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Abstract

This paper describes how flax fibers were submitbea thermal treatment to modify their wettability
and sensitivity to liquid sorption. The wettabiliof untreated and treated fibers was obtained by
measuring contact angles between the fibers andestdiquids, water and diiodomethane. Contact
angle measurements were performed in a tensiorf@lewing a 2-step procedure. Fibers were first
wetted by n-Hexane to obtain their wetted lengiige weight of the meniscii between the test liquids
in contact with the fibers were then used to caleuthe contact angles via the Wilhelmy equation.
However wetted lengths of flax fibers show a lavgeiability which significantly complicates the
contact angle analysis. In addition, since flaxeftbare sensitive to liquid sorption, their diametnd
thus wetted lengths were modified during experimeit this study, combining an optical and a
tensiometric methods, the swelling of fibers angstthe change in their wetted lengths was measured.
It was found by both methods that the thermal tneat significantly reduces the swelling of flax
fibers in water.

1. Introduction

Capillary phenomenon and wetting between fibersrasths have to be considered to understand and
simulate properly the resin flow through porousfamas during LCM processes [1,2]. Flax fibers are
usually considered as adequate bio-reinforcememtscdmposites but their hydrophilic character
makes them sensitive to moisture sorption andadiffito wet by hydrophobic resins [3].

In this work, a thermal treatment aiming at modityithe surface properties of flax fibers [4] hasrbe
applied to enhance their hydrophobicity, and thaseetheir impregnation and decrease at the same
time their sensitivity to water sorption. The webitly of untreated and treated fibers can be oistdi

by measuring contact angles between the fibersvamdest liquids, water and diiodomethane. Contact
angles can be determined via the Wilhelmy relatmmce the wetted length and the weight of the
menisus formed by the test liquid in contact with fiber are known. However wetted lengths of flax
fibers show a large variability which significanttpmplicates the contact angle analysis. In additio
since flax fibers are sensitive to liquid sorptidimeir diameters and thus the wetted lengths can be
modified during the experiments [5,6]. This chamgenorphology has to be considered to evaluate
properly the wettability of fibers (more preciseheir surface energy and their dispersive and polar
components) [7]. In this study, the swelling ofefib and thus the change in their wetted lengths was
measured for untreated and treated elementaryfiiaxs by means of an optical and a tensiometric
mehod for water and diiodomethane. Wetted lengtiewneasured before and after wetting with the
test liquids to define their sensitivity to ligusdrption. The wetted lengths obtained after wetturty
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the test liquids have to be considered to deriliable contact angle values. The results obtairetd n
only illustrate the positive effect (reduced wated diiodomethane uptake) of the treatment on the
dimensional stability of flax fibers, but also defia novel methodology to better assess the wigigabi
of flax fibers and thus their surface energy.

2. Materials
2.1. Untreated (UF) and treated (TF) elementary flax fibers

Flax reinforcements were provided by Libeco (FLAXDRD 180°). The areal weight and the fiber
specific mass are respectively 180 gand 1.45 g/cth In order to degrade hemicelluloses that are
partly responsible for the hydrophilic charactertloé flax fibers, some fabrics were submitted to a
thermal treatment at 220° C for 2h under an inamoaphere to prevent fibre degradation. The
treatment is able to crack hemicelluloses and presldree radicals inducing crosslinking in pectins
[3]. Some elementary fibers were then extractethffabrics to evaluate the wetted length before and
after wetting by means of an optical and a tensidmmethod.

2.2. Test liquids
Table 1 presents the liquid/vapor surface tensjpnshe polar,” and dispersive,® surface energy
components, density and viscosityy of test liquids used in this study[2]. n-Hexanaswised for

measurements of wetted lengths befgri¢ &énd after wettingp,). Water and diiodomethane were
then used to wet fibers.

Table 1. Characteristics of test liquids at 20°C [7].

P n n

n P YL L
(mPas) (g/cn?)  (mMN/m)  (mN/m) (MN/m)
n-Hexane 0.32 0.659 0.0 18.4 18.4
Water 1.00 0.998 51.0 21.8 72.8
Diiodomethane  2.76 3.325 0.0 50.8 50.8

3. Methods
3.1. Optical method for swelling tests

Natural fibers are sensitive to liquid sorption diter swelling can affect the measurement of
contact angles. Moreover, modifying the wettingrelster of flax fibers through a thermal treatment
might also have an effect on liquid sorption. Thizs never been evaluated. For these reasons,
swelling tests were carried out on untreated aedtéd flax elementary fibers with water and
diiodomethane.

Elementary flax fibers were extracted from treated untreated fabrics in dry conditions and
positioned between two thin glass plates. A water diiodomethane) drop was then deposited
between the plates and the liquid spreading albadiber was observed with an optical microscope.
Change in fiber diameter during sorption was messtiirough image analysis with ImageJ (Figure 1)
[6] and a swelling rati®;,, was calculated as follow:

D, (1)
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Figure 1. Optical measurements of elementary flax fiber @itanbefore (dry state) and after (wet
state) water spreading.

Fifteen elementary fibers were extracted for egple of yarns (UF and TF) and liquid to test (water
and diiodomethane). The experimental proceduretisiléd more precisely in our previous work [6].

3.2. Tensiometric method for swelling tests

In order to evaluate reliable differences in weftand swelling of untreated and treated flak @nd

TF) reinforcements, an analysis by means of a motarate tensiometer at the microscale of some
elementary fibers is mandatory. A Kruss K100 SKimmneter with 0.1ig weight resolution was used

to perform wetted length tests on elementary fibBxetails of the procedure used to measure the
wetted lengths are given in [7]. The tensiometerscsis of a microbalance that measures the meniscus
weight m (and then the capillary forde (mN/m)) of a liquid in contact with a fiber. A liquid geel
rises up at a speed ofrdm/minand the fiber is then partially immersed into figetid. The capillary
force measured by the tensiometer is related tovétted length via the Wilhelmy relation:

F =mg=y, pcost 2)

whereg (m/s?)is the acceleration of gravity (m) the wetted length and (°) the contact angle.
Assuming that n-Hexane is a totally wetting tegtid (6=0°), the wetted length can be determined.
Sixteen UF elementary fibers and sixteen TF eleamgritbers (8 for water and 8 for diiodomethane)
were tested before and after wetting to evaluaettange of the fiber perimeter. After the firsttee
length test, fibers were dipped into water (or diimethane) and the measurement of the wetted
length after wetting was repeated. Figure 2 shoata cecorded during the wetted length tests before
and after wetting in water for an untreated elemgnfiber. An average force over the immersion
depth can be extrapolated from these data anddveitgths beforep) and after |fs,) wetting can be
obtained through Equation 2. In Figure 2, the fameorded after wetting is higher, i. e. the fiber
swells in water.
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Figure 2. Wetted length test for an untreated elementawyfiteer, before and after wetting with
water.

4. Results
4.1. Optical measurements

Fifteen tests of swelling in water and diiodomethavere carried out on treated and untreated single
fibers as described in section 3.1. Table 2 shbwsrtean dry fiber diamet&; and the mean swelling
ratio Ry, The heat treatment does not significantly modhiy morphology of the fibers as the mean
dry diameters of the UF and TF elementary fibees @imilar. swelling of fibers in water and its
dispersion is lower for TF, meaning that the tremttrmakes fibers less sensitive to water sorption.
Results for diiodomethane seem to show a slighhlshge of the fibers. Again the results obtained
with the TF fibers are less scattered.

Table 2. Average values of initial diameter and swellinjador UF and TF fibers with water and
diiodomethane obtained by the optical method.

Water Diiodo

Di (p-m) st Di (p-m) st
Untreated Flax 16.8+4.7 1.27+0.13 15.8+3.8 0.90+0.08
Treated Flax 17.5+59 1.11+0.07 16.6+3.8 &®408

4.2. Tensiometric measurements

Wetted length tests were carried out before arat afetting in water and diiodomethane for UF and
TF fibers with the tensiometer as explained inieacB.2. From the wetted lengths obtained before
and after wettingg andpsy) fiber dry and wet diameter®(andDy) can be determined and so the
swelling ratioRy,, Table 3 presents the average results of testsnalot with the tensiometric method,
assuming that a fiber has a constant diameter ssutrang cylindrical fibers (as in Table 2), whish i
justified for elementary fibers.
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Table 3. Average values of initial diameter and swellingador UF and TF fibers with water and
diiodomethane obtained by the tensiometric method.

Water Diiodo

D; (lJ. m) Rew Di (p- m) Rew

U ntreated Flax 18.4+59 095 £+0.10 17.8+3.6 0.95%0.10
Treated Flax 20.8+4.0 0.97+0.03 21.5+8.7 ®@0003

One can observe that with water, the swelling rstidifferent compared to the one obtained with the
optical method. This is due to the methodology tisatlifferent (it is impossible to keep fibers
immersed in water during measurements of wettegthewith the tensiometer) and the fact that there
is a large dispersion in the swelling and dryinggesses of flax fibers. Results obtained with
diiodomethane are more in line with the swellingos shown in Table 2. Again, the treatment of
fibers gives a better dimensional stability as Twags presents a swelling ratio closer to 1 and the
dispersion is lower.

5. Discussion

The optical and tensiometric methodologies providiéigrent swelling ratios due to differences ie th
way the measurements were implemented. Howeverrhethods show a higher dimensional stability
of the treated flax fibers, evidenced by the valfahe swelling ratios.

Taking into account swelling and then the effectinadted length after wetting in a liquid, is crddia
measure accurate contact angle values. ConsidagringVilhelmy relation (Equation 2), varying the
wetted length will affect the capillary force. Ihe contact angle remains constant, plotting the
capillary force of a liquid in contact with a fibas a function of the fiber wetted length shouldvela
linear trend. Figure 3 presents plots of capilfarges with water for UF and TF fibers as a functod
wetted length beforepf) and after fs,) wetting (measured with the tensiometer). A linfiaof these
points according to the Wilhelmy relation (Equat®nis made and provides a unigue contact angle
value .

With water it can be observed in figure 3 that,reifdibers do not modify significantly their wette
length, values of slope for UF with the initial atiee final wetted length are significantly diffeten
(indicating that it is relevant to consider sweadlinMoreover, there seems to be a significant diffee

in slope between the untreated and treated flaredibThis indicates that the thermal treatment has
indeed modified the surface energy of the fiberaking them less hydrophilic.

0.005
0.0045

y = 54.516x+ 0,0001
0.004 R?=0.9344

0.0035
0.003
-5 0.0025
0.002
0.0015
0.001
0.0005

y = 46.825x+ 5E-05
R*=10.9511

Static Advancing Force (mN)

0.00000 0.00002 0.00004 0.00006 0.00008

Initial wetted length of elementary fiber (m)

# Untreated Flax M Treated Flax ~——Linear Fit (UF) ——Linear Fit (TF)

M. F. Pucci, P.-J. Liotier, D. Seveno, C. Fuengesy. Vuure, S. Drapier



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 1 European Conference on Composite Materials

Munich, Germany, 26-30June 2016 6
0.005
0.0045 « *
z y=60.327x + 4E-06
£ 0.004 R? = 0,955 7 u
= - (]
¢ 0.0035
=]
w  (0.003
g
5 0.0025
<
©  0.002
& y = 48.468% + 4E-05
< 0.0015 R? = 0.9763
=1
5 0.001
¥ 0.0005
0
0.00000 0.00002 0.00004 0.00006 0.00008
Final wetted length of elementary fiber (m)
‘ ¢ Untreated Flax B Treated Flax — Linear Fit (UF) ——Linear Fit (TF) ‘

Figure 3. Plots of capillary force measured on the tensiemitr UF and TF elementary fibers with
water as a function of the wetted length before aitet wetting.

6. Conclusions

In this work swelling of untreated and heat treafieat fibers was characterised with optical and
tensiometric methods. Swelling tests and the resulitained for untreated and treated elementary
fibers were compared. Even if the two methods ary different, giving different results, they both
evidence the higher dimensional stability of theated fibers. The heat treatment makes fibers less
sensitive to liquid sorption and then to swelli@paracterising the modification of fiber morphology
due to swelling is of primary importance in orderdetermine reliable contact angle values and, thus
fiber surface energy.

References

[1] C.H. Park, A. Lebel, A. Saouab, J. Bréard, W.ée. Modeling and simulation of voids and
saturation in liquid composite molding processasmposite Part A42(6) (2011) 658—668.

[2] M.F. Pucci, P.J. Liotier, S. Drapier. Capillanyicking in a fibrous reinforcement — Orthotropic
issues to determine the capillary pressure compereomposite Part A77 (2015) 133-141.

[3] C. Baley, F. Busnel, Y. Grohens, O. Sire. lefhige of chemical treatments on surface properties
and adhesion of flax fibre — polyester re€hlomposite Part A37(10) (2006) 1626-37.

[4] M.F. Pucci, P.J. Liotier, S. Drapier. Capillasgffects on flax fibers — Modification and
characterization of the wetting dynami€omposite Part A77 (2015) 257-265.

[5] G.V. Gansen, D. Perremans, C. Fuentes, A.V.reuld. Seveno. Surface Characterization of
Natural Fibers: Do’s and Don’tsall 2014 Fiber Society Conference, Philadelphig§AJ

[6] M.F. Pucci, P.J. Liotier, S. Drapier. Capillawjcking in flax fabrics - Effects of swelling in
water.Colloids and Surfaces At98 (2016) 176-184.

[7] C. Fuentes, L. Q. N. Tran, C. Dupont-Gillain,. Wanderlinden, S. De Feyter, A. Van Vuure, |.
Verpoest, Wetting behaviour and surface propeniesechnical bamboo fibre<olloids and
Surfaces A380 (1) (2011) 89-99.

M. F. Pucci, P.-J. Liotier, D. Seveno, C. Fuengesy. Vuure, S. Drapier



