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ABSTRACT

This paper presents results obtained for the development of a wood-polymer composite (WPC) based on poly-
propylene (PP) reinforced by olive wood fibers (OWF). The effect of the wood flour content and its chemical fiber
treatment (amino-silane) on the mechanical properties of the WPC was studied by ultrasonic methods and
mechanical tensile test. The elastic properties of the studied PP/OWF compositions are discussed and both of the
mentioned evaluations give similar tendencies even if the characterization methods are somewhat different. As a
result, the increase of the fiber content and the addition of the amino-silane coupling agent is shown to improve
the rigidity of composite materials. Eventually, a correlation factor between the estimated Young's moduli is
established between the ultrasound values (for ¢ < 0.05%) and mechanical values (for 0.05 < & < 0.25%).
Ultrasound measurements are discussed as an alternative method for the elastic properties evaluation.
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1. Introduction

The interest in fibers incorporated in polymers has been demon-
strated for elastic properties improvement (Liang, 2012). The growing
interest in the use of natural fibers (Oksman, 2000; Biagiotti et al.,
2004; Puglia et al., 2005; Pickering et al., 2016; Dong, 2018;
Mochane et al., 2019; Swolfs et al., 2019), lead to consider the olive
wood fibers (OWF) of major ecological and economical interests. In-
deed, among the fruit crops, olive is widely cultivated around the
Mediterranean area. Tunisia is one of the first producers and exporters
of olive oil in this region with more than 1.8 million hectares of olive
trees cultivated in 2014 (Ben Mohamed et al., 2018). However, the oil
extraction system generates a large volume of liquid and solid waste,
which represents a potential problem of environmental pollution. Also,
the olive wood used for the manufacture of handicraft products gen-
erates large quantities of waste composed of cellulose and lignin as the
main elements (Gharbi et al., 2014; Naghmouchi et al., 2015). Fur-
thermore, in parallel with glass and carbon fibers, various polymers
have been investigated as possible matrices for natural fibers, due to
their low cost, light weight, and high biodegradability (Amar et al.,
2011; Djidjelli et al., 2007; Qiu and Netravali, 2012). Nevertheless,
various classical polymers are always dominating the area of polymers
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for wood polymer composites (WPC). Among them, one can cite
polyester, epoxies (Marrot et al., 2014), phenolics among the thermo-
sets and polyethylene (PE) (Fortini and Mazzanti, 2018; Haddar et al.,
2017; Santoni et al., 2018), polystyrene (PS), polyurethane (PU)
(Tausif et al., 2017), polyvinyle chloride (PVC) and polypropylene (PP)
(Bledzki et al., 2005; Bledzki et al., 2012; Bledzki et al., 2010;
Stark, 2001; Danyadi et al., 2010; Nufiez et al., 2003) among the
thermoplastics.

Indeed, the current study is carried out in the framework of bio-
sourced materials. On the one hand, the studied WPC is based on a
polymer matrix; on the other hand, wood filler particles are integrated
as a load with the view to increasing the stiffness of the resulting
composite material. This kind of WPC material raises questions about
the methods of control and characterization either during manufacture
or even after a period of service. Moreover, such a WPC material is
expected to show viscoelastic properties, which can be highlighted by
destructive mechanical tests and compared with a non-destructive ul-
trasound inspection. Non-destructive testing (NDT) may be a response
to these questions thanks to the freedom of choice of sample geometry,
the ability to obtain a high level of accuracy, quantity of information,
speed and low cost of experiments. In fact, the applications of NDT
methods for the mechanical characterization of materials are
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increasingly numerous (Kundu, 2013). These methods are an alter-
native to the conventional destructive mechanical tests.

Among the non-destructive techniques, ultrasound characterization
can be used to evaluate the elastic properties of the inspected samples.
Lefebvre et al. (Lefebvre et al., 2018) used the Fabry-Pérot resonance
technique to deduce the shear and bulk modulus of a viscoelastic
polymer. El-Sabbagh et al. (El-Sabbagh et al., 2013) studied the effect of
the natural fibers content on the ultrasound velocity in a composite
material based on a polymer matrix. Ghodhbani et al. (Ghodhbani et al.,
2015; Ghodhbani et al., 2016) used ultrasound to monitor the cure
kinetics of an epoxy resin. Castellano et al. (Castellano et al., 2014)
have performed the mechanical characterization of a bio-composite
material by ultrasonic testing. Merotte et al. (Merotte et al., 2016) have
controlled the porosity of a bio-composite by mechanical and acoustic
methods. Castellano et al. (Castellano et al., 2016) used the ultrasonic
wave immersion method to perform a mechanical characterization of a
composite material.

The evaluation of longitudinal and transversal wave velocity is an
efficient ch aracterization me thod of an is otropic el astic material
(Simonetti and Cawley, 2004; Simonetti et al., 2005; Afifi, 2003;
Laperre et al., 1992), first for classifying the mechanical responses and
then for determining the elastic moduli necessary for the description of
the mechanical behavior (Scalerandi et al., 2012). The principle of this
method is based on the time of flight measurement. This evaluation can
also be performed in the spectral domain by Fourier transform. It is
known that the longitudinal sound velocity is a function of the prop-
erties of the material that, in turn, is related to the fiber content and the
adhesion quality (El-Sabbagh et al., 2013). As shown in previous stu-
dies, bio-composite materials constituted of a thermoplastic polymer as
matrix and natural micro-fibers as reinforcement are interesting both in
research (Garkhail et al., 2000; Arbelaiz et al., 2006) and industrial
manufacturing. In this work, a WPC was elaborated and characterized
by studying the longitudinal and transversal sound waves to obtain the
Young's modulus and the Poisson's ratio. These results are compared
with those obtained with destructive techniques. The tensile tests are
showing a non-linear behavior of the stress-strain relationship as it was
highlighted experimentally with PP based bio-composites by Merotte
et al. (Merotte et al., 2018) and Tanguy et al. (Tanguy et al., 2018).

In section II, the constitutive raw materials and elaboration of the
WP C are described. In section III, the characterization of the manu-
factured samples is presented involving both ultrasound and mechan-
ical methods. In section IV, the measurement results are shown and
compared for both methods, and differences are highlighted. In section
V, a discussion is developed on the basis of the previously described
results with the view to arguing the non-linear behavior of such a WPC.
Finally, the main results of this work are summarized as a short list of
analysis and perspectives.

2. Materials and samples
2.1. Elaboration of PP/OWF composite

The polypropylene (PP )used in this study is a standard homo-
polymer PP H9069 which was provided by Total Refining & Chemicals.
According to ISO 1133, this polymer has a melt flow index of the order
of 25 g/10 min (230°C, 2.16 kg). As defined by the ISO 527-1 and 2
(ISO 527-1, 2012, ISO 527-2, 2012), the tensile strength of this polymer
is 32 MPa, the tensile modulus is 1.6 GPa. As stated by ISO 2039-2, the
Rockwell hardness is 95. The olive wood fibers (OWF) comes from the
region of Sfax in central Tunisia. It is recovered from wood waste
generated during artisan work using a vacuum cleaner. It is then sieved
and stored in plastic bags to protect it from moisture. Two types of OWF
are used as reinforcing fillers, untreated (OWF) and treated with 3% the
amino-silane coupling agent (OWFT). The procedure adopted for the
filler treatments with 3-aminopropyltriethoxysilane is as follows: a so-
lution (60/40, v/v) ethanol/water was prepared, then the pH was

adjusted between 4 and 4.5 by the addition of some drops of glacial
acetic acid. Then, the 3-aminopropyltriethoxysilane (3% based on the
OWF content) was added. The hydrolysis of the prepared solution was
carried out for 2 h at ambient temperature. Finally, the OWF was added
and the suspension was kept for 3 h at 70 °C to ensure the adsorption of
the amino-silane onto the OWF particles. Then, to eliminate all the
absorbed moisture and to avoid the formation of agglomerates, the
OWF are pre-dried at 105°C for 24 h before extrusion. The PP polymer
and the OWF fibers are mixed in a twin screw extruder (DSM Xplore
Netherlands) twinned in parallel co-rotation with 3 heating zones. The
rotational speed of the screw was set at 100 rpm and the output of the
material is 200 g/h. The diameter of the screw is 10 mm. The extrusion
temperature was varied and optimized to obtain an homogeneous
mixture and to avoid the degradation of the OWF. Optimized extrusion
conditions were set at 200 °C. Thus, the fabrication process can be
decomposed in two steps: extrusion of granulates, and then injection of
samples. First, the OWF and the PP polymer are manually mixed and
placed in the extruder hopper. The composite material pass through the
different zones and are extruded through the cylindrical matrix with a 1
mm diameter; after that, the extrudates are cooled at ambient tem-
perature and cut with a few millimeters length; the resulting extruded
granulates are dried during 24 h at 60 °C. Second, the dried granulates
are molded using the Demag Plastic Group Extra 50-200 machine. The
injection is carried out at a temperature of 180 °C and a pressure of
100 bar for all the WPC samples.

2.2. Samples

The studied bio-composite consists of polypropylene (PP) plates
loaded with olive wood flour (OWF or F for simplicity's sake) which can
be treated with the coupling agent (C) amino-silane. As a result, two
families of WPC are obtained, i.e. PP/OWF and PP/OWFT with different
mass loading rates of 0, 10, 20 or 30%. Thus, the PP/OWF composites
are manufactured following the composition of the mixtures as shown
in Table 1.

Two geometries are fabricated: tensile specimens and plates for the
tensile tests and ultrasound measurements, respectively. More pre-
cisely, they are designed according to the ISO 527-2 standard (ISO 527-
2, 2012) (Fig. 1 (a)), and the plates are dimensioned for a 5 MHz
broadband frequency range characterization, with fixed dimensions:
thickness d, = 4 mm, width [ = 100 mm and length L = 120 mm
(Fig. 1 (b)).

Fig. 2 shows plates made with increasing fiber content (0, 10, 20
and 30%). Even if some microscopic heterogeneities can be observed,
those sample tensile test specimens and plates are considered homo-
geneous and isotropic and characterized as it.

3. Ultrasonic characterization

In this section, the ultrasound and mechanical measurements are
presented and compared as possible characterization methods, each
having its advantages and drawbacks. The obtained results are dis-
cussed and compared. On the one hand, for the ultrasonic measure-
ments, the composite plate samples are immersed in a water tank only
during the measurement which does not exceed 20 min in order to
avoid the moisture content in the specimens. On the other hand, for the

Table 1
Experimental PP/OWF compositions as a function of the OWF charge load (F)
and coupling agent (C).

Loaded PP PP 10F/0C 20F/0C 30F/0C 7F/3C 17F/3C  27F/3C
PP 100 90 80 70 920 80 70
OWF 0 10 20 30 7 17 27
Amino-silane 0 0 0 0 3 3 3
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Fig. 1. Injected samples made of PP/OWF for (a) Tensile tests according to the half-size ISO 527-2
and (b) Ultrasound characterization of plates designed for a 5 MHz broadband frequency range.

tensile test, the specimens are placed in a tensile test machine. These
two methods are different but awaited to give comparable results.

3.1. Longitudinal wave measurement

The calculation of the propagation velocity of the wave in a material
by flight time measurements is made from the first two echoes reflected
by the walls of the plate. In this view, the configuration corresponding
to a three-layer structure: water (index 1), the plate made of PP/OWF
(index 2), water (index 3) is studied.

Fig. 3 illustrates the experimental device used. In Fig. 3 (a), the
incident wave propagates at normal incidence relatively to the plate; it
corresponds to the case of the measurement of longitudinal wave ve-
locity c;. In Fig. 3 (b), the incident wave propagates at oblique in-
cidence 6 relatively to the normal of the plate. More precisely, the
transversal wave velocity ¢y is measured for an incidence angle
0;,° < 6 = 0, where 6,° and 0;° are the longitudinal and transversal
critical angles, respectively.

3.1.1. Time of flight method

The pulse-echo method results in round-trip echoes s,(t) corre-
sponding to the convolution of a pulse g(t) with the round-trip function
pn(t) in the thickness d, of the plate.

2d
s, (1) = g(t)*p, (1) = g(t)*(lestsz (R12R23- efzaLd")n- 5(t - nJ))

Cr,

(@)
where T; and R; are the transmission and reflection coefficients
(Conoir, 1987) from medium indexed i to j, respectively, {i, j} € {1, 2,
3} and §(t) is the Dirac function.

As a result, the longitudinal wave velocity ¢; and attenuation a; can
be evaluated as:

2d,
CL =
tof(sy () — tof(s; (£))
v L ( max(s; (1)) )
- 2d, RizRy3. max(s; (1)) 2

where tof(s,(t)) is the time-of-flight and max(s,(t)) is the maximum
amplitude of the considered n'™ echo denoted as s,(f). As illustrated by
Fig. 4, the specular echo (first one) is located around 0.8 ps, and the
second one resulting from a reflection on the rear face is located around
3.8 ps. The third one observed around 6.8 ps results from an additional
roundtrip in the thickness of the plate.

3.1.2. Spectral method

The spectral method allows us to find the ultrasonic properties with
the Fourier transform (FT) of the roundtrip echoes. More precisely, this
method consists in analyzing S(f) = FT{s(¢)}, where s(t) is the signal
containing the two first roundtrip echoes, s1(t) and s»(t). As described

0% 10%
Fig. 2. PP/OWF bio-composite plates with a mass fraction of OWF content of 0, 10, 20 and 30 %.

20% 30%
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Fig. 3. Experimental setup for the measurements of (a) the longitudinal wave velocity, (b) the shear wave velocity.
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Fig. 4. Pulse-echo reflection at normal incidence on a PP/OWF (10%) plate.

by Eq. (3), these echoes are delayed by 7, = 2d,/c; and this delay
between the two echoes can be extracted from the calculated spectrum

S

s() =s51(8) + 52(6) = A1 so(t — 1) + Az. so(t — 1) 3
A=K A K= RioRys. =12

where and 2dy
L—Hh=1 =t

CL

The resulting FT gives:
S =S W) = Si()-(1 + K. e¥?7r) 4)

where S;(f) is the spectrum of the signal s;(t), and W(Y) is the weighting
function.

Since |K| < <1, the modulus of this weighting function can be ex-
panded as:

LW (F)] == 1 + K cos(2fry) ©)

As a result, the complex spectrum modulus |S(f)| (Fig. 5 (a)) exhibits
regularly spaced minima with a frequency interval Af, = 1/7;, = ¢/
(2d,). Thus, the longitudinal wave velocity c; (Simonetti and
Cawley, 2004) in the plate can be deduced from the following equation:

cp = 2dy-Af; (6)

3.2. Transversal wave measurement

For the measurements of the transversal velocity of the plates (Fig. 3
(b)), two transducers are used, one is the transmitter and the other one
the receiver. The incident wave propagates in oblique incidence. The
angle, referenced with respect to the normal of the plate, made by the
beams generated or received by the two transducers is set according to
the Snell-Descartes law. In this study, we have determined a long-
itudinal critical angle 6;° = 34° beyond which the longitudinal waves

do not propagate while the transversal waves still propagate. Therefore,
the measurements are carried out with an angle of incidence 6 = 40°.
We obtain a spectrum which exhibits regularly spaced minima with the
frequency interval Afy (Fig. 5 (b)). As a result, in oblique incidence,
beyond the longitudinal critical angle 6;°, the spectral method allows us
to calculate the transversal propagation velocity cy (Laperre et al.,
1992) from the following equation:

2
) 7
where c,, is the sound speed in water with temperature compensation
when needed (Bilaniuk and Wong, 1993).

2d,-Af;

1+ (ZdP-AfT

Ccr =

sin @
Cw

3.3. Ultrasonic measurements

Using Egs. (6) and (7), the spectral method is used to process the
obtained echoes in order to evaluate the properties of the composite. As
a result, the longitudinal wave velocity ¢, (Fig. 5 (a)) and the trans-
versal wave velocity cr (Fig. 5 (b)) are deduced (Juliac et al., 1998;
Waterman, 1963), respectively.

Fig. 6 (a) and (b) show the evolution of the longitudinal ¢; and
transversal ¢y wave velocities as a function of the OWF reinforcement
rate, respectively. These ultrasonic velocities c¢; and ¢y show an in-
creasing trend. The higher the OWF rate, the more c; and cr increase. ¢,
from 2600 to 2750 m/s and cr from 1272 to 1322 m/s, respectively.
This ultrasonic shift relationship can be used to evaluate fiber homo-
geneity by taking multi-point measurements at different points in the
sample (El-Sabbagh et al., 2013). Nevertheless, those measurement
results are to be considered within a confidence interval, which was
evaluated on the basis of an evaluation of the uncertainties. On the one
hand, the uncertainty on the thickness of the plates was evaluated at 2%
in the center of the plate. On the other hand, the measurements of
frequency intervals Af; and Afr were evaluated to be constant in the
bandwidth of the transducer within 2% and 6%, respectively. As a re-
sult, the global maximum uncertainty is illustrated with errorbars at
Aci/c; = 4% and Acr/cr = 8% on the evaluated values of ¢; and cr,
respectively. As shown in Fig. 6, the plots of the ¢; and c wave velo-
cities in the PP/OWFT bio-composite plates, made from OWF treated
with the amino-silane, are greater than those of the PP/OWF plates,
from raw OWF. This can be explained by the improvement of the WPC
cohesion resulting from the treatment with the coupling agent that is
amino-silane. Even if the addition of the coupling agent does not modify
significantly the density (Table 2), the interest consists in increasing the
cohesion between the two components: fibres and matrix. The direct
effect is the increasing of the ultrasonic velocities ¢; and cy. In the
following, it will be shown that this also leads to an increase of Young's
modulus E,.

The relationships between the ultrasound velocities (c;, cr) and the
associated elastic properties (E,, v,), i.e. Young's modulus and Poisson's
ratio of the material for a homogeneous plate can be expressed as a
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Fig. 5. Ultrasound wave velocity evaluation PP/OWF (10%): (a) at normal incidence for the longitudinal wave velocity c; and (b) beyond the first critical angle for

the transversal wave velocity cr.

function of p the density, and the cy/c; ratio (Afifi, 2003;
Benveniste and Milton, 2010):

3¢ — 4ck 3 — 4(cp/cr)?
E, = pe2>L T _ 02 TICL)” (¢ fer )2
PTG TP T el T
o= L —2f _ 11— 2er/er)
T2 -2 21— (crle) ®)

These parameters are known to have sensitive properties relatively to
the fabrication process, particularly for polymer materials (Zihlif et al.,
1982). This makes it possible to study the effect of the fiber content and the
chemical treatment by the amino-silane on the elastic mechanical properties
of composites indirectly by studying the velocities of the longitudinal and
transversal waves. The densities of the samples can be calculated using the
mixture rule given above, taking into account the treated and untreated
fibers and knowing the densities of the various constituents:

-1
_ myi
o (E o ) ©)

where my; is the mass fraction and p; is the density, where i € {reinforcement,
matrix, load}.

As summarized in Table 2, these theoretical values py, (Eq. (9)) were
compared in very good agreement within 3% of relative error with
those obtained experimentally peyp.
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Table 2
Effect of the OWF charge load (F) and coupling agent (C) on density p and
Poisson's coefficient v,,.

Loaded PP PP 10F/0C 20F/0C 30F/0C 7F/3C 17F/3C 27F/3C
pu (kg/m>) 905 928 953 979 930 955 981
Pexp (kg/m>®) 904 952 958 980 934 937 966
cr/cL 0.473  0.482 0.489 0.486 0.490 0.489 0.485
E, (GPa) 3.71 4.05 4.40 4.61 4.25 4.64 4.93

vy 0.356 0.348 0.343 0.345 0.342  0.343 0.347

pim (kg/m>): theoretical density; pe, (kg/m®): experimental density; cr/c;: ex-
perimental transversal to longitudinal wave velocity ratio; (E, v,): experi-
mentally deduced (Eq. (8)) Young's modulus and Poisson's ratio.

As a result, the ultrasound measurements (Fig. 6) allowed us to
calculate the Poisson's coefficient v, (Eq. (8)) of the PP/OWF composite.
This can be related to the ultrasonic velocities, density and mechanical
properties (Giir, 2003) for a supposed homogeneous plate. One can
observe that the variations of the Poisson's ratio v, as a function of the
fiber content mg;,qq are not really significant (Fig. 7(b)). The measure-
ments show that the wave velocity ratio is nearly constant cz/c; = 0.48,
when the OWF charge load is within the range [0, 30%]. By expanding
the expressions of (E,, v,) (Eq. (8)) as a function of cr/c; in the vicinity
of 1/2, we get:
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Fig. 6. Ultrasound wave velocity as a function of the OWF charge load (red circles for OWFT, blue cross for OWF): (a) longitudinal wave velocity ¢, and (b)
transversal wave velocity cr. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Ultrasound measurements (solid line) and first order series expansion for c;/c; = 0.48 (dashed line) as a function of mowr (%) (red circles for OWFT, blue
cross for OWF): (a) Young's modulus E, and (b) Poisson's ratio v,. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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These correspondences between elastic mechanical and ultrasound
variables (Eq. (8)) are valid in the strict sense for materials considered
elastic, homogeneous and isotropic. In the present case, this assumption
is to be verified. For the measurements, the used ultrasonic wavelength
is A = c,/fo = 2600/(5.10°) = 520 um, to be compared to the OWF
dimensions with an average size of 115 pm. Thus, the ratio between
wavelength and OWF particles is of the order of 0.22, validating the
long wavelength assumption. As a result, the effect of the quality of the
fiber/matrix interface (cohesion) and the percentage of voids (porosity
rate) are not observable by ultrasound, but are the actual result of an
homogenization. The plot of the E, ultrasound Young's modulus as a
function of moyr, shows the stiffening effect of these fibers (Fig. 7). The
experimental values of the ultrasound Young's modulus E, (Fig. 7 (a))
show a nearly proportional increase with the OWF mass fraction, both
for the treated and untreated plates. Indeed, the Young's modulus E,
increases from 3.7 GPa for the PP up to 4.6 GPa and 4.9 GPa for a 30%
OWF and 30% OWFT charge loads, respectively.

4. Mechanical characterization
4.1. Tensile tests

As illustrated in Fig. 8, tensile tests are performed on a device (MTS
Criterion) with a load cell of 1 kN. These tests are performed on half-
size scale samples made in accordance with ISO 527-2 (ISO 527-
2, 2012). The tensile test conditions are performed according to the ISO
527-1 (ISO 527-1, 2012), i.e. crosshead speed is set to 1 mm/min. In
order to guarantee the reproducibility, five samples were successively
placed between two supports and tested in the same experimental
conditions. The strain measurement is obtained using a laser ex-
tensometer. As defined in the ISO 527-1, the Young's modulus is eval-
uated as the slope of the stress-strain curves between 0.05% and 0.25%
of strain.

4.2. Mechanical measurements

By using the tensile test, the mechanical Young's modulus E,, is
obtained (Fig. 9 (a)) and then compared to the ultrasound Young's

modulus E, (Fig. 9 (b)). In this view, the ratio E,/E,, between the ul-
trasound E, and mechanical E,, moduli is plotted as a function of the
OWF content mgoyp.

The experimental values of the mechanical Young's modulus E,
(Fig. 9 (a)) increase as a function of the OWF mass fraction, for both the
treated and untreated plates. The rigidity of the plates increases with
the addition of fibers and the treatment with the amino-silane. Never-
theless, as illustrated by Fig. 9 (b), even if the values are of the same
order of magnitude, they are different. A correlation factor can be es-
tablished in order to replace the mechanical destructive testing by the
ultrasound non-destructive one. The ratio E,/E,, decreases from 1.8 to
1.4. Fig. 10 shows that this difference is due to the definition of the
Young's modulus E, which is commonly evaluated as the slope [do/
del.—o at the origin of the tensile test curve o(¢) (Fig. 10 (a)). On the
one hand, the Young's modulus in its mechanical definition E,, ac-
cording to ISO 527-1 (ISO 527-1, 2012) is given by:

0, — 01

E, =
" &H—§ (11)

where {0y, 05} are the measured stress values at normalized strain
{e1 = 0.05%; 5 = 0.25%}, with a strain rate of de/dt of 1 mm/min on
a sample test of 58 mm long, i.e. 2.87.107% s,

On the other hand, in the field of ultrasound E, is evaluated in a
range of strain before 0.05% (Fig. 10 (a)). Regarding the decrease of the
slopes in the tensile curves (Fig. 10 (a)), the values of ultrasound eva-
luation E, are systematically more important than the mechanical
measurements E,, (Fig. 10 (b)).

As illustrated in Fig. 10 (a), the tensile curve o(¢) do not seem to
show a linear behavior for small strain values, i.e. ¢ < 0.5%. One can
observe the classical evolution expected for a thermoplastic polymer,
i.e. a non-linear behavior. The plot of the slope do/0e is also carried out
and shown in Fig. 10 (b). It is observed that it is monotonously de-
creasing, whereas a constant step is expected in linear elasticity. More
precisely, the slope do/0e curve exhibits a first rapid decrease in the
range ¢ € [0%, 0.05%] and then it shows a moderate and constant
decrease in the range ¢ € [0.1%, 0.5%]. Thus, differences between ul-
trasonic and static stiffness measurements could be explained through
the material viscoelastic properties: in ultrasound measurement, strain
is small and strain rate is high while in static measurements strain is
higher and strain rate is much lower. Even if this non-linear behavior
has yet been highlighted (ISO 527-1, 2012, ISO 527-2, 2012, ASTM
D638-03, 2003), especially for the thermoplastic polymer materials, a
discussion on the subject is still to be developed. It is the object of the
next section.
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Fig. 8. Tensile test machine and associated laser scanner for the strain measurement.

5. Discussion

This tendency is observed whatever the OWF or OWFT mass fraction
mowr in the samples, from 0 to 30%. As a result, the tensile curve o(e)
(Fig. 11 (a)) shows a non-linear increase, and additionally, the slope do/
de (Fig. 11 (b)) also shows non-linear decreasing. This non-linear be-
havior of polymers is well-known and can be related to viscoelastic
models of the stress-strain function o(e) (Khan et al., 2012; Kolarik and
Pegoretti, 2006). It can also be argued that the PP/OWF composite is
not homogeneous and the fibers are not uniformly dispersed in the PP
matrix (Martin et al., 2013). As a consequence, viscoelasticity lead to
reconsider the standard elastic stress-strain function involving the
Young's modulus E with a frequency and temperature dependence
(Madigosky and Lee, 1983; Lagakos et al., 1986; Guillot and
Trivett, 2003). Particularly, the frequency and temperature dependence
of the Young's modulus has been evaluated in polypropylene 6823
(Lagakos et al., 1986). Also, due to viscoelasticity, the strain velocity
de/ot as well as temperature T are key parameters for the evaluation of
the Young's modulus E. This has been experimentally demonstrated,
modeled and discussed by Mulliken and Boyce (Mulliken and
Boyce, 2006), Siviour and Jordan (Siviour and Jordan, 2016) and Cho
et al. (Cho et al., 2017). Indeed, special attention was paid in this study
to keep constant the strain velocity de/dt and temperature T so that

0 5 10 15 20 25 30

Mowr (%)

(a)

their influence can be considered as fixed.

In the case of materials of the family of polymers, the elastic
properties are very sensitive to the considered deformation zone [&py;p,
emaxl, t0 the scale effects (size of the specimens) and very dependent on
the strain velocity de/dt and temperature T (Schiavi and Prato, 2017;
Johnson and Cook, 1983).

A first approach lead us to consider that the non-linear behavior of
the tensile curve o(¢) can be fitted by a power law, where the power
factor is inferior to one. It is called the Hollomon's law given by:

oc=K.¢" (12)

Using this power law, the experimental data are fitted with such a
relation (Fig. 12 (a)). The Hollomon's law resulting from the set of the
two parameters (K, n) is illustrated in Fig. 12 (b) by the plot of the
tensile curves, including the strain range ¢ € [0.05%, 0.25%] corre-
sponding to ISO 527-2.

The linear regression of the log-log plots in the strain range ¢ €
[0.05%, 0.25%] (Fig. 12 (a)) allows us to obtain the two unknown
parameters, i.e. the intercept corresponding to the logarithmic value of
the rigidity K (Fig. 13 (a)) and the slope corresponding to the power law
parameter n (Fig. 13 (b)). The rigidity K varies from 0.29 to 0.55 GPa,
and the power law parameter n is between 0.63 and 0.67.

A fit of the Hollomon's law around a reference point e, = 0.15%
leads to relate an evaluated reference Young's modulus E,. (Fig. 13 (c))

1.9 T T T " .

1.3 : : : ' :
o 5 10 15 20 25 30
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I‘“OWF
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Fig. 9. Young's modulus (a) E,, evaluated by tensile test and (b) E,/E,, ultrasound versus mechanical ratio as a function of mowr (%) (red circles for OWFT, blue cross
for OWF). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Mechanical tensile test results on a PP/OWF at 30% WPC (a) o(e) for ¢ ranging from O to 0.3% and (b) associated slope do/0e for ¢ ranging from 0 to 0.3%.

to the Hollomon's law parameters (K. Nr). Indeed, E is defined by
the following equation:

oo .
Eref = I:E] = Kyef+ Nyef- (&ef)nreji] 13)
Eref

From these results, one can observe that the power parameter n, is
around 2/3 + 5% and therefore, the effective reference elastic modulus
E, can be approximated by:

2 1
Eref ~ E ref « (Eref) 3 (14)

As a consequence, the elastic modulus E is a decreasing function of
the strain e. The obtained values for the elastic modulus parameter E,s
varying from 1.7 to 3.3 GPa are nearly the same as those obtained from
classical Young's modulus evaluation E,, from 2 to 3.5 GPa, under-
estimating those obtained from ultrasound measurements E,, from 3.7
to 4.9 GPa.

6. Conclusion

In this study, the influence of the content of natural fiber (OWF) in a
thermoplastic matrix (PP) and the effect of chemical fiber treatment
(addition of amino-silane coupling agent) is investigated. It is corre-
lated to the Young's modulus of the WPC. Two types of tests have been
carried out: on the one hand, a non-destructive evaluation using

25 T T T T
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€ (%)
(@)

ultrasound; on the other hand, a conventional destructive mechanical
test, following the procedure described in the ISO 527-1 for the tensile
test standard for polymers. The WPC are studied as a function of the
mowr ratio from 0 to 30%, without coupling agent (PP/OWF) or with
the adjunction of 3% of coupling agent (PP/OWEFT).

The elastic properties of the studied PP/OWF compositions are
discussed and both non-destructive and destructive evaluations give
similar tendencies even if the measured values are somewhat different.
The results can be summarized as follows:

— The increase of the fiber content and the addition of a coupling
agent improves the rigidity of WPC;

— The rigidity is quantified and compared through the evaluation of
the Young's modulus, either by the ultrasonic method or by the
classical mechanical tensile test;

— A correlation factor between the estimated Young's moduli is es-
tablished between the ultrasound values (for ¢ < 0.05%) and me-
chanical values (for 0.05 < ¢ < 0.25%);

— The ultrasound measurements show that the longitudinal and
transversal velocities increase in the same proportions, firstly with
the fiber content and secondly with the addition of a coupling agent.

It is shown that in the case of the mechanical tests, the stress o
versus the strain ¢ curve is non-linear. The studied WPC are thermo-
plastic polymers and are known to have non-linear properties. More
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Fig. 11. Sensitivity of the WPC composition on (a) the stress o and (b) the stress to strain slope do/0d¢, as a function of the strain e.
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Fig. 12. (a) Log-Log plots of the stress o versus the strain ¢. (b) Plots of the stress o versus the strain ¢ and associated Hollomon's fits (solid black).

precisely, these curves are fitted accurately with the Hollomon's power
law in a large strain range. In order to compare the classical linear
elastic properties, we evaluated the Young's modulus following the ISO
527-1 in a standard strain range. This standard states that the Young's
modulus is evaluated by average slope of the tensile curve o(¢) in the
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reference range 0.05 to 0.25%. An identification of the Hollomon's law
parameters (K Ny and the estimated Young's modulus E.y is per-
formed, and it shows a good agreement.

This study highlights important differences due to the considered
deformation domain of interest but confirms the order of magnitude. It
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Fig. 13. Hollomon's parameters fitted in the strain range ¢ € [0.05%, 0.25%] as a function of mowr (%) (red circles for OWFT, blue cross for OWF): (a) K, (b) 1yer ()
corresponding E, elastic modulus, (d) do/0e for OWFT, associated Hollomon's fits (solid black) and identified E, elastic modulus (red circles). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)



also establishes a correlation factor between ultrasound and conven-
tional tensile tests.

As a perspective, these first experimental results have to be con-
solidated with much more samples and tests. Among the possible ex-
periments, many parameters of influence needs to be investigated such
as strain velocity de/dt and temperature T. Additional ultrasound ex-
periments can be envisaged with contact transducers to confirm the
values of the velocities and their homogeneity in the plate. Alternative
characterization methods can be investigated such as flexural tests in
the low frequency range.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.mechmat.2020.103445.
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