.

3.4. Bending test

Fig. 6 presents the stress—strain curves of all the PP30-F and PP30-P
samples. An analysis of the results revealed that the mechanical
behavior of SNFT occurred in two phases: elastic linear behavior fol-
lowed by a nonlinear part (plastic deformation and damage) until the
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Fig. 8. (a) Correlation between the stress-strain curves and the normalized acoustic emission energy, and b) correlation between the stress-strain curves and the
evolution of the normalized crack length in the bending tests of the unaltered PP30-F and PP30 -P biocomposites.

fracture of the material. A decrease in mechanical properties was
recorded for the altered specimens. This decrease can be attributed to
the appearance of surface anomalies (microcracks), which amplified the
local stresses thereby reducing the mechanical resistance of the material.

Figure 7 presents the degradation of the mechanical properties in
bending: stiffness, mechanical resistance, and strain at break (g},) of the
PP30-F and PP30-P biocomposites as a function of the exposure time to
UV radiation. Before aging, PP30-F exhibited a Young’s modulus, me-
chanical strength, and strain at break greater than those of PP30-P by

15%, 20%, and 5%, respectively. This suggests that fibers containing
more cellulose and hemicellulose (flax) impart superior mechanical
properties. Moreover, the difference can be attributed to the L/D ratio,
in that fibers have a ratio twice as large as that of pine fibers, as shown in
Table 1. As is common knowledge, a large aspect ratio yields an
improved fiber adhesion matrix, thus reflecting the excellent mechanical
properties of biocomposites [46]. When the samples were exposed to UV
radiation, all properties of both biocomposites were degraded due to
surface oxidation, changes in matrix crystallinity, and interfacial
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Fig. 9. . Correlation between the stress-strain curves and the normalized AE energy, and correlation between the stress-strain curves and the evolution of the
normalized crack length of the bending tests, respectively, for (a) PP30-F altered at 320 h; (b) PP30-P altered at 320 h; (c) PP30-F altered at 960 h; and (d) PP30-P

altered at 960 h.
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Fig. 10. . The SEM images of the surfaces of the unweathered and weathered samples at 320 h and at 960 h.
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Fig. 11. Load-time response of altered and unaltered biocomposites: (a) PP30-F and (b) PP30-P.

degradation [47]. The mechanical properties of both biocomposites
were degraded, with a significant decrease in the first 480 h, followed by
a slight decrease after 960 h of exposure. In particular, the rate of
decrease in PP30-F was greater; thus, it was more sensitive than PP30-P.
This can be attributed to the antioxidant effects of lignin. Peng et al [16]
noted that lignin induced a smaller decrease in the flexural strength and
Young’s modulus of SNFT.

The mechanical bending properties of the unaltered and altered
biocomposites at 960 h and the percentage loss of each property are
listed in Table 2. The results revealed the high reproducibility of the
measurements with a low standard deviation. Before aging, the PP30-F
samples exhibited relatively superior properties (E, = 3.64 GPa, o =
61.55 Mpa, ¢, = 3.44%) to those of PP30-P (E;, = 3.29 Gpa, o, = 40.11
Mpa, &, = 2.68%). However, they underwent more degradation after
960 h of exposure, with a significant decrease of 17.03% in Ey, 26.43%
in op, and 23.83% in &p; whereas, those of PP30-P decreased by 9.72%,
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9.70%, and 17.53%, respectively.

The cumulative AE energy and crack propagation were recorded
using two acoustic sensors and a digital image correlation system,
respectively, to investigate the damage evolution and its contribution to
the behavior of the biocomposites. The crack evolution during the test is
shown in Figs. 8 and 9. Before aging, during flexure, the stress-strain
curves of the two materials exhibited a linear region, in which no AE
activity or crack propagation was recorded. The slopes of the stress—
strain curves of PP30-F and PP30-P then decreased from 0.65% and
0.72%, respectively. The first acoustic emission burst was then detected,
and the AE energy increased slightly until strains of 2.7% and 2.25%
were reached for PP30-F and PP30-P, respectively, thus indicating
damage and plastic deformation until the maximum flexure strength
point. Finally, the stress-strain curves decreased rapidly, and the AE
energy curve was exponential, thus indicating the propagation of mac-
rocracks prior to the final failure.
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Similar to the results obtained for the unweathered samples, the
weathered PP30-P sample at 320 h exhibited a linear region, followed by
a non-linear region, and then a rupture phase (crack propagation).
However, the second phase was within the strain range of 0.6-1.8%.
This discrepancy can be attributed to the presence of superficial
microcracks in the biocomposites due to photo-oxidation, which led to
indications of damage when compared with the unaged samples. Fig. 10
presents the scanning electron microscopy (SEM) images, which allows
for the visualization of the surface states of the samples before the
bending test.

However, when PP30-F was exposed for 320 h, PP30-P and PP30-F
exposed for 960 h exhibited different results to those obtained previ-
ously, in that the behavior of the materials was first linearly elastic.
However, the AE energy increased from the start of loading, thus sug-
gesting that indications of damage were recorded. This can be attributed
to the increase in size of the superficial microcracks (Fig. 10), which
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then propagated under the influence of weak mechanical stresses. This
propagation of superficial microcracks led to the recording of the in-
dications of damage during the linear phase. Thereafter, the slopes of the
stress—strain curves decreased in parallel, and those of the AE energy
curves increased slightly, thus indicating the start of the second visco-
elastic phase. The second phase extended to 2.4%, 1.9%, and 2.6%
deformation for PP30-F altered at 320 h, PP30-F altered at 960 h, and
PP30-P altered at 960 h, respectively. Finally, a downward shift in the
stress—strain curves corresponded to an exponential increase in the AE
energy. Similarly, the crack-strain curve increased exponentially, thus
indicating the total rupture of the specimens.

3.5. Drop-weight impact test

Fig. 11 a a and b present the force-time responses of the PP30-F and
PP30-P biocomposites (altered and unaltered). The responses of all the
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Fig. 13. Impact property evolution of PP30-F and PP30-P (unaltered and altered samples).
Table 3 biocomposites during impact loading. The first drop in the curves cor-
able . . . responds to the critical load F. and indicates the start of material dam-
Impact properties of composites before and after weathering for 960 h. age. Moreover, the variation and increase in energy beyond this point
. >
Materials  Conditions Fo [N]  Fmax Dmax  Eap T [s] was due to the initiation and propagation of microcracks in the bio-
(N {mm] 5L composites [28,29]. These microcracks decreased the rigidity and
P 30/F Unweathered ~ 450.31 ~ 903.78 376 0.51 15.82 strengths of the materials. In addition, there was a significant drop in
Weathered (310’;?;)5 ;1831.52)5 5‘2'7%2) 5)15966) ;332927) load, which coincided with the maximum force in the force-time curves
eathere: 5 . ) 5 . .
for 960 h 2.76) (1.64) a70)  (1.04) (275 from 320 h and 640 h of exposure for PP30-F and PP30-P, respectively.
Difference 32.77 13.34 25 88.24  51.52 In general, this decrease corresponds to an accumulation of cracks, or
[%] significant loss in the mechanical resistance of the material [29].
PP30/P Unweathered ~ 418.01 80244  4.20 062  17.14 Furthermore, the response time increased as a function of the exposure
a.11) (1.57) 636) (161) (245 time for both materials
Weathered 375.38  757.11  4.36 0.74 21.23 . - ) . .
for 960 h (2.56) (2.07) (275  (1.35)  (3.25) During the testing of all the samples, the striker rebounded with the
Difference 10.19 5.64 3.8 19.35  23.86 elastic energy stored in the samples. This indicates that the impact

[%]

F.: critical load; Fpay : maximum load; D: maximum displacement; E,,: absorbed
energy; T: time.
Values in parentheses are standard deviations.

samples were bell-shaped. In addition, they exhibited significant load
drops, followed by high-amplitude oscillations. These correspond to the
damage mechanisms of both biocomposites. The oscillations increased
with an increase in the exposure of both materials to UV radiation. This
is because the weathered biocomposites exhibited superficial micro-
cracks (Fig. 10). These microcracks caused more damage to the
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behavior of the samples was not perforation. The energy absorbed by the
samples can be calculated as the area between the loading and
unloading parts of the force-displacement curve. The force—displace-
ment curves of Biocomposites PP30-F and PP30-P (altered and unal-
tered) are presented in Figs. 12-a and b. With respect to the data, the
area between the loading and unloading parts increased slightly as a
function of the exposure time in both biocomposites. This indicated that
the material absorbed more energy. Similarly, the maximum displace-
ment increased as a function of the exposure time for both materials.
Fig. 13 shows the evolution of the impact properties of PP30-F and
PP30-P as functions of the exposure time. The analysis of the results
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Table 4
Percentage of voids in impacted PP30-F and PP30-P samples.

Samples Damage (%)

Non weathered 160 h 320h 640 h 960 h
PP30-F 8.26 % 9,11 % 15,34 % 16,89 % 18,38 %
PP30-P 7.41 % 7,98 % 12,27 % 14,52 % 15,14 %

revealed that, for both materials, the critical force and maximum force
decreased in accordance with an increase in the exposure time, in par-
allel; and the deformation and absorbed energy increased. This was
similar to the results obtained from the bending tests (Fig. 7). Compared
with PP30-P, the degradation rate of PP30-F was higher, especially
within 480 h of exposure. This can be primarily attributed to the surface
conditions of the samples, in which PP30-F exhibited more significant
surface damage, as previously mentioned (Fig. 10).

Table 3 lists the impact properties (F¢, Fnax, Dmax, and Epay) of the
unweathered and weathered biocomposites at 960 h, in addition to the
percentage decrease in each property. The results exhibited a high
reproducibility of the measurements with a low standard deviation.
Before alteration, when compared with PP30-P, PP30-F exhibited the
maximum resistance and a greater critical force. However, the PP30-F
samples were relatively less deformable and absorbed less energy. In
particular, F. = 450 N, Fy;x = 900 N, Doy = 5 mm, and Eaps = 0.5 J
were obtained for PP30-F; and F. = 420 N, Fyax = 850 N, Dppax = 6 mm,
and E,ps = 0.64 J for PP30-P. The difference in properties between the
two biocomposites can be primarily attributed to the difference in the
chemical and physical properties of each fiber (Table 1). After 960 h of
exposure, PP30-F exhibited greater degradation than PP30-P. The
degradation of PP30-F was 33% of F¢, 13% of Fyx, 25% of Dpax, and
52% of E,ps; which respectively corresponded to 10%, 5%, 4%, and 24%
for PP30-P.

The damage induced by the impact of the unweathered and weath-
ered biocomposites at 320 h and 960 h are presented in Figs. 14 and 15,
respectively. The cracks exhibited X shapes at the centers of the speci-
mens; or were occasionally random, as in the case of the samples altered
at 960 h, due to the heterogeneous nature of the biocomposites. The
sizes of the cracks increased in accordance with an increase in exposure
time for both materials. Moreover, the cracks were surrounded by
microcracks. This may be due to the vacuums within the samples.
However, in the case of the aged samples, the numbers and sizes of
microcracks become important. This may be due to the increase in the
sizes of the superficial cracks due to aging in accordance with an in-
crease in the exposure time, thus leading to microcrack propagation
under impact action. An increased number of voids was therefore
observed.

Table 4 presents the void percentages of all impacted samples. Based
on the data, the void ratio increased as a function of the exposure time
for both materials. Moreover, irrespective of the exposure time, the
PP30-F samples exhibited more voids than the PP30-P samples. This
indicates that PP30-F was more damaged.

4. Conclusions

In this study, two types of natural fibers, namely, flax fibers and pine
fibers, which are used as reinforcements for a polypropylene-based
composite, were compared in terms of durability under UV irradia-
tion. Changes in the chemical structure, color, roughness, and me-
chanical properties of the biocomposites under UV irradiation were
evaluated using FTIR, colorimetry, and confocal laser imaging; in
addition to bending and drop-weight impact tests. The damage behavior
was tracked during the bending tests using the AE technique, and the
damage due to the impact was evaluated using computerized tomogra-
phy (CT) scan measurements.

It appears from the analysis of the results that lignin promotes photo-
oxidation reactions in biocomposites, in which more photo-oxidation
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reaction was recorded by PP30-P samples than by PP30-F. since Pine
fiber contains more lignin in its chemical structure. Otherwise, the color
of the two biocomposites turns almost white after 960 hours of exposure
after they were dark. Indeed, PP30-F exhibited a relatively large color
change due to the difference in the chemical composition of the lignin in
the two fibers. In addition, the antioxidant effect of lignin dampened the
propagation of surface cracks in PP30-P. This damping reflects PP30-P
specimens with relatively less rough surfaces.

Bending tests revealed that flax fibers contain more cellulose in their
chemical structure and exhibit a relatively larger geometric ratio
(almost twice that of pine fibers) resulting in stiffer and stronger com-
posites. However, after aging, PP reinforced with pine fiber exhibited a
relatively lower degradation rate. Since PP 30-P has fewer surface cracks
than PP30-F and therefore less stress concentration. Otherwise, the AE
analysis revealed that the decrease of the mechanical properties of the
composites under UV irradiation is mainly related to the number and
sizes of surface cracks.

Otherwise, the results of the impact tests confirmed the results ob-
tained from the bending tests in terms of the resistance. Before aging,
PP30-F had a relatively higher impact resistance; however, after aging,
more degradation was observed. In the case of both materials, the crack
undergoing impact increased in accordance with an increase in the
exposure time, during which the propagation was more critical in PP30-
F. This is because PP30-F exhibited more superficial cracks, thus crack
propagation occurred more readily under impact loading. In addition,
the study confirms that UV irradiation and damage mechanisms are
highly material dependent.
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