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Abstract

This study aims at describing the microstructurafadmation phenomena of flax fibore mats
induced by changes in the relative humidity (RHXh& ambient air. At the macroscopic
scale, the in-plane variations of the mats’ dimensi were studied using a specially
developed device. At the microscopic scale, in sjnchrotron X-ray microtomography 3D
images were used to characterise 3D evolution efrthmicrostructure using both image
analysis procedures and a Digital Image Correlat{@iC) technique to measure the porous
and fibrous phase evolutions as well as the dispteent field within such materials.
Hysteresis phenomena for the absorption and desorpproperties, as well as for the
hygroexpansion of the fibrous mats are observedulRealso emphasise the influence of the
anisotropic structure of the tested fibrous matisth® microscopic scale, the analysis of the
X-ray microtomography images highlights the coméiegolution of the porosity and of the
geometry of the fibrous phase during the RH cycles.

1 Introduction

The reduction of the ecological impact of struckumaterials has become an important issue.
In this context, natural fibres are considered agedible alternative to synthetic fibres being
used as reinforcement in polymer composites. Afsarh being extracted from renewable
resources, natural fibres have also interestingharacal properties which can make them
compete with glass fibres [1]. However, their spieg in the composite domain is limited by
the high variability of their microstructure and ygital and anisotropic mechanical
properties, their poor adhesion with organic thgrastic matrices, or their high sensibility to
water absorption and the resulting poor dimensictability. Many studies are devoted to
overcome some of these drawbacks. Pre-treatmentsatafal fibres are investigated [2].
Other ways may consist of adapting current compgsibcessing routes to natural fibres or
developing new routes. This implies that the hygpa@sive behaviour of natural fibres (or
network made up of natural fibres) is well undevst@nd controlled. Therefore, this study
aims at describing the deformation phenomena aftfilased fibre mats that are induced by
changes in the relative humidity (RH) of the ambgin at the macroscopic scale as well as at
the mesoscopic scale of the fibre network. Macrpgchygroexpansion is investigated using
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devices that were initially developed for paper Hogxpansion analysis. Deformation
phenomena at the microscopic scale are studied) isiray microtomography coupled with
Digital Image Correlation (DIC) technique. Matesiahnd processing conditions are first
exposed. Then the characterization method of tleeastructure by X-ray microtomography
is described as well as hygroexpansion measureteeimhiques. Results at the macroscopic
scale are detailed and the observed microstrucewalution with the relative humidity
change is described.

- Drying system

e Mat basis weight: 245 g/m?
Moistening and

compacting system

Figure 1. Schematic description of the production procegb@heedled flax fibre mats.

2 Materials and processing conditions

Tested non-woven fibrous mats were formed with atumé of 90 % in weight of slender
bundles of flax fibres (mean length 45 mm, meameizr 25um) and 10 % in weight of
slender polypropylene fibres (mean diameteruh®). They were produced by successive
opening, carding, cross lapping operations to farehs of required basis weight. These webs
were consolidated by needle punching, and finallgdrb-linking operations to obtain the
required consolidation for the as-processed fibnmags. The whole process is described in
Fig. 1. Note those operations confer preferenterations to the fibrous reinforcement. The
cross lapping results in particular in an in-planeferential orientation of fibres along the mat
cross direction. The obtained mat has a basis wefg@260 g/m2 and a thickness about 1 mm.

3 Microstructure characterization by X-ray microtomography

Microtomographic 3D images were acquired at theogean Synchrotron Radiation Facility
(ESRF) in Grenoble, France. During data acquisiteomparallel and monochromatic X-ray
beam irradiates the sample. Radiographs of theyXsemm (20.5 keV) passing through the
sample are recorded for different angular positid®90) between 0° and 180°. According to
the typical size of the fibrous constituents of tifierous mat, a voxel size of
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2.5 x 2.5 x 2.um> was chosen, giving an imaged volume of 3750 x 3730125um°. A
filtered back-projection algorithm is applied tocoastruct the 3D structure of the sample
using the scanned radiographs. When performingrptisn-based X-ray microtomography,
the reconstructed 3D volume represents a 3D mépeatoefficient of x-ray absorption of the
sample constituents. The values of the absorptamificients are represented as different
values of grey level coded in 32 bits. In ordepbtain quantitative descriptors of the sample
structure, image treatment operations were perfdrifieese operations consist of segmenting
the image to respectively distinguish the porousfésrous phases. This was performed using
segmentation algorithms developed by Rolland duwcBat®t al. [3] for the analysis of paper
imaged by X-ray microtomography. The obtained segetwvolume is depicted in Fig. 2.
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Figure 2. Segmented volume of thiax fibre mat imaged by X-ray microtomography.

The porosity of the binarised volumes can be evatuas the ratio of the voxels belonging to
the pore phase, to the whole number of voxels enwblume. The specific surface area,
defined as the ratio of the total interstitial sieé area to the bulk volume, can be linked to the
number of crossings (or intercepts) of a line wiité pore-fibre interfaces by unit length (this
measure is also called the mean intercept numibex) the space directions [3].

The relative humidity of the air surrounding thengde was in situ controlled during the
image acquisition using a wet air generator. Thaepta was first stabilized at 50%. RH.
Then, four relative humidity steps were performg@lo>20%>50%>80%>50% RH. The
duration (10 min) of each relative humidity stepswahosen so as to reach an equilibrium
configuration of the sample. The macroscopic hygpaesive straim,, in the thickness of the
sample was calculated as the ratio of the samptknéss measured at the end of each
relative humidity step to the sample thickness mess at the end of the first relative
humidity stabilisation step.

4 Moisture sor ption and hygroexpansion measur ements

4.1 Moisture and hygroexpansion setups

The moisture content evolution of the fibrous maswneasured at 23 °C with the especially
designed VarimaSsdevice (Techpap, Grenoble, France) for sixteeativel humidity steps:
50%> 35%>20%> 35%>50%> 65%> 80%> 65%>50%> 35%> 20%> 35%>50%> 65
%—>80%>65%>50% RH. This cycle was repeated 25 times. Each Esied 5000 s.
Hygroexpansive strains associated to the sameveslaimidity steps were recorded with the
Varidim® device (Techpap, Grenoble, France). These systechsde a wet air generator,
with a compressed air pre-treatment device andrdraounit, a test chamber where the
samples are placed, and a computer and two softepécations that allow the entire
process to be controlled. The air generator previtle test chamber with conditioned air. In
the Varimas8 system, the mass of a sampieis recorded using a precision balance (+0.5
mg). Then, the moisture contents calculated using the mass of the dry samplg, (oven
dried for 24 h at 105°C) as follows:
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c= rns - rnsdry .
rnsdry

(1)

The Varidin? system allows the length variation of ten sample$5 mm in width and 150
mm in length to be measured. The samples are akytitastened with magnetic clamps at
both extremities, whereas the bottom clamp car glittl is attached to a LVDT displacement
sensor. The accuracy of the measurement reachgs1t3he in-plane hygroexpansive strain
en Is expressed as follows:

AL
£ =—, (2)
h LO

whereLy is the length at the end of the first relative ity step at 50% RH, andL is the
length variation. Tested samples were cut alongrtaehine directionée0°), along the cross
direction ¢=90°) and along the directigix45°.

It was observed that the moisture content and yigeoexpansive strain of the tested fibrous
mats tended both to stabilize at the end of edakhive humidity step.

4.2 Digital image correlation technique

In order to study the hygroexpansive behaviour led fibre mat, a 2D Digital Image
Correlation (DIC) technique was used. This techaigelies on comparing the pattern
matching of two grey intensity images coded in 88 bbtained before and after a relative
humidity change. This comparison allows the meamsare of the relative displacement of the
points of the two images. These images were exglaéiom the 3D microtomographic
volume. Indeed, such images of the sample exhib#r@lom grey intensity distribution,
which can be used as a random speckle patterncdimnelation was led between one cross
section parallel to the plang(e,) extracted in the middle part of the reconstrusteldme at
50% RH and images of the corresponding cross seetitracted from the volume scanned at
20% and 80% RH. The whole procedure to find theesmonding cross section as well as to
perform the correlation using the 7Boftware is described in detail in Vigwgéal. [4].

5 Experimental macr oscopic results

Fig. 3(a) depicts the evolution of the axial hygqo@nsive strairy, in the machine direction
(MD, 6=0°) with respect to the moisture contenfThe axial hygroexpansive strain shows a
slight hysteresis which can be quantified by meaaguhe maximum of the moisture content
variation between sorption and desorption at tmeeshygroexpansive strain. This parameter
is noteddCnax This hygroexpansive strain is defined as the aredixial strain and is noted
emedian The variation between the value of the hygroegpanstrain at the lowest moisture
content and the value reached at the highest meistintent is notede. Figs. 3(b) and 3(c)
exhibit the evolution ofle and emedian respectively with respect to the number of rekativ
humidity cycles. It appears that the amplitudehef hygroexpansive strain is rather limited in
the in-plane machine direction (reaching 0.11%) @@mdis to remain nearly constant with the
number of humidity cycles. However the median st@xhibits a significant increase from
the first cycle (lower than 0.01%) to the"2Bycle (0.05%) which may result from a creep
phenomenon.
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Figure 3. (a) Evolution of the axial hygroexpansive strainin the machine direction with respect to the
moisture content. (b) Evolution of the amplitudetiod axial hygroexpansive straifa in the machine direction
and (c) evolution of the median axial strajifgia,With respect to the number of relative humiditgleg.

Fig. 4(a) exposes the evolutions of the axial hggpansive strain in the machine direction
(6=0°), in the cross directio®£90°) and in the intermediate directiai=45°) with respect to
the moisture conterdt A strong influence of the fibrous mat anisotrapyevealed. In order
to better study this dependence, Figs. 4(b) angshi@@w respectively the evolutions A€«
and4e with respect to the orientatigh It can be noticed that the hysteresis effectstd 2
times higher in the intermediate direction than tire machine and cross directions.
Furthermore the amplitude of the axial hygroexpansitrain doubles between the machine
direction and the cross direction, reaching 0.28%heé cross direction.
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Figure 4. (a) Evolution of the axial hygroexpansive strajiin the machine direction, in the cross directiod a
in the direction defined by=45° with respect to the moisture conten{b) Evolution of the maximum of the
moisture content variatiodC,, at the same hygroexpansive strain, and (c) ewsiutif the amplitude of the
axial hygroexpansive straift with respect to the orientatigh

Fig. 5 presentthe evolution of the out-of-plane hygroexpansivaists,, estimated directly
from the sample thickness variations using the obacnographic 3D images or by DIC
during the relative humidity cycle 50%20%>50%>80%>50% RH. The in-plane
hygroexpansive strainsy, in the machine direction ang, in the cross direction, are also
plotted in order to be compared with the out-ofrplavalues. The evolutions ef, measured
directly using 3D images and ef, measured by DIC show the same trend. Nonethedess,
slight difference is observed in values which a&ched. This can be attributed to the top and
bottom layers at the mat/air interface which aretaken into account when performing the
DIC measurement. It is worth noting that the hygpansive strain is very low when the
relative humidity of the ambient air varies betwé&f8 and 20% RH and sharply increases
between 20% and 80% RH. When the relative humglitys back to 50% RH, a significant
irreversible hygroexpansive strain is recordedvieen 5 and 7%). Such behaviour may be
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related to large changes in the microstructurdnefsmall sample of the fibre mat induced by
such large amplitude relative humidity cycle. Besidat 80% RH, the hygroexpansive out-of-
plane strain is 30 to 50 times higher than in-platiesting for important anisotropic
hygroexpansive behaviour of the flax fibre mat.
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Figure 5. Evolution of the out-of-plane hygroexpansive strgimeasured directly or by DIC using the X-ray
microtomography images, and evolutions of the ampl hygroexpansive strains in the machine directmted
ex and in the cross direction noteg extracted from the previous macroscopic resutiistte relative humidity
cycle 50%>20%>50%>80%>50% RH.

6 Microstructural evolution during hygroexpansion

Fig. 6(a) depicts the variation of the porosity idgr the relative humidity cycle
50%>20%>50%>80%>50% RH measured using segmented microtomographic 3D
images ¢f. 83). The porosity first significantly increasesy (1.8%) when the relative
humidity of the surrounding air varies from 50%2@% and then decreases when the relative
humidity increases up to 80% RH. At such relativenidity value, it is 0.8% higher than at
the reference state (50% RH). Finally the porosaches its higher value at the final relative
humidity of 50% RH. This evolution can be correthteith the variation of the mean
intercept lengthL, measured respectively for the pore and fibre phasehe out-of-plane
direction, and revealed in Fig. 6(c). From 50% ®&2RH, L, within the fibre phase decreases
by 2.8%, showing the shrinkage of the thicknessth&f fibrous phase. However, such
shrinkage is compensated by an increase of the meanept length within the porous phase
having the same order of magnitude. As a conseguehe total variation of the fibre mat
thickness is close to zero as revealed in Fig. @(aich depicts the variation of the total
thickness during the whole investigated relativentdity cycle.

When the relative humidity varies from 20% to 80%,R in the fibre phase increases to be
finally slightly higher than the value measuredhe reference state (50% RH). For the same
humidity stepsl.; in the pore phase does not show a significantuéhenl and remains around
3% higher than in the reference state value. Thisnpmenon well explains the porosity
decrease exhibited in Fig. 6(a) at 80% RH, andsitpeificant increase of the thickness of the
fibre mat (around 5%), as revealed in Fig. 6(d)that last relative humidity step of 50 % RH,
L. in the fibre phase is significantly reduced to 2% lower than in the reference state.
Simultaneously, the mean intercept length increaséise pore phase. This behaviour can be
corroborated with the observed relatively weak éase of the total thickness of the fibre mat
when the relative humidity passes from 80% to 508 (B% higher than the reference state
value), see figure 6d.

Fig. 6(b) depicts the variation of the specificfaoe area during the humidity cycle. This
parameter tends to follow the evolutionlgfof the fibre phase. The specific surface reaches
its lower value at 20% RH (-2%) and its higher eaat 80% RH (+2.5%). As a conclusion,
the microstructure is significantly influenced thetvariation of the relative humidity of the
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surrounding air: the microstructure tends to beviersibly opened during the humidity
variations.
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Figure 6. (a) Variation of the porosity, (b) variation of the sffic surface, (c) variation of the mean intercept
number in theg, direction of the pore and fibre phases, (d) vammbf the mean intercept number in the
direction of the sum of pore and fibre phases caapavith the variation of the total thickness oé fibre mat
through the relative humidity cycle 520>50>80>50 % RH.

In order to study more accurately the evolutiontted structure at the scale of the fibre
network (mesoscopic scale), the DIC method wasieghpbd the microtomographic images as
it has been previously described (84). The procedwas performed for three parallel cross
sections of the studied sample. Similar resultdccbe obtained whatever the studied cross
sections. Thus, in the following, results of a eg@ntative cross section are presented. Fig. 7
shows maps of the out-of-plane strain compongntelated to a relative humidity change
from 20% to 50% RH, Fig. 7(a), and a relative hutgidhange from 50% to 80% RH, see
Fig. 7(c). Maps show that, is largely heterogeneous. This reveals a compégrohation
phenomenon at the scale of the fibre network. Nbe&rss it appears that, significantly
varies through the thickness of the sample but msneather homogeneous at a given
coordinate. In order to analyse precisely this phenon, the average strai}, profiles
calculated through the thickness are plotted irs.Fifb) and 7(d), respectively for the two
relative humidity steps. These profiles depictrgeaheterogeneity in the thickness direction.
We can well distinguish three parts of the fibret téckness which behave differently. For
the humidity step from 50% to 20% RH, the uppert mdrthe fibrous mat (30@um in
thickness) is slightly compressed (around 0.35%g¢ medium part (around 200m in
thickness) is less deformed and the lower partdg¢acdbe more compressed (around 0.5%).
For the humidity step from 50% to 80% RH, the sampper region significantly expands
(around 6%), the medium region is less deformedhiag a minimum expansion around 4%
and finally the lower part expands around 5%. A®aclusion, it appears that the fibre mat
does not behave in the same manner throughoutidsness; the middle region tends to be
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less deformed during the relative humidity chariye.analysis of the evolution of the fibre
content through the thickness may bring some itsighbetter understand this behaviour [4].
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Figure 7. (a) Map of the hygroexpansive strain in thicknessn the planed,.e,) and (b)profile in the thickness
direction of the average value of the hygroexpamstrain described in (a) for the relative humidstgp
50%>20% RH. (c)Map of the hygroexpansive strain in thicknegdn the plane .e,) and (b)profile in the

thickness direction of the average value of therbggpansive strain described in (c) for the reatmidity
step 50%80% RH.

7 Conclusion

The hygroexpansive behaviour of flax fibore matsduas composite reinforcement materials
was studied both at the mesoscopic and microsagpies, using in this latter case 3D images
obtained by X-ray microtomography. The acquired ezxpental data allow a better
understanding of the hygroexpansive mechanismsaf materials, which exhibit hysteresis
and a great anisotropy, and which result in arvérgble and heterogeneous opening of the
material’s microstructure as revealed by the amalg$ the simultaneous evolution of the
porous and fibrous phases throughout the materihitkness. Such original data will be
relevant to provide improved hygroexpansive modelsplant fibre-based reinforcement
materials, and to improve the understanding ofrthehaviour during storage and processing
situations.
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