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The development of composites based on vegetal fibers requires a good control of manufacturing
process. The aim of this work is to determine the key parameters to produce high grade flax / epoxy
unidirectional laminated composite by thermocompression. So, many processing parameters have been
tested and ranked according to their influence on mechanical properties. Since variability can be high for
this kind of materials, statistical analyses have been used to determine if properties variations were
significant or not. Among all studied parameters, the three which have been identified as first rank

influence on mechanical properties are: fibers conditioning, curing pressure and exit plate temperature.
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1. Introduction

These days, structural laminated composite materials are mainly composed of non-renewable
fossil resources, such as synthetic fibers and petro-sourced resins. However, the environmental
footprints of these composite materials are important. As with for example the European directive
2000/53/EC, regulation encourages the industry to reduce environmental impacts of materials [1,2].
Moreover, the public opinion is more and more sensitive to these issues. Since the production of vegetal
fibers adapted for this kind of applications needs 5 to 7 times less energy than glass fibers production
[3,4], these fibers can be a viable solution to replace synthetic ones. This is why the use of vegetal fibers
to replace glass fibers as composite reinforcements in some industrial sectors, such as automotive
industries or civil engineering, has emerged during the last decade. Consequently, the flax industry
currently develops new production techniques to offer reinforcements with adapted structures to

composite materials manufacturing. Indeed, the low density of flax fiber (around 1.5 [5,6]) and their



good mechanical properties can lead to composite materials with specific stiffnesses and strengths
comparable to the glass fiber-reinforced ones [7-9]. However, the structure of flax fiber wall is complex
and results from the association of multiple constituents (cellulose, hemicellulose, pectin, lignin, waxes,
water...) [10,11]. This structure can already be perceived as a micro-composite material, in which the
pectin plays the role of matrix, reinforced by highly-crystalline cellulose fibrils linked together by
hemicellulose, leading to a complex and non-linear tensile behavior of the fiber [8]. In addition, it is
challenging to use flax fiber as reinforcements for structural composite materials, because of their low
thermal stability and their hydrophilic behavior [2,8,12,13]. This affects their in-service and durability
properties [14,15].

The performances of a structural bio-based composite material are intimately related to the
quality and robustness of its manufacturing process. The parameters of processing influence the
microstructure, e.g. the volumetric content of fiber, matrix and void, but also the arrangement of the
fibers within the matrix. For a flax fiber reinforced laminated composite, the fibers bring the mechanical
resistance and play a decisive role in the hydrophilic properties of the composite. The porosities lead to
stress concentrations and lower the mechanical properties [16]. They also increase the moisture uptake
of the composite by creating free spaces. As a result, in order to optimize the mechanical properties and
the durability of a composite, it is necessary to control its fabrication process to ensure an adapted
microstructure. Depending on the various process techniques and parameters found in the literature,
unidirectional flax fiber reinforced laminated composites seem to have a range of volumetric fiber
content between 26 and 65 %, and a volumetric void content between 1.5 and 10 % [15,17-22], leading
to tensile properties with a range of Young’s modulus between 9 and 33.6 GPa and tensile strength
between 133 and 350 MPa [15,17-22].

For the use of thermocompression-like manufacturing processes, the fabrication steps are
often the same: (i) preparing and conditioning of the bio-based reinforcements; (ii) curing the
composites and reaching specific temperature and pressure conditions to crosslink the resin without
degrading the reinforcements; (iii) cooling and (iv) post-curing to complete the cross-linking of the resin.
A particular attention must therefore be paid to each of the previous manufacturing step in order to
optimize and control both final microstructural and mechanical properties of the produced composites

[23].



Insofar as the bio-based reinforcements are hydrophilic, their preparation or their conditioning
before curing is very important. Vegetal fiber moisture content depends on the history of storage. Some
authors highlighted a detrimental effect of moisture content on the fiber/matrix adhesion [18,24]. In
parallel, severe drying of vegetal fiber before manufacturing is assumed to lower the mechanical
properties of the fiber [18,25]. Thus, fluctuations in water content of the reinforcements can induce
variability in the final properties of bio-based composites. Since the initial water content of the fiber is a
process parameter difficult to control, many authors choose nevertheless to dry fibers before
manufacturing their bio-based composite materials [21,26—34]. This choice aims to ensure repeatable
mechanical properties of their final composites.

The curing step is assumed to be the most significant one to ensure the fabrication of the best
possible bio-based composite. In this step, four interrelated processing parameters are managed: (i) the
curing temperature; (ii) the temperature ramp up, (iii) the curing duration and (iv), if required, the
applied pressure. The choice of a resin is generally determined according to several criteria. During the
process, it is necessary to guarantee the best possible impregnation and a crosslinking temperature
which does not damage the reinforcements. It is also necessary to guarantee good synergy between
reinforcements and matrix (fiber/matrix adhesion and ability to deform together without interface
breakage). Finally, temperatures during future in-service conditions determine the minimum glass
transition temperature the resin must reach.

Before crosslinking the resin, a first step consists in optimizing and terminating the
impregnation of the reinforcements. In facts, when optimal manufacturing conditions are investigated,
it is necessary to fluidize the unpolymerized matrix to ensure a good impregnation. This depends on
thermal and rheological properties of the matrix [35]. For thermoset resins, the first part of the curing
cycle is generally processed under pressure and at a temperature below the crosslinking temperature of
the resin [36—38]. Before polymerization, it is noticeable that thermoplastic resins exhibit higher
viscosity, compared to thermosets ones. Generally, fluidizing thermoplastic resins requires higher
temperatures and higher pressures are used [36]. This is why thermoset resins appear to suit better the
manufacturing of long vegetal fibers thanks to two effects. On one hand, the low viscosity of the
uncured resins (about 1 Pa.s at 25°C for epoxy [39]) allows a good reinforcement impregnation. On the

other hand, the lower the curing temperatures are, the lower the risk of thermal degradation of fiber is.
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Thermoplastic resins often require temperatures above 200°C up to more than 400°C [40] while some
epoxy can crosslink at room temperature and curing temperature are lower than 200°C [39].

After impregnation, the temperatures, pressures and durations are set to values allowing the
best possible crosslinking of the resin and the best rate of reinforcement as possible. Crosslinking
temperatures and durations are specified by resin supplier. Generally, resin data sheets indicate, for
several combinations of temperatures and durations, the expected glass transition temperature (Tg) of
the polymerized resin. Moreover, the in-service temperatures lead to the choice of resins whose glass
transition temperatures are sufficient. In fact, structural bio-based composites dedicated to automotive
industry or civil engineering shall undergone in-service temperatures below 90°C. Resins with Tg above
100°C are thus often the standard. Manufacturers can then choose specific cycles compatible with the
nature of the reinforcement and then adapt their fabrication conditions to their facilities and
imperatives of time.

There are many examples of polymers used to obtain bio-based composites. For instance, Liang
et al. [36] have investigated the influence of processing parameters on the manufacturing of
flax/polyamide-6 by thermo-compression. Their results objectively show that this type of matrix seems
to be rather incompatible with flax reinforcements because of the poor mechanical performance of the
manufactured composites. This is assumed to be caused by high curing temperature requirements
(between 230 and 250°C), that induce severe damages of reinforcements, especially of hemicellulose
and lignin [5]. Other authors [41] produced flax/polypropylene composites by thermo-compression at
different temperatures (190°C and 210°C). Studied curing durations lasted between 3 and 5 minutes.
200°C for 3.5 minutes was considered as the best possible combination to improve mechanical
properties (modulus and tensile strength) of their material.

In the case of thermosets, the influence of the curing temperature on the final composite
properties has not been studied as much as in case of thermoplastics. This is probably because using
thermosets involves lower temperatures and thus less thermal degradation of fiber reinforcements.
However, a compromise must be reached between durations and temperatures of the curing cycle.
Epoxies or unsaturated polyesters are generally used [38,42—46]. Some authors apply high temperatures
(= 130°C) to cure flax/epoxy composite materials by thermo-compression [38,42,45] for a minimal

duration (= 2 h). Others propose to cure flax/epoxy [44,46] or polyester/epoxy [43] at room



temperature. This induces very long cycle times (>12 h) that could not be adapted to industrial
objectives.

The curing pressure also has significant effects on the quality of the fabricated bio-based
composites. In particular, volumetric fiber content and void content can be drastically modified with the
pressure. In the case of bio-based composites, the higher the applied pressure is, the higher the
reinforcement volumetric ratio and mechanical properties are [47]. It is known that an increase in the
volumetric void content leads to a decrease in the mechanical properties [21]. However, by
thermocompression, the maximum fiber content for epoxy resin reinforced with unidirectional long
vegetal fibers encountered in the literature seems to be 65 % [15,17-22,34]. Polypropylene resin
reinforced with unbalanced flax fabric reached 57.2 to 59.6 % under 20 bars in the work of Wolfahrt et
al. [28]. Shah et al. [48] found a theoretical maximum volumetric fiber content of 60 % for unidirectional
composite laminates of jute fibers. Also, increasing pressure induces a decrease in volumetric void
content [21] until a certain level of pressure which will be called optimal pressure [49]. Above this
optimal pressure, the impregnation if affected, the resin cannot fill the voids of the fully compacted
fiber assembly and the void content increases [49] and the fibers are so close together that the stress
transfer between fibers and matrix become inefficient [48].

The purpose of the post-curing step is to complete the crosslinking of the resin in order to
obtain a composite as stable as possible. The resin suppliers generally indicate that the temperatures
and post-curing durations should be identical to those used in crosslinking the resin. Two cases can be
found in the literature. Authors who do not take into account the effect of the temperature on fibers, in
this case the post-curing can be performed at high temperature (>150°C) [37], and those who perform
post-curing at lower temperature (<70°C) to minimize fiber degradation caused by water removal
[43,46]. Different durations are also implemented (from 45 min to 14h) [43,46].

This state of the art shows that many authors adapt their manufacturing processes to their
specific needs. The numerous previous contributions help to illustrate the relations between the final
mechanical and microstructural properties of composites and their manufacturing conditions. However,
each case is often unique. Depending on the type of reinforcement, resin or manufacturing tools, the
published results do not clearly provide direction to help the scientific or industrial community to design

a robust fabrication process of bio-based structural composite materials.



It is then important to consider that the particular nature of the reinforcements must be taken
into account to set the manufacturing conditions of bio-based composites. The control and the
understanding of the influence of each manufacturing step on the expected properties of the
composites must be achieved. This will help to define clear scientific and technological approaches for
the manufacture of robust and repeatable bio-based composite laminated structures.

The purpose of this study is to show how the conditioning, curing conditions and post-curing
steps impact (i) the quality of the crosslinking of the matrix, (ii) the microstructure of the composites
(volumetric void and fiber contents) and (iii) the properties of stiffness and ultimate tensile strength of
the composites manufactured.

To achieve this objective, studies were carried out using pure unidirectional flax reinforcements
impregnated with a petro-sourced (DGEBA — DiGlycidyl Ether of Bisphenol A) epoxy resin. The chosen
process is thermo-compression. Based on the results, the consequences of the choices for each required

fabrication step on the final mechanical properties of the composites will be discussed.

2. Materials and methods

2.1. Fibers and matrix

In this study, pure unidirectional reinforcements FlaxTape™ 110, supplied by the company
LINEO®, were used. We measured a density of 1.45 for flax fibers, using Archimedes’ principle.

This reinforcement has been selected for its good and reproducible mechanical properties,
induced by its industrial production. Moreover, the structure of this reinforcement is purely
unidirectional, without sewing yarns. This makes the distribution of the resin easier and reduces induced
shear interferences during tensile tests.

The matrix used is a DGEBA epoxy resin (SR 8500 — density 1.17) amine hardener (SZ 8525 —
density 0.94) system produced by Sicomin© (weight ratio 4:1). We measured a density of 1.19 for cured
matrix, using Archimedes’ principle. Epoxy is a widely used thermoset resin, even for bio-based

composite laminates. With a hot press process, the supplier recommends to cure composites at 80°C for



1 hour. Under these conditions, the supplier indicates that the resin has a gel time of 8 minutes and
reaches the glass transition temperature (Tg) between 104 °C and 106 °C. To confirm this value,
modulated differential scanning calorimetry analyses were carried out on two samples of pure resin
thermo-pressed at 80°C in the optimal conditions of curing and post-curing determined in the study. A
Tg of 109°C was measured, which is compatible with the aimed in-service conditions of this kind of

composite materials.

2.2, Manufacturing process

The purpose of the manufacturing process is to produce plates in order to study the influence
of multiple parameters on the quality and mechanical performance of these composite materials: (i) the
conditioning of the reinforcements, (ii) the curing temperature, (iii) the curing pressure, (iv) the cooling

speed, (v) the exit temperature, (vi) the post-curing temperature and (vii) the post-curing duration.

Conditioning

Two batches of fibers were used to produce composite materials: the first batch of
reinforcement was not conditioned and stored under ambient conditions. During the storage, a
Voltcraft® DL-141TH, humidity and temperature data logger was placed in a flax fibers storage box.
Records have been automatically done every 10 minutes. The temperature has been measured at 22 + 2
°C and the humidity at 30 £ 5 % RH. The second batch of reinforcement was conditioned in a climatic

chamber (Votsch® VC 7100) at 23 £ 1 °Cand 50 £ 1 % HR for 7 days before manufacturing.

Impregnation and hand layup

The plies have been manually layed up and impregnated in a specific mold protected by Teflon
sheets (figure 1). The draping cycle was as follows: a resin layer is spread on the lower part of the mold.
A first ply is positioned in the mold, a resin layer is applied in the center of the flax layer, as it can be
seen on figure 1 a). (The resin will be spread under the curing pressure effect as schematized on figure 1
b) and c)). This sequence continues until the stacked number of plies is reached. Finally, the mold is

closed and ready to be positioned in the thermo-compression press. This step was performed in 1h £ 5



mins. This duration is compatible with the pot-life of around 85 minutes at 23°C given by the

manufacturer Sicomin©.

Curing and Post-curing

A Fontijne Grotnes TPC 321 hot press has been used for curing pure unidirectional laminated
composites plates. A reference curing cycle is presented in figure 2. First, the temperature increases
from 20°C to 40°C in 10 minutes (2 °C/min). This step allows to lower the viscosity of the resin and to
optimize the impregnation of the reinforcement by the matrix. Pressure (CP) is applied as soon as
temperature reaches 40°C and maintained throughout the next steps, until the end of the cooling step.
Second, the temperature is raised in 15 minutes to the desired curing temperature (CT) (60°C or 80°C)
and is maintained for one hour. Third, the mold is cooled from CT to a specified exit temperature ET
(20°C, 40 °C or 60 °C) at a defined cooling speed (CS): approximatively -0.083°C/min for natural cooling
(nat), -1°C/min or -2 °C/min. The controlled accelerated cooling speeds (-1 or -2 °C/min) are imposed
and controlled thanks to a cold unit (Frigosystem®© RACA) connected to the thermo-compression press.
Finally, a post-curing is conducted within 2 days. Between curing and post-curing the plates were stored
in a climatic chamber (Votsch® VC 7100) at 23 £+ 1 °C and 50 + 1 % HR. The post-curing is carried out in
an oven (Memmert UN 450+) for a fixed temperature (PCT) and duration (At PC) (60°C or 80°C for 1h, 2h

and 4h).

Since different parameters have been studied to evaluate their influence on the mechanical
properties of the composites, the reference curing cycle has been modified to obtain different materials.
This is summarized in Table 1, which is completed by a nomenclature, to designate the plates according
to their manufacturing conditions. In the rest of this paper, a plate will be identified with this
nomenclature. For instance, a curing cycle with the reference parameters, shown in bold in table 1, will

be labelled by the following sequence: C/12P/3B/80/nat/20/x/x.

2.3. Specimen preparation



Unidirectional tensile specimens were cut with a water lubricated circular saw. The specimens
were immediately dried with an absorbent paper after the cutting to avoid water sorption. According to
geometry 4 from ISO 527 standard, their dimensions are 250 mm long, 25 mm wide. The 12 plies
specimens have a thickness between 1.7 and 1.8 mm under 3 bars. The 20 plies specimens have a
thickness between 2.6 and 3.5 mm depending on the applied pressure (the higher the pressure is, the
lower the thickness is). Before testing, the specimens have been conditioned at 23 +1 °C and
50+ 1 % HR for 7 days minimum in a climatic chamber (Votsch® VC 7100). The specimens have not been

equipped with tabs.

2.4. Determination of volumetric composition

Volumetric composition of the composite was determined by weighing method inspired from
ASTM D 3171 - 99. For each produced plate, one specimen, described above, was weighed with a Kern
PRS balance (0.1 g precision), its width and thickness were measured with a numeric caliper (0.01 mm
precision) and its length was measured with a ruler (0.5 mm precision). The determination of the resin
and the fibers densities is explained in the physicochemical characterization section. Then, the

volumetric fiber, resin and void contents were calculated with the following equations:

Wf=Aw XN X L x 1 (Eq. 1)
Vf = hWXfVC x 100 (Eq. 2)
Vr = % x 100 (Eq. 3)
Vp=100—-Vf —Vr (Eq. 4)

with WT: fibers weight (g); Aw: areal weight of the fabric (g.m'z); N: number of plies; L: length of the
specimen (m); |: width of the specimen (m); Vf: volumetric fiber content (%) ; pf: fiber density (g/m”>);

Vc: composite volume (m?); Vr: volumetric resin content (%) ; Wc: composite weight (g); pr: resin density
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(g/m3); Vp: volumetric void content (%). This determination of volumetric composition is sensitive to
small deviations of specimen’s dimensions’ measurements and to the reinforcement density dispersion.
Then, samples have been measured precisely and the uncertainty of measurements has been taken into
account in calculations. Moreover the stack of 20 plies averaged the variation of the reinforcement

density along the roller width.

2.5. Microscopic observations

Untested 20 x 20 mm specimens were cut with a water lubricated circular saw then dried in
absorbent paper. They were coated with EpoFix© resin from Struers and conditioned at 23 + 1 °Cand
50 £ 1 % HR for 7 days before their observation under a Nikon Eclipse LV150 optic microscope. These
observations were conducted to inspect the composite microstructure, especially the presence of

porosities, for different manufacturing pressures.

2.6. Mechanical testing

Tensile tests were conducted on unidirectional 0° samples according to the ISO 527-4 standard
on a MTS Criterion C45, equipped with a 100 kN load cell and a 50 mm gauge length extensometer. Test
speed was set at 1 mm.min™". For each plate, 4 specimens were tested. According to the ISO 527-4
standard, the Young’s modulus for unidirectional fiber-reinforced composite is measured in a strain
range of 0.05 % to 0.25 %. This strain range is well-suited to synthetic fiber-reinforced composites but
not to flax fiber-reinforced composites. Indeed, the tensile curve for a flax fiber-reinforced composite is
not linear [15,50]. As presented on figure 3, this nonlinearity results in the appearance of an inflection
on the stress-strain curve, often in the strain range of 0.05 % to 0.25 %. If the standard is used to
calculate the tensile modulus of our unidirectional composites, it will be thus under-estimated. For this
reason, two modules E1 and E2 are defined in the dotted areas on the figure 3, respectively the squares
and the circles ones. The strain range of these areas depends on the position of the inflexion point on

the curve, which differs with the processing parameters variations.
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2.7. Physicochemical characterization

Modulated Differential Scanning Calorimetry (MDSC) analyses

MDSC analyses have been performed with a TA Instrument DSC 250 differential scanning
calorimeter. MDSC has been preferred to classic DSC because it allows separating reversible and non-
reversible phenomena. This enables to measure the glass transition temperature (Tg) of the material
despite the thermal phenomena due to fibers which can disrupt the signal. For each analysis thermal
cycle has been carried out from 25°C to 130°C and the Tg has been determined using the reversible

signal. For each plate, analyses have been performed on 2 samples.

Thermo-gravimetric analyses

In order to estimate water content of the fibers, depending on their storage conditions before
manufacturing process, thermo-gravimetric analyses have been carried on flax fibers samples using a
NETZSCH STA 449 F1. Based on this study [51], isothermal analyses have been performed on
conditioned and non-conditioned fibers. Each were carried out at 105°C for 14h then 150°C for 5h in one

run.

Density measurements

Densities of fibers, resin and composites, have been measured using Archimedes’ principle.
Each sample has been successively weighed in air and in dodecane solution. Dodecane has been chosen
to avoid solvent sorption by the fibers. Density of the sample (d) has been calculated using the equation

5. For each plate, 5 samples have been weighed.

Mgir Xd -m Xdgi
d= air dod dod air (Eq 5)

Mair — Mdod
with m,;, : mass of the sample measured in the air (g) ; my.q : mass of the sample measured in dodecane

(g) ; dair : density of the air (6.10'4 g.m3 at 21°C) ; dyoq : density of dodecane (0.7487 g.m3 at 21 °C).
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3. Results

In this section, results are presented in order to classify the influence of processing steps on
micro-structural properties (volumetric fiber content, volumetric void content, glass transition
temperature) and mechanical ones (both E1, E2 moduli and ultimate tensile strength o,,.,) of fabricated
laminates. Before discussing these results, a statistic variance test (ANOVA) has been implemented to

ensure that the variation observed between two groups of specimen is statistically significant. The

significance of the variation between the average values will be noted S and is calculated with S = =
crit

F is calculated with the intergroup variance (variance considering all specimens) divided by the
intragroup variance (mean value of the variances of the two groups of specimens) and F,;; is
determined on a 95% safety Snedecor F-table. F and F,,;; values are automatically calculated with
Excel’s ANOVA function. If S > 1, the null hypothesis of the ANOVA test is invalid, which means that the
specimens do not belong to a single population. In other terms, if S > 1, observed variations between

averages of two groups can be assumed as significant.

Structural properties (volumetric fiber content, volumetric void content and glass transition

temgeraturel:

The most influential manufacturing parameter on the microstructure of laminates is the
pressure. On a 20 ply-laminate, the volumetric fiber content is around 38 % for 1 bar, 45 % for 3 bars
and 51 % for 5 bars. The volumetric void content is also impacted by the pressure; contents of around
2.4%, 2.5% and 3.1 % were measured respectively for 1, 3 and 5 bars. By TGA analysis water content has
been measured between 5 and 7% in mass for non-conditioning fibers and to 7% for conditioned fibers
which is in accordance with the literature [51]. The glass transition temperature of each composite has
been measured and compared with the one given by the manufacturer for pure matrix cured 2 hours at

80°C (106°C). In all cases it was slightly upper. The matrix is thus assumed to be well crosslinked.

Mechanical properties (E1, E2 and 0n,y)

In the following observations, the process parameters were classified in terms of rank of

influence on the studied properties of the composites (moduli and ultimate tensile strength). Ranks 1
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and 2 correspond respectively to major and minor influences on the properties of the composites. An
influence is considered to be major when the observed variation on the average values of the studied
properties of the composites is greater than 15% with S > 1. A minor influence corresponds to observed
property variations between 10% and 15% with S > 1. The 3" rank corresponds to a trend of mean value
evolution (average variation > 10% and with 0.5 < S < 1) with a low significance. The letter X denotes a

negligible evolution. The following table (Tab 2) sums up the criteria used to classify the parameters.

Influence of the processing parameters on E1:

The figure 4 shows that the different processing parameters have different effects on E1. Some
processing parameters have a negligible influence: the curing temperature, the cooling speed and the
post-curing temperature induce less than 10% change in the E1 value and S lower than 0.2. However,
even if the post-curing duration has no significant effect on the mean value of E1, a clear reduction of
the standard deviation was observed for durations of 2h and 4h (64% reduction of the standard
deviation from no post-curing to 2h post-curing duration). The specimens tested to determine the
influence of post-curing duration have been randomly selected on the plates. Moreover, the specimens
with post-curing of 1h have not been all tested then the ones with 2h, etc. i.e. The order in which we
tested these samples was also random. This tends to indicate that the reduction of the dispersion of the
results is linked to the duration of the post-curing more than it was in the selection or in test conditions
of the samples. To produce reproducible laminates, this parameter is thus important and it will be
classified as a 2™ rank parameter.

On the other hand, the fiber conditioning, the pressure and the exit temperature have
significant consequences. For 12 ply-laminates, using conditioned reinforcements leads to a 12%
increase of E1 mean value (S = 1.20). Conditioning of fiber is then a 2™ rank parameter.

Moreover, as a consequence of the increase in the reinforcement rate, increasing curing
pressure induces 16% and 23% increase in E1 mean value when the pressure is increased from
respectively 1 bar to 3 bar and from 1 bar to 5 bars (S = 1.37 between 1 and 3 bar and S = 4.55 for 1 to

5). Finally, a 21% increase of E1 mean value is observed when the composite is unmolded at room
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temperature, in comparison with an outlet at 60°C (S = 2.04). Thus, pressure and exit temperature will

e t
be classified as 1* rank parameters.

Influence of the processing parameters on the E2 modulus:

As with E1, the curing temperature and the cooling speed have no significant influence of the
E2 modulus, with less than 10% variation of the mean value and S lower than 0.2, as shown in Figure 5.
As observed for the E1 modulus, the post-curing duration has no significant influence (less than 6%) on
E2 modulus. However, a clear reduction of the standard deviation is observed for 2h and 4h of post-
curing (32% reduction of the standard deviation from no post-curing to 2h post-curing duration). As
indicated for E1, specimens were randomly selected and tested, so to ensure reproducible laminate
fabrication, the post-curing duration has to be considered as a 2" rank parameter on E2.

Contrary to the observations made on the module E1, a rank 3 influence can be observed
concerning the post-curing temperature, with a 13% increase in E2 between 60°C and 80°C (S = 0.54).

As seen in the case of E1, the fiber conditioning, the pressure (1 to 3 bars) and the exit
temperature respectively increase E2 of +20-25% (S = 5.64-2.68), +20% (S = 1.59) and +28% (S = 3.72).

s t
These process parameters are then classified as 1* rank ones.

Influence of processing parameters on the ultimate tensile strength o pqy:

The fibers conditioning, the curing temperature and the post-curing temperature have
negligible impacts (in the range of studied parameters) on the ultimate tensile strength, with less than
10% variations and S lower than 0.6, as shown in Figure 6. The post-curing duration still has the same
effect as for the E1 and E2 moduli: there is no significant change in the mean value but a clear decrease
of the standard deviation for durations of 2h and 4h is observed (52% reduction of the standard
deviation from no post-curing to 2h post-curing duration). As indicated for E1 and E2, specimens were
randomly selected and tested. To ensure reproducible laminate fabrication, the post-curing duration
effect on 0,5, can also be considered important and will also be classed as a 2" rank parameter.

The exit temperature has lower influence on o,,,,, than on moduli but a trend can still be
observed with a 16% increase of the mean value when the composite is unmolded at room

temperature, in comparison with an outlet at 60°C (S = 0.68). The increase of the curing temperature
15



from 60°C to 80°C induces a 12% increase of 6,,,, mean value but regarding the ANOVA test this
variation is considered as non-significant (S = 0.15).

Cooling speed has a 2" rank influence on Omax- Hence, reducing cooling speed from 2°C/min to
natural cooling (0.083 °C/min) induces a 14% increase in Gmax (S = 2.50).

The pressure still has a major influence on o,,.,, in relation with the evolution of the volumetric
fiber content, with an increase of 18% between 1 bar and 3 bars (S = 1.86) and 22% between 1 bar and 5

bars. The pressure will be classified as 1% rank parameter.

The following table (Tab 3) sums up the previously illustrated results in terms of process

parameters influence rank on fabricated laminates final properties.

The most important parameters to achieve good mechanical properties have been identified.
The pressure applied during the process determines the microstructure and has a paramount effect on
the mechanical properties. The exit temperature has an important effect on both E1 and E2 moduli.
Also, both moduli are impacted by the conditioning, but even though E1 modification is non negligible,
E2 modification is more significant. To ensure a repeatable fabrication, the post-curing duration is the
most important parameter. Although these parameters influence has been identified, the phenomenon
leading to the modification of the properties are numerous and complex. The goal of the following

section is to discuss the link between process parameters and induced mechanical properties.

4, Discussion

The figure 7 sums up the tested parameters, their influence on the composites mechanical
properties and the optimal process cycle, in the range of studied parameters. Our goals were to
optimize mechanical properties and reduce process duration. This study underlined that, at least, four
manufacturing parameters have a major impact on composites mechanical properties. Nevertheless, we
did not study some parameters such as the impregnation method, the temperature ramp up and the

curing duration.
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The pressure is a rank 1 parameter for both moduli and the ultimate tensile strength.
Microscopic observations of our composites specimens (Figure 8) confirm that the volumetric fiber
content increases when the pressure increases from 1 to 3 bars and from 3 bars to 5 bars, even though
mechanical properties only improve from 1 to 3 bars. Moreover, the volumetric void content, stable
from 1 to 3 bars, slightly increases from 3 to 5 bars, which indicates that the optimal pressure was
exceeded at 5 bars. This optimal pressure is most likely to be between 3 and 5 bars.

The exit temperature is a rank 1 parameter for both moduli. It could be related to the freeze of
the epoxy network organization. This would lead to residual stresses that could affect the mechanical
properties.

The conditioning of the fibers is a rank 1 parameter for E2 modulus and a rank 2 parameter for
E1 modulus. The significant effect on both moduli we observed is in agreement with literature, in which
it was found that moisture content strongly affects mechanical properties of flax fiber [51]. However we
did not determined the optimal conditioning parameters in this study.

The post-curing duration is a rank 2 parameter for both moduli and the ultimate tensile
strength. Our results show that a sufficient post-curing duration homogenizes the mechanical
properties. Post-curing has generally two effects: completing the reticulation of the resin and releasing
the internal stresses. The glass transition temperature (110 £ 1.4°C) is stable and post-curing
temperature does not have a significant effect on it, which means that we can exclude the effect on the
reticulation. Although, internal residual stresses can modify the damage and failure mechanisms leading
to a dispersion of the results. Thus, this would be consistent with the observed evolution of the

properties.

Based on the results of this study, some recommendations can be made to obtain flax-epoxy
composites with good properties. A picture and a macroscopic observation of the composite fabricated
with our recommended manufacturing process is presented on figure 9.

First, matrix has to be chosen to crosslink at compatible temperatures. Temperatures around
80°C seem to be well adapted. Indeed, they reduce the risk of potential degradation of fiber and enable
the use of matrix that can achieve a good cross-linking in a relatively short manufacturing time. Then, it

is important to control the moisture content of fiber to ensure a reproducible manufacturing process.
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Conditioning fibers before the production of composites looks the most suitable for vegetal fibers since
it improves composites moduli. The optimal conditioning parameters have to be determined, depending
on fiber and matrix natures. Also, among the parameters we studied, the pressure was the one with the
greatest influence on composites properties. Thus, it is important to be careful about the pressure used.
It was shown that an optimal pressure exists. In our case, the pressure was set to 3 bars but the optimal
value is between 3 and 5 bars. The optimal value has to be determined for each reinforcement, because
it depends on its structure and weight. Moreover, the end of the curing cycle should not be neglected
since the exit temperature has a major impact on both moduli. It is recommended to use a controlled
cooling speed (-1 or -2 °C/min) down to 20°C. Even though the “natural” cooling in the
thermocompression press down to 20°C gave the best results in terms of ultimate tensile strength, it is
much longer and may not be the most suitable choice for industrial production. Finally, in order to
homogenize and reduce standard variation of composite mechanical properties, it is useful to carry out
a post-curing step. Indeed the dispersion of the properties in bio-based composites is one obstacle to
the use at a larger scale of this kind of materials in the industry. Its duration has to be determined to suit
the acceptable standard deviation for the considered usage. However, we observed that the dispersion
is reduced down to a minimum (after 2h in our case) and constant afterward. To confirm and validate
the relevance of this step it should be interesting to quantify its impact on global environmental

footprint through complete life cycle assessment.

5. Conclusion

This study aimed at developing and optimizing a reliable manufacturing process for laminated
composites using flax fibers. The influence of many process parameters has been studied. These
parameters have been classified according to their impacts on mechanical properties, allowing the
determination of the most critical ones. Indeed, the fiber conditioning, the pressure, the cooling speed,
the exit temperature and the post-curing duration proved to be the most decisive parameters in terms
of mechanical properties. Thus, this paper gives some keys to obtain a good quality vegetal fibers
composite and the method used can be adapted for different fibers or matrix.
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To complete this study, the influence of some other parameters could be investigated, such as

the temperature ramp up and the curing duration that were not studied here. Moreover, on the basis of

this study, models should be developed to link processes steps and properties in order to generalize this

approach to composites made with different vegetal fibers.
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Figure captions:

Figure 1: Impregnation of a ply a), spread of the resin under curing pressure effect b), resin distributed

over all the plate c).

Figure 2: curing cycle of composites

Figure 3: Tensile curve of an UD flax fiber-reinforced composite on the 0 % to 0.4 % strain range with E;

determined on squares area and E, determined on circles area

Figure 4: Influence of the processing parameters on the E1 modulus (GPa) with: 1* rank influence in
black, 2" rank influence in dark grey, 3" rank influence in light grey and negligible influence in white.
Influence of: NC — C) fibers conditioning, P) pressure, CT) curing temperature, CS) cooling speed, ET) exit

temperature, PCT) post-curing temperature and At PC) post-curing duration.

Figure 5: Influence of the fabrication parameters on the E2 modulus (GPa) with: 1 rank influence in
black, 2" rank influence in dark grey, 3" rank influence in light grey and negligible influence in white.
Influence of: NC — C) fibers conditioning, P) pressure, CT) curing temperature, CS) cooling speed, ET) exit

temperature, PCT) post-curing temperature and At PC) post-curing duration.

Figure 6: Influence of the fabrication parameters on the ultimate tensile strength (MPa) with: 1* rank
influence in black, 2" rank influence in dark grey, 3" rank influence in light grey and negligible influence
in white. Influence of: NC — C) fibers conditioning, P) pressure, CT) curing temperature, CS) cooling

speed, ET) exit temperature, PCT) post-curing temperature and At PC) post-curing duration.

Figure 7: Flow chart of the manufacturing process and impacts of the different parameters on

mechanical properties
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Figure 8: Microscopic observations of the composites fabricated under: (a) 1 bar; (b) 3 bars; (c) 5 bars (in

circles: fibers; in squares: porosities)

Figure 9: Optimized composite: composite plate (left) and microscopic observation (right)

Tables:

Tab 1: Investigated processing parameters (the reference parameters are in bold)

Conditioning | Number | Curing Curing . Exit plate Post-curing .
Process " . Cooling Post-curing
arameters of fibers of plies | pressure | temperature speed (CS) temperature | temperature duration (At PC)
P (NC-C) (NP) (cP) (cT) P (ET) (PCT)
pp |1B0A | oo | Nat(Natural) | 20(°C) | X(without) X (V‘l"::)"“t)
Nomenclature NCorC 0P 3 B (bar) 80 (°C) 1 (1°C/min) 40 (°C) 60 (°C) 2 (h)
5 B (bar) 2 (2°C/min) 60 (°C) 80 (°C) 4(h)
12 20(°C)
NC 80 (°C)
20 40 (°C) X X
60 (°C)
Nat 60 (°C) 1(h)
60 (°C)
80 (°C) 1(h)
X X
3 B (bar) 20 (°C)
C 12 1(h)
Tested values
80 (°C) 2 (h)
(7 days at ) 40 (°C)
23°C and 80 (°C) 2 (°C/min) 4 (h)
50%RH)
20 (°C)
1 (°C/min)
X X
1B (bar)
20 | 3B (bar) Nat 40 (°C)
5 B (bar)
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Tab 2: Definition of the influence rank depending on the variation of mean values and on the

significance value S

var. > 15%

10% < var. < 15%

var. < 10%

0.5>S

>

>

Tab 3: Influence of process parameters on fabricated laminates microstructural properties, E1, E2 and

Omax (St dev = standard deviation)

Process step Cond. Pressure Curing Cooling Exit Post-Curing POSt-CLfI’Ing
temp. speed temp. temp. duration

Rank of Tg X X X X X X X

influence on Vf X 1 X X X X X
mictrostr. Vp X 1 X X X X X

ankot |1 e ¢ BRSNS
influence on E2 X X
mech. prop.

p p omax X
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t rank 2™ rank 31 rank ][ negligible ]

E

NC-C

400

—
e E—

{(4¥ G2d) HY/08/0v/2/08/9/dTT/2

(yz aod) HZ/08/0%/2/08/8¢E/dTT/D

(4t add] H1/08/0%/¢/08/8€/dT1/2]
{auou @od) ¥/*/ov/2/08/ae/dz1/]

—f— (0.08.12d)HT/08/09/10u/08/9E/dTT/O]

-~ {$-0912d]HT/09/09/1U/08/85/dTT/T]
————  (3uou 12d) %/%/09/ibu/08/8E/d T/

el (0,09.13)X/%/09/10u/08/86/dZT/2|

i

(2,02 13)%/%/0¢/30u/08/8€/dZ1/O)]

. E—

— (uiwi/2,7 $2)X/%/0Z/2/08/a€/dT1/2)
(uiwi/2, T S2)X/%/0Z/1/08/8E/dT1/2)]
(10U S3) X/%/07/4BY/08/8E/dTT/D

———F—— (0,09 12)%/%/09/%/09/8€/dZ1/2]
——f—— (2.08.13)%/%/09/104/08/8€/dZT/2]

{10g 5)x/x/0p/104/08/QS/d0Z/D

(409 g)x/x/0v/10U/08/QE/d0Z/2
i (109 1) x/x/0/10u/08/a1/d0Z/D|

(D 53iid0z) /*/0r/10u/08/8€/d02/3)]

—
—— (ON s3ild0Z) X/*/0v/10u/08/8E/d0Z/IN|
e

(0 534jdZT) X/%/0z/10u/08/8€/dZT/2]

(DN SaiidZT) X/%/07/10u/08/a€/dZT/9N|

350 %

8 R 8 ) 8 2 e
m o~ o~ — —

(edN) YiBuals s|isus) ajewnin
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Fibers conditioning M

[None lzs*’c —50% RH m
[ Impregnation method ]
v Not tested
Pressure M parameters
| 1bar lear |Sba

s ™\

Temperature ramp up

—

L
Curing temperature
160°C l 80°C
[ Curing duration ]
L

Cooling speed —n

|nat. l-l“Cfmin| -2°C/min

Exit temperature E. E, m
lzooc 160°C
Post-curing ‘ - ]
temperature 2

None  [60°C lsooc

Post-curing duration

'None |1h lzh \4h
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