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Abstract

This study concerns theeterminatiorof hygromechanical properties sxiin-
flower stems. Mechanical tests were carried out on specimens of sunflower
bark and pith.Particular attentionvas paid to the influence on the rhao-

ical properties of (i) specimen location along the stem and (ii) moisture con-
tentof specimens. For this purpose, specimens were taken froimotiem,
middle, and top of the stems. The influence of humidity on thehamacal
properties was studied by testing specimens conditioned at three differen
relative humidities: 0% RH, 33% RH and 75% RH. Moisture diffusion co-
efficients of bark and pith were deduced assuming Fick’s law to préuct
variation in moisturecortert of the specimens during the mechaniczdt.

The Young’s modulus of the bark was found to be higher than that pittine
whereas the moisture diffusi@oefficiert of the bark was lower than that of
the pith. Mechanical and hygroscopic properties of specimens depended on

their location along the stem. In order égplain thesecharacteristics,
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morphological observationsas been done on tlgpecimerof each
location. It was foundthatboth the bark and the pith adenser
at the higher locationsand the ratio of rigidtissusin the barkis

greaterat the higher Iccations.

Keywords: Sunflower stems, Mechanical properties, Moistdi#usion

coefficients, Morphologies, Specimen location, Mais conent

1. Introduction

Green industry ismportantboth economically and environmentally. Re-
search on thalewelopmert of new bio-sourced materials has thus baen
tracting more and morattention. During the last decades, bio-composites
reinforced byplantfibers such as wood, flax, hemp, jute and sisatlmeen
rapidly developed for various industrial applioas such astructuralcom-
ponents for the automotive and building industr{®oharty et al., 2005).
Compared with conventional synthetic fibemgturalfibers offer somead-
vantages including cheapness, low density hrotlegradability,but their
mechanical properties are generally inferior.

Besides industrial crop activity solely devotedfiteer production,another
potential source afaturalfiber supply is agricultural by-products, espégia
for industrial applications in which required rhaaical performance isot
too high. Against a rapid expansion raturalfiber-based composites, new
composites reinforced with agriculture by-produddiers offer apotentially

effective way to ease disparities maturalfiber supply and demandThe



cellulose cotert of most agricultural by-product fibers is geally lower
than that ofraditional naturafibers such as wood, flax, hemp, jute or sisal.
Cellulose cotert directly influences mechanical properties. isTravback
can, however, be offset by cheapness in many indusapplications. Some
studies on the use of agricultural by-productsc@sposite reinforcemerare
reported in thditerature. They concern corn stalk, and wheat, ricecorn
straw (Ardanuy et al., 2011; Ashori and Nourbakh2d10; Nourbakhstand
Ashori, 2010;Panthapulakkaét al., 2006; Wang and Sun, 2002; Whéad
Ansell, 1983; Yang et al., 2003). These studie=arty show that sucly-
products offer a relevant, promising solution fom& composit@applications.
The even trade-off between cheapness, mechaniopkgres, abundancand
availability of these agricultural by-productsakes it possible to ustem
in industrial applications. Aside from thesevaatages, usinggricultural
by-products can also improve tlagriculture-basedconomy and create new
market opportunities.

This study concerns theharacterizatiorof hygromechanicalproperties
of sunflower stems, aabundantagricultural by-product. These sterase
generally shredded during flower harvesting aneldussnaturalfertilizer. In
Europe, sunflower is cultivated for the edible eitracted from its graingt
is one of the three main sources of edible oihglavith rapeseed and olive.
This plantis thus widelycultivated. In 2010, the harvested area Europe
as 3.68E+06 ha, 16% of the total harvested ardhe world (FAOSTAT

Statistical Database)The flower itself is clearly the most usefulrtpaof



the plant; there is no significaindustrial use of the stems shreddsitier
flower harvesting. These stems may, however, biixtiavorable meganical
properties (of the bark) and good heat ingadatproperties (of thepith).
Hence this by-product could find use in bio-sodre®mpositematerials.

The aim of this study was to investigate the raadtal properties dhe

bark and pith of sunflower stems. Our purpeges to collecinformation
that would be useful for designing bio-compositngis suitable fobuilding
insulation (seeEMETHER Project).Such panels must feature both useful
heat insulation properties and mechanical progedufficient to ensure safe
handling, transportand assembly. As theeinforcemenbf the compos-
ite, the propertiesof the bark and pith affect thpropertiesof the
panels.lt is clear thatthe pith of thestem possesses better insu-
lation propertieswhile the bark hadetter mechanical prepties.
So these mechanical information concernorg the pith andobark
are indispensabldor predictingand modelingthe panelsin term
of balancingthe heatinsulation properties versuBe mechanical
properties.

In what follows, the specimens, tests andirtg@sprocedures ardirst
described. Results obtained with hygroscopic aedhanical testperformed
on bark and pith of sunflower stems are then pitese and discussegyith
special emphasis on the influence of the moisturg sampling zones atine

results obtained.



2. Material and methods

2.1. Specimens, locations aptepa@ation

2.1.1. Introduction

The sunflower species used for this study was L&@54rown inPerrier,
France, in 2010. A separate mechana@hracterizationvas justified bythe
fact that the appearance of the bark ant, pind theirhygromedanical
properties, were very different. Specimens usethis study wer@xtracted
from portions of stems of length 765 mm. Fdl the stems from whic
specimens were cut, the bottom section was chasdhe level of theirst
node above the roots. The location of thistfnode did not significaly
change from one stem to another.  Three sampiones were choseio
investigate the effect of specimen location hygromechanicalproperties.
The first sampling zone was located at the bottoiheach stem, the second
at the middle and the third at the top (see Figlixe These shorportions
of stem were then used to cut either bark or pghcsnens, but not botht

the same time, because cutting bark specimensgimn@th andvice versa

2.1.2. Bark spgmens
For bark specimens, the short portions of steragewlividedlengtiwise
into six parts (see cross section A-A in Figure Bark specimengxtracted
from the same angular location were noted witd same number (from 1
to 6). The geometry of the specimens was the damtihe mechanicahnd

for the hygroscopic tests (see Figure 2) as regdmensions and inneaind



outer surfaces of the bark specimens. To obtaarly plane specimeresnd
to remove some pith residues, the inner face ofbidwéx was lightlypolished
with sandpaper. The outer face was not polistetause some stiff fibers
(sclerenchyma) are located around the stepwdishing the outer surface
would have damaged them, thereby influencing thechanicalproperties.
These fibers and other stem components are clegilyle in Figure 3, where
a typical cross section of sunflower stemdespicted.

For the hygroscopic tests, six specimens cut ftam stems werdested
for each of the three sections (bottom, middle to@). Threenon-adjacen
specimens were chosen from each section, Xample specimens 1, 3, 5
(see Figure 1). Only three specimens were chpsersection and pestem
(and not the whole set of six), because prepatime specimens wdsne-
consuming andntricate. The number of specimens was therefore limited. All
these specimens themnderwen two differert absorption/desorption tests:
the specimens were first dried in an oven (seerg¢®n below) andthen
exposed tatwo differert levels of relative humidity (33% RH and 73R4H).
The same specimens were used for bioytpes of tests. They werdried
between eachest.

For the mechanical tests, six specimens were pedpfar each of théhree
sections of five differenstems. For each sectiotwo of these sixspecimens
located along the same diagonal (for instance 2-8,0r 3-6) wereselected,
thus giving each time a set of ten specimens (Zism®sx 5 stems). Three

sets of ten specimens were thus obtained for sachon location(bottom,



middle and top). Each of these sets was ttemditioned at the differén
values of relative humidity: 0% RKoven dried),33% RH, 75% RHas

described in Section 2.2t&low.

2.1.3. Pith spgmens

The pith specimens were obtained simply bsnawng the bark from
each short portion of stem. Sorypical pith specimens are presented
Figure 4(a). These pith specimens were nearlindrycal in shape, witha
diameter ranging from 15 mm to 25 mm, dependorgthe stems and on
the level where they were cut (see Figure 4(b))wds surprised to finthat
the greatest diameter was obtained at thedlmidf each stem, not dhe
bottom. On average, the diameter of thér @pecimens obtained #he
middle of the stem was 1.20 times the value of tbhtained at thdottom,
and 1.02 times the value of that at tiog.

For the hygroscopic tests, five stems weréetesand threespecimens
were extracted from each stem (one at each)legeling a total amournt
of five specimens per location. These three sétve specimens (one for
each sectionjunderwem the sameabsorption/desorptiotests as theébark
specimens.

For the mechanical tests, a procedure similarhto above was followed.
Fifteen stems were tested and three cylindre@ecimens werextracted
from each stem. Compression tests were perforrasdxplained belowTo

avoid buckling, it was decided to split each speginmto two differert parts



for each level, thus giving»®2 15 = 30 specimens at each level. Ta# ratio
(see Figure 4(b)) ranged from 1 to 2, dependinghenspecimens. Theame
RH conditioning procedures as those used for th& baere applied. Ashe
same three differdrvalues of RH as for the bark specimens were ch¢sen
further details in Section 2.2.2 below), 10 spemsiwere tested at eaBid

and at each level.

2.2. Hygroscopidests

2.2.1. Introduction

Hygroscopic tests were performed to determihe noisture diffusion
coefficiert of both the bark and the pith. The first reasas that the me-
chanical tests were performed with specimens camditi before mdwanical
testing with various values of RH. Because theirtgstnachine used wasot
equipped with a conditioning chamber, specimenseirst extracted from
conditioning chambers where the desired RH valueie wdjusted (the con-
ditioning procedure is explained below). They wiren placed in thgrips
of the testing machine and the tests were finadifggmed at roontempera-
ture and RH. Thisnear that a certain time elapsed before eachhaercal
test began, during which the moisture teoh within the specimens could
change. Knowing the moisture diffusionefficiert enabled one tgredict
the actual moisture ctert when the test began, thus making it possible
check whether it changed negligibly or not. Asbesshe moisture diffusion

coefficiert was also justified by the fact that it affecte tbverallinsulation



properties of panels reinforced with shreddedflewer stems.

2.2.2. Experimentamethal

The specimens were first dried in an oven férhéurs at 60C (0%
RH). A desiccath (phosphorus pentoxide) was placed in the dvefore-
hand. The specimens were then placedwn typesof conditioning chanber
(one for each desired value of RH). These chambwerg in fact polymejars
in which saturatedaqueous salt solutions were placed. The RH depends
the nature of the salt (see Table 1). These sdilitisns were chosen dtat
the RH was equal to 8%, 33% or 75%. The 8% RHés alue closesto
0% RH that can be obtained with salt solutioasd so was used faohe
desorption test that followed the absorptiont.téEhe moisture diffusion co-
efficients were determined using suitable retetlops involving the mass of
the specimervs. time and its geometry. The specimens were regulax-
tracted from the jars and the mass was measusetime using a KERNK &
Sohn GmbH electronic balance (precision: 0.1 nigje change in massiis
fact related solely to water uptake or loss. Siabsorption andlesorption
tests were performed, both the absorption desorption coefficients were
deduced from the mass-time curves using suitab&ioaships depending on
the geometry of the specimens. The procedure tsquepare the differén
solutions corresponding to diffeteRH levels is given in (ISO483). Thab-
sorption/desorptiotests lasted at least three days to ensure lailibrium

was reached for the specimens. For each hygrastesgi, theexperimetal



moisture ratioM{/Mg,, WhereM; is the wateruptake/lossneasured atime
t and Mg, the wateruptake/lossmeasured at equilibrium, wemmputed
for all the recorded data. From these measuremintsthen possible to de-
termine the moisture diffusion coefficients. Besatwo differert geometries
were usedrectangulamparallelepipeds for the bark specimens, cylinders

the pith specimens)}wo separate diffusion models were employed.

2.2.3. Identification of moisture diffusiometficients

Fick’s second law was used here to model the sldfu process and de-
termine the moisture diffusion coefficients frompeximental measuremds.
This law can be simplified by taking inccourn the geometry of the spec-
imens. It is assumed that specimens were piweets for barkspecimens
and cylinders for pith specimens. For a planeesifbark specimensyith
sides parallel to the coordinate axes, Fidésond law only considerthe
diffusion through the thickness of the plane shdetis expressed as follows

(Crank, 1975):
oC(z,t) _ D 0°C(z,1)
ot 022

(1)

whereC represents theoncentratiorof diffusing substanceD the moisture
diffusion coefficiert and z the through-thicknesdlirection. In thecurrert
case, each homogeneous specimen of bark was caatside a plane sheet of

thicknessL. Depending on the value @,’& ratio, the approximatesolutions
eq

10



of Fick's second law are as follows (Park, 1986):

0 ~
M¢ — 4 D M
E Meq ~ L 7t Meq ¢ 05)
. (2)
0 Mt \ — 8 2Dt M
G In(l- Mey=|n 8 Dt (M .9(5)

Meg w2 L2 Meq

Specimens of pith were considered as finite cyliad# length P and radius

a. For this geometry, Equation 1 is (Crank, 1975):

> 2Ga? o< oo -
or or o0 r 060 0z 0z

The approximate solution for Fick’s second lawdrees (Young an®Vhitaker,

1971):
Il - 1
M, gt >~ 4 AP |
—_ 1= - -D t - _ 2+( 2
Meq T n=1 Zaﬁexq ol n=0 (2n+1)2exn Den+17Y I])]

(4)
where a,, is the nth positive root ofly(aa,) and J, the Bessel function of
zeroorder.

The moisture diffusiomoefficiert was determined in each case by mini-
mizing a cost function defined by the squared défifice betweeexperimetal
and theoretical values of moisture ratios. TWatlab software(MATLAB

version R2009b) was used for thpsirpose.
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2.3. Observations of the bark specimen morgholo

Microscopic observations of bark specimens werdéopmed onspecimens
for the three locations (bottom, middle, toj) correlate the moisture dif-
fusion coefficients with the specimen sampliragdtion. Theexperimemal
procedure is describedelow.

First, a section was separated from the stembtaim a 1x 1 cn? spec-
imen. These specimens were theaturatedvith water, immersed, andept
in three differebh PEG (polyethylene glycol electrolyte) soluti@oncetra-
tions (30%, 60% and 100%) for 24 hours. A specime2Oum thicknesswas
cut using a LEICA RM225&utomatiaotary microtome. This specimevas
then stained with the double staining methochgisafranin and astrblue
(safranin indicates the presence of lignin asira blue that of cellulose).
After staining, the samples were dried using Jospaper, a filter paper also
used in chemistry for cleaning and drying. Thegre then mounted oa
cover-slip with a EUKITT fast-drying mounting medha. Finally, pictures of
cross sections were obtained using a ZEISS Ingitroscopgmagnification:

x4).

2.4. Mechanicakests
The mechanical tests were carried out at rdemperatureand RH.
The influence of moisture ctart and specimen locations on the magcical

properties was studied. Mechanical propertieyewleduced byrocessing

the stress-strain curves obtained from the mechhtests.
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Tensile tests were performed on specimens of lveitk a DEBEN MI-
CROTEST testing machine equipped with a 2 KN loadl. célhe cross-
head speed was equal tor#in/min. The specimen clamping length was 30
mm. The longitudinal mechanical properties (Youngisdulus andtensile
strength)were deduced from thegests.

As the dimensions of the pith specimens were mied to theDEBEN
MICROTEST testing machine, compression tests were caroed with an
INSTRON 5543 testing machine equipped with a 50@&d cell. The cross-
head speed wasrBm/min. The longitudinal mechanical properti€goung’s

modulus and compressive yiedtrength)were deduced from thedests.

3. Results and discussion

3.1. Hygroscopigesults

3.1.1. Bark spgmens

The moisture diffusion coefficients were deteretinusingexperimertal
data and Fick’s second law. tpical best-fitting curve is plotted iRigure
5. The same specimens were used for all the hygpis tests (see Section
2.1.2).

Influence of the location of the specimens aldregstems

moisture diffusion coefficients of bark specimems shown inFigure

T

h6 for the three locations, thevo conditioning RH (33% and 75%), aride
e

absorption/desorptiotiests. Each bar in the figure presents the melae wd

six specimens obtained from the same helgbation. The specimen heigh

13



location influences the value of the moisture diffun coefficient. This alue
decreases according to the hdigh the stem: the mean moisture diffusion
coefficiert (of all the specimens tested in this study)tte bottom othe
stem is 2.4 times the value of the moisturéusiion coefficiert at the top,
and 1.6 times the value of the moisture diffacoefficiert at the middle.
This significart difference may be linked to the microscopituctureof the
bark. Microscopic morphological observations wpesformed on thebark
extracted at the bottom, middle and top of themsto find out moreabout
this effect (see Figure (&)).

The microscopic images show that the bark canomeidered as porous
medium. The microscopic pores are due to the casiities, which aresur-
rounded and separated by cell walls. The mastteinsportmechanismin
the bark is directly linked to these cell castieas described anexplained
for other materials such as wood (Time, 1998ke the moisture diffusion
process in wood (Time, 1998), moisture diffusin bark is governedby
two mechanisms: vapor diffusion through the cellittess and boundwvater
diffusion through the cell walls. Also, in woadaterials (Time, 1998he
moisture diffusiorcoefficiert of cell cavities is much greater than the mois-
ture diffusioncoefficiert of cell walls. It can therefore be considered tha¢
porosity of bark specimens influences the mampie diffusioncoefficiert
obtained from the hygroscopic tests. In this cHse increase in porosityr
the decrease in cell wall camt of specimens may have caused the increase

in the moisture diffusioroefficiert of specimens. To highlighthe influence

14



of the microscopic porosity on the moisture dftun coefficient, goorosity
analysis wagerformed.

The porosity (pore fractions and pore sizesp analyzed usingpoth
bottom- and top-sampled microscopic images. Tamgty ratios were cal-
culated using the ImageJ image processing sdatWianageJ-1.440). Aep-
resentative part of the microscopic batructurein each image washosen
for the porosity analysis (see rectangles in Fgid(a)). The dimensions of
these representativeparts were chosen according to the dimensonthe
bark specimens tested. They also depend on tbeations. Binarized fig-
ures are presented in Figures 7(b)(c). The para &actions werealculated
for differert size ranges. The results are given in TableTti®ey showthat
bark specimens located at the bottom of tteanshave a higheporosity
than bark specimens located at the top. Thdirfg can certainlyexplain
the decrease in moisture diffusiooefficiert from the bottom to the top of
the stem. The value of the moisture diffuscmefficiert could be influenced
by the nature of the cell walls. The nature @f gell walls is nowanalyzed.

The nature of the cell walls may also influence tlalue of themoisture
diffusion coefficient. The inner part of the badkmainly composed of xylem
and fewer sclerenchyma and parenchyma (pith call¥ (see Figure 7)The
cell walls of xylem and sclerenchyma are mokelyi to decreasenoisture
diffusion through the thickness of the bark spexis This is becaudbeir
cell walls contain lignin, marked red by safiim Figure 7. Ligninmalkes

the cell wall hydrophobic (Ek et al., 2009). Thisutd also bedemonstrated

15



by the basic function of xylem, which is toansportwater along thestem.
Hence cell walls should be able prewert the water passing througto
achieve watertransportalong the stem (see the circular holes in Figdye
The presence of parenchyma, xylem and sclerenchyep&nds ornocation

along the stem (see Figure 7(a)

- for the bottom, middle and top sections,isitobserved that th@ith
ray (parenchymaissue) extends and forms a channel betweenpitie
and the cortex of the stem. Compared with tell walls of xylem
and sclerenchyma, parenchyma cell walls tend ¢toease the value of
the moisture diffusion coefficient. The preserafeparenchymatissue
Is very significam in the bark at the bottom of the stems @hdess
significart at the top. The significarpresence of parenchyma cells
may help to increase the value of the moisturdusidn coefficiert at

the bottom of thestem:;

- sclerenchyma and xylem were observed at the middd top sections
of the stem. Thes#ypesof cell may therefore help to lower thalwe
of the moisture diffusion coefficient. This reswitas confirmed byhe
results of an exploratory study during whicle tbellulose and lignin
contents were measured. The specimens cuheatbottom andop
of five stems, whichunderwen tensile tests, were first powdereehd
mixed for each of théwo levels. Both resulting powders themder-

wert chemical analysis to measure the cellulose Egnin corents.
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The results obtained: 36% and 60% cellulose; 22% 28% lignin at

the bottom and the top, respectively, agree whih difference in mois-
ture diffusion coefficients found between these levels, asmoisture

diffusion coefficiert is related to lignin content, as stated in @lal.,

2009);

- the percentage of sclerenchyma per unit voluroeeases from thenid-
dle to the top sections of the stem. As statedvablignin makeshe
cell wall hydrophobic (Ek et al., 2009), so one saippose that the scle-
renchyma is more hydrophobic than xylem becatseoncetration
of lignin is higher; see the red color in Figure Since theminimum
thickness of the specimens decreases from therhotb the top,the
percentage of sclerenchyma per unit volume inceeasd so mayesult

in a decrease in the moisture diffusion coeffitien

In sum, porosity and presence of cells directlfluence the value dhe

moisture diffusiorcoefficiert along thestem.

3.1.2. Pith spgmens

The moisture diffusion coefficients were identifiérom the experimeral
moisture ratio curves, similarly to the bark. typical fitting curve isplotted
in Figure 8. The moisture diffusiaroefficiert decreases along the stem (see
Figure 9), whatever the RH and in both absomptand desorptiortests.
Taking into consideration the results obtairfed all the specimens ithis

study, the mean moisture diffusionefficiert at the bottom of the stem is
17



2.2 times that at the top, and 1.2 times thathatmiddle.

For the pith, vapor diffusion through the cedlvities and boundvater
diffusion through the cell walls are the madiffusion mechanisms, as for
the bark. This finding can be explained by therosity of thespecimens,
which depends on location. Figure 10 shows tha biottom-sampled piths
have many large cavities. Middle-sampled pith hasavities but some wide
cracks at the edge. No defect is observed for dtpesampled pith.Overall,
it can be concluded that the porosity of the pigcreasedss. the specimen
location along the stem. Hence one reasumtife decrease imoisture

diffusion coefficiert of the pith is the decrease in porosity along shem.

3.1.3. Influence of relative humidities aadsorption/desorptiotests ordif-
fusion oefficients

For both bark and pith, specimens sampled ftioen same location ex-
hibited different diffusion coefficients for all the tes{@bsorption/desorption,
75% RH/33% RH). These variations could have bemmsed by variousin-
controlled factors that may have influenced th@essments: roontemper-
ature and humidity, moistureoncentrationof specimens and airelocity
around the specimens, which may favor or impedemeaxchangebetveen
specimens and the outside. However, these faat@sot taken int@ccourt
in the diffusion equations used to determine diféusion coefficient.Using
other experimental equipmentsan overcome these problems, for

examplean humidity and temperature controlledven within a

18



balance.

3.1.4. Moisture change during specimen mouniimghe testingmachine
Because the specimens tested with the micro-eemsdchine were condi-
tioned before testing under a prescribed moisttogert in a chamberthe
possibility arose of the moisture ¢ent within the specimens significty
changing during specimen mounting, thus leadingi&s. However, taking
specimen from the chamber and mounting it in #&ing machine dichot
take more than about one minute, and the testssedeas did not last more
than one minute for both bark and pith speagneThe moisture diffusion
coefficients identified in Sections 3.1.1 and.3.8howed that thenoisture
contert did not significantly evolve during this time pedi in eithertype of

specimen, so no bias due to this effect could lmerred.

3.2. Mechanicakest

3.2.1. Bark spgmens

Figure 11 presentgypical stress-strain curves obtained at séveid.
The stress first evolves at a fairly linear rafen apparensoftening is visible
before final failure. Young’'s modulus and tensteength were deduced from
the curves. These properties were obtained foset of 90 specimercut
from five differert stems, giving ten specimens at each level eachRH
(0%, 33% and 75%). Young’s modulus is calculatedeach case bfitting
the linear part of the curve tostraightline. The tensile strength the

maximum value reached on each curve. It must hieatbthat failureoften
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occurred near the grips and not at the centethefgauge section. This is
presumably due to some local fiber failures thatuored near the grips where
the specimens were fixed, and which initiated ksacausing thespecimens
to fail. It was foundthatthe mean value of thelltimate elongationsf
bark specimenson the three RH are: 1.05%@0.34%) at the
bottom, 0.76%(0.2%) at the middle and 0.62%&0.15%) at thetop.
And those valueslo not vary significantly with the differert RH. The
influence of both the moisture demt and the location othe specimens
along the stems on th&oung’s modulusand the ultimate strengthis
discussedoelow.

Influence of the moistureontent

Results presented in Figures 12 and 13 shotv th@ moisture cdert
influences the mechanical properties of bark fbthake heighlocationsand
all three conditioning RH: 0%, 33% and 75%. tedmar in thetwo figures
represents the mean value of 10 specimens. 18@pesiconditioned at 33%
RH exhibit the highest Young’s modulus. Whatetbe heigh locations of
the specimens, this modulus decreases when RHasesefrom 33% to 75%.
This isconsisteh with results found on various species of waq@erhards,
1982). This decrease in elastic modulus was du@daosoftening of the fiber
cell walls. Water in the amorphous region dfefi reduces thenteraction
forces between molecules, thus facilitating mal@cslippage undeexternal
effort (Li, 2006). However, results found with dspecimens did not confirm

this trend. Even so, one can observe that evaugth the Young’'s maulus
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obtained for dry specimens is of the same omfemagnitude as that ob-
tained at 33% RH, thetandarddeviation in this case is significant. Hence
the conclusion concerning the evolution of Youngiedulus with RH isun-
reliable. Further studieswith more experimentaldata and statistic
analysiswill be done in order to fix thigproblem.

Similar trends are found for tensile strength: thghest value watkund
for the specimens conditioned at 33% RH. Howeitemust beemphasized
that the changes in average values are small,tladscatter is significan
Hence it can be reasonably asserted that the um@istonernt has noreal
influence on the strength valuésund.

Influence of the locations of the specimens aliwegstems

The influence of the location of the specimen altimg stems on Young’s
modulus seems more clearcut, as it can be olzkerv&igure 12 thatthis
quantityincreases as the location of the specimens alongtdm gose from

bottom to top. This is probably due two main effects:

- the porosity decreases along the stem, issusked in Section 3.1.1
above (see Table 2), and so the Young's moduhuderstandably in-

creases irstep;

- a morphological evolution of the bark is alscsetved along thestem

(see Figure 7). In this figure, it can be obsertiedt:

1. sclerenchyma and xylem fibers contained irk bacrease from

the bottom to the middle and top section @& gtem. Adgescribed
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in Section 3.1.1, sclerenchyma and xylem fibersaanlignin. Lignin
lends stiffness to the cell walls, and so makes fiber relatively rigid

(Ek et al., 2009). The sclerenchyma fibers seemsotiain more lignin
(see red color in Figure 7) and thus may beestifhan xylemfibers.
This result is also confirmed by the results tleg chemicalanalysis
stated in Section 3.1.1, in which the cellulosd &gnin contents were

found to be greater at the top stéms;

2. the percentage per unit volume of sclerenehyntreases from
the middle to the top of the stem. Even thougérehis no significan
increase in amounts of sclerenchyma and xylemrdifrem themiddle
to the top in Figure 7, Young's modulus increasesnfthe middleto
the top. This is because the thickness of thé lfabout that othe
specimen tested) decreases at the same time, petbentage paunit
volume of sclerenchyma increases, and therefaraeloes the Young's

modulus.

The variation trenddor the tensile strengtlin Figure13 is not

as clear aghat of the Young’'s modulus. The strengthvariation

trend from bottom to top aredifferent for each RH. Apossible

reason is the fact that some fibers were brokaidénor close to thgrips,

causing early failure that did not reflect thalretrength value.Changing

the shape of the specimens or bonding tabs atrttie would probablyimit

this negative effect, but this was not readigssible here because tbie

curvature of the external surface of the sterand therefore of thbark
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specimens. As explained above, it was decidadto polish thisexternal

surface to avoid failure or damage of sclerenchyotated at thigposition.

3.2.2. Pith spgmens

Figure 14 showsypical stress-strain curves obtained at severallé¥dls.
The stress evolves first in a fairly linear wayn Apparentsoftening isthen
visible after the linear part. The curve tendslevel off before the end of
the test. Young's modulus and compressive yialength are deduced from
these curves. The Young’'s modulus is calculatededach case by fittinghe
linear part of the curve to straightline. The vyield strength isbtained
with an offset strain equal to 0.2%. It was rfduthat the mean valueof
the ultimate elongationsf pith specimensn the threeRH are:
2.7%&0.75%) at the bottom, 2.78%0.93%) at the middle and
2.67%E1%) at the top. Those valuesdlo not vary significantly with the
different RH at the bottom location,but at the middle location, it
decreased0% and 16%espectivelywhen the RHchanges from
0% to 33% and from 33% to 75%. And the top location it
decreased8% and 15%respectivelywhen the RHchanges from
0% to 33% and from 33% to 75%. The influentédath the moisture
contert and the location of the specimens along the stemshe Young'’s
modulusand the compressiveyield strengthis discussedelow.

Influence of the moistureontent

Like the bark, pith conditioned at 33% RH extsbthe highest Young's
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modulus (see Figure 15), where each bar infitpere represents thenean
value of ten specimens. There is a gligkcrease in elastic modulus when
the conditioning RH decreases from 33% to 0%.significart decreasdn
Young's modulus is observed when the RH for ttenditioning increases
from 33% to 75%. Like for the bark, this is duetke cell wall softening.

Similar trends are found for the yield compresstength: thehighest
mean value is found for the specimens conditioaedB3% RH (se&igure
16, each bar in the figure presents a mean valueerofspecimens). The
differences betwee®% RH and 33% RH are nabbvious takingnto
accountthe wide scatter. Howeverthe vyield strengthat 75% RH is
obviouslythe smallest.

Influence of the specimdncation

Figure 15 and 16 show that the Young’s modulus emahpressive yield
strength of pith increase with the specimen l@ratlong the stem. Thaith
is made of only ondype of cell: parenchyma. The mechanical propertiés o
the parenchyma cell should not exhibit significaariation along thestem.
Therefore, the influence of the specimen locatiamstnmbe mainly due tthe
decrease in the specimen porosity along the ,sesndescribed in Section

3.1.2.

3.2.3. Characterization of moisture content adan during mechanicatest
The specimen moisture demt variations during the specimensstal-

lation were estimated from the experimental snoe diffusioncoefficiert

24



found in Section 3.1.1 and 3.1.2. The time reg@lifer specimenmourting
was estimated to be about 60 s. Moisturetednvariations were alsdeter-
mined by measuring the specimemright before and after testingResults
for bark and pith are shown in Table 3 and #4cdn be observed thahe
moisture variations estimated by these methods are close. Thesariv
ations are not significant, and do not infloe the mechanicgbroperties

presented in Sections 3.2.1 and 3.2.2.

4. Conclusion

Mechanical properties of sunflower stems werterdeined for differeh
moisture contents and specimen locations. Thdtsesere analyzed accord-
ing to themicrostructureand chemical composition along the stem. Baankl
pith exhibited differenmechanical and hygroscopic properties: the Yasing’
modulus of the bark is much greater than thathefpith, whereas the mois-
ture diffusioncoefficiert of the pith is much greater than that of therk.
The specimen moisture contents influence the nmechlaproperties oboth
bark and pith: the Young’s modulus and the stitengte highest for 33RH
and lowest for 75% RH. These properties are mathig to cell comgsition
and cell morphology: bark is composed of sclelhngma, parenchymaand
xylem; pith is composed only of parenchyma. Initdid, the morphological
structuresand porosity of both bark and pith changenglthe stem, cor-
responding to changes in both mechanical angtolsgopic propertiesithe

Young’s modulus and strength of bark and pith eased with thespecimen
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location along the stem (going up), while the vabliehe moisture diffusion

coefficiert decreased.
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Figure 6: Diffusioncoefficiert determinedor bark
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Figure 15: Young's modulus gfith
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Satur ated aqueous RH (%) at different temperatures

salt solutions 20 C 25C 30 C 35C
Potassiumhydroxide 9 8 7 7
Magnesiun chloride hexehydrate 33 33 32 32
Sodium chloride 75 75 75 75

Table 1: Relativehumiditiesproduced by thesaturatedaiqueous salsolutions
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Area range of pore

Pore area fraction

(un) Bottom Top
0-500 13.0 12.7
50C-150( 8.1 3.
>150( 37.5 36.2
Total 58.5 52.9
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Specimen Moisture content  Moisture coitent variation
conditioning RH at equilibrium state Using Dayerage EXperimertal

75% 12.94 -0.88 -1.14
33% 4.8¢ -0.2¢ -0.2¢
0% 0 0.54 0.51

Table 3: Moisture cdent variationfor bark(%o)

48



Specimen Moisture content  Moisture coitent variation
conditioning RH at equilibrium state Using Dayerage EXperimertal

75% 15.86 -1.67 -2.63
33% 6.5 -0.6¢ -0.31
0% 0 1.1¢ 1.2¢

Table 4: Moisture cdert variationfor pith(%)
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