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Abstract: This work aims at studying the effect of hygrothermal and UV cyclic
aging on the tensile properties and esthetic characteristics of non-woven
composites. The composite materials were thermo-compressed from non-woven
mats made up of PP and flax or kenaf fibers. This works included evaluating the
change in color appearance and analyzing the variations in tensile properties and
damage mechanisms, depending on the aging time. The presence of the UV
protection film on the composite surface showed its effectiveness against aging.
From visual observations and measurement of colorimetric parameters, it has
been proved effective in the reduction of the bleaching and yellowing of the
composites. As regards the tensile tests, the UV protection film enabled to
stabilize the Young’s modulus after 1-week aging for Kenaf/PP and after 3-
weeks for Flax/PP. After 4-weeks aging, it halved the number of acoustic
emission events related to interfacial decohesion and fiber slippage/pull out for
Flax/PP and Kenaf/PP composites.
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1 Introduction

Among composite materials based on renewable resources, non-woven biocomposites are becoming
more and more attractive for the automotive industry. This increased attractiveness lies in their ability to
combine acoustic absorption, lightweight, mechanical performance and acceptable processing time [1].
Natural-fiber and polypropylene (PP) composites in particular are increasingly used mainly to equip
vehicle interior parts. These biocomposites are most frequently commingled (mixing natural fibers and
PP), non-woven, manufactured and shaped by compression molding. They allow complex parts to be
manufactured without performing the reinforcement prior to molding. It is simply necessary to produce
upstream non-woven mats through a carding/cross-lapping/needle-punching process, reducing
manufacturing costs compared to woven composites for example. Non-woven composites based on
natural fibers such as flax, hemp, jute, kenaf, have the advantage of combining interesting mechanical and
acoustic properties, which can be achieved by the control of their porosity ratio through the compression
rate [2]. Indeed, they have acoustic absorption properties that can be used as noise-reducing components
in automobiles [3]. The current trend is to remove the aesthetic coatings used today to keep a natural
appearance by letting appear natural fibers. This raises the problem of their behavior over time in a
sometimes aggressive environment. The lack of knowledge about durability is one of the main barriers to
the development of the use of natural fibers-based reinforcement for composite applications. The
exposure to moisture, ultra-violet (UV) radiation and temperature, and mainly a combination of these
aging processes may degrade the properties of natural-fiber reinforced PP composites. Several studies
investigated the influence of these aging types on their mechanical and visual aspect properties [4-14]. In
a work of Yan et al. [4], the combined effect of UV radiation and water spraying UV caused color fading
and loss in stiffness and strength of flax/epoxy composites. Several works by a Brazilian team [5-7] have
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studied the effect of aging (UV, water condensation and temperature) on PP and high-density
polyethylene (HDPE) matrices reinforced with cellulosic fibers by demonstrating the impact of the lignin
content of the fibers. Lignin, which has an antioxidant role, increases the stability of biocomposites in the
face of aging. According to Peng et al. [10], the color fading of wood flour (WF) and PP composites was
attributed to photodegradation or photobleaching of lignin in the WF. The photo-oxidation of lignin could
cause discoloration of samples altered by accelerated weathering. This color change became more
significant with the increasing of natural-fiber content in the composite, as shown a study of Butylina et al.
[12]. Badji et al. [14] studied the influence of weathering on visual and surface aspect of wood plastic
composites. Analyses of surface microstructure and colorimetry revealed that aging induced a surface
bleaching, a wood particle protrusion and numerous microcracks.

The degradation mechanisms of PP promoted by UV-accelerated aging also have an impact on the
properties of aged biocomposites. Beg and Pickering [15] studied the aging (moisture/UV) of PP matrices
and specified that the photodegradation of PP was mainly due to photo-oxidation, particularly
concentrated near the surface and in the amorphous parts of the polymer which are more permeable. The
color of the matrix has a great importance on the aging of composites. Many studies on the subject have
shown the impact of pigments on the color change of the parts produced. For example, Du et al. [16]
studied the effects of different color pigments on the durability of WE/HDPE composites evaluated by
UV-accelerated weathering tests. All samples showed significant fading and color changes in exposed
areas. In particular, the addition of carbon black had the greatest protective effect among all the pigments,
showing the least fading. The authors suggested the black pigment might shield more UV-light or screen
from composite lightening than the other color pigments. Pigments can protect the matrix of WF/HDPE
composites from UV degradation to a certain extent, and carbon black was more effective than the other
pigments. However, pigment did not prevent lignin degradation in the WF/HDPE composites since lignin
is very sensitive to UV light. Note that Butylina et al. [12] have found similar results on PP/wood
biocomposites: increased aging stability with dark pigments (grey and brown) and influence of lignin on
chemical changes caused by UV radiation.

Despite these works on weathering of natural-fiber composites, most of it focused on WF composites.
In addition, few works to the best of our knowledge addressed an in-depth analysis of the damage
mechanisms caused both by cyclic aging due to UV radiation and water condensation and by tensile
loading. This is why this study focused on an aging combined with UV, water condensation and
temperature of plant-fiber composites. The aim was to study the effect of hygrothermal and UV cyclic
aging on the esthetic characteristics, the tensile properties and the damage mechanisms of non-woven
composites. The composites were manufactured by thermo-compression from non-woven mats made up
of PP and flax or kenaf fibers. The tensile tests were monitored using the acoustic emission (AE)
technique to identify the different damage mechanisms of these unaged or aged composites. This was
conducted using an unsupervised method based on multivariable statistical analysis. This works included
evaluating the change in color appearance and analyzing the changes in tensile properties and damage
mechanisms, depending on the aging time. The presence or no of an UV protection film on the composite
surface was particularly investigated.

2 Materials and Methods
2.1 Materials and Manufacturing Process

Two different non-woven composites, named Flax/PP and Kenaf/PP, were performed by combining
black PP with flax fibers and natural PP (without coloring) with kenaf fibers, respectively. All fibers, 8-10
mm long, were chosen because they were widely used in automotive industry [17]. The black PP was
composed of natural PP to which 0.5% of carbon black was added. Industrial commingled non-wovens
were manufactured by EcoTechnilin® SAS (Valliquerville, France) at a fiber matrix ratio of 50%-wt
according to the carding/over-lapping/needle punching technology [18]. The non-woven composites,
whose specifications are reported in Tab. 1, were thermo-compressed from 5 plies of 300 g/m? non-woven,
with same processing parameters. During thermo-compression manufacturing of composite, a transparent
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UV protection film (180 g/m? weight and = 60 um thick) was added or no on the upper side of the 5-ply
multilayer (defined by wF: without Film or F: with Film).

Table 1: Weight, thickness and fiber volume content of non-woven composites

Composite Presence of UV Areal weight Thickness  Fiber content vr
designation protection film  (g/m?) (mm) (Vol.%)
Flax/PP-wF No 1500 1.48+£0.05 383
Flax/PP-F Yes 1500/180 1.54+£0.05 383
Kenaf/PP-wF No 1500 1.56 £0.07 423
Kenaf/PP-F Yes 1500/180 1.62+0.03 423

2.2 Aging Tests

The artificial aging was conducted in a QUV test chamber (Q-Lab Corporation, Westlake, Ohio,
USA) equipped with UVB-313 lamps (280-315 nm) in order to simulate degradations caused by sunlight,
rain and water condensation [19]. Each cycle consists of 4h condensation (relative humidity close to
100%) at 50°C without UV and then 8h UV exposure at 70°C without condensation. This cycle was
chosen to continuously age test pieces in an aggressive environment, according to cycle 6 of ISO 4892-3
standard [20].

2.3 Colorimetric Tests

For different aging periods (from O to 4 weeks), the colorimetric parameters were measured with a
Minolta CR300 chroma meter, from the 3 coordinates L*, a*, b* of the CieLab color space, generating a
quantitative description of color, as described in [21]. The luminance L* is characteristic of the relative
brightness from total black (0) to pure white (100). The parameter a* give the range from red (-100) to
green (+ 100) and b* from blue (-100) to yellow (+ 100). AL* = L*-Lo*, Aa* = a*-ap* and Ab* = b*-bp*
(L¢*, ai* and b/* are the coordinates of the specimen aged for a time ¢ and Lo*, ag* and by* the coordinates of
unaged specimen) are calculated to assess the evolution between the initial state and the state after cyclic
aging. The total color difference (AE*) between the aged and unaged specimen were obtained using the
relation AE* = [(AL*)*+ (Aa*)*+ (Ab*)?]'2, in CieLab units. The instrument was calibrated using a standard
white plate provided by the manufacturer, before measurements at the specimen center were done.

2.4 Tensile Tests

The tensile tests were conducted on an Instron 3382 universal machine, following the ISO 527-4
standard [22]. The width and length of the specimen were 25 and 250 mm, respectively. All tests were
performed at room temperature with a 2 mm/min crosshead speed and a 5 kN static load cell. To ensure
that breaks would occur in the middle of the specimen, glass/epoxy composite tabs were bonded at the
ends of each specimen. Axial clip-on extensometer was used to measure the longitudinal strains, with a
measurement range of 25 mm. For each composite, five tests were carried out. The average value and the
standard deviation were then reported.

2.5 Acoustic Emission
AE was continuously monitored during the tensile tests to obtain information about damage
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evolution. AE measurements were conducted using two channels data acquisition system (Mistras Group),
with sampling rate 5 MHz and a 40 dB pre-amplification. AE signals were achieved by two resonant
Micro-80 piezoelectric sensors with a frequency range of 100 kHz-1 MHz and a resonance peak of around
300 kHz. The sensors were placed on the surface of the tensile specimen at both ends and a spacing of
87 mm. To provide a good acoustic coupling, a silicone grease was employed as a coupling agent
between the sensors and the sample surface. The AE signals obtained during tensile tests on the studied
specimens were analyzed by considering a statistical multi-variable analysis using Noesis Software, as
detailed in [23].

3 Results and Discussion
3.1 Colorimetric Parameters

Fig. 1 shows the change in appearance of the two non-filmed composites without aging and after 1, 2,
3 and 4-weeks aging. One can note that colors are darker on Flax/PP-wF than Kenaf/PP-wF, due to the
matrix color (black for Flax/PP and natural for Kenaf/PP). The more the aging time increases, the more
the flax fibers become increasingly visible. In addition, the black color of the PP matrix lightens and
becomes gray or white near the apparent fibers on the surface. The color of Kenaf/PP-wF lightens in the
first two aging weeks reaching light beige and darks in the next two aging weeks reaching deep beige.
Note that the kenaf fibers are more visible and deposition of white chalky material is observed on the
surface of both non-filmed composites after aging. This is found in larger quantity as the aging time
increases. These white powders must be produced during the degradation of the polymer due to the UV
rays converting it as a powdery material on the surface. The PP degraded layer with a chalky appearance
was reported in previous works on the degradability of polymeric composites based on natural fibers [8,
15]. The same phenomenon was detected, for example, in works on combined moisture/UV weathering of
wood fiber reinforced PP composites [15].

From visual observations, the filmed samples practically do not change color with aging and do not
show powders or flours on their surface. The presence of the UV protection film shows visually its
effectiveness against the aging.

(b)

Figure 1: Pictures of the specimen surfaces for aging periods from 0 to 4 weeks, for non-filmed Flax/PP
(a) and non-filmed Kenaf/PP (b) composites

To quantitatively assess the color changes due to the aging, the colorimetric parameters were
measured at the center of each specimen in the Cielab system [21], which has the properties of a
Euclidean space. Indeed, the distance between two color points, one measured on the unaged specimen
and the other on the aged specimen, represents their colorimetric difference (AE*) and is calculated from
the changes of its Cartesian components, AL*, Aa* and Ab*. Fig. 2 shows the changes of the parameters
L*, a* b* and E* according to the aging times, from 0 to 4 weeks. The results show that these parameters
of filmed and non-filmed Flax/PP follow the same evolution during aging. After 4-weeks aging, Flax/PP
tend to be very slightly less red (Aa* = -2) and more yellow (Ab* = 2), and the UV protection film has
almost no effect on these changes. In contrast, it reduces the impact of aging on the bleaching (AL*~ 4 vs.
12 without film, after 4 weeks) and therefore on the color change £E* (-7 points). The changes in AE* for
all composites were closed to the changes in AL*, as mentioned in former studies [10]. The finding is
similar for Kenaf/PP since the film reduces L* and E* by 8 and 9 points respectively. Note that the
Kenaf/PP photobleaching was faster than the Flax/PP one. This can be explained by two hypotheses: 1)
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by the nature of the matrix, the black PP matrix containing carbon black absorbs UV radiation more easily
at the wavelengths of the study and 2) by the chemical composition of fibers, in particular the cellulose
and lignin contents (71 and 2.2 wt%, respectively for flax; 45-57 and 8-13 wt%, respectively for kenaf
[24]). Indeed, lignin-based composites showed higher AL* values than the cellulose-based composites
one, suggesting that photobleaching of lignin was easier and faster than cellulose [10]. Furthermore,
another difference with Flax/PP is in the evolution of Ab* increasing by 7 points for the Kenaf/PP-wF
after 4-weeks aging. Again, the sensitivity of lignin to light leads to photochemical reactions of lignin,
which are responsible for most of the color change, in particular of the yellowing [12]. In conclusion, the
presence of the UV protection film showed its effectiveness against the aging, both with visual
observations and colorimetric parameters. It has been proved effective in the reduction of the bleaching
and yellowing of the composites.
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Figure 2: Changes of (a) luminance L* (b) parameter a*, (c) parameter b* and (d) color E* of the
composites, as a function of aging times

3.2 Mechanical Behavior
3.2.1 Influence of the Tensile Direction

Initial tensile tests were performed in both perpendicular directions of the non-woven plate, first in
the Machine Direction (MD) and second in the Cross-machine Direction (CD). Fig. 3 reports results of
Young’s modulus and tensile strength for the unaged composites. One can notice that values of Young’s
modulus in the CD are higher than those in the MD, for both non-filmed and filmed composites. This
difference in both directions is related to the anisotropy of the non-woven in its dry form, as shown a
recent study of Gnaba et al. [25]. This is mainly due to the manufacturing process which orientates the
fibers in the CD and to the anisotropy of the kenaf and flax fibers [26,27]. This difference is also noted
for the tensile strength of Kenaf/PP and it is not as pronounced for Flax/PP. The fiber morphology
(straight, ramified...) has certainly important impacts on the capacity of the carding machine to orientate
the fibers. Thereafter, only results in the CD are reported in the next sections.
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Figure 3: Young’s modulus (a) and tensile strength (b) of the unaged composites, in the MD and CD

3.2.2 Influence of UV Aging

Initial aging tests mainly focused on UV aging and the Flax/PP-wF was exposed to 265 h of UV light
at 70°C. Results show that the Young’s modulus increase (+ 22%) whereas the tensile strength varies only
slightly (+ 4%). The stiffening of the composite is explained by changes in the polymer matrix due to UV
radiation. In the first few hundred hours of exposure, chain scission in the PP matrix occurs, and shorter
chains have higher mobility, making it easier to reorganize. It results in an increase in crystallinity and
thus in modulus, as explained in previous works [11,28].

3.2.3 Influence of Hygrothermal and UV Cyclic Aging

Figs. 4 and 5 present the values of Young’s modulus and tensile strength, at different aging times (1,
2, 3 and 4-weeks aging). The UV protection film slightly reduces the both properties for the unaged
composites but reduces the impact of aging. From 2-weeks aging, the modulus of the filmed samples
become superior to the modulus of the non-filmed samples and more significantly for Kenaf/PP. The film
associated with a lower porosity ratio is particularly effective over time for Kenaf/PP. After a decrease in
modulus, this one is stabilizing after the 1st-week aging. For the Flax/PP-F, the modulus stabilizes only
after 3-weeks aging but is more degraded by the aging. This difference between Flax/PP and Kenaf/PP
can be attributed to 1) the influence of the matrix color and 2) the high hydrophilicity of the chemical
compositions of both flax and kenaf fibers. Indeed, the UV light and water spraying cycles had negative
effect on the main contents of plant fiber, in particular cellulose and hemicellulose [4]. The cumulative
content of cellulose and hemicellulose for flax and kenaf fibers can be up to 89.6-91.6% and 66.5-78.5%,
respectively, which might explain the different degradation in modulus. Note that, whatever the
composite, the loss in Young’s modulus is more pronounced after the 1st-week aging, with reduction
from 25 to 44%. As regards the tensile strength, the loss due to aging is less pronounced, except for the
Kenaf/PP-wF. Values are close to 29.5+ 1 MPa after 4-weeks aging whatever the composite, which
corresponds approximatively to the tensile strength of neat PP.
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Figure 5: Tensile strength versus aging times for Flax/PP (a) and Kenaf/PP (b) composites

3.3 Analysis of Damage Mechanisms

A multi-variable statistical analysis to classify acoustic emission signals described in detail in [23]
had identified three classes of AE signals for all studied composites. The characteristics of the recorded
AE signals were compared with the literature results in order to associate the three obtained classes with
their corresponding damage mechanisms. Fig. 6 presents the amplitude ranges of AE signals according to
the three classes for unaged and 4-weeks aged composites. The borders of box plots of the three AE
classes indicate the first quartile g; and the third quartile ¢g;. The lines cutting through the box plots
present the median (the second quartile ¢,). The whisker corresponds to the lower and upper values of the
amplitude range of each class. It was shown that the AE signals of the first class were characterized by
low amplitudes centered around 40 dB and very low energy level. They were associated with the matrix
cracking mechanisms. The same characteristics, well known in the literature, were obtained for
flax/Elium [29], hemp/PP [30] and flax/LPET composites [31], among others. The AE signals of the
second class were more energetic and identified at an amplitude between 45 and 65 dB for unaged and
aged materials. This amplitude range was attributed to the fiber-matrix debonding mechanism in
accordance with the literature [29-32]. The higher amplitudes made it possible to identify the last class. It
was detected at the 75-90 dB amplitude range, except for the aged non-filmed composites (65-80 dB).
The corresponding AE signals were characteristic of damage mechanisms that typically appeared in non-
woven natural-fiber composites close to their tensile failure. These were only caused by the fiber, such as
fiber slippage and pull out of the elementary fibers in the bundle [31]. Note that the fiber bundle breakage
was considered in the range of 80-100 dB associated with a high energy level [31]. This signal type was
atypical of our last class. Only 4-7% of the signals were detected with amplitudes over 80 dB for the
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flax/PP composites for example. The amplitude offset for the aged non-filmed composites could be
attributed to the degradation of flax and kenaf fibers caused by the hygrothermal and UV cyclic aging. It
is worth noting that the UV protection film played its role in protecting both materials against aging
because the amplitude range was not affected.
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Figure 6: Amplitude ranges of AE signals versus the three damage mechanisms for Flax/PP (a) and
Kenaf/PP (b) composites

To illustrate the damage mechanisms during tensile tests, the evolution versus time and strain of the
cumulative hit number of each class, combined with tensile strength was analyzed. One of the results is
shown in Fig. 7. The results show that the acoustic activity starts in a progressive way between the first
third and half of the tensile test duration, and then it grows exponentially close to the end of the tensile
test until the specimen failure. The acoustic activity starts from 3% of the strain at failure for unaged
composites and almost from the beginning of the tensile test for aged composites. For all composites, the
matrix cracking signals were the first detected. Then, the AE signals induced by the fiber-matrix
debonding really started at the middle stage of the test, in the strain range of 0.9-1.1% and its number
growed with the increase of tensile strength and tensile strain. The signals associated with the fiber
slippage and pull out intensified exponentially when getting closer of the strength at failure of the material.
Indeed, three quarters of the AE events of this class appeared in the last three twentieths of the test
duration. In addition, the AE classification showed that the matrix cracking presented more than 65% of
cumulative hit number for unaged and aged composites.

The obtained results also indicate a decrease in the cumulative hit number induced by the matrix
cracking for aged non-filmed composite with respect to unaged one, by about 25%. For the aged filmed
composite, a decrease of less than 10% was observed. In addition, the UV protection film played a
significant role in protecting both materials against aging, reducing by half the number of events related to
interfacial decohesion and fiber slippage/pull out. This was not observed for the aged non-filmed composite.

In order to assess the contribution of each damage mechanism to the composite failure, the
cumulative AE energy was used to analyze the signals. The Damage Contribution (DC) was defined by
the cumulative AE energy of each mode divided by the total cumulative energy [23]. Fig. 8 reports the
relative DC of each damage mode for unaged and 4-weeks aged materials. It showed that the most
significant DC was the fiber-matrix debonding (> 50%). Indeed, the composite failure was mostly caused
by the fiber-matrix debonding due to the imperfect bonding [2]. This result indicated that the fiber-matrix
interface played a significant role in the damage of non-woven composites. For all materials, the second
most damaging mode was the fiber slippage/pull out (26-47%). After the interfacial bond failure, fibers
were pulled out from the matrix [2]. In addition, at the fracture surface, elementary fibers were slipped
and debonded inside the bundle. The third damage mode was the matrix cracking which was low in
energy (< 5%). After 4-weeks aging, the DC of the fiber-matrix debonding was slightly increased by
about 10 and 6% for the Flax/PP-wF and Kenaf/PP-wF composites, respectively. This increase was
accompanied by a decrease in the fiber slippage/pull out DC of both aged composites (10% and 4%,
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respectively). These phenomena were mainly due to the fiber swelling and the degradation of the flax and
kenaf fibers caused by the hygrothermal aging, particularly by the water absorption [33]. For the filmed
composites, these changes with aging were lower. The DC of the fiber-matrix debonding remained stable
after 4-weeks aging. Concerning the DC of the fiber slippage/pull out, a decrease of less than 5% and 2%
was observed for the aged Flax/PP-F and Kenaf/PP-F composites, respectively. This result highlighted
that the incorporation of the UV protection film offered good protection against the studied aging as well
as an improvement in durability of composites.
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Figure 7: Tensile strength and number of hits versus tensile tests strain and time for aged Flax/PP, non-
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4 Conclusions

This work aimed at studying the effect of hygrothermal and UV cyclic aging on the tensile properties
and esthetic characteristics of non-woven composites, composed of PP and flax or kenaf fibers. The
composites were subjected to repetitive cycles of aging (4 h condensation at 50°C + 8 h UV exposure at
70°C). From the aging time, the change in color appearance was evaluated and the variations in tensile
properties and damage mechanisms were analyzed. The presence of the UV protection film showed its
effectiveness against aging, both with visual observations and analysis of colorimetric parameters. It has
been proved effective in the reduction of the bleaching and yellowing of the composites. Without this
protection, cyclic aging mainly affected the bleaching of both composites. Kenaf/PP bleached faster than
Flax/PP, which can be explained by 1) the black color of the matrix and 2) their chemical composition in
cellulose and lignin. In addition, higher yellowing was noted for Kenaf/PP because of its lignin content.
As regards the tensile tests, the film enabled to stabilize the Young’s modulus after 1-week aging for
Kenaf/PP and after 3-weeks for Flax/PP. After 4-weeks aging, it halved the number of acoustic emission
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events related to interfacial decohesion and fiber slippage/pull out for both composites and the amplitude
ranges of the three detected damage modes was not affected.
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