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Abstract

The manufacturing by thermocompression of flax fiber composites requires a good understanding of process parameters.
This work focuses on the influence of key parameters in the manufacture of quality unidirectional flax/polypropylene
composites by thermocompression. To this effect, a number of matrix and process parameters have been studied and
ranked according to their influence on composite morphology and tensile properties. Among tested parameters, process
time and temperature tend to decrease tensile strength as they increased from 3 to 11 min and from 180 to 200 °C. As a
result, decrease of cooling speed from 15 to 5 °C min~" also decreased tensile strength. Temperature of 180 °C also led to
composites with no dispersion of fibers. Using a compatibilized agent, maleic anhydride grafted polypropylene (PP), also
increased tensile strength of composites. Increasing its percentage from 3 to 5% increased tensile properties in the 90°
direction. Pressure had no significant effect on mechanical properties, though lower pressures increase fiber dispersion.

Article Highlights

e Consolidation time and temperature have major effect o
on tensile strength and fiber dispersion in the matrix.

e Process temperature influences flax fiber components
degradation from 190 °C.

Pressure, in the tested range, does not influence
mechanical properties but has an effect on fiber dis-
persion.

Keywords Biocomposites - Natural fibers - Mechanical properties - Compression moulding

1 Introduction

Nowadays, a large majority of the produced structural
composites are composed of non-renewable resources
such as synthetic fibers with a thermoset matrix. However,
due to environmental concerns, public opinions and gov-
ernments push towards the development of a sustainable
society; laws to reduce environmental impact of produced

materials are voted. Some industries, such as the automo-
tive, the packaging and the building industries are particu-
larly impacted by these new regulations. For example, in
2008, the 2008/98/EC Directive increased the amount of
non-hazardous demolition wastes to recycle at 70% mini-
mum, with an implementation date of 2020. This obliga-
tion led the building industry to actually recycle 80% by
weight of its non-hazardous wastes.
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Vegetal fibers possess advantages that foster research-
ers to use them in composites [1]. They can be locally pro-
duced and are 40 to 60% less dense than glass fibers [2].
Among vegetal fibers, flax fibers are very interesting since
they have specific mechanical properties close to glass [3].
However, some drawbacks limit their use: some of their
components are highly hydrophilic which reduces their
usability in outdoor applications [4, 5]. In addition, tem-
perature has an impact on fiber degradation. As Bourmaud
et al. [6] highlights in their review, flax fiber amorphous
polymers such as pectins and hemicelluloses degrade
at temperatures around 180 °C. This leads to reduced
mechanical properties of flax fibers. After 15 min of expo-
sition to 180 °C, Van de Velde and Baetens [7] observed a
loss of up to 11% of tensile stress and up to 18% of ten-
sile strain of their fibers. Similarly, Gassan and Bledzki [8]
observed a loss of 10% of fiber tenacity after 2 h at 170 °C.
Bourmaud et al. [9] observed a severe loss of strength at
break of the fibers of 32.8% and 64.8% after an exposure
to temperatures of 210 and 250 °C for 8 min. Such losses
of mechanical properties [7-10] is an issue when manu-
facturing thermoplastic composites due to their compara-
tively high melting temperature.

To manufacture sustainable materials, thermoplastics
are preferred. Unlike thermoset polymers, they can be
reprocessed and easily recycled. Among the most com-
monly used and recycled polymers, polyethylene and
polypropylene (PP) are particularly advantageous to
manufacture vegetal fiber composites, thanks to their low
process temperatures.

Environmental considerations on materials are not
the only key driver to decide how to manufacture a good
structural composite. While performance of a composite is
highly dependent on its components, it is also influenced
by its manufacturing process. When manufacturing flax
fiber reinforced thermoplastic composites using thermo-
compression, several steps must be taken into account: (i)
the preparation of the initial materials (conditioning, com-
pounding of the matrix...), (i) the use of specific molding
pressure, temperature and duration during the consolida-
tion step and (jii) the cooling step following consolidation.
Obtaining good morphology and mechanical properties
requires optimization each of these three steps.

One of the issues of thermoplastic reinforced with flax
composites is the quality of their interface. Due to their
hydrophilic nature, flax fibers tend to have a poor inter-
face with hydrophobic polymers such as PP [11, 12]. The
interface presents no chemical interactions. For this rea-
son, many authors have studied the improvement of flax/
PP interface using fiber or matrix treatments such as alka-
line treatments [13]. Alkaline treatment increases surface
roughness by removing hydrogen bonding—though
other elements covering the fiber surface such as lignin,
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wax and oil are also affected by this treatment. Another
possibility is the incorporation of maleic anhydride grafted
polypropylene (MAPP) [14, 15]. The maleic anhydride
reacts with the hydroxyl groups of the fiber, forming ester
links, but also tangles itself with the polymer matrix [16].
These interactions improve the interface. In case of uni-
directional flax/PP composite, Merotte et al. observed a
115% improvement of interfacial shear strength (IFSS) of
the fiber/matrix interface when using 4% of MAPP [17].
Arbelaiz et al. [18] have observed, for short fiber compos-
ites containing 30 wt% of flax, an optimal concentration of
coupling agent of 3 to 5% depending on the length of the
PP chain the maleic anhydride is grafted on. This optimal
concentration leads to an increase of tensile strength from
30 to 40%.

Another issue when manufacturing flax/thermoplas-
tic composites by thermocompression is the selection
of parameters for the consolidation phase: pressure,
temperature and duration of thermocompression. These
parameters usually depend on the viscosity and melting
temperature of the matrix [19] and the fiber’s sensitivity
to temperature as well as its wettability by the matrix [20].

High process temperatures are an issue due to fiber
degradation [6]. The degradation of the flax fibers reduces
their mechanical properties and, as a result, those of the
manufactured composites [21, 22]. For example, Rokbi
et al. [23] observed a loss of 40% of tensile strength when
increasing process temperature of plain weave jute/PP
composites from 190 to 250 °C. Alternatively, if the temper-
ature is too low, the matrix is too viscous to allow impreg-
nation of fibers [24, 25]. When processing plain weave flax/
PP composites at 175 °C, Dobah et al. [22] observed that
elastic modulus and tensile strength of composites were
lowered by 50% when compared to composites manufac-
tured at 185 °C.

Consolidation pressure has significant influence on
the composite’s morphology. The use of higher pres-
sures allows to reduce porosity content and obtain better
mechanical properties [22, 26]. In particular, Ramakrishnan
et al. [27] when manufacturing commingled flax/PP com-
posites using fast induction-heated compression mould-
ing at various temperatures and duration of consolidation
phase have observed a decrease of porosity content from
3.5% down to 1.1% when comparing composites manu-
factured at 20 or 40 bars. However, authors who studied
a wider range of pressures observed an optimal pressure:
when exceeded, mechanical properties drop due to dam-
age to the fibers. For Medina et al. the optimal pressure is
5 MPa for an mat hemp/acrylic composite manufactured
under vacuum [28]. For Rubio-Lopez et al. it is 32 MPa for
woven flax fiber reinforced polylactic acid manufactured
by thermocompression [29].
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Consolidation duration is highly dependent on the
previous parameters, particularly process temperature.
Usually, increasing thermocompression duration low-
ers porosity content. It gives more time to eliminate
voids present in the matrix that are due to air bubbles
entrapped during the thermocompression process [30].
However, when considering the use of natural fibers,
the thermal stability of the fibers must be taken into
account and a balance between pressure, temperature
and duration must be found. As a result, discrepancies
in chosen temperature and duration are observed in
literature [21, 22, 31, 32], some favor lower duration at
high temperatures [9], others favor lower temperature
for long period of time [23].

The effect of the cooling speed on the properties of
flax fiber composites has not been widely studied [18,
29] and the values of cooling speeds largely vary in the
literature from 1 °C min~' [18] to 4 °C s™' [15]. A faster
cooling speed increases macroscopic mechanical prop-
erties of composites due to shorter exposition time to
high temperatures [18, 27, 29].

As described in this introduction, the matrix and pro-
cess parameters for manufacturing flax/thermoplastic
composites used in the literature are extremely diverse.
These studies allow to establish a relationship between
the evolution of those parameters and their effect on
morphology and mechanical properties of flax fiber
composites. However, those studies can refer to differ-
ent fiber types [13, 14, 24], disposition [17, 18, 20, 22,
32], matrix [6, 9, 12, 23, 28, 29, 33, 34] or processes [27,
35], leading to different behavior, in particular when it
comes to fiber impregnation [35]. What is more, fiber
dispersion in unidirectional composites is seldom
studied.

This study focuses on the determination of the key
parameters involved in the thermocompression of uni-
directional flax/PP composites. To do that, the influence
of MAPP percentage, the consolidation step and the
cooling step on (i) the fiber and porosity content, (ii) the
dispersion rate of fibers and (iii) the tensile properties of
falx/PP composites are studied. Additionally, the level of
influence of the porosity content and 0° tensile proper-
ties was ranked using an analysis of variance in order
to determine the parameters that can be used to tune
the manufactured composites’ properties. This study’s
aim is to explore the influence of several parameters on
the thermocopression of flax/PP composites not only by
considering their mechanical properties, but also their
impregnation and dispersion of fibers.

In the next section, we consider the materials and
experimental methods used in this study. Section 3 pre-
sents the results obtained on composite’s morphology,
and on mechanical properties. The results are described

in the following order: time and temperature, MAPP
content, pressure, then cooling speed and exit temper-
ature. Section 4 summarizes the results and presents a
conclusion to this study.

2 Materials and methods
2.1 Materials

Unidirectional (UD) fibers FlaxTape 110 supplied by
Lineo are used in this study. Those fibers possess an area
density of 110 g m~2 and a density of 1.51. The interest of
using them is that, contrary to most UD fabric, they are
not maintained by cotton sewing yarns, but by pectin.
It is advantageous because sewing yarns interfere with
the impregnation of the fabric by the matrix, leading to
lower mechanical properties [34]. Before being manu-
factured in composites, flax fibers are conditioned for
1 week at 23 °C+ 1 °Cand 50% * 1% of relative humidity
in a climatic chamber.

The PP used as the matrix is supplied by ExxonMobil
(PP7064L1). It has a density of 0.9 g cm~3 and an MFI
of 16 g 10 min™' (230 °C - 2.16 kg). A MAPP is used as a
coupling agent—the Polybond 3200—supplied by Addi-
vant©. It has an MFl of 115 g 10 min™' (190 °C-2.16 kg)
and 0.8 to 1.2% of maleic anhydride. Films of 100+ 5 pm
were manufactured with 0, 3, 4 and 5% MAPP percent-
age using a calender extruder. The screw speed was
43.7 rpm, the temperature profile used for the extruder
was: 175 °C for the feeding zone, 190 °C for the melting
zone and 200 °C for the melting zone and die. The open-
ing of the lip of the die was 0.5 mm.

The PP/MAPP formulations’ physicochemical charac-
teristics and mechanical properties have been deter-
mined. Physico-chemical tests have been realized on
the PP/MAPP films while mechanical tests were realized
on dogbone specimen. Melt flow index was determined
according to method B of ISO 1133-1:2011. Melting
temperature and crystallinity were determined by dif-
ferential scanning calorimetry. The cycle applied was a
ramp of 10 °C min~' from — 50 to 280 °C to samples of
13+0.5 mg. M,, and M,, were determined by high tem-
perature gel permeation chromatography equipped with
three different detectors (refractive index, viscosimeter
and light scattering). The eluent was 1,2,4-tri-chloroben-
zene (TCB) stabilized by 0.025 wt% of butylhydroxytol-
uene (BHT). The PP samples were dissolved in TCB at
140 °C for 1 h before being filtered in a 1 um pore size
membrane. Finally, the mechanical tests were carried out
according to ISO 527-1 on 1A specimen of the polymers
at 1 mm min~"' for the tensile strength and modulus and
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Table 1 .Physico-chemic.al MAPP percentage (%) 3 4 5

properties and mechanical

properties of PP/MAPP MFI (230 °C - 2.16 kg) 17.5+0.2 184+0.2 19.3+0.1 19.6+0.5

specimen Melting temperature (°C) 165.5+0.6 1653+ 1.1 165.4+0.2 165.3+0.5
Crystallinity (%) 36.6+0.4 384+03 36.1+0.2 37.2+06
M, (kg mol™") 347+34 27.0+4.1 25+2 292405
M,, (kg mol™") 456.4+107 357.9+28.3 396.5+18.6 373.5+9.8
E (GPa) 161+0.18 1.55+0.03 1.40+0.18 1.55+0.13
Omax (MPa) 21.1£14 21111 22.0+0.1 224+0.2
Ermax (%) 175+104 526+191 765+ 160 630+264

Fig. 1 Typical molded plate used in this study

at 5 mm min~' for strain at break. The results of these
analyses are presented in Table 1.

2.2 Manufacturing process

In this study, the influence of multiple parameters on
the morphology and the tensile properties of flax/PP
composites has been studied: (i) the use of a coupling
agent, (ii) the percentage of coupling agent used, (iii) the
consolidation temperature, (iv) consolidation duration
and (v) consolidation pressure as well as (vi) the cooling
speed and (vii) exit temperature of thermocompression.

The UD composites are manufactured using the film
stacking method on a thermocompression press with a
mold of 35x 35 cm?. The mold possesses two opposite
borders of 10 mm high in the direction perpendicular
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Consolidation
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temperature

Consolidation
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Cooling rate
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—Temperature —Pressure

Fig.2 Thermocompression cycles

to the fibers to limit fiber disorientation by the matrix
due to the application of an out-of-plane pressure. Com-
posites that presented clear global or local warping of
the fibers were removed from this study (Fig. 1). Thirteen
PP films and twelve linen fiber films were stacked alter-
nately to obtain a UD multi-layer composite.

The thermocompression cycle used is presented in
Fig. 2. Chosen temperatures are 180, 190 and 200 °C.
200 °C is chosen to limit thermal degradation of fibers
[8, 9] while 180 °C is chosen to ensure impregnation of
fibers as preliminary tests demonstrated that, at 170 °C,
fibers were not. Tested pressures are 10, 20 and 30 bars
to limit damages to fibers due to crushing under pres-
sure. Chosen values for duration of consolidation are 3,
7 and 11 min to allow low exposition time of the fibers
to high temperatures and limit their degradation [7-9].
The cold unit maximum cooling speed was 15 °C min~',
which is why tested cooling speeds are 15 °C min~' for
the high speed and 5 °C min~" for the low speed. The
pressure is maintained until exit temperature (40 or
80 °C) is reached. Those exit temperatures are below the
crystallization temperature of PP (115 °C) but can make
an economical difference in process time.
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Table 2 Thickness and fiber
volume of manufactured
composites

Manufacturing conditions (Temperature — time - MAPP% — Thickness of compos-

Fiber volume frac-

Due to the fact that thermocompression was realized
at controlled pressure, thickness of composites was not
constant. Table 2 describes the fiber volume fraction and
thickness of the manufactured composites.

2.3 Specimen preparation

Specimen are cut using a laser cut machine equipped with
a CO, laser. 60% of laser capacity is used with a speed of

Pressure - cooling rate — exit temperature) ites (mm) tion (%)
180 °C - 3 min — 4% — 20 bars — 15 °C min™' - 40 °C 2.24+0.03 38.9+0.5
180 °C — 7 min — 4% — 20 bars — 15 °C min™' - 40 °C 2.14+0.06 40.7+0.6
180 °C - 11 min — 4% — 20 bars — 15 °C min™"' — 40 °C 2.13+£0.04 40.9+0.8
190 °C - 3 min — 4% — 20 bars — 15 °C min™' - 40 °C 2.18+0.06 399+1.2
190 °C - 7 min — 4% — 20 bars — 15 °C min™' - 40 °C 2.23+0.01 39.1+£0.3
190 °C - 11 min — 4% — 20 bars - 15 °C min™"' - 40 °C 2.20+0.03 394+0.5
200 °C - 3 min — 4% - 20 bars — 15 °C min™' — 40 °C 2.21+£0.04 394+0.8
200 °C — 7 min — 4% — 20 bars — 15 °C min~' — 40 °C 2.17+0.04 40.1£0.7
200°C - 11 min - 4% — 20 bars - 15 °C min™' — 40 °C 2.11+0.03 41.2+0.7
190 °C — 3 min - 0% — 20 bars — 15 °C min™" - 40 °C 2.07+0.01 42.1+0.2
190 °C — 3 min - 3% - 20 bars - 15 °C min™" - 40 °C 2.10+0.02 413103
190 °C - 3 min - 5% - 20 bars - 15 °C min™" - 40 °C 2.13+0.04 40.6+0.8
190 °C - 3 min - 5% - 10 bars — 15 °C min™' - 40 °C 2.27+0.01 38.5+0.2
190 °C - 3 min - 5% — 30 bars — 15 °C min™' - 40 °C 2.1+£0.04 414+0.7
190 °C - 3 min - 5% — 20 bars — 15 °C min~' - 80 °C 2.16+0.01 39.9+0.1
190 °C - 3 min - 5% — 20 bars - 5 °C min~" - 80 °C 2.11+£0.03 40.7+£0.5
190 °C - 3 min - 5% — 20 bars — 5 °C min~" - 40 °C 2.08+0.02 41.2+0.3
Wi = Wyea XNXLXI )
V= —Y 100 Q)
f
pg X Vc
v, =YW 00 3)
™ X Ve
Vo =100 - V¢ =V, (4)

15 mm s~'. Tensile specimen dimensions are chosen
according to ASTM D3039 standard. Specimen are condi-
tioned for at least 7 days at 23 °C and 50% RH in a climatic
chamber before testing. Tensile specimens are equipped
with flax/PP tabs glued using a Loctite SF770 primer and
a Loctite 406 adhesive.

2.4 Characterization and testing
2.4.1 Determination of volumetric composition

The volumetric composition, in particular the porosity
content of the obtained composites is measured accord-
ing to ASTM D3171-99 standard. All tensile specimens of
produced composites are weighed using a scale (precision
of 0.005 g), their length is measured with a ruler (precision
of 0.5 mm), their width with a numeric caliper (precision of
0.01 mm) and their thickness with a micrometer (precision
of 0.005 mm). The formulas used to measure the volumet-
ric composition are as follow:

where W; is the fibers weight (g); W,,., the area weight of
fabric (g m™2); N the number of plies; L the length of speci-
men (m); I the width of specimen (m); V; the volumic fiber
content (%); p; the fiber density (g m=); V. the composite
volume (m3); V., the volumic matrix content (%); W, the
composite weight (g); p,, the matrix density (g m™3) and
Vp the volumic porosity content (%).

2.4.2 Mechanical testing

Tensile tests are carried out according to ASTM D3039 on
a test machine equipped with a load cell of 100kN and a
mechanical extensometer with a gauge length of 50 mm.
These tests are performed on two types of specimen: in
the fiber direction (0°) and in the transverse direction
(90°). Specimens at 90° were studied to assess the quality
of the fiber/matrix interface. For each orientation, 6 speci-
mens are tested. For the 0° tests, the crosshead speed is

2 mm min~". For 90°, itis T mm min~".
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Fig.3 Stress—strain curve of an UD flax/PP composite for specimen
having an orientation of 0°

According to ASTM D3039, elastic modulus is calculated
within strain ranged 0.1% to 0.3%. However, UD flax fiber
composites have a bilinear behavior in this strain range
as previously observed [8]. Thus, two moduli, calculated
by linear regression, are used. E1 is located on the linear
part before the inflection point while E2 is located after
the inflection point, as presented in Fig. 3. Both moduli
are calculated by a program that finds the line comprised
of at least 50 points with the highest correlation coeffi-
cient in their respective location on the curve. The strain
range of E1 and E2 varied depending on the specimen.
For E1, it was comprised in the [0.01;0.13]% strain range
and for E2 in the [0.2;1.12]% strain range. For a majority of
the specimen, the strain range was [0.01;0.1]% for E1 and
[0.5;1.12]% for E2.

2.4.3 Microscopic observations

Microscopic observation of the specimen was conducted
in order to study the impregnation, individualization, dis-
persion and homogeneity of the flax fibers in the matrix.
Observation of the specimen is conducted on a numeri-
cal microscope. The images taken correspond to a por-
tion of 7x 2.5 mm of the composite. The image’s contrast
is enhanced and a Gaussian blur applied. Then, a threshold
allows the differentiation of fiber and matrix. The length of
the images presented in this article show the whole thick-
ness of the composite.

2.4.4 Thermogravimetric analysis

Thermogravimetric analyses are performed on flax fibers
in order to evaluate the degradation of the fiber during
process. For this purpose, flax fibers are heated to 180 °C,
190 °C and 200 °C under air, followed by an isotherm of
11 min.
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2.4.5 Analysis of variance (ANOVA)

The influence of the studied parameters on the compos-
ites’ 0° tensile properties and porosity volume is assessed
using an analysis of variance. This test is used to measure
the significance of the variation of one entry parameter on
the studied responses through the probability parameter
P. P determines the probability of the variation of a param-
eter to be random. The smaller it is, the most significant
the associated parameter. P parameter is calculated using
the statistical computing software R©.

The level of influence is classified as null (X) or 1 to 3.
Level 1 represents a low level of influence and level 3 a
high level of influence. A parameter with a level 1 influ-
ence corresponds to 5% probability of the variability being
random while a level 3 influence corresponds to 0.1% or
lower probability.

3 Results

In this study, the different parameters studied were pre-
sented in Table 3. First, temperature (T) and duration of
thermocompression (t) are studied simultaneously. For
those parameters, MAPP content is fixed at 4% since it is a
percentage commonly used in studies on long fibers com-
posites [14, 17]. Then, MAPP content from 3 to 5% is stud-
ied. Next, pressure is investigated. Finally, cooling speed
and exit temperatures are studied. This study aims to iden-
tify and select the optimal process parameters that result
in the highest mechanical properties while maintaining
dispersion of fibers of the composite and an economi-
cally efficient process. For this purpose, the experimental
design approach was not chosen. The selection of param-
eters and the experiments carried out were based on the
literature review and previous tests.

3.1 Influence of duration and temperature
of process

The effect of time and temperature on morphologi-
cal characteristics and mechanical properties were first
studied.

3.1.1 Influence on the morphological properties

Porosity content of flax/PP composites for the tested tem-
peratures and duration conditions is presented in Table 4.
Porosity content did not vary significantly with time and
temperature. In fact, variation of Vp was mostly within the
range of standard deviation.

Figure 4 shows microscopic images of composites
manufactured at 180 °C, 190 °C and 200 °C for 3, 7 and



SN Applied Sciences (2023) 5:314

| https://doi.org/10.1007/542452-023-05457-x

Research Article

Table 3 Investigated
parameters

Investigated parameters

%MAPP 7(Q) t(min)  P(bar) v, (Cmin™") T,(°0)
Level association of 4 180 3 20 15 40
manufactured composites 7
11
190 3
7
11
200 3
7
11
0 190 3
3
4
5
5 10
20
30
20 15 40
15 80
5 80
5 40

Table 4 Porosity content obtained for investigated molding time
and temperature according to ASTM D3171-99

V, (%) 180°C 190°C 200 °C

3min 3.2+0.9 3.2+1.1 3.2+15
7 min 2.8+04 2.8+0.6 3.7+13
11 min 4.0+1 29+0.7 3.7+0.9

11 min of consolidation. At 180 °C, the plies of matrix are
clearly distinguished while at 190 °C and 200 °C, fibers are
scattered in the matrix. It shows that, at 180 °C, the high
viscosity of the PP limits the penetration of the matrix in
the fiber network. This phenomenon is further enhanced
when manufacturing composites for 3 min at 180 °C
(Fig. 5) where a clear lack of impregnation of the flax fib-
ers in the matrix is observed and there was formation of
intra-bundle porosities in the fiber linen. At 190 °C, the
dispersion of fibers increases when rising process duration
from 3 to 7 min and then seems to stabilize between 7 and
11 min. Finally, at 200 °C, fibers seem to be well dispersed
at 3 and 7 min. However, there appears to be an increase
of matrix rich regions in the composite at 11 min, leading
to a dispersion of the fibers that is not as homogeneous at
11 min as it is at lower process durations.

It is interesting to notice that, at 180 °C, the thickness
of the composite is higher for composites manufactured
at 3 min (Table 2). The poor impregnation of the fibers in

those conditions may be responsible for this higher thick-
ness; due to the lack of interpenetration of the matrix
in the fiber layer, both the matrix and the flax layers are
thicker. At 190 °C, thickness and fiber content appear to be
stable which is in accordance with the observed good dis-
persion of fibers at that temperature. Then, at 200 °C, there
appears to be a reduction of thickness accompanied by
an increase of fiber content when increasing process time
from 3 to 7 and 11 min. This suggests that the decrease in
homogeneity of fiber dispersion observed in Fig. 4 could
be due to the fact that fibers have been moved by the flow
of molten matrix at the higher process duration, leading to
lower thickness and subsequent increase of fiber content.

Higher consolidation temperature and duration did not
significantly affect porosity content. As a result, it was not
considered an essential parameter in the ANOVA analysis
(Table 5). At 180 °C, the temperature was too low and vis-
cosity of matrix too high. This hindered fiber dispersion
and enhanced formation of intra-bundle porosities. As a
result, 180 °C is not recommended as process temperature.
In order to investigate those results, mechanical properties
of composites are studied.

3.1.2 Influence on mechanical properties

Figure 6 represents the influence of process temperature
and duration on composite’s Elastic moduli—both E1
and E2 and tensile strength. While no significant effect of
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Fig.4 Non-thresholded (left) and thresholded (right) microscopic images of flax/MAPP/PP composite at different process conditions. White

areas=fibers, black areas = matrix

temperature or time can be observed on E1 and E2 of com-
posites (Fig. 5a), significant variations of tensile strength
can be noticed (Fig. 5b). With the exception of 180 °C, a
drop of tensile strength is observed when increasing time
and temperature. An increase of time from 3 to 11 min at
190 °Ciis responsible for a drop of tensile strength of 13%,
and a drop of 22% at 200 °C. The drop of tensile strength
at 200 °C and 11 min could be related to the appearance

SN Applied Sciences
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of local fiber disorientation due to matrix flow as seemed
to be observed in Fig. 4. At 190 °C, there is no variation of
thicknesses and fiber content or appearance of local fiber
disorientation as process duration increases. For this rea-
son, loss of tensile strength must be due to the increase of
process time [21, 23].

Figure 7 presents the mass loss measured by TGA
analysis applied on flax fibers during the heating phase
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Fig.5 Microscopic image (x500) of a flax/MAPP/PP composite
manufactured at 180 °C, 3 min with enhanced contrast

and the isotherm at 180, 190 or 200 °C. Most of the mass
loss is due to water evaporation and happens during the
heating phase. However, it is important to notice that for
fibers heated to 190 and 200 °C, there appears to be an
additional loss of mass above 180 °C. According to Van de
Velde and Baetens [7]; this mass loss may be due to the
degradation of pectins. What is more, Stamboulis et al. [36]
had noticed an increase of 15 to 20% of tensile strength
when increasing conditioning relative humidity of flax
fibers from 33 to 66%. This increase of tensile strength is

explained by the plasticizing effect of water. Moreover, the
evaporated water may be entrapped in the matrix during
process, reducing the quality of the interface by the forma-
tion of water-filled voids [37]. As a result, the combination
of water evaporation and the degradation of the fiber may
be the reason why tensile strength decreases with consoli-
dation temperature and duration.

According to the ANOVA study in Table 5, temperature
and time both proved to be highly influential parameters
on tensile strength. Moreover, their synergistic effect is
also a rank 3 parameter, which highlights the importance
of choosing process duration according to process tem-
perature. At 180 °C, there was no dispersion of the flax fib-
ers in the matrix and at 200 °C an important drop in tensile
strength is observed. So, among the tested temperatures,
190 °C seems to be more suitable. As for process duration,
a lower duration is better since its increase leads to a drop
of tensile strength. It is also the most economical solution.
For these reasons, in following experiments, temperature
and time are set to 190 °C and 3 min.

Table 5 Significance of

. Parameter T Txt %MAPP P Ve T,
input parameters on fiber
and porosity content. E1 Influence on porosity X X X X X 3 X
and E2 Young modulus and content V.
strength at tensile strength P . .
o ; g Influence on mechanical properties
for 0° composites according to
ANOVA E1 X X X 1 X
E2 X X 2 X 1 X
Ormax 3 3 3 X 3 X
X=P>0.05;1=0.05>P>0.01;2=0.01>P>0.001; 3=P<0.001
= 35 180°C 190°C 200°C = 300 180°C | . 190°C 200°C
o o
G 30 S0 bopowlf b o]
(g]
w 25 o I
3 £ 200 1
o 20 e
= £ 150
S c
g0 £ 100
S 10 &
Q =
“ 0 0
3 7 11 3 7 11 3 7 11 3 7 11 3 7 11 3 7 11
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a
mEl mE2 )

Fig.6 Influence of molding time and temperature on a E1 and E2 modulus and b tensile strength
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Fig.7 Thermogram of flax 100
fibers when submitted to an
increase of temperature to
180, 190 or 200 °C at a rate of
5°C min™
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3.2 Influence of MAPP

The next studied parameter is MAPP content. Its influence
on the morphology of composites and, subsequently, their
mechanical properties is studied.

3.2.1 Influence on morphological properties

A drop of porosity content is observed when using MAPP.
When no MAPP is used, porosity content is 5.1 +0.3. Using
3, 4, 5% of MAPP respectively reduces porosity content
t0 3.7£0.5,3.2+ 1.1, 3.7 £ 0.8%. Use of MAPP most likely
reduces interfacial voids in the composite due to better
wetting of the flax fibers and, as a result, better interfacial
adhesion. Unfortunately, microscopic observations did not
allow to confirm this hypothesis.
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Using coupling agents reduces the porosity content
by improving interfacial adhesion. In order to confirm the
effects of MAPP on the composite’s interface, mechanical
properties at 0° and 90° are studied.

3.2.2 Influence on mechanical properties

Figure 8 represents the influence of MAPP content on the
composites elastic modulus and tensile strength in the
0° direction. While no significant effect of coupling agent
content can be observed on E1, an increase of 9% of E2
was observed when adding 3% of MAPP in the matrix
(Fig. 8a). An increase of 13% of composite tensile strength
was also observed (Fig. 8b). Further increase of coupling
agent content from 3 to 5 wt% does not increase E2 or
tensile strength. This is in accordance with results found

350
300 ;
250 ;
200
150
100
50
0

Tensile Strength o, (MPa)

0 3 4 5
MAPP Content (%)

b)

Fig. 8 Influence of MAPP percentage on 0° a E1 and E2 modulus and b tensile strength of flax/PP composites
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Fig.9 Influence of MAPP percentage on a elastic modulus and b tensile strength of flax/PP composites at 90°

in the literature when comparing UD flax/PP composites
containing 0 and 4% of MAPP [17].

Tests on specimen with fibers oriented at 90° were car-
ried out to better evaluate the influence of MAPP percent-
age on composite mechanical properties. Figure 9 shows
the influence of MAPP content on composites’elastic mod-
ulus and tensile strength in the 90° direction. Figure 9a
presents an increase in elastic modulus of composites in
the 90° direction, from 2.08 £0.21 GPa when no coupling
agent was added to 2.36 +0.05 GPa, 2.61+0.10 GPa and
2.48+0.04 GPa respectively for 3, 4 and 5 wt% of MAPP.
In Fig. 9b, an increase of tensile strength of 40% (from 6
to 10 MPa) is observed with 3 wt% of MAPP, increasing
amount of coupling agent leads to further increase of
tensile strength up to 11.5 MPa at 5 wt%. This reveals that
further addition of MAPP promotes the enhancement of
the fiber/matrix interface quality.

The addition of 3 wt% of MAPP to the matrix improves
the fiber/matrix adhesion. As a result, in the 0° direction,
the elastic modulus E2 improves by 9% and the tensile
strength by 13% by adding 3 wt% of coupling agent. Fur-
ther addition of MAPP from 3 to 5 wt% does not have sig-
nificant effect on composite’s morphology or mechanical
properties at 0°. For this reason, the ANOVA (Table 5) con-
sidered MAPP content to be a relevant parameter on both
elastic modulus and tensile strength at 0° at a level of 2
and 3 respectively. Mechanical properties in the 90° direc-
tion showed improvement through the use of a higher
percentage of coupling agent, proving that amount of
MAPP did improve the quality of the interface. According
to Qiu et al. [35], a critical amount of coupling agent can
be determined, at which its interaction with natural fib-
ers is the strongest. Above that value, the concentration
of MAPP is too high at the interface and the PP chains of
the compatibilizer entangle themselves with each other
rather than with the matrix, resulting in fiber pull out as
the main fracture mechanism. In this study, observations

at 90° prove that this critical value is at least 5 wt%. As a
result, 5 wt% of MAPP is chosen as the optimal value in
this study.

3.3 Influence of consolidation pressure

The consolidation step of the manufacturing process has
previously been studied through its temperature and
duration. In this section, the pressure applied to the com-
posite with 5% of MAPP is studied.

3.3.1 Influence on morphological properties

A decrease of porosity content is determined when
increasing consolidation pressure. At 10 bars, porosity
content is 5.1+ 1.1% and drops to 3.7 £0.8% at 20 bars
and 3.7 £0.5% at 30 bars. This tendency can be explained
by the fact that higher pressure helps with the evacuation
of gas embedded in the composite during the process.
Another possibility is that at higher pressures, fiber lumen
can be either crushed or penetrated by the polymer resin
during the process. This decrease in porosity content is

8000 = o
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Fig. 10 Number (N) and area (S) of fiber bundles measured by
microscopic analysis as a function of consolidation pressure
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accompanied by a drop of thickness of 2.27 £0.01 mm at
10 bars to 2.13+0.04 mm at 20 bars and 2.1+0.04 mm at
30 bars and an increase of fiber content from 38.5+0.2%
at 10 bars to0 40.6 +0.8% and 41.4+0.7%. This evolution of
thickness and fiber content further suggests that a higher
compaction rate is obtained at higher pressures.

Figure 10 presents the results of microscopic images
analysis. Studied data are the number (N) and area (S) of
fiber bundles as a function of the consolidation pressure.
Microscopic analysis showed that increased pressure leads
to decreased dispersion of the fibers in the composite
as number of bundles decreased while area of bundles
increase. This lower dispersion of fibers may be due to a
decrease in fiber permeability or to the higher compaction
rate of fiber bundles at higher pressures [38, 39].

The influence of pressure on composite’s morphol-
ogy shows a dual effect. Increasing pressure will result
in lower porosity content but also lower fiber dispersion
in the matrix. Though, similarly to the effect of MAPP, the
decrease in porosity content was not enough for pres-
sure to be considered a relevant parameter in the ANOVA
(Table 5). In order to determine which pressure is the most
appropriate to these composites’ process, the mechanical
properties are studied.

3.3.2 Influence on mechanical properties

Table 6 presents the influence of pressure on composites’
elastic moduli and tensile strength in the 0° direction.
Despite the variation of morphological properties, there
is no significant changes to mechanical properties. It is due
to the fact that for the studied composites, a pressure of
30 bars most likely does not physically damage the fibers
and lower their mechanical properties.

Consolidation pressure shows no effect on mechanical
properties despite the small influence observed on com-
posite morphology. In following experiments, the pressure
is set at 20 bars to manufacture composites as the porosity
content is lower than at 10 bars.

3.4 Influence of cooling speed and exit temperature
After the pressure, in this section, the influence of the cool-
ing step, at 5 or 15 °C min, and the exit temperature of the

composite, at 40 or 80 °C, is studied.

Table 6 Tensile properties of 0° composites obtained for different
studied pressures at 190 °C and 3 min

Pressure E1 (GPa) E2 (GPa) Opnax (MPa)
10 bars 29.6+1.2 20.6+0.6 2719

20 bars 30.2+1.5 21.7+13 281+9
30 bars 294+1 20.9+0.6 273+3
SN Applied Sciences
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3.4.1 Influence on morphological properties
At a speed of 15 °C min~', porosity content was 3.7 +0.8
with an exit temperature of 40 °C and 3.7+ 1.5 at 80 °C.
At 5°C min~!, porosity content was 5.3+0.6 at 40 °C and
5.3+ 1.4 at 80 °C. Exit temperature of 40 or 80 °C proved to
have no effect on porosity content, while cooling rate had
a high influence. This consistent change of porosity con-
tent with cooling speed at both exit temperatures made
cooling speed a parameter of rank 3 on porosity content
(Table 5). One possible explanation for the increase of
porosity could have been an increase of PP crystallinity,
in particular in the transcrystalline layer at the interface;
however, DSC tests showed that all composites presented
a similar crystallinity at 41+ 1%. So, the measured increase
of porosity content is due to the slower decrease of tem-
perature that favors the formation of volatile sub-products
from water evaporation or degradation fiber’s constituents
such as pectin [6, 71.

3.4.2 Influence on mechanical properties

As previously observed for porosity content, exit tempera-
ture of 40 or 80 °C does not seem to influence mechanical
properties. At the same time, decreasing cooling speed
from 15 to 5 °C min™' generates a very small decrease
of moduli and a larger decrease of tensile strength from
281 +9to 258 +4 MPa at an exit temperature of 40 °C and
from 276 +9 to 262+ 11 MPa at an exit temperature of
80 °C. This decrease is due to longer exposition time to
temperatures higher than 180 °C during cooling. This leads
cooling speed to be a rank 1 parameter for E1 and E2 and
of rank 3 for tensile strength.

Exit temperature, when lower than the crystallization
temperature of the polymer matrix, does not influence
structural and mechanical properties of the composite.
However, lower cooling speed will result in longer expo-
sition to high temperatures and negatively impact both
microstructure and mechanical properties of the com-
posite. In industrial processes, a shorter duration process
is economically interesting. Therefore, the highest cool-
ing speed or 15 °C min~' is preferred for both mechanical
properties and porosity content.

4 Conclusion

The aim of this study was to provide a better understanding
of the impact of several key parameters on the morpho-
logical and mechanical properties of manufactured unidi-
rectional flax/PP composites by thermocompression. The
influence of six parameters was studied. The impact of those
parameters on porosity content and 0° tensile properties
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was analyzed using an ANOVA and ranked by order of
importance. In terms of porosity content, cooling speed
appeared to be the most crucial parameters. While MAPP
content and pressure seemed to lower porosity content, the
variation was not considered as significant. In terms of E1
modulus, the cooling speed was the only parameter that
showed an influence on its variation. For E2, once again,
cooling speed proved to be a parameter of small influence
and MAPP content appeared to have a rank 2 influence.
Finally, MAPP content, cooling speed, time, temperature
and their synergistic effect proved to be a rank 3 param-
eter on tensile strength. MAPP improves the quality of the
interface, leading to better mechanical properties. As for
cooling speed, time and temperature, those parameters had
an effect on fiber degradation when they spent more time
at higher temperatures, leading to a decrease of mechanical
properties of composites. In order to obtain flax/PP com-
posites with good mechanical properties, one has to be
particularly attentive to parameters related to temperature
and time spent at high temperatures as those are the most
influent parameters. Pressure, while proving to be a param-
eter of small influence on porosity content and mechanical
properties in this study, had an impact on the dispersion of
fibers. Lower pressures lead to better dispersion of the fib-
ers in the matrix. This is interesting, because it means that,
when a better dispersion of the fibers is needed, changing
the pressure might affect the dispersion without affecting
the mechanical properties.

So in this study, the optimal process parameters that
result in the highest mechanical properties while maintain-
ing dispersion of fibers of the composite and an economi-
cally efficient process are: a composite with 5 wt% of MAPP,
a thermocompression temperature at 190 °C during 3 min,
a cool down temperature speed of 15 °C/min, an exit tem-
perature of 80 °C and an applied pressure of 20 bars.

While this paper has not studied an exhaustive list
of parameters, it constitutes a useful database on the
manufacturing of flax/PP composites by thermocom-
pression, in particular, few other studies have consid-
ered the performance of such composites in terms of
fiber dispersion.
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