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SUMMARY

Auxetic materials are a rare class of
ratio. While most substances (like a rubber band) become thinner in lateral direction
when stetched, auxetic materials grow thicker. The broad objective of this research is to
study the origins of auxetic behavior in fibrous networks and to develop predictive
processinggstructureproperty relations for these materials systems. We start by
examinirg out-of-plane Poisson's ratio in papby investigatinga range © carefully
chosen commercial paper samplésboratory handsheets wemdso produced and
examined for their oudf-plane auxetic respons&.geometri@al modelwasdevisedand a
finite elemaet analysis on the model was perform@dunderstandhe origin of and
underlying mechanism responsible for this auxetic response. Additionallyeveeable
to create a similaauxeticresponse imeedlepunched nonwoven fiber networky a
heatcompressn treatmentThickness direction strain with respectuimiaxial in-plane
strain was measured for these materials and a series of microscopic and tomographic
characterization was performed. Froesults on paper antbnwovens, iis evident that
the fibernetwork structure itself plays an important role in defjnint he Poi ssona:
behavior. The type of netwrk stabilization (hydrogen bonding in papend needle
punchingin nonwoveny and the choice of subsequent processing conditions have a
significantinfluence on the owbf-plane Pois on s r at i o iUlimatelhas e ma't
fundamental understanding of the origins of deformation behavior in these fiber networks
should lead to the prospect of rational design of new auxetics and, in turn, tooakewtpr

development opportunities for fibaetwork materials.
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CHAPTER 1

INTRODUCTION

The term Oauxeticdb refers to maThese i
materials grow fatter when stretched and are very rare in ndtoeeobjective of tis
research was texamine the presence atxetic behavior and possibility of inducing
such behavior in fiber network structures. A fewtantreports of negative otdf-plane
Poisson's ratio incommercially producedpaper were revisited and confirmed by
examining a broader set of sampielsoth commercial and laboratory madmrther the
origin and underlying mechanism responsible for this phenomeasproposed using a
simplified geometrical network moddtinite elementnalysiswas performed to suppo

the hypothesis for the mechanisAuxetic behavior was alsdiscoveredin laboratory

made handsheets produced from unrefined and refined hardwood and softwood pulps.

Making handsheets in lab provided more control over various parameters involved in the

complex process of papermaking.

In addition to studying auxetic behavior in pagpérwas intended to examine the
possibility of producinghis response in otheronwovenfiber networks As-produced,
nonwoven materials are not known to be auxetic in @ingction. It was found that
certain processing can potentially conwtterwise ordinary nonwovens (having positive
Poisson's ratio) into auxetic materidl§e concentrated our research rmeedlepunched
nonwovenfabrics which showed a lobf promise tobe converted into an cwf-plane

auxetic material,primarily due to the presence of fieolumnsin their network

a l
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structure A heatcompression processing protocol was developeslitoessfullyinduce
out-of-plane auxetic behavior in polyester fiber édseedleouncled nonwovens.

A series of experiments waserformed to examine the thickness change with
uniaxial (inplane)strain in these sheéke materialsi both paper and nonwoven&
universal testing machin@nstror’) was usedfor straining the ample and a digital
micrometer was used for measuring thickness€ut-of-plane Poisson's ratio was
calculated from plots of thickness direction strain versus axial strain and was found to be
negative for many papers and processed nonwoven samples.

Furthe, microscopic and tomographic characterization was performesdist
with the understanohg of the mechanism for this increasetimckness.SEM images of
commercial and laboratory made paper sbdvwhe retwork structure, the bonding
between fibers, fibr size and spacing between network contact points. Similarly, the
technique of pCT wasextremely hdpful in looking into the micretructure of
nonwovens. Fiber orientation, network density and fiber bungdtesentin needle
punched nonwovensere observ& From the experimental and microscopic analysis, i
was found that in addition to the network structure, the processing conditions during (in
case of paper) and after (in case of nonwov@nsiluction playsan important role in
determiningthe nature andxtent & out-of-planeauxetic response

Resultsalso indicated that auxetic response in paper is related to the cellulose
fiber network and intefiber hydrogen bondingBent network fibers push the transverse
fibers that are in contact with them outwandhen strained along their lengths, causing
an increase in thicknesk case of needipunched nonwovens, a therat@mpression

treatment mde the fabric auxetic Image analysigdicatal that the presence of columnar



fiber bundles (along thickness diten) is mainly responsible for thickness recovery on
stretch.These columns get tilted or buckled during compression and can rotate back to
their original state when the fabric is stretched, causing an increase in thickness.

In summary, two novel designene inspired from paper and one from needle
punched nonwovens, of creating an auxetic response in materials were found. These
design solutions are scale and material independent, pending processing and production
challengesThe fundamental understandiregsulting from this research should leadhe
establishment of predictive structypeoperty relations for auxetic materials as well as to
new product development opportunities for fipetwork materials. The next chiep
gives a background ahe field of auxetic materials and descrdxur motivation for this
researchCHAPTER 3 and CHAPTER 4 introduce and describe the work on paper and

needlepunched nonwovens respeety.

AParts of this thesis have been takadapted frona u t hpahlicat®ns’ [30] and [61]



CHAPTER 2

BACKGROUND

21 What are auxetic material®?

Auxetic materials are a rare class of
ratio. The termb au x et i ¢ 6 agxétoso nitGragekmay be i ncreas:
materials exhibiting neealt[l] nd99P While exasth 6 S r &
substances (like a rubber band) become thinnénadateral direction when stretched,
auxetic materials grow thickdduring compression toonost substances expand laterally
but auxetic materialsontract Evans and Aldersoj2] describethis with an example of a
stopper and a test tube. It is difficult to push a rubber stopper (a material haaositjve
Poi s s on 0 sthe test tubed@causenttexpands in diameter when compressed but it
is easier to pull it out of the tubiecausehenit contracts in diameteHowever, if the
stopper is made of an auxetic material it becomes very difficult to pull it out. This helps
to understand theras to why bottle stoppers are usually made out of cork, which has a
Poissonbs ratio of approximately zero.

Poi s s on' sformallytdefioed §sdhge negasiwalue of the ratio of lateral
stran to longitudinal strain, when the direction of appl&tdain is longitudinal. For a
film-like material, a stresalong its length caes dimensional changes both the width
and the thickness directions. Therefore, two separate Poisson's ratios can be defined for a
film 7 one along the width and one along the thickness direction, each with respect to a
strain alongts length. Similarly for a cylindrical materiad, strain along its axis will lead

to dimensional changes alortge radial directions. In this case, there is only one



Poisson's ratid along the radial direction with respect to strain along the axial direction.
Therefore for a cuboidal or a cylindricablsl, the Poisson's ratio is better expressed
usingthe index notatiorshown inEquation(1). The second index denotes the direction
of applied strain ) and the first index denotes the direction of observed lateral strain
(). Because most materialsnteact laterally when strained longitudinally, the negative
sign in the definition makes the Poisson's ratio positive for these common materials.

It is important to note here that an increase in either of the lateral dimensions
leads to a negative Poissomatio in that direction. For a cuboidal sofasolid with six
rectangular faces orthogonal to each othgrefore, two types of auxetic responsas
be defined Corresponding to a positive strain in length direction, if an increase in width
is obseved the material is said to exhikanhin-plane auxetic behavipand if an increase
in thickness is observedhen the material is said to exhil@dh out-of-plane auxetic
behavior. If Poisson's ratio in one direction is negative while in the othetidirécis
positive then the mater i al [3]i Materiala exhildtidg négatever t i al |
Poissoe ratio in both directions ar 3. mall ed
Cartesian coordinates, the ¢gh (x-axis) and the widthyfaxis) directions are said to
make the plane of the cuboidalséume it isnore like a sheet or film) material while the
thickness directionz{axis) is called the owtf-plane directionKigurel). The two kinds
of auxetic responses can be identified by the inuEation for Poisson's ratio as shown
below (Eqatiors 1 and2) wherxs derdeke® the direction
i ndgwx aadd dénote t he ddingainensianal changes alang thee s p o n

width andthethickness directions respectively.



, } in-planePoisson's ratio (2)

, 3 out-of-planePoisson’s ratio 2

Figure 1: Cartesian coordinates for a cuboidal samt effect of strain om material
exhibiting a psitive Poisson's ratid.ight grey shows the original dimensions and dark
grey shows the dimensions upon strain.

Figure 1 shows a material with light grey area showing the initial state (at zero
strain). The material is then strad along the-axis which results in the reduction of its
width as well asts thickness. The final state is shown in darkygréhis material thus
exhibits a positive Poisson's ratio along both the thickness and the width directions.
Consider now, thathe original sample dimensions de(length), wy (width) andty
(thickness). Assume that the sample is now stretched in the length direction at a constant
rate and all tree dimensions are measured at small intervals of strain (say at every 1%
length stain). At anyi™ strain level, let the measured dimensions; b& andt;. Now the

i strain along length directionan be calculated by subtracting the original length from



the current lengthli(i 1) (calledengineering strajnor it can be calculateby subtracting

the one previous length value from the current lenfgth I(.;) (calledtrue straif. The

same two kinds of strains, engineering strain or true strain, can be calculated for the

width and thickness directions as well. These two waygpdrting strains give rise to

two important ways (among several othilg in which Poisson's ratican be reportet
Instantaneous Poisson's ratiqlPR) i When true strain valueseaused for both

the direction of applied stress and for the direction of measured changes. The way to

calculateaninstantaneous owdf-plane Poisson's ratio is shown below

, o o T (3)
& & 7o

Effective Poisson's ratio(EPR) i When engineering strain values are used for
both the direction of applied stress and for the direction of measured changes. The way to

calculatean effective outof-plane Poisson's ratio is shown below

, 0 o 1o 4)
a a Ta
For consistency, strain alaxialgtraihdh ea nsda mp |
the strain along thickness direction will be t | teidkness straimtd. To denote a

perpendicular to the axiadlirection, i.e. strain in either the width or the thickness
di recti omansvarsegraibe winl &6 be used.

Poisson's ratio is one of the fundamental elastic constants alongrwith n g 6 s
modulus (E), shear modulus (G) and bulk modulB¥ [¢, 5]. It is a dimensionless
guantity. These constants are related to each otheshawn in Equatiob. According to
the classical elasticity theorjp], if the Poisson's ratio is less than 0&b,material

increases in volume upon strain (such that its densityedses). Perfect volume



conservation for an isotropic elastic material makes its Poisson's ratio to [6¢, @% in
ideal rubber and in liquids. If an increase in volume is notrapemied with any change

in lateral dimensions (that is the cresesctional area is conserved), then its Poisson's ratio
is zero (like cork) [7]. However, if it causes a lateral dimension to increase then the
Poisson's ratio becomes negati¥¢.a Poisson's ratio of1.0, theaspect ratio of the
material standsonseved for the twoinvolved directions For an isotropic material
strained within elastic limits, the value of Poisson's ratio can lie betive@nand +0.5

[8]. Therearehowever,no limits on the values of Poisson's ratio if the strain is beyond
elastic limits or if the material is anisotrop&; 9].
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Figure2 shows the variation of Poisson's ratio with the ratibudk modulus (B)
to shear modulus (G).The following relationships can be established from the
fundamental equation of elasticity shown in Equatorror B/G >> 1, the material is
quite incompressible and its Poisson's ratio approachedike5ti{at in rubbers) and
when B/G << 1, the material is highly cpmessible and its Poisson's ratio approaé¢hes
1.0 (ike in auxetic foamq11]). Ter ms |-i kleb drathadmnadnédtdd wer e
describe materials with a negative Poissonis [&R] until the term auxetic was coined.
When B= G, Poisson's ratio takes the valuezeta The physical properties of most
commonly used materials lie between that of cork and rufibarduding the stiff metals
and relatively very compliant plassicboth of which exhibit Poisson's ratio values around
+0.3.

It is interestng to note that there are m@mmonlyusedmaterials showing a
Poisson's ratio value below zero despite b&itgin the range allowed by the theory of
elasticity; although certaimxamples of materials froBection2.2 andSection2.4 can be
thought of being common in certain industri#se examples shown Figure2 are rare
instarces found in nature or of materials recently manufactured. Cork retains its cross
sectional area because of the presence of stiffafilisoneycomb poresormal to the
loading directior{10, 13] Figure3 shows these ribs as seen from the radhia$ssection
and tangentiatrosssection Such riblike structureshinged atacute angles to each other
can open up wring loading leathg to a negative Poisson's ratio in most (if not all)

examples of auxetic materials.



Figure 3: SEM images of cork in crossection (a) normal (radial direction) to the
direction of cell growth and (b) paralléd the direction of cell growth (tangential
direction)[13]

2.2 Naturally occurring auxetic materials

Only a few naturallyoccurring substancef2] are knownto sltow auxetic
behavior Iron pyrite [5, 14], some crystals of arsenjcantimony, bismuthl15] and
cadmium[16], some cubic metald 7] and some faceentereecubic crystals[18] along
specific directionsthe U-cristobalite form of silica crystdil9], cat skin[20], cow teat
skin [21] and certain tges of boneq22] are known examples ofuch materials.
Baughman et ahavepredicedthat 69% of all cubic elemental metakill show auxetic
response when strained along the (110) dire¢temgpartially auxetic17]. As shown
in Figure4, the solid tries to minimiza decrease in density dugrdeformation along the
direction (110)(joining spheres 2 and)4by maintaining the intesphere (inteatomic)
contacti spheres 1 and 3 move in while spheres 5 and 6 mov&ioople geometrical
calculationd17] showedthat the Poisson's ratio for (110, 001) is +2 and for (110, i%10)
11. Twisting and bending of irepyrite monocrystal mineral rogzoduced &oisson's

ratio of about 1/7[5, 23]. Thisresult, reported in 1882yas probably the firadiscovery
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of an auxetic materialGunton and Saunderd5] calculated Poisson's rasidrom
experimentally kown values of elastic compliance constants for arsenic, antimony and
bismuth and found them to be negative along certain directiddsing similar
calculations Li found auxetic behavior in hexagonal Cadmium crydt@]sMilstein and
Huang[18] concluded through theoretical calculations that the Poisson's f@timany
facecentereecubic solid crystals aref opposite sigs in the two principal crystal

directions normal to th€L10) uniaxial load.

Figure4: Origin of negative Poisson's ratio (due to displacement of spheres 5 and 6) and
a large positive Poisson's ratio (due to displacement of spheres 1 and 3) in a body
centereecubic solid crystaJ17]

YeganehHaeri et al. in 1992 [19] were the fist to experimentally establish
auxetic behavior inthe U-cristobalite polymorph of silica. They found usinaser
Brillouin spectroscopy thatlcristobalite contracted laterally when compressed and

expanded laterally when stretched showing Poisson's ratio values of as 1@ as
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certain directions and anggregate average value 06f0.16. In the same vyear,
Chelikowskyet al. reproducedhe negative Poisson's ratio lcristobalite througrab

initio calculations[24, 25] (Figure 5). Kimizuka [26] studied the auxetic response in
cristobalites over theemperature range of 300 1800 K (including alpha to beta
transitions) using molecular dynamics simulations and found differing mechanisms
operating in the two phases. Later Grigtaal.[27] attribuied the auxetic response lh
cristobalite to the presence of two dimensional rigid rotating rectangles in its molecular

structure.

Figure5: Motion of atoms dark (Si) and light (O in U-cristobalite when it is subjected
toun axi al tension shows an expansi onabof
andd 6are | att[dblce par ameters
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The occurrence of a negative Poisson's ratio at thos{etmolecular) small scale
has only been observed in natural materials as showinelapovementioned examples.
We will discuss later that synthesis of auxetic materials on a molecular scale has not been
achievedyet.

Among biological systemsYeronda ad Westmann performed uniaxial tests on
cat skinand observedamong other interesting propertiesm) initial thickness increase
due to Astraightening, tr an§0]deesenagfouadnd r ot
structurdanalogies between cow teat skin and knitted fabrics which causes them to show
a negative Poisson’'s ratio @hall strains[21]. Uniaxial experimentsand finite element
analysis on cancellous bone cubes from the human tibia also showed nEBgasaen's
ratio (abouti 0.07) along one direction and positive Poisson's ratio (about 0.52) in the
other[22].

Continued investigation of minerals, crystal structures and biological systesns
change the perception of auxetic behavior being a rare phenomenon in future. Natural
auxetic structual featuresserve as m@inspiration to scientistén investigatingauxetic

response in synthetic materials

2.3  Common mechanisms of auxetic response

Known mechanisms of auxetic response usually stem fthen structural
geometry of materials and/or their defation characteristici2]. In most cases it is
either opening up of aceitangledbetween rigidstruts/ribs/columns anstructural hinges
[27, 28] or a fibrillar network deformationlike in auxetictissug [20, 29, 30] Many

geometrical structures aigherently auxetickigure6 below shows some of these 2D and
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3D structures, whighupon visual observatigstrongly hint of arauxeticdeformation In

case of 2D structures, the deformation too is assumed to be strictly iD fhlariz.Such
design el ements have the potential to be i
auxetic response. The scale of the design structure cagneatyy; in fact Poisson's ratio

and other classical elastic propertiegve no length sde restriction [11], excluding

guantum and galactic length scales of coufsgure 6 (a) illustrates ahoneycomb

structure(showing positive Poisson's mtiand aninverted honeycomistructure (also
called areentrantor a dowtied st ructur e) t hat shows a ne
opening up of angles between the ribs of the reentrant hexagon causes the structure to

expand in a direction perpendicutarthe strairf31].
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Figure 6. Geometrical auxetic structures (a) Honeycomb structure on left and inverted
honeycomb structure on right (b) examples of some 3D structuresdtaiaetid32]

Grima and Evan$33, 34] demonstrate the use bfngedrotating squares and
rotatingtriangles as a structural unit in producing auxetic mateftagsire 7(a) shows an
interconnected network of triangles hinged at points in a way such that a hexagonal

cavity is created. In the most compact state, the edges dfitimgle touch each other
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(angle,d = 0°). When pulled along a planar axis, the rigid triangles ratatd thathe
angle between the edges increases continuously to 30°, 60°, 90° and furticea up
maximum of 120°. This results in an increase of dinmengerpendiculato the pull[34].

The model of rotating squares works similarly (Beguire7b) [33].

Figure 7. Mechanism of auxetic response in hinged rotating triangles (a) and rotating
squaregb) [33, 34]

Gr i ma 6 g squames ant rotating equilateral triangles exhibit a Poisson's ratio
of 1 1.0 irrespective of direction of loading and irrespective of the size of @ritha

alsosuggestedhat this mechanisrshould be discoverabla realcrystal systemgrigure
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6 (b) shows some 3D auxetic structures consisting of volume units enclosed by hinged
and rotatingsquares cubes or bowtie walls. Many other 3D auxetic structures are also
possible and are occasionally derived from analogous 2D auxsametries.
Wojciechowskiet al. have found negative Poisson's radib high packing densityn
hexagonal molecules on a triangular lat{i8g], in atomic cyclic trimerg36, 37]and in

hard cyclic pentamers and heptami8]. Similarly, Neville et al. very recently used
kirigami techniques to produce and characterize PEEK honeycombs that exhibited a

Poisson's ratio of zerf39].

2.4  Synthetic auxetic materials

The development of synthetic auxetic materisiartedwith the invention of
L a k easxétisfoams[11] in 1987 (seeFigure 8a). A polyester foam of density 0.03 g
cm®, cell size 1.2 mm anBoisson's ratio of 0.4 was haampressed triaxially in a mold
at about 170 °Gtemperature slightly above the softening pointhe foan) and then
cooled to room temperature while still under compression before taking it out of the
mold. The resulting foamsvith permanent volume compression by a factor of 1.4,to 4
were found to exbit anegative Poisson's ratim one casea Poisson's ratio af0.7 was
observed for one of tkefoams whose volume had been halved during compression. The
cell structure had also changed frome having obtuse angles between cell walls to one
havingacute angles (reentrant structure) between tAdmns change in cell structure can
be seen irFigure 8a, top and bottomSubsequent o Lakes6s treat ment
openc e | | pol ymeric f oams t o pia, @tden precessa neg

modification of linear polymers such as PE aAdiFE wassuccessful in achieving
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auxetic responsdn 1989, Evans and Caddock found large negative Poisson's aatio
low asi 12 in expandeePTFE[40]. ExpandeePTFE is produced by rapid heating and
drawing of sintered PTFE resulting in a porous microstructure consisting of oblong
nodules interconnected by fibrilg&igure 8c). They reasned that wen strainedthe

tension in fibrils causes first the displacement of nodes and then further rotation to cause

lateral displacement (and hence material expansion) of nodeSigsee8b).

(b)

Figure 8: Examples of synthetic auxetic mater.
lateral expansion in expand®IFE (c) SEM micrograph of expandBdFE and (d)
SEM micrograph of ute-high molecular weight PEL1, 40, 41]
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Thereafter,Alderson and Evans developed paocessing route to produca
microporous form ofiltra-high-molecularweight polyethylenexhibiting Poisson's ratio
aslowag1l.2[41]. Al derson6s auxetic PE WwBmwdpratepar ed
110 °C followed by sintering and extrusion1&07 190 °C which again, resulted in a
microstructure composed of nodul@gsore spherical in this cgsand fibrils similar to
EvansoO0s e x pFgureBd.d is Rofewdihyin these examplabat the polymers
themselves were not inherently auxetic by virtue of their molechamicalstructure,
but instead a processing methwas devised to produce a macroscopically auxetic
structure.

In addition to approacks to induce auxetic response via clever tailoring of
processing conditions using conventional polymesdescribed above, there have been
extensive efforts isyntheticmacromolecular approaches to produce a nanoscale material
with intrinsic awxetic propertiesRecently,modeling attempts(not experimentalvere
made to introduce auxetic character in the polymeric chains themselves by trying to
introduce reentrant geomiets into molecular network€&vans[1], Grima [42i 45] and
Baughmaret al.[46] havemodeled and simulated various polymer networks shaald
exhibit negativePoissol s r Evdns suggested a reentrant honeycomb structured
compound of (1,4)eflexyne as a potential candidate to exhibit auxetic behavior on a
molecular level[1]. Similarly, Grima prescribed pghenlyacetylene and polycali4
arene based structur@sgure9 a, b) as auxetic possibilitieBoth structures are based on
geomdrical models, which have been theoretically predicted to exhibit auxetic behavior.
The deformation mechanism in Grimabds mol ec

the scope of this thesiso it is not discussed furtheéBaughman showed that some
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hypothetical phases of carbon such as hinged polyacetystioesdshow this behavior

[46]. However, gnthesis of such polymers has been a daunting task for over more than a
decade of research primarily because of molecular complexitytt@duge energy
barrier involved in changing (increasing) the chemical bont¢eadgringstrainingof the
molecular modelsChemical bond angles would not change under normal mechanical
stress levels, thus not allowing the opening up of acugées prescribed in the models.
Following the idean polymer chain design&riffin et al [47i 50] proposed that certain
liquid crystalline polyners with transverse rigid rodis the main chairshouldshow an
increase in intechain separationupon straining(Figure 9c). In 1998, Griffin et al.
showed through Xay diffraction studies that the imtehain separation increasedder
stresson incorporation ofaterally attached rods in a main chain liquid crystal polymer
[47]. Different kinds of lateral s 1 terphenyls[47, 49] quaterphenyl$47, 48] and
pentaphenyl[47, 49, 50]i were later synthesized tontrol the maximum attainable
angle of rods to the main chaffrigure 9d). Despite Xray diffraction evidence of
increasedchain separation, macroscopic expansion (and hence macroscopic auxetic
behavior) of the liquid crystal material (filmbasnot be observed experimentalfyrima

et al.also showed auxetic behavior in idealized zeolite structures using foetd-based

molecular simulation§51].

19



e &

l @A—-ﬁ; ) o
(I kr

L N

NS i, >

crom ﬁ o Eu;’lﬁ]“
[} . J

Figure9: Mol ecul ar

(el

i}

=0

design

appr

based on phenylacetylenes and calixarenes, @,rd) f f i
in liquid crystal polymer$43, 45,47,48]

-

75
- (Al
oaches t
ndés i dea

Some fibetbased auxetic structures have also been produlcgaane auxetic

behavior was observed in Baugla n 6 s

from positive to negative by increasing the radfomulti-walled carbon nanotubes to

singlewalled carbon nanotubes. Egack type modelqsee Figure 10) were built to

interpret t he

Although thestudyis quite complex, it can be seen from simplified moddFigure 10

bueR,ypwapeses Poi ssonds

that an in-plane ky-plane) uniaxial force causes the contact point between the red and the

pink model fibers tanove downwardalong the zdirectioni resuting in a decrease in

thickness and hendarge positiveout-of-plane Poisson's ratiwalue However, this also
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results in expansion of the structure in the planar direction, thus showing a negative
plane Poisson's ratioThese bickypapers wer@repared by a process similar to making
paperfrom wood fibers In-plane auxetic behavior hadso been inferrefom Raman
bandshift datavery recentlyfor bacterial and microfibrillated cellulose networfs!].
On a larger scale of fiber networks, paper (made from cellulose fif3€rsh5 58] and
some textile material§59i 63] also exhibit auxetic behavior (more discussion in

subsequent chapters).

Figure10: Eggrack type modl explainingtheirp| ane auxeti c behavior
buckypapers. The arrow indicates the position where the two model fibers (pink and the
red) contact each othfs3]

Composite materialJsbased on fiber network$oo, were first theoretically
predicted by Berharet al. [64] to exh b i t negative Poiwereonos
synthesized65] validating their hypothesis. Berhdb4, 66] also modeled networks of
fused fibes thatshouldshow auxet behavior. These auxetic fibarat networks made

of steel were embedded i n goymermdtixaraity ( p o S
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was shown that the resulting composite was auxefs]. The negative valuesfo
P o i s saboraésaciated with these fibmats and composites were as largé s and
19, respectively. Alderson et al. reviewed various methods by which composites
containing auxetic fibers could be produeet found better resistance to indentaaod
to fiber pullout in certain compositg67]. Many angleebly laminates and composites
have both been theoreticaltyedictedand alscexperimentallyproduced to show auxetic
behavior[68, 69] Bezazi et al. studied auxetic carbon/epoxy laminate composites and
found that the stiffness and maximumldee load decreased with fiber orientation angle
in the laminate$70].

In terms ofrecentadvances in the field, Grimet al. have described a novel
solvent based process for inducing auxetic behavior in conventional open cel[Tddms
By using a solvent, Grima eliminated the need of thermal treatment in the heat
compression protocdie commonly used. In his experiments, the foam was wetted and
compressed triaxially until the solvent dried to produce a reentrardtigte. Another
benefit of this method was that theeentrant foamscould be converted back into
conventional foams by wetting them again in an organic sojvéht

Theoretical studies of model molecular syst¢B8¥ and examination chuxetics
as smart metamateridlg2] has added much to our understanding of this phenomenon. At
the macroscale there are ingeniously desigtrcttures such as chiral honeyconi2,
39] that show negative Poissors r at i o0 upon easedconpositdd7, Al s o,
69, 70]can b e suitably assembled to produce a

ratio. Specially designed textile structures can also exhibit auxetic regpon€L, 63,
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73]. The background oeome ofthese fiber based auxetic structures will be discussed in
Sections3.1.4and4.1.5in more detail.

The possibility of employing a pestanufacture processing protocol to produce a
structural feature(s) that confers auxetic response in a ubiquitous, commaodity polymeric
material, as described above, has given rise uohnrecent research and development
effort and continues to be a desirable gdalthe following subsection,some unique
properties of auxetic materials ahdw these properties help in satisfying #pplication

needshave been described

2.5  Propertiesand applications of auxetic materials

Auxetic materials are rare and their propertieien the inverse of those of
typical materials, are also rare: densification upon impact, becoming fatter when
stretched, and exhibiting synclastic double curvatdescibed below) as examplefl2,

74]. The combination of theoretical interest and practical applications has led to
significant research and development activity on these unique materials.

Auxetic materials grow fatter when streéch This means that a nail made up of
an auxetic material is very difficult to pull out. For the same reason, auxetic materials are
thought to make excellent fillers in composifés, 67, 75] When these composites are
strained, the auxaetifiller (in the form of fibers or dis¢sinside grows in lateral
dimensions enhancing matiiler interfacial adhesion anthus improves load transfer
through a mechanical interlocking mechanism

Arterial prosthesigs expected to benefirom auxetic behaviof29] too. The

pulse of blood causes these arteries to stretch but also thicken at the saiffégtinge
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11), thus preventing thinning and ruptwethe arterial wallwhich could happerif they

weremade of a ordinarymaterial with positive Poisson's ratio.

(a) Artery made of commaon (b) Artery made of
. ' (+ve Poisson's ratio) ' ' auxetic material
! L material !
» :
] o L] e
e%e%e e ©_° o0 ,O...E:..o.o.
1 i v
1 1
]

i i
A\

walls become thinner walls do not thin as
as blood passes blood passes through
through

.‘__

Figure1l: Flow of blood causeartificial artery wallsmade out of common materiats
stretch and thin out (dut causes a wall made of auxetic matadahicken (b)2]

Auxetic materials also contract and densify when compressadbehavior
directly opposite to ordinary materials. This property can enhance the indentation
resistage, impact strengtfy6] and hardness of auxetic materigly depending upon the
direction of auxetic regmse Research emphasis has recently turned to constructing
bulletproof vests and impaciurtains out of auxeti&nitted structures and composites
[31, 62, 77]

In-plane auxetic materials also exhibit synclastic curvaf2jgseeFigure 12).

This propety allows them to be bent into a dowayrved surface like that of a sphere or
adome without creasing (and without loss of uniformitgires$. Ordinary materials are
easy to foldmto a cone or cylinder but develop creasesamture iftried to beput into a
sphericalshape. Dome shaped structures are usually constructed by joining togethe

ordinary material parts which makdéisem susceptible to failure at jointSimilarly,
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cushions and mattresses made from auxetic foams offer better conformatlityore

uniform support to our bodigg8].

(a) Anticlastic curvature (b) Synclastic curvature

conventional material auxetic material

Figurel2: Anticlastic curvature in common materials with positive Poisson's ratio (a) and
synclastic curvature in auxetic materials (@japted fronj2])

The average pore sizen auxetic networks (regular orandom size pores)
increases when they are stretched and costralaencompressed. This is a direct result
of anincrease in volume when stretched. Tieperty has a potential for application in
6def oul i ngd of [79] Potes d filtiatmmmemlerandsgasasceptible to
frequent clogging. Flexible membranes with positive Poisson's ratio cannot be
compressed on the sides to open up the pores. However, if they are made from auxetic
networks, they can rather be stretched to open the pprasd clean by flshing the dirt
out with water We believe thathis property caralsobe utilized in producingunable
molecular sievesr microscopic scale filtration in the future.

Auxetic metal crystals may be used as electrodes that can amplify response of
piezoeleatc sensord17]. Recently, Grimaet al. have devised stimulus based (electric,
solvent, magnetic) usage of auxetic smart metamatén@ishould find applicatiofr2].

Due to their porous naturéheir ability to be formed from common and inert polymers
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(such asPTFE) and other unique propertissich as synabtic curvaturg auxetic

materials have promisingptential in medical applications.

2.6 Motivation

Study of dimensional changes as a response to stress, especially auxetic
responses, in fiber based network structures has been an area that has largely remained
underexplored. Two such fiber based materials, paper and nonwoven fabrics, are
ubiguitouscommodity materia used all over the worlébr over tens of centuriesThe
wide use of these materials and easy availability of raw materials for their production,
coupled with the unique properties and applications of auxetic materials, makes the study
of auxetic behavior in fiber networks an exciting and a fruitful prospect.

There have beea fewreports that paper shows an increase in thicknessofout
plane auxgc response) when strainediaxially in a planar direction and that the auxetic
response islarge [55i 58]. However, these rports examinedonly a small set of
commercial paperand have not received much notice by the auxetic commurtigre
have been no reports (in our knowledge) of auxetic behavior in nonwoven fabrics, despite
their wide use and availability. Producingn auxetic response in other kinds of fiber
systems (carbon nanotubes, steel nanowires, knitted fabrics) as described above
however,hasbeen an areaf @merging and active researéaper, nonwovens and other
fiber network systems have not been fully resezdcfor the mechanistic origin of
auxetic behavior ands possible applications. Furthermore, the potential application of
these materials in textiles, constructiemmd composites increases the importance of such

studies many folds.
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Existing but very repas on owof-plane auxetic response in paper have inspired
us to investigate and better understand the occurrence of this behavior in various types of
paper. Similarly, inducing the same behavior in other kinds of nonwovens presents a
processing challengbut greatly extends our ability to produce new amekpensive
auxetic materials. It is desired to discovewvel operating mechanisms for auxetic
response in both paper and nequleached nonwovens whichan ultimately help
researchers in the fabricatiohmany types of polymer networks providing ample design
space for meeting a spectrum of application requireménts also anticipated to
establish some fundamental relationships betweerofgpiane Poisson's ratio and
network/processing parameterdip better predict structuggroperty relations in newer
systems.

There has been relatively more amount of research done-plane auxetic
behavior than oubf-plane auxetic behavior. Howevas also noted by Evames al.[2],
the difference in the wathese two kinds of auxetic responses affect material properties
(shear resistance, compressibility, strength etc.) is not yet fully underQabdi-plane
auxetic materials exhibitnique properties of indentation, impact resistance, blast and
burst resstance and also wave dampeniiige protocols developed during this research
too, for the accurate measurement of-ot#plane Poisson's ratio and for the processing

of nonwovens should assist other researchers working on similar systems.
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CHAPTER 3

AUXETI C BEHAVIOR IN PAPER

3.1 Background

Papermaking is an ancient science that has evolved with time and technology to
improve the properties of paper products depending upon their enBiloses used for
making papeare mody derived from wood which in scietific terms isthe secondary
xylem tissue of seebearing plantsWood fibers are mainly composed of cellulose,
hemicellulose and lignin. Cellulose is the crystalline component accounting for most of
the fiber strength while hemicellulose and lignrequired mainly for other biological
functions, are amorphoysand surround the crystalline regions of cellulose. It is
important to understand the morphology of wood to understand the structure of fibers and

the process of papermaking altogether.

3.1.1 Anatomy of wood

A treed srunk is praected by a notiving bark on the outsidérigure 13). The
remaining and the majority of trunk is composedvafscular cambiudtissue containing
phloemcellson the outsidendxylem cellson the inside[80]. The xylem portion of the
cambium iscommonlyr e f er r e d Wood BcOMpdsedad lghly ordered axial
and radial cellsFibersusedto make papeare mostly derived from these vertically
bundled axial cell§81]. Axial cells performmanytransport functions along the height of

the treeand argesponsible foits structural strengtfFigure14).
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transverse
inner bark section

radial
section

tangential  ray
(b) section

Figure13: Morphology of a woody tree trunk (a) a tree cresstion showing the bark on
the outside, pith at the center and annual growth rings and (bjceoggsection showing
the arrangement of xylem and phloem tissues and the radial and axighdapsed from

[80])

Figurel4: SEM of transverse sectioni(deft) and axial section (b right) of xylem cells
(tracheids or wood fibers) of a spruce tj@e]
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Wood can be broadly classified insoftwood which is produced by coniferous
trees (Gymnosperms) amérdwood which is produced by broddafed deciduous trees
(Angiosperms]80]. Wood fibers, tacheidspr wood cells &ll synonymous termr this
thesig, from which paper is madare hollow tubules with a square or rectanguatass
sectionandaspect ratio (length taameter ratio) ofoughlyabout 10QFigure 14b) [80].
Thehollow portion of thdiberis calledt hlame® asrredponsible forldid trarsport
in the plant.These are shown dwmight regionsandthe fiberwalls are shown as dark
regions in Figure 14a. These walls (cell walls)T composed mainly of cellulose,
hemicellulose and ligniin provide structural support tbe plant and perform some other
important biological functions.

A crude approximation of the average tracheid length (and hence the fiber length)
for softwoods is about 3 mm and for hardwo
in softwoods and abouD2 ¢ m i n [8@ 82} Mberavdlls and the lumenndergo
immense structural and chemical changes during the process of paper[83kird of
which directly affect the physical pragsties of the resulting paper.

Plant celifiber walls are mainly composed of cellulose, hemicellulasé lignin
[84]. Cellulose is a linear polymer of cellobiose units, which in turnfis & 4) dimer
of glucose. Figure 15 shows the cellulose molecular structuties assembly into
crystalline cellulose chains and further to form microfibrils which then form the cell wall
Hemicelluloses are a classlwdteropolysaccharidesuch as xylan, glucomannan dttat
have a random or amorphous struc{@&%. Lignins are complex polymer molecules that
are amorphous anttydrophobic and covalently borid hydrophlic hemicelluloses and

cellulose[80, 84] Lignin thus holds cellulose/hemicellulose together between adjacent
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cell walls andmakesit waterproof(seeFigure16). Plant cell/fiber wall is thus composed
of cellulosehemicellulosemicrofibrils and most bthe lignin is present between two
fiber walls, gluing them togeth¢80]. Figure 15 and Figure 16 showthe distritution of

cellulose, lignin and hemicellulose in a plaetl wall.

Cell wall

A §
Layered mesh of

microfibrils in
plant cell wall

Single microfibril -

Hemicellulose

Paracrystalline
cellulose

Crystalline cellulose

Cellulose molecule

OH OH OH OH
HO’*'i “04 { o‘ i “04 ( o’
o 0

HO OH OH HO OH OH
IS L )

Glucose Cellobiose

Figure 15: Organization of glucose units, cellulose chains, microfibrils and fibers in a
plant cell wall Sourcehttps://public.ornl.gov/)

When the fibers aresesn along the radial directiorthey areorganizedinto
distinct concentric layeras shownin Figure 17. The lignin-rich layergluing adjacent
fibers togetheris a | | ecdmpouhdmi 8 d | e Neatrnoehe middle.lamella ihe

outermost layer of théber/cell called the primary walthat is made fromrandomly
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oriented cellulose microfibrilsinside the primary wall s O0secondarisy wal

further divided into concentric S1 (outermost), S2 and S3 (innersadd)yers[80, 86]
Each of these three layers is distinct from each othertd thedifferent direction of
cellulose microfibrils within themS2 sublayer also contributes most to the volume of the
entire cell wall in majority ofreesand isthereforethe major contributoof cellulose and

hemicellulose.

*\ L
= Lignin

A -

L= Hemicellulose
Lignin

Y=t —Hemicellulose

e
=]
Y

Cellulose

Figure 16: Typical distribution of lignin, hemicelluloses and cellulose in S2 layer of a
plant cell wall. Cellulose occurs as crystalline regions of a bundle of (polymeric)
cellulose chains sandwiching amorphous regions of hemicelluloses and ligrah.oMo
the lignin is bonded with hemicellulose as shown but is also known to directly bond with
cellulose(adapted fronj80]).

Composition wise, both softwood and haohwsl contain about 485% cellulose.
However, hardwoods contain more lignin {28%) compared to softwoods (1Z5%)

and less hemicellulose (Z®%) than softwoods (255%)[80, 84] There arenanyother
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anatanical and chemical differences between hardwoods and softwoods than discussed

here, but they are natithin the scope of this study.

cell lumen

CML

Figure 17: A wood cell wall organization showing cellular lumesgmpoundmiddle
lamella(CML) and secondary layers (S1, S2 and S3) mainly composed of cellulose. S2
layer has more cellulose content and contributes most to the strength of théfider
(micro fibrillar angle) is the angle made by oriented cellulose fibers with th¢&®}is

3.1.2 The science of papermaking
A typical papermakingequencstarts withdebarking and chipping efood logs.
Wood chips then undgo pulping an operation wherthe chips are disintegrated into

individual fibers[87]. Figure 18 shows the entire papermaking sequence from cutting of
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trees to reeling out the finished papé&raft pulping is the most common type of
chemical pulping where wood chipse chemicallyGcookeddigestedto make the lignin

watersduble usingsodiumhydroxide andsodiumsulphide[83, 87]

THE PAPER
MAKING PROCESS

A

Figurel8: lllustration showing a common papermaking proc&saifce:
http://www.seedesignstudio.com/paper.html

Pulping chemicals attadke lignin between the cells/fibemnd sometimes even
the primarycell wall. These chemicals introduce charged groups on the oily lignin

macromolecule and help it to float in watdltus dissolving the lignin and separating the
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wood fibers from one anothé0, 83, 87] Pulping is followed bymanywashingstages
with water which wash away the dissolved lignin. Wood fibare hencesegregated
exposing the S1/S2 layavhich enables them to forrmter-fiber hydrogen bonding in
paperlater [80, 88 90]. Pulping chemicals cannot remove all the lignin present in wood.

Some other small impurities like dirt, tar etce @moved by filtering screens.

Figure1l9: SEM showing fiberdefore (left) and after (right) refining of the pU§s]

After pulpingwashingscreeningthe pulp still contains about2 (by dry pulp
weighi) of lignin and appears brown in coldrown color of pulpis due to the presence
of chromophores present in the structure of lig8ih, 92] Papemeededor printing is
desired to appeavhite and bright. Further delignification and brightening is achieved by
bleachingof pulp. Bleaching chemicaldecompose and getl of some more lignin that
pulping chemicals were not able to remd98]. Chemicals such as peroxjdehlorine
dioxide, oxygen and ozone are commonly used for blea¢@8]gBleacha pulp appears
white. As expected, the pulp needs to be washed again after bleagbimmgtimes, to

increase the fibefiber hydrogen bonding, the fiber surfaces are mechanically stripped
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anddef i bril |l at ed refiningba beatingO4 85% Reiniad defibrilateé

the outer (primary) and S1 sidyers of the fiber cell wall producing a much larger
surface area for #honding(seeFigure 19 andFigure 20). It also affects the shape of the
lumen ofthe fiber by flattening it oufurther (flattening also occurs during delignification

and later during dryindp5].

Section of kraft pulp
fiber (unrefined)

Refining
(external
fibrillation)

Figure20: Cell wall fibrillation during refining operation and snapping of fibrils back to
surface during drying5]

Pulpingandbleaching (bleaching isoptional)arefollowed bypaper formatioron

a paper machingeeFigure21). A dilute slurry of pulp is made in water (abd@ul to1.0
% by weight) and sprayed (by a device calleshdboX on a movingwire (a woven
fabric). The fibers in the slurry settle on the moving varel form a fibemveb while
water is drainedy gravity through the wire. The direction of movement of the vidgre

away from the headbox arnsl called themachine directionThe pulp concenrdtion, the

velocity and angle of spraying, the speed and drainage of wire etc. can be varied
depending upon the kind of paperproduction By the end of the wire, the fiber web
losesabout20% of its water.e. albout 80% water content remaif&l]. Water restricts

direct fiber-fiber interactionbut inter-fiber hydrogen bonds can formwhenever the
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adjacent fiberscontact each othethroughout the papermaking process. The web is
mechanically transferrettom the wireto heavy rolls that press out some more water
from the web. Aftepressinghe water content of the web is ab60% [91]. The pressed
webis then sent through drying steel rolls that are at a tempexsuedlyabove boiling
point of water[82, 95] The dried paper still contains abou6% of moisture, wtah is
alsoclose tothe moisture content of paper under ambient humidity conditioi that

by this time, the fiber takes a flattened cresstion (instead of a square/circular cross
section) due to the collapse of lumen, especially durgfiging, pressing and drying.
After drying, paper can be made to undegendering[96] (which smoothens the

surface) andoating[97, 98] (with speific chemicals) if required

— wet end - dry end .

water content  99% 80% 50 % 6%
press press drying

headbox wire felt rolls cylinders reel

/a//" /—l,/ i I_ N
press drying
section section

Figure21: Schematic of @aper maching83]

Presently, many variations of papermaking processassadelepending upon the
end product and requisite paper properties. For instance, printing application requires

paper to have a smooth finishgving shorter fibers on surface amding calendering),
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high brightnessachieved througbleaching) and high tensile strength along the printing
(also machine) directiof89]. Similarly, packaging requirementaciude high tensile,
high tear and burst strengttisalong both machine and cross directiobst does not
require the pulp to be bleachédany chemicals too are added at different stagkise
starch (for dry strength)resins (for wet strengthjtalc (for brightnessand optical
properties)dye pigments (for colored paper) efg9, 98]

In laboratory, paper can be produced using a small pilot plant that intitates
industrial pre@esses on a smaller scale. For other quick and specific characterizations,
laboratoryhandsheetgan be prepared using pulp,neetallic screen andlrying in air
[99]. Because of major differences in the productiwacessesproperties and structure
of handsheetare expected to be different from thoseommerciallyproduced paper.

Fibers and pulp obtained directly from wood are called virgin fibers. In mode
day papermaking, a lot of fiber is also obtained from already used paper called recycled
fiber. Many daily use paper types have little to a large fraction of recycled fibers. Some
specialtypaper may require the use of virgin fibers only. Recyclingapep can also be
done multiple times, i.e. already recycled fibers can again be recycled. Fibers are usually
discarded after-3 recycle cycles due to theieducedstrength. Recycling of used paper
involves a different kind of pulpingvhich isaccompanié by operations for removing

ink (deinking) and glue (called stickies) €t@5].

3.1.3 Processingstructure-property relationships in paper
In its simplest description, paper is a nonwoven netwbrgellulosefibers laid
down to form a maf82]. From the previous sectionye know that the fibers arléke

tubes made up omainly cellulose and hemicellulose. The fiber wall and the lumen
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shrink ard flatten during refining and dryin@®5]. Note that due to delignificatioduring
pulping and bledung, most of lignin and a lot of hemilbalose too is lost and washed
away leavingpores orthe fiber surface Some cellulose fibrils are stripped out (mafe
refining is done) exposing more cellulose surfdgber surface iwvery rich in hydroxyl
groups (OH) that arepresent on both cellote and hemicellulose chairlgnder wet
conditions, these groups are readily hydrated (surrounded) with water molecules. During
drying, water is lost from between the fibers allowing for hydrogen bonding between two
fibers. More drying means more bondingtiveen fibers. The fibrils coming out of the
fiber surface are flexible and increase the bonding between fibers/fibrils making the
resulting paperstrongdfi br i | s ri pped out of the surface
bonded to another fiber/fibrilngp back during drying to bond to the same fifeégure

20). Too much refining is not good for paper strengthaddition toincreasing number

of bonding sitestoo muchrefining can break the fibers into shorter omésch deceases

paper strength.

Fibers mostlyik in the plane of the paper sheet. There are very few fibers making
an endto-end anglethat is more with the horizontal (#plane) than with the vertical
(along thickness)so much so that a paper structure camapgoximated by a two
dimensional structure for certain studig]. Fibers also have some curl and kink
generated during papermakjnghich makes3D modeling of a paper structure difficult.

A single fiber can bond with tens of other fibers along its lengécause paper is formed
by settlingof a dilute water suspension, a single fiber crosses over atheasfibers (that
hadsettled beforen the wir¢ along its length and also crosses below many other fibers

(that settled after)Although the fiber setting on paper machines predominantly
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random,a directional orientation along machine direction is impattetiber suspension
and hence to the fibers tdry the moving wireHandsheet prepared in laboratory are
formed on a circular screen rather than a moving wire, hence theie no machine
direction orientation of fibers.

Fiber length is B0 animportant structural parameter determining tensile strength
of paper. Softwood paper is stronger than hardwood because of the longer fiber length in
softwoals (~3 mm long in softwood compared to ~ 1 mm long in hardwood) which
allows a higher number of fibdiber bonding per fibe[81, 91, 100] Fiber diameter can
range from a few microns to about 30 microns for both softwoods and hardwoods
depending upon the type of wood source and processing condiGoasimageand
thickness are two properties that characterizebtiike densityand overall bulk of paper
sheetd89]. Grammage is the weight of a paper sheet per unit squaete aned. Sheets
with higher grammagare also usually thicker, but this might not be true ifdéesity of
the web is high.Bulk density can be calculated by dividing the grammage by the

thickness of the paper shéet

COAIT I A (6)

ACKRI 0GR == xEr A 00

For an equal thickness, a denser grade of paper will weigh more than a lighter
grade. The packing of fibers is tighter and the structure is less porous for a denser grade
of paper By crude approximation, there are about fieer layers through the thickness
of a copy paper shef?2]. Paper thickness can be as low as 50 microns (glassine paper
and newsprint), about 100 microns for copy pagat can be high as of tleeder of a

millimeter for certairpapeboard sheets.
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The two in-plane orthogonal directions in paper a@nventionallycalled the

machinedirection (MD) and the crossdirection (CD) designated along- and y-axis

respectively.Crossdirection is the direction perpendicular to the direction of motion of
papermachine. Tie thickness direction is commonly referred to asztegection or the

out-of-plane direction.

3.1.4 Background on auxetic behavior in paper

Despite paper being a ubiquitous material of modern commerce, there has been
surprisingly little attention @id to previous reports of its exhibiting auxetic beha{boi
58, 101] Thesehave shown differing results, dependent to some extent on the ftype o
paper examined While Ohrn[55], Baumgarten[57], Baum [58] and Stenberd56]
measured theouwtf-p | ane Poi ssonds ratio for sever al
negativeMann[101] and Baumgartef67] foundin-p| ane Poi ssonds ratio
positive.Ohrn [55], Baumgarterf57], Baum[58] and Stenbers6] found the thickness
of paper to increase when strained aldhg machine direction or cross directijon
although they did not use the teima u x et i ¢ 6 ftienr Their kely sesultslare e r v a
tabulated infablel, Table2 andTable3.

Stenberg found that the increase in paper thickness was greater whewasper
stretched along MD than when stretched along CD. He used a tensile machine for
straining and a custom designed thickness measuring device with a spherical platen head
(attached to displacement transducéb$) to continuously measure the thickness over
about 20 crharea of paperFigure 22 shows a plot of increase in thickness with strain

along MD and CD foan uncoated paperboard sample of Stenberg.
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Tablel: Values of Poisson's ratio for different paper samptasa Stenberd56]

Thickness Grammage MD CD

Type of paper (em) @m) 3¢ 3
Paperboard (uncoated) 458+ 10 282 -19  -1.2
Paperboard (coated) 38755 274 -3.2 -1.8
Liner 286 + 14 224 -2.3 -0.78
Copy paper 99 +3.3 80 -0.24 +042
Sackpaper (uncalendejed 89 +7.3 70 -0.2 +055
Sackpaper (calendered) | 70+5.2 70 -3.0 -087
Sackpaper (calendered) Il 70 £ 4.7 70 44 -1.2
Newsprint 62+2.3 45 -3.8 -0.38
0.49 0.48
0.485
E 0.48 &4% £ 0475 o
2 L P AN
8 0.475 ﬁf'f 8 0.47 f’;}(ﬁ;‘f
g 0.47 W7 ~ é oY
04es) RS IVARVYAY
0.46 : 0.46 !
0 0.005 0.01 0.015 0 0.01 0.02 0.03 0.04

In-plane strain In-plane strain

Figure 22: Stenbergbs plots of t hhoarckwitleisptanev ar i at
strain along MD (left) and CD (righfp6]

In both cases, the overall thickness can be observed to increase waith str
Multiple lines in the plot arefrom the cyclic loading and unloading experiments
performed during these tes®ss can be seen fromable 1, the magnitude of negative

Poisson's ratio is different for differetyppes of paper and it becomes positive for certain
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papers(copy paper and uncalendered sack paper) alongS&dbergeported Poisson's
ratios based on a linear fit of the thickness strain witiplare strain. The magnitude of
Poisson's ratio did not seeto correlate with either the grammage orithigal thickness
of the sample and Stenberg did not discuss any relatithnthe papermaking processes
employed

Ohrn, howevey measured thickness change by three different types of instruments
T a continuos thickness gaugeonsistingof a metallic circular platen of diameter 2.7
cm, a mercury dilatometeneasuring thickness as a function of volume change of liquid
mercuryand a microcatowhich measures thickness duriniaxial bulging of paper by
a hemigpherical head of a metal r¢85]. Ohrntested four types of paper and found all of
them to show an increase in thicknésscept tracing papeongCD) (seeTable2). The
thickness increase was found to dmostthe same with both the continuous thickness
gauge instrument and the mercury dilatomefetypical plot of thickness increase for
Billerudodrlkmaf¥thr pa pis stowrpieHRigure2s. rOhre continued
measuring the thickness until sample failure and even &ikme. Note that the
thickness curvevas found to beoncave upwardbr all samples. The strain at break was
larger for CD but the magitude d thickness increase at break wawer in CD. Ohrn
described a possible mechanism of this behawhbich will be discusgdin more detail

in the mechanism section of this chapter.
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Table2: Increase in thickness of pamamplefrom Ohmd s B8]r k

Increasein
Tvpe of paper Thickness Grammage thickness
ype ot pap ( €m) (g m? (at rupture)
MD CD
Kraft paper, Billerud 130 75 9% 5%
Semi chemical lab handsheet 130 75 5% N/A
Tracing paper (greag@oof) 50 57 4% -2%
MG kraft paper, Billerud 100 80 12% 11%
(a) (b)
§ .30 [ Em
2 o
',;..-15 ? 1% I
¥ ™ 1 z 3 L] ] s . I 4 3 L 5
E 20 slrain, " -'.;t 30 strgin Y,

Figure23: Thickness increase plots with strain (top) for®&il ud 6 s kr aft pape
machne-directionand(b) crossdirection[55]

Another important study on both the aftplane and irplane Poisson's ratio of
paper was carried out by Baumgartnal. on a wide range of commercial paper and
handsheet sample$7]. They used a tensile tester for straining the paper sample
uniaxially, andmeasured the lateral sitma(along width) and the thickness strain using
mechanical strain gauges and strain transducers. For thickness measurement, two anvils
of contact area 1 chand contact pressure of about 10 kPa were (Eanle 3 shows a

summary 6B a u mg a key experdngental results.
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Figure 24: Lateral deformations (left width change, right thickness change) with
machine direction strains in spruce groundwood handsheets of varying grammage in the
work of Baumgartemt al.[57]

In the spruce wood handshgelateral contraction increasatinost linealy with
elongation and also increased as grammageinaesasedseeFigure 24 left). In the
same handsheets, thickness was found to decrease with elongation until it reached a
minimum at about 0.2 0.3 % strain. Beyond that, thickness increased until fragaee
Figure 24 right). The effective out-of-plane Poisson's ragBaeported are positive despite
the late thickness increase as they are calculated over only the initiablirzeas
Furthermore,Table 3 also shows that the decrease in widitid dhickness with
strain became larger as refining was increased. Bulk density did not seem to have any
effect on inplane Poisson's ratio in illustration printing paper but caused a thickness
increase upon strain for all bulk densities greater than 0.681%(see Figure 25a).
Similarly, large negative owdf-plane Poisson's ratio values were seen for calendered
printing paper and newsprint. Baumgarten noticed the large thickness increases (up to

6%) in certain types of paperaadc k nowl edged ¥hrnés results
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thickness increaspb5]. He added some more to the understanding of negativef-out

plane Poisson's ratio in pape

al s

(0]

wi t h

t he

hel

p

of

di scu

with Dr. D. H. Page and Dr. H. W. Giefz7] which shall be utilized in the mechanism

section of tis chapter.

Table 3: In-plane and oubf-plane Poisson's ratio from experimental works of

Baumgarteret al.on handsheets and commercial pdp&t

Tvpe of paper Grammage In-plane Out-of-plane
yp bap (gm?) Poi sson Poisson's ratio
3xy 3yx 3xz 3yz
Spruce ground wood a  0.15to 0.25to
handsheefs 40 to 200 02 NA  osg NA
Bleached spruce sulphite pulg 0.17 to 0.15to
handsheets (varying refiningy' i 032~ NA  qga NA
lllustration printing paper (bulk 65 0.23 0.26 to
density 0.55 to 0.9 am™)~ A4 ' i1.08*f
lllustration printing paper, 65 0.23 0.09 228  -059
calendered uncoated
lllustration printing paper, 55 0.34 0.10 205 -041
calendered coated
Machinefinished newsprint 52 0.27 0.08 -2.20 -0.01
Kraft sackpaper 75 0.31 0.10 0.31 1.36
Coated folding boxboard 280 0.16 0.04 -0.08 0.89

A

AA
AAA

Poisson's ratio values in increasing order with increasing grammage
Poisson's ratio values in increasing order with increasing refining
Poisson's ratio values in decreasimger with increasing bulk density
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Figure 25 Thickness change witi{a) machine direction strain in Baumgarfes
illustration printing paper for different bulk densitigs/] and (b)with axial strain in
Baumbs handsheet®8.and oriented sheets

Baum [58] also found thickness increase with strain during his experiments on
wet straining on papetdnbleached softwood kraft handsheets wet strained to about 3 %
showed an initial decrease but a subsequent increase in thickness by about 4 % of original
thickness. On his test of an oriented sheet, the thickness increase (by about 12 %) was
found to be consistent until sample fail{szeFigure 25b). In addition to these major
reportson paper material]sSchulgassef102]al so supported Baumgar:t
provided theoretical justification for diplane Poisson's ratio of nearly 1/3 for most
chemicalkraft papers. Previously Maret al.[101] used ultrasonic techniques to measure
the nine elastic constants of a heawyabhed kraft milk carton papéthickness~680
em, g r a-B2M@ gieand bulk density of 0.7§ an™®) and found large positive

valuesfor outof-plane Poisson's ratio varying from +0.59 to +2RB&cently Yokoyama
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and Nakai[103], using an optical extensometer, found thepleme Poisson's ratio of
commercial copy paper, paperboard and sack paper to roughly lie between +0.06 to
+0.24.Thus, paper exhibits a pasi in-plane Poisson's ratizvhich means that its width
decreases when it is stretched along its length.

The results on B estedinanovarss asdmanenire compssites t e r e
discussed befor4i 66] haveconceptual similarity of the network structure of cellulose.
In the case of paper, some fusionilaéf crossing points (network points) can be assumed
to be provided by strong intéiber hydrogerbonding[82, 95] Becausef thebenefis to
construct composites fromugetic componenisthe possibility opens then for auxetic
paper(l i ke Ber hanods 9,ttodbe d potential candidaterfop inctusion ats
composite materialBa u g h man 6 s -plan@ aureticsbehavior of buckypapers
made from carbon nandtes[52, 53]is also noteworthy. Buckypapers can be related to
the cellulose network structure of paper in that the process of making paper and
buckypaper are similai both being formed by settling of a dilususpension of
fibergnanotubes

Given the extent of worldwide use of paper and the long evolutiothef
papermaking processes, studies on thickness variations in paper are rather scarce. It is
clear from previous reports that &jlpesof cellulosic papei(so far tested) exhibit in
plane contraction buthany of them do exhibit a thickness increase (auxetic behavior)
when stretched. Some other random fiber networfksteel wires and nanotubeso,
have been found to be auxetic. The rare occurrence oftiauxaterials and the
ubiquitoususe of paper in our daily livéasing value to the study dfie origin and nature

of auxetic response in paper.
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3.1.5 Key research objectives

Thi s research intends to contribute toc
behaviorand to attempt to establish basic processtrgctureproperty relationship for
this behavior. The first primary objective was to examine a range of commercially
produced paper samples taovestigatethe reported oubf-plane auxetic response in
paper.lt wasalsodesired to produce handsheets in laboratory (which gives more control
on production parameters) and examine their auxetic behavior. It was necessary to
establish gorotocol for accurate measurement of-ofsplane Poisson's ratio of paper
Changesin thickness are of the order of a few microns, which coupled with the rough
(and hairy) surface of paper makes thickness measurembali@ngingask.

To gain more insight into the origin and the underlying mechanism of auxetic
response in paper, imagirtechniquedike electron microscopy and micammputed
tomography (UCTwereused. It was intended extend¥ hr n6s model furthe
and analyze a finite element model to relate the effect of fiber properties and processing

parameters with the neork structure and thebservedauxetic response.

3.2 Material s

The types of papers examined can be divided into two broad categories

commercial papersand laboratory handsheet&x commonly used and commercially

produced paper samplegre first examinedrhesewerei copy paper, paperboardsed
asfolders), bamboo paper, cotton paper, filter paper and glassine (weighing) papse.
are listed inTable4 below. Copy paper was choskeecause oits widespread usand i

being made from an extensive@equence oindustrial papermaking stageBulp for copy

49



paper is prepared throughemical pulping (likely kraft) which theimdergoes bleaching

and reining. The bleached and refined kraft pulp is then formed ateeb on a aper

machne, dried, calendered and rolled ¢&3]. Several fillersare also added during

making of copy papethat make it fit for printing and writing uses. The thickness of our

copy papesamplesvas a | ittle higher than 1¢gnf em an

Bulk density ofour copy papesamplewas calculated to be 0.glcm®.

Table4: Measured thickness and grammage (approx.) values for different paper samples
alongwith source Calculated bulk density values are also shown.

Thickness Grammage Bulk
Samplename 2 9 Density Source
Cem) @m0

Office Max OM98043 Copy
1. Copy paper 1052 75 0.71 Paper, 30% recycled fibers, ¢
brightness, 20 lb. wt.

Smead UPC 12043 No. 53LE

2. Paperboard 2702 220 0.815 10% recycled fibers, Colored
blue folder
Strathmore Bamboo Cards
3. Bamboo Paper 43317 295 0.681 105142, acid free, 90%

bamboo and 10% cotton fibel
Crane & Co. PS8111 Premiu

4. Cotton Paper 1903 120 0.632 Cotton paper, 100% Cotton
fibers, 32 Ib. wt.
Whatman Grade |1 106070
5. Filter Paper 178+4 85 0.48 Filter paper, Fibers from

cotton linters

VWR Weighing Paper, 4 x 4
in. 12578165

HP Premium Inkjet

7. PET film 144+2 152 1.06 Transparency Film, C3834A,
157 gm’, 5 mils thickness

6. Glassine Paper  52+2 48 0.92

Next, athicker( 2 7 0O dyedpaperboarthlso called cardboardample used for

making folders wasxamined The grammage of paperboard sample is higher ag2ab
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and its bulk density is 0.81§/cm°. Bamboo paper and cotton paper arade from a
processsimilar to the manufacture of copy paper and paperbdancthey differ in fiber
source. Bamboo is technically a grass and cotton is a shrub unlike other common
softwood and hardwood fiber sourcBamboo fibers are more similar to softwoods than
to hardwoodsn having long fibers in the range of about B mm [104, 105] Cotton
fibers used in papermaking are obtained as lintgrscutting around the eds of the
cotton plantare long up to 10 mm and almost pure cellu[@®e, 107] The cotton paper
examinedvas about 190 em in thickness and the
em. They tound to besfeloner bulk density than either copy paper or
paperboat. All these four paper typesdpy paperpaperboargbamboo paper and cotton
paper)areassumed to be bleached (except cotton) and producadgaper machine, thus
showingpreferential fiber orientation along efane direction

Two other kinds of commuy used paper$ glassinepaper élso known as
weighing papérand filter paper were alsexaminedfor their Poisson's ratidNhatman
filter papers are made from cotton lint¢i®8] and havethe lowest bulk density (0.48
g/cm®) among dlother paper types, suggesting a more porous network struétassine
paperis made fromwood pulp but itsproduction involveslarge compressive forces
during supercalenderinNd09] which makes its surface very smootldats bulk density
very high (0.92g/cm®). Glassine paper hasmall and fewpores if any[110], which
together with the smooth surface prevents residue retention during weighing
chemicals.

Laboratory handsheetswere prepared by the author at the RBI Pulping and

Papermaking facility (Georgia Tech, USA) as detailed in Se@i8rl using softwood
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and hardwood kraft pulpsThe process of handsheet productiesed can be well
controlled andaccurately described as opposed to the production process of commercial
papers, which can only be speculatedbLhandsheetare structurally different from
commercial paper. There is no machine direction due to the abseapaér machine

in its formaton. Fiber orientation is almost entirely random in the plartesre were no
fillers added and there was no calendering or coating action done after the sleying
They are composed entirely of wood fibers, some bound @temically bound water

that annot be removed by drying alof@]) and anyotherimpurities that mightave

been present in the pulp

Table5: Laboratory handsheets examined for theiraiytlane Poisson's ratio along with
their measured thickness, approximate grammage and calculated bulk density.

Name  Details Thickness Grammage Bulk Density

(€m) (g n?) (g cnt®)
SW1 Softwood, thin 92+2 60 0.65
SW1R  Softwood, thin, refined 78+1 60 0.77
HW1 Hardwood, thin 96+1 60 0.63
HW1R  Hardwood, thin, refined 80+1 60 0.76
SW3 Softwood, medium 26949 166 0.62
SW3R  Softwood, mediunrefined 2064 168 0.81
HW3 Hardwood, medium 28415 165 0.58
HW3R  Hardwood, medium, refinec  228+4 162 0.71
SW35'  Softwood, thick 542+26 220 0.41
SW5R'  Softwood, thick, refined 502+23 217 0.43
HW5* Hardwood, thick 586+28 209 0.36
HW5R* Hardwood, thickrefined 526422 210 0.40

ADifferent pulp batch source, manufacturer SAPPI
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Table 5 shows the different handsheets prepatbdir mean thickness values,
approximate gramage and calculated bulk densitidadustry obtained bleacte
softwood and hardwood pulpshtained from RBI pulping lalfbought from SAPPI®)
were used Both types of pulps weradditionally refined to produce separateset of
refined handsheets for testi(gee SectioB.3.1for detaik). Handsheets of three different
grammages for each pulp type were produced. These are suffixed in SW or HW as 1, 3
and 5 depending on the increasing grammage value. More the grammage, greater was the
thickness of resulting handsheet (Seble5). Refining was performed on each pulp type
to producea new set of refined handsheets (wdifferent grammageand pulp types)
Suffix O6R6 is used in the sample name to d
pulp used to preparthe thick handsheets (SW5, SW5R, HW5 and HW5R) were obtained
from a different batch of pulp from SAPRI

As a check on the reasonableneasfs our Poisson's ratio experimenta
transparencyilm sheet made of poly(ethylene terephthalate) (PET) was atentdPET
is a plastic thatike almost all other plastics has been shown to exhibit a positive
Poisson's ratio in all directiof$11, 112] The PET fi |l m wawhichabout
was within the thickness range ajur paper samples, thus proving to beswtable
comparison sample.

Figure 26 showsscanningelectron micrographs (SEMs) of copy andtér paper
sampleghat were examinedr-rom the micrographs of copy paper, the high aspect ratio
of cellulose fibers can be seen. Preferential orientation of fibers along the machine
directionand a relatively flat 2D structure (rare occurrence ofaftgiane fibers) care

observed The magnified view shows the naoniformity of fiber diameter and some
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severely broken fibers as well as fibrils, pores and pits on the fiber surface. The
micrograph of filter paper shows no preferential orientation of fiddrs.magnified view

very clearly shows fibrifibril and fibril-fiber (not just fibetfiber) contact Fiber diameter

in filter paper is smaller than that in copy pap8EMs were also taken for selected
handsheet sampleBigure27s hows i ntact fiber diameters
degree of defibrillation and flattening out of softwood fibers because of refining.

Unrefined fibers do not have fibrils coming out of their surflaiceire27a.

Figure26. SEM Micrographs of copy paper (top) and filter paper (bottom) at two given
magnifications for each sample. These show the celluldser network structure of
paperd30].
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(a) Softwood SW3 (b) Softwood SW3 (c) Softwood refined SW3R

Figure27: SEM micrographs of SW3 handsheets (a) unrefined handsheet showing intact
but somewhat flattened fibers (b) mégd image of SW3 and (c) refined (CSF = 360

ml) SW3R showing defibrillation of fibers, fibtfiber bonding, ruptured and highly
flattened fibers.

3.3  Experimental

3.3.1 Producing laboratory paper handsheets

Hardwood and softwood handsheets were produced in acemdvithTAPPIG s
standarddr-2056 [99] at the RBI Pulping and Papermaking lab at Georgia Institute of
Technology, Atlanta (USA)Bleachedkraft pulps usedri this study were obtained from
SAPPI® Ltd through the courtesy of Dr. Rallming Yar8elow are the steps carried out
for the production of a handsheet from tiainedpulps.

3.3.1.1 Calculating moisture content

Commercially obtained pulps contain moistumgo{sture content depends on the
storage environmenthat needs to be calculated precisely to determine the weight of dry
fibers.Five samples of about § each were weighed and then oven dried overnight at 120
AC to get rid of al louwa@tberwat ex c atl ecauh e ®i

removed by heating95]). Oven dried pulp was weighed again. The odeed fiber
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content, for instancen ore occasion, was determined to be 35.92 % in softwood pulp
and 94.26 % in hardwood pulp. After moisture measurement, pulp was stored in a dark
and cdd storaganside sealed bags. Moisture content was determined again if more than
a few weeks had pa=s since the previous measuremddfore beginning to produce
handsheets, theven dry weight of pulp/fibersvas determined. Starting with 30 g of
ovendry pulp is the nor@l procedure
3.3.1.2 Disintegration

Pulp wasweighel such that it containe80 g of dry fbers anddiluted to about
2000 m suspension in deionized water. It was tlvamsferred to a standard disintegrator
(see Figure 28) operating at 3000 rpm. The disintegrator disperses/separates the
individual fibers from each otihg¢99]. Both kinds of pulp weredisintegrated for 30,000

revolutions for 10 minutes).

Figure28: Disintegrator used for dispergjpulp fibers RBI (Georgia Tech)
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3.3.1.3 Refining

Note: This step was skipped for handshettat were to bgroduced without
refining of pulp.

Refining was performed using a PFI mill in accordance WAIRP| Standad oT -
2 4 §96]. Refining is a term better used for indussgale refiners that have a different
designdue to the large amount of pulp they procésdrs cal e refiners com
beater sél logd 60WHil c mi o p eimcialé¢ & industrialtrdfireers buaaree p
popul arl y kn dHoawever the term refamingewill e used for handsheets in

the rest of this thesis for the sake of simplicity.

Figure29: PFI mil used to refine pulp fibers, RBI (Georgia Tech)

The PFI mill requires 30 g dry fibers at a consistency of 10% (total, riilbsss

plus water of300 g). After disintegration, excess water wasmovedusing simple
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vacuum filtration and the remaining puhmas diluted to a total of 300 g. It was then

evenly distributed along the smooth walls of the PFI mill b@skeFigure29). The bowl

was closed with the top part of the mill that contains a roll with bars for beating the pulp.

The mill was then operated for a giverumber of revolutions1000 revolutionsn our
cas@ to beat/efine the pulp. After refiningthe pulp was taken out for further dilution
(described in SectioB.3.1.9 and measurement of éeessdescribed in Sectiod.3.1.5.

3.3.1.4 Dilution

Thefiber suspension used to produce handsheets should have a consistency of 0.3

%. Therefore, after disintegratigandoptionalrefining), the suspension was diluted to a

total weight of 10 kg in a clean loket used to store thiock suspensiorBecause 30 g

of fibers were used, a consistency of 30 g in 10,00@sgensiorwas obtainedwhich is
theequal to thedesired0.3 % fiberby weight.

3.3.1.5 Freeness measurement (Canadtandird Freeness Test)

Freeness of a pulp is timeeasure of how much a dilute suspension of pulp can be
drainedthrough a screen(a metal plate with holes)A Canadian Standard Freeness
instrument(seeFigure30) was used to measureet freeness of pulps accordingitaPPI
St and&rdla3) One liter of a 0.3% suspension of pyipfined or not refined)
prepared in last step was transferred to the chamber of the instritteeniith a screen
at its bottom. The drained/fdted water was collected in a measuring cylinder. The
volume of water collected (corrected with a supplied temperatltene chart) i<alled
the 6Canadian Standard Fr eeneWewerétlt@sdit) 6

with 9,000 g ¢r 9 L) of the stock suspension.
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be used to
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Figure 30: A Canadian Standard Freeness testing equipifeititimage, RBI, Georgia
Tech; right imagedapted fronhttp://www.mctec.nl)

CSF values for our softwood pulps were found to be 360 ml (refined}&hdl
(unrefined) and for our hardwood pulps were found to be 385 ml (refined) and 510 ml
(unrefined).

Note: Refining of pulp reduces its drainagbility becausét increasediber-fiber
bonding. CSF is therefore an important property to be measurexk lzefd after refining
in order to compare the effects and exterthefefining process

3.3.1.6 Handsheet making

The apparatus prescribed to make handsheet in accordance wilhARR
St an dr& 10 d98]as shown inFigure 31. The amount of stock suspension to use

depends upon the final mass of handsheet desiredx&omée,1 L of stock produces a
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handsheet weighing 3 g because ittaors that mass of dry fibers. The apparatus
consists of aank (Figure31.2) which has a mark to which it should be filledmetallic
forming wire (or screen) is fitted at the bottom of the tank. The teas filled halfway
with water first,thenthe desired volume of stockas added and finally more water was
added tdill the tank tothe marked heightThis newdiluted suspension in the tank was
mixed well with a perforatedhetalstirrer. Water was then allowed to drain throulé
wire/screen such that a fiber welasformedon the screen under the hydrostatic pues
from the tank suspensioithe formed handsheet wHgencovered with blotting papers

and pressed with a supplied couch (alheavy brass cylinderrigure31.2).

3. Pressing

Figure31: Handsheet making equipmé®ource:http://www.lcrl.ppc.ubc.ca/facilitiey/
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After rolling with the couch roll a few timeshe sheet was transferred to a press
(again, asprescribedin the standard) Figure 31.3), covered with a chrome plate and
covered with another blotting paper. More sheets were prepared in a similar fashion and
stacked over one another in the pré&acking was such that each handsheet regied u
two blotting papers on the bottom and was covered by a chrome plate on the top. The
press was then covered and its heavy metaldisiscrewed down. Press was switched on
to compress the stack of handshaetder 50 psigor 10 minutesAfter this, the press
was opened and the wet blotting papers were changed with new dry ones. Another cycle
of pressing at 50 psig was performed for 5 minutes. Following pressing, the handsheets
were taken out and the blotting papers were discarded. The handsheetdlvattiacked
to the chrome platerigure 31.4 shows a stack of drying rings with holes on the sides.
The handsheets with the chrome plates were put on a drying ring and stacked on top of
each other and left fodrying in air under ambient conditions for 2 day®ried
handsheets were easily separated from the chrome plates (once dried, the chrome plates
do not stick to the sheets) and stored for conditioning.
3.3.1.7 Conditioning

Dried handsheets were transferred to an environmentallyoledtroomat 23 °C
temperature and 506 relative humidity and stored there for another 48 hours. The
samples were then sealed in airtight bagd storecaway from heat and light until they

wereexaminedo determingheir Poisson's ratio.

3.3.2 Measurement ofout-of-plane Poisson's ratio

3.3.2.1 Thickness measurement
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Precise and accurate measurement of thickwassery important for this study
A digital micrometer (MitutoyeB69) witha circularcontact surface of diameter 2 @nd
a resolution of 0.001 mmwas usedThe contact faces of the micrometer exert a force of
approximately 79 N during thethicknessreadout. A relatively constant force ensures
repeatability of the thickness values and the large contact area helps to compensate for
the roughness of thpapersurface andthicknessheterogeneity in the sample. This
technique works well for both paper and nonwovens. Pressure values for our micrometer
are approximately between-26 kPaThis value is between the one used by Baumgarten
(10 kPa) and suggested valge5 0 k P a) I n t hed ITIABRPAt thiSt andar
pressure the measured thickness is lower draaptically/visually observed thickness
due to the yielding of surface fibers. Tta#al thickness change before break fopga
wasof the order ofa fewto tens ofmicrons. The resolution of micrometeastherefore
limiting for certain grades of paperhere the total changgasonly a micron or two. It
still, however, gava good qualitative indication @verallthickness ioreaseor decrease
when the change wa®ensidered over the entire strain regiamelfor several specimens

3.3.2.2 Measuring grammaage of paper

For commercial papers, five square specimens of size 10 cm x 10 cm were cut and
weighed on a laboratory balance. Grammags calculated by dividing the mass by the
area of specimen and the mean of five samples was reported. For handsh&étePthe
t est me2t2h0cdd weaTls f ol |l owed to <calcul ate the
weighed. Grammage is ten times the mass\af fiandsheetexpressed ag m?. This
utilizes the fact that the approximate area of a handsheet is 200 cm

3.3.2.3 Determination of machine direction
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For commercial paper samples (Sample4 and 6 Table4), tensile testing as
carried out to determine the machid&ection. Strips of width 2 cm anéngth 15 cm
(gagelength 10 cmhwere cut along the shekeingth (0°) and along angles 3@0° and
90° to the sheet lengthAll strips were tested for a uniaxial stretgin experimenbn an
Instron tensile testing machine. The strip that showed maximum tensile strength was
selected as the one that was cut along the machine direction. It was found that the
machine direction was actually the length direction for all our commercial péogrg
paper, paperboard|assine papehamboo paper and cotton paper)

3.3.2.4 Specimen preparation

Rectangularspecimenf 2 cm width and 8 cm length were cut out for both
commercially availabl@apers and lab handsheets. Aygdength of 10 cm was marked
(se= Figure 32). Except for glassine paper for whigagelength of 6 cmand a total
length of 7.5 cm was usetle toits smalkr size.Handsheets were conditioned at 23 °C
and 50% relative humidity for 48 hours and then sealedrtigtai bagsuntil tested.
Testing was only done along the machine direction (MD) of papers that hadooméD
testing, specimens were cut such that thength was along the machine direction.
Papers not having a machine/cross direction, like handshests cut along an arbitrary
direction. Note thathe handsheets and filter paper were circular in shiape.specimens
of each typgeach specimeput from a different paper she&tere examinedto allow
calculation ofstatistical deviationsEach pecmenwas marked with a circular region
(with 2 cm diameter) at its center where ttinickness would be measur@€gure 32).

This ensurd that the same area wagasured for thickness each time.
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—— where thickness
was measured

T 25cm Grip
Figure 32 Testing procedure for measurement of-oldplane Poisson's ratiga)

preparation of a test specimen showing gripped area and circular area where thickness is
measured (b, ) the test specimen gripged strainedh an Instron

3.3.2.5 Measuring thicknesshangewith extension

Specimens were clamped at the ends of their length in the jaws lofstton
testing machine (model 5566, 10 kN load cell). Wrhstrain was applieédlong the
length of a specimeat aconstantrate of elongation of 0.5 mm/minExtensionwas
paused at regular intervals of strain until sampleufaito allow for manual thickness
measurements. Thickness values at each pause were reedrthesl marked circular
region using the micrometand plotted against the corresponding extensioregditwm
the Instro® s ¢ r oEach kaenplelwas tested until failure and one last thickness value
was recorded approximately one minute aftailure to check for the reversibility of
thickness change. All testgere done at room temperature and ambieat ¢ontrolled)
humidity conditions. PET films were tested like paper samples as stated before.

3.3.2.6 Tensile properties of paper
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During the thickness versus extension experiment, Instron also recorded the load
applied on the specimenTwo important tensile prasties of paper, as perAPPI
st an @49 fld5pcan be derived from the loaktension curves obtained for paper
specimen$

Tensile strengthwas obtained by dividing the maximum tensileceodeveloped
in the specimen (right before failure) by the width of the sample (20 mm) and expressed
in KN/m. Note that the rate of elongation used for these experiments was 0.5 mm/min.

Tensile stiffnesswas obtained by dividing the maximum tensile fodexeloped
in the specimerwithin the tensile region (linear part of lcadtension curve) by the
width of the sample (20 mm) and expressed in kKN/m. Natmin,that the rate of
elongation used for these experiments was 0.5 mm/Run.the sake of ambiguyitin
identifying the linear strain regime, tensile stiffness was calculated from the load at
0.25% strain for all samples, unless otherwise noted.

All these properties were measured and reported in the machine direction (MD),
for samples that haal distinéd MD.

3.3.2.7 Calculating oupf-plane Poisson's ratio

Strains in the axial and thickness directions were calculated at each pause (data
point) using original sample thickness agabelength respectively. These were used to
calculatethe effectivePoisson's ratiwalues at each step using formula givequation
(4) and are tabulated in the next sect{@m). Thickness strain versus axial strain data
was also fitted using straight lines and second degree polynorSiadsiop 3.4) to

analyze Poisson's ratio in other ways.

3.3.3 Imaging of paper samples
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In order to understand the origin of auxetic response, an insight into network
architecturevasneeded. Techniques like opticalam@scopy,S EM a n dApperik
A) were used to get snapshobdf fiber arrangemenn the network Objects of interest
were network contactpoints, pore structures and sizes, occurrence of reentrant cells or
ribs, fiber slape, fiker diameter and fiber bonding

3.3.3.1 Scanning electron microscopy (SEM)

SEM was used to image the surface of paper for select saiglgsy paper,
filter paper anddomehandsheets. SEM was found to be the best technique to look at the
fibers on the surface ofaper It had better depth resolution and focusing capability for
paper when compared to optical microscopy. Paper samples were mounted on carbon
tape covered SEM stages and sputtered with gold using a QU@UBOT ES sputter
coaterfor durations of 30s t@ min coating a layer of gold 10 nm36 nm on the surface
of paper SEM was performed using a LEO 1530 model at accelerating voltages
anywhere between 2 and 10 kV.

3.3.3.2 Micro computed tomography (UCT)

MCT imaging was performed for a few samples on a Scanediddl pCT50
instrument using a scanning tube of inner diameter 5 mm andrag 3ource energy of
45 kVp (details of a pCT scanning procedure has been giveApipendix B. For
imaging of paper, a small strip of approxt@avidth 5 mm and length about 1 cm was
cut from the sample and put in the scan tube. Upon scan completion, a rectangular
(cuboidal) subsection of the resulting images was chosen foe@instruction. The 2D
axial images were stacked and global threshgldapplied to segment fibers from

surrounding air and noise and produce binarized 3D images. All scans were performed at
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a voxel resolution of 2 um. A voxel can be thought of as the smallest unit volune (cub

defined in the 3D structure.

3.34 Finite element aralysis (FEA) of paper network structure
A simple geometrical network model was developed for papgule 44) to
explain the oubf-plane auxetic responseinite element analysis was carried ont
addition to simple geometricalcalculations on the model (assuming rigid body
mechanics)Modeling was donesing the AbaqusCAE software. Nine wavy fibers and
nine straight transverse fibers were fused together in the software to mimic the model.
The fibers had circulacrosssectiors (of diameter 10 units) and were given isotropic
el astic properties with a Young6s modul us

centercenter separation between two fibers was set at 40 units.

(b)

Figure33: (a) Paper networknodel composed of nine wavy and nine straight transverse
fibers built for the purpose of finite element analysis@hyse up showing the mesh and
the fixed contact point between the wavy and the straight transverse(riibeelative
motion between fiberwas allowed)
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Resulting network was converted into a mesh suitable for tensile FEAy
fibers were strained up to 4% strdrom one end while the other end was fix@dl the
resultingmechanical deformation of the network was analyZednsverse fibes were
attached to (fused with) wavy fibers at network contact poifike change in the

thickness of the network with respect to the axial strain was observed and reported.

34 Results anddiscussion

3.4.1 Determination of machine direction

Tensile tests in diffemt directions were performed on different commercial paper
samples as described in Sect&B.2.3 Figure 34 shows the results on copy paper only
for the sake of brevity. Maximum tensile strength viasnd along the 0° direction
(which is along the length of @mmercial copy papgrSimilar results were found for
other commercial samples and it was determined that the length directiomdeedthe
machine direction for copy paper, paperboard, coptaper and bamboo paper samples.
Machine direction for glassine pap&rhich was a square samplegs also determined

a similar fashion
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Copy Paper

100
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15663 N

Load (N}

2554N
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 15 1.6
Extension (mm)

Figure34: Tensile tests carried out on copy paper in various direction8{0°60° and
90°). Result show that the 0° direction, which is along the length of the sheet of paper
sample is the machine direction.

3.4.2 Tensile properties of paper

A typical load versus extension curve obtained from the Instron lookthkkene
shown inFigure 35 for a paperboard samplRate of elongation for all paper specimens
was set at 0.5 mm/min. Some stress relaxation was observed at eacthawssataken
for thickness measurement. The plateau in the ktadbout 50 Nbetween etension
levels of about 0.4 mm to 0.9 mm occurs likely due togpighe Instrortightening and
adjustingthemselvesThis was seen in all kinds of samples and can be attributed to a
particular Instron machi@esload-cell/grip combination. This plateauegion was

subtracted from axial extension values for all measurements of Poissos's ratio
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Figure35: A typical loadextension curve obtained from the Instron during the thickness
versus extension experiments (with pauses faktléss measurement). This plot shows

the curve for a paperboard sameained in machine directiorNotice the stress
relaxation at each pause and note that the rate of elongation for experiments on paper
specimens was 0.5 mm/min.

Table6: Tensile properties approximate values of tensile strength, tensile stiffness and
strain at break oEommercial paper samplexamined for their auxetic response. Note
that the rate of extension was set at 0.5 mm/min for all paper samples.

Tensile Tensile Strain at
Sampe name Strength stiffness break
KN/m KN/m %

1. Copy paper 4.2+ 04 14+0.1 1.1+02
2. Paperboard 7.2+03 1.8£0.1 4.0+1.0
3. Bamboo Paper 9.9+0.5 3.4+02 1.3£0.1
4, Cotton Paper 4.3+0.5 1.1+0.1 2.5+ 04
5. Filter Paper 21+02 0.76x 0.1 1602
6. Glassine Paper 3.5+02 1.1+ 01 1.0£0.1

Table 6 and Table 7 list important tensile properties of tenssg&rength, tensile

stiffness and strain & break for all paper samples examine@lhese properties were
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calculated from the loadxtension curvesbtained by the Instron (s&ection3.3.2.9.
The significance of the observed values will be discussed at appropritgarpéater

sections while discussing the mechanism of auxetic response.

Table7: Tensile properties approximate values of tensile strengtmsile stiffness and
strain at break and elastic moduludaijoratory produced handsh&examined for their
auxetic response. Note that the rate of extension was set at 0.5 mm/min for all
handsheets

Tensile Tensile Strain at
Samplename Strength stiffness break
KN/m KN/m %

1. SW1 1.9+0.1 0.9+£0.1 22+02
2. SWI1R 28+£0.1 1.5+0.1 28+03
3. HW1 1.4+0.1 0.6£00 1.2+0.1
4. HW1R 2.0+£0.1 1.1+0.1 1.4+02
5. SW3 45+03 1.5+0.1 2.7+0.1
6. SW3R 9.0+ 05 22+0.1 3.8£0.1
7. HW3 24+£0.1 1.0£0.1 1.2+0.1
8. HW3R 56+02 1.8+0.1 27+0.1
9. SW5 6.1+ 06 1.8+02 2.3+05
10. SW5R 7.4+05 2.0+£02 28+05
11. HW5 25+£0.1 1.4+02 0.7+ 00
12. HW5R 3.1+ 02 1.6+02 0.7+ 00

3.4.3 Out-of-plane auxetic response itommercial papers

Figure 36 shows tlckness versus length plots along withrs showingstandard
deviations for all sbcommercialpaper samples examine@opy papei(Figure36a) and
paperboardFigure36b) both shoveda significant increase in thicknegstil failure. The
similarity in their auxetic behavior might be a result of their being made frem

similar sequence of papermaking procesBegerboardails at a much larger strain of
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about 4% when congoed to copypaper that breaks at 1% strdifable 6). Thickness
increase in copy paper is almost linear which is probably because the strains are still
within the elastic regimé¢below 1% strain)Also, after failure, all copy jmer samples
returned to their original thickness values, which supports the idea of thickness increase
being an elastic/reversible change in copy paper. This observation is in agreement with
¥ h r @56]sPaperboargpecimens undergo some permanent thickness claarmpelo

not return fully to the original thickness after failure. The curve for thickness increase is
also concave up for paperboard, similar to the plots méaby Ohrr{55].

Filter paperand cotton paperlso increase in thickness when strajniedgt the

increase was not as pronounced as in the case of copy paper or gapadioples
(Figure36.c, e). The observed effective Poisson's ratio in this case lies roughly between 0
andi 0.7. Fiber source for both these paper types is cotton. Both these papers are also on
the lower side ofbulk density when compared to other paper types (sd#e 4).
Poisson's ratio values fdramboo papeoscillated around zero, varying from slightly
positive to slightly negative. Limited testing of the bamboo fiber based péyosveyer,
restricts us from commenting anything conclusive about the behavior of bamboo papers

in general.
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Figure36: (af ) Pl ot s of thickness (egm) vs |l ength

samples. Standard deviation wadculated over five samples of each t{pe).

On the contraryglassine papeshowed a psitive Poisson's ratioAlthough

glassine paper is made from ordinary wood pulp, it is thin and has been subjected to
heavyrefining andcalendering.Glassine papewas found to thirout like an ordinary

plastic material exhibiting positive value of Poissts ratio (+0.6 in the initial strain
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region), which wasa strikingly different behavior when compared to other paymes.
We suspect that supercatiering may be limiting the ability of fibers in glassine paper to
expand in tensiofmore inSection3.5).

One should also take note of the large error bars associated with the thickness
readings, mostly owing to the heterogeneity of thickness among five paper specimens. In
aqualitative senshowever the differece betweeritherthickness increaser thickness
decreasavasclearly observeih each specimen individualliReferring to the behavior of
copy paper, it can beypothesizedhat compressive forces and fiber orientation imposed
by the paper machine plags important role in inducing auxetic characteristics to paper.

PET film exhibited ordinary Poisson's rat@luesvarying from+0.2 to+0.5 in
initial strain region, as would be expected from a polymer fifigyre37). The result on
PET film helped us to confirm that the method developed for determinationtof-

planePoisson's ratio wagasonabléor suchdilm/sheetikebpapersamples.
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Figure372.Pl1 ot of thickness (egm) vs Il ength (cm)
deviation was calculated over five sam(l&3].
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To summarize the results on commercial paper samgplésgckness strain versus

axial strain plot has been shown Figure 38. Dashed lines represent second order

polynomial fits ofall data points in a givesample serieOut-of-plane Poisson's ratio is

the negativeof the slope ofthis plot and helps us to compare the magnitude of auxetic

response among different paper samplesunderstand the variation of Poisson's ratio

with axial strain, Poisson's ratio valuesscalculated in various ways.
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Figure 38: Plot of thickness strain (%) vs axial strain (%) for the eight paper samples.
Each series has been fit using a second degree polynomial (dashei@Uhes)

Table8 summarizes Poisson's ratio valdeseach paper samplalculated using

various methodsA 0.7% strain was chosen below which samples were assumed to be

within the elastic regimeThis was judged from the near linear appearance of curves
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below this strain regime for most samples. Note th& value can be different; for
instance Baumgartgb7] found linear behavior of his handsheets only under 0.2 % strain
which he then chose to be the limite&stic regime. Effectiv@oisson’s ratio value was
calculated from the experimental dgaint lying just below 0.7% strain and is shown in
Column (a). Poisson's ratio values were also calculated from the slope of linear fit of data

points lying within 26 axial strain and are shown in Column (c).

Table8: Val ues of Poissondés ratios for paper s
points below 0.7% strain (a) and at highest strain-patat before break (d), both
calculated usig Equation(4). Val ues of Poisson6s ratios f
calculated from the sl@pof the fitted curves oFigure 38. Poi ssonbds rati o:
calculated from the slope of linear fit (c) olnted using data points up to about 1% axial

strain (elastic regior{B0].

Poi ssonvalses r ati o

(@) (b) (c) (d) (e)
experimental 2" order fit  linear fit  experimental 2" order
Samplename value at at below of elastic value at fit at
below 0.7% 0.7% strain region highest point  highest
strain point
Copy paper -3.0+14 -3.3 -3.3 -3.2+0.6 -3.6
Paperboard -0.3+0.4 -1.5 -1.1 -26+0.4 -4.5
Bamboo Paper 0.6 +0.9 0.1 0.1 -0.1+04 -1.1
Cotton Paper -0.3+0.5 -0.3 -0.3 -0.7+0.3 -1.2
Filter paper 0.0£0.0 -0.04 -0.3 -0.5+0.2 -1.4
Glassine paper 0.6+1.3 1.7 1.2 1.1+1.1 2.7
PETFilm 0.2+05 0.5 0.5 0.8+0.2 14

Because several samples clearly showed a concave up shape for their thickness
increase, it was deemed reasonable to fit the experimental data with deggee
polynomial curve. All curves were fit using such a polyma (dashed lines ifrigure

38). The slope of the@"™ degreepolynomial curve atthe experimental data point just
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before 0.7% strain was used to calculate the Poisson's ratio and is shown in Column (b).
The same lspe was also calculated at the dptant right before sample failure and is
shown in Column (e). As expected, the values in Column (e) are the most negative as the
thickness increase rate is most rapid just before the sampleEfé@istive Poisson's 10
was also obtained from the highest data point, shown in Column (d). Values in columns
(a) and (d) wee calculated using Equation 4.

By examining effective and instantaneous Poisson's ratio at each strain, further
insight into the variation of Poissomatio and hence the nature of auxetic response with
strain can be studied. This works best in cases where the thickness strain is nonlinear and

will be usedmorewhen discussing handsheets and nonwovens.

3.4.4 Out-of-plane auxetic response imaboratory handsheets

Individual 6t hi ckness strain v ®orr Boisson's aatio a | S
experiments on laboratory made handsheetge been grouped and reported based on
thar grammageFigure 39 shows this plot for théhick (SW/HW5) handsheet samples.
Similarly, Figure40 andFigure41 show the plots fomedium thick (SW/HW3) and thin
(SW/HW-1) handsheets respectivelffzigure 42 shows the variation of instarmeous
Poisson's ratio values (calculated using Equation 3) with axial strain for all handsheets.
Instantaneous Poisson's ratio is suitable to study the nature of thickness increase for
highly norlinear dimensional changes, like in this case. It is edsieliscuss the key
features of handsheets by studying all the plots together.

Most striking observations related to thickness change in handsheets are listed as

follows 1
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1)

2)

3)

4)

5)

6Thickd handsheets witlymhangtw butkalensitg ge ( a

(about0.4 g an™) were found to be most auxefiEigure 39 and Figure 42). These

were followed by the medium and the thin handsheets (which were also danser),

all of which were not found to be auxetiRoisson's ratio values as low &0 were

obtained in the initial strain region.

Refining caused the thickness to increase more rapidly in thick handslfégise(

39). Thus thick refined handsheets had a more negative Poissam'§-rgtire 42).

However, this effect was reversed in the case of medium and thin handsheets.

All thickness strain versus axial strain plots had a concave upwards curve, meaning
that thickness increases more rapidly as strainansre s, consi s[B5% nt wi

and our mode€]30], described in the next section.

t

I n medium handsheet sresuls[b7infirdt anrinitial dece®sa u mg a r

in thickness and then a rapid increase in thickness was observed which finally
exceeded the original thickness vabfehe specimetefore failureThis effect may

be due to the presence of coiled (not taut) fibers between contact points. Because
hardwood fibers are shorter than softwood, this effect is almost only seen in SW3 and
SW3R but not so much in HW3R and not at all in HW3 {Sgere40).

Refining caused the thin samples to stop being auxetic. Unrefined thin spgcime
were found tobe slightly auxetic but refined samples (SW1R and HW1R) actually
decreased in thickness with strain (Bégure41l). This observation was analogous to
behavior of glassine papefoo much refining in thin samplesay cause breaking

and splitting of fibergnd result in dense sheets that behave like an ordinary plastic.
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6) In general, softwood samples failed at a larger strain than hardwood sdnvelss
likely due to longer fibers in softwood sampl&smilarly, refned handsheets failed at
a larger strain when compared to their unrefined counterparts and also showed a

higher tasile strength, suggesting increasber-fiber bonding due to refining.
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Figure 39: Plot of thickness strain (%)ersus axial strain (%) for the thick handsheet
samples (SW5, SW5R, HW5 and HW5R). Each series has been fit using a second degree
polynomial (dashed lines) to serve as a guide to the eye.

Apart from these general observations, it is difficult to reltgparametes of
papermaking accurately to the auxetic response in paper. Sometimes, factors such as
refining can act to either increase or decrease the auxetic response depending upon other
factors. For instance, too much refining can beat and break #rs,fitausing them to
open up and behave as a plastic sheet instead of a rigid fiber. Although this will increase

the strength of the sheet, it will not contribute to an enhanced auxetic response as per our
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model. Similarly, a low amount of refining thatllwonly act in increasing the network

contact points and connecting loose fibers should theoretically leadaxger auxetic

response
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Figure 40: Plot of thickness strain (%) versus axial strain (%) for the medium thick
handshet samples (SW3, SW3R, HW3 and HW3R). Each series has been fit using a
second degree polynomial (dashed lines) to serve as a guide to the eye.

These result®n commercial and laboratory papeénslicated that the value of
Poisson's ratio and mechanism ofxetic behavior depend not only upon fiber and
network characteristics but also on processing conditions employed during papermaking.
Modification of fiber and fiber surface characteristics by pulping, bleaching chemicals,
refining, fillers and calenderinf3, 89] make the deconstruction of auxetic behavior a
rather complicated subjedh an attempt to elucidathis behavior, a geometrical arad

finite element model was built. It was clear that the magnitude of Poisson's ratio increases
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(rate of change in thickness increases) with increasing axial strain in paper. This
observation supports the quadratic fits leggpto the data sets and is in agreement with
¥hrndos observations. Our mat hemati cal mo d e
Mechanism Section3(5) below also shoed a 2" degree rise in thicknes& simple

mechanism bauxetic response can be easily understood using this model and analysis of

some complex structugroperty relationships regarding auxetic respomasalso made

possible.
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Figure 41: Plot of thickness strain (%) versus axiédas (%) for the thin handsheet
samples (SW1, SW1R, HW1 and HW1R). Each series has been fit using a second degree
polynomial (dashed lines) to serve as a guide to the eye.
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Figure42: Pl ot of i nstant aworatoryuhanddheeis withoespécsto r at i
axial strain (%)Circles denote softwood while squares denote hardwood. Solid symbols
denote handsheets made from refined pulp while the colors blue, green and yellow denote
the thick, medium and thin handsheets respelsti

3.5 Mechanism of auxetic response paper

Ohrn[55] proposed a plausible explanation for thickness increase in paper sheets

under tension. He used a simplified netkvstructure that expands in thickness similar to
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modern theories of openingupacdat e angl es. ¥ hr rsénse wheo d e | m
compared with SEM images of paper. Certain fibers can be seen organized in the way
Ohrn describesHis mechanistic interpration seemsvalid andwas accepted fully by
Stenberg[56] and partly by Baumgartefb7]. Baumgaten argued, based upon earlier
reports by Ranger and Hopkifitl6], that the incrase in thickness may be caused by
lateral contraction of CD fibers during MD straining. Ohrn had earlier disagreed with
Ranger and Hopkinbds theory jgoinglbghisewna l com
results using biaxial stretching of paper on his miatoc device. In the microcator
device, CD contraction of paper was inhibited but it still resulted in a thickness increase.
Baumgarten and Padé&7] agreed that wre conclusive results and explanation were
needed to explain this phenomendechnologyhas evolved immensely since theith
the introduction ofhigher resolution strain measuring devices and better imaging
techniques. Introduction of computational teclogy in orthotropic and random fiber
networks has also allowed for modeling of these systems. It hasatieerpéd in this
study to add to the current understandiygalsoconsidering fiber surface chemigiand
papermaking processed/e believe that ydrogen bonding at fiber joint is decisive in
impartingthis magnitude oauxetic behavioin paper

Presence or absence of anisotropy (or machine direction) in tpé&ane
orientation of fibers is not thought to affect the overall mechanism but coplihiriple
affect the value 08, againsts,,. During papermaking, fiberare laid out on top of each
ot her and also interweave at some pl aces a
where a fiber crosses over a fiber and then goes below another fiber is crucial for this

mechaimsm (seeFigure 43). During web formation and drying, water is lost from in
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between the fibers allowing for intéber hydrogen bond formatioMew bonds are
formed and the attachmestrengthens as more and mavater is lost. The end to end

vectors of fibers mostly lie in they plane.

Unstretched

Stretched

Figure43: (left, a) SEM Micrograph (cropped froRigure26) of copy paperf labels 1, 2

and 3 highlight thdibers that run from above fiber to below afiber. Each network
contact is assumed to be o6fixedd through
of the SEM picture showing some of the kidyers that would take part in inducing
auxetic behavior an@right, c) a model ofibers (shown as rods) ir andy directions
showing the auxetic effect on stretchii3@].

SEM images show the fibers as flexible and somewhat flattened cylinders. Fibers
are both over and below other fibers along their length and hence are not in a fully
extended state in a finished paper. However this can change witbsping conditions
like refining, calendering and with mechanical properties of fibers themselves. On
application of an irplane force, these flexible fibers are stretched and start to get
extended between network points. This results in pushing of fygagsboth above and
below them Figure43, b and c), whether bonded or merely in contact, thereby increasing
the thickness of the sheet. This push aladirection is much pronouncedhen the

network points arél-bonded. If the fibers are not bonded, they can slide past each other
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on application of force and might occupy empty spécemsis not leading to anyr little

increase in thickness.

35.1 Geometrical model

A simplified network arrangement of fibers is modeleased on the above
observations. Consider a 3igtwork of cylindricalfibers as shown irFigure44. In an
ideal scenario, assume that fiteers are infinitely long cylinders, inextensible and fixed
at network (jution) points. The cylinders can be assumed to be flattened, so that the
crosssectionis elliptical rather than circular. The lowest (first) layer is formed of
transverseyfaxis)fibers laid out parallel to each other at a separatidxgfThe second
layer offibers is then laid on top and perpendicular to the first layer along the axial
direction k-axis). At every junction point, th@bers are considered attached through
hydrogen bonds. Thigbers are flexible enough to slack between two junctioms@nd
have a wavy nature in the mod&he third layer ofibers is again oriented along tlye
axis, but thefibers are now placed in between the spacing of thel&ysrfibers. We

will call thisthreel ayer ed st r ucRiguredda)a fist acko (see

Figure44: (left, a) Simplified fiber network arrangemerits i ngl e O0st acko of
fiber structure. (centerb) the crosssectional view of the geometrical model in its
unextended mginal state and (rightt) model showing the change in thicknedsas a

result of extensiorgx alongx-direction[30].

85



To form an ideal paper sheet, stacks made up of these three layers are put on top
of each other congruently, and repeated along-tfieection.When thefibers of second
layer are pulled axially, they push thibers in thrd layer upwards (towards positize
axis). Thus a single stack bbers can simulate the auxetic phenomenon. A geometrical
model showing the-z planecrosssectionof the network is shown ifrigure 44b. We
further assume that thigbers are in fully extended state between network points (not
coiled) and cannot be strained further. Inthiscgsct i on all viddwiagf thlee
fiber diameter (along minor axis of the elliptical crés® ¢ t 160 ni )sengthdoféberl
bet ween net2wdr ks pohet s padi nfigerslneatgivea tayer t r an s
andd 6 s t he an g libers madkewitlstieecaxisnd | ayer

Extending the axiafiber b ydx66 a Ix-direcgion causes the stack thickness to
i ncr eas®e Ky nlkEgurdddl, the langth of théber betneen noded, Wecan
have

a Q o
Similarly, fromFigure44c, we can have the same lengtHibér, |, written as
o} Q Qa Qw

Equatingl? in the two equations and simiying it for dz we get the dependencedzon

dx, Xo andd to be

QI Q Q ccwROQA®
This equation giveslz = 0 whendx = 0 anddx = |-xowhendz = d(i.e. at full
extension), as one would expect from the model showkigure 44. The plot of
thickness direction straind¢2d) vs axial strain dx/%) is shown inFigure 45, for a

chosenvalueai( 30 & m)( 1@0Md em) . |t i s thHeshameofdhést i ng
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curve (second degree) is similar to the experimentally obtained curves for papers (as also
noted and discussed by OhBb]) i with the magnitude ohegati ve Poi sson
increasing withstrain.Wi t h i ncr eas i ngdd s Figure 440 decrdasee an gl
causing the thickness to change more rapidly as governed by the equation. The curve
shown inFigure45is part of a circle where the starting valuedafan be greater than the

do shown in Figure 44dn those cases the network stack will first decrease in thickness

ford 3 andfthen increase in thicknessdor 5. d

0.50

0.40 -

0.30 +

0.20 4

transverse strain

0.10 4

0.00 . . . .
0.00 0.01 0.02 0.03 0.04

axial strain

Figure45: Theoretical plot of thickness (transverse) straip'Zg vs axial straindx/x)
for the geometrical model shownkigure44. Here weused= 3 0 egw aln0dd & m
[30].

3.5.2 Finite element analysis
Several attempts were made to build and simulate (computationally run uniaxial
tensile calculations on the modelsuitable modelModeling and simulation were first

done on a 3 aal and 3 transverse (83) fiber system and then on &® fiber system
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(seeFigure 46). Transverse fibers were modeled as both fused to the axial fibers and
merely in contact with the axial fibers. In one simulation,dvan® fibers were pinned at
their ends to restrict motion in tredirection. Network parameters were changed and
computational time was observdtb get a computational time that was less than
overnight) several times until the following model and parametgese found that

yieldedreasonableesults

fused
contact
points

Figure 46. Finite element model under tension. The shaded regions show stress
concentration in the mesh. One end of wavy fibers is fixed while the other is strained
uniaxially. The trasverse fibers are fused to the wavy fibers.

The results reported here were calculated on a network model build on 9 axial and
9 transverse fibers. Each fiber was assumed to have a circudassection for

simplicity. Axial fibers were modeled to haveveavy nature such that thdistance
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between thaop of the peak to the bottom of the well is twice the diameter of the fiber
(seeFigure44 on which the FE model was based). Transverse fibers were edsarhe

in permanent conta¢tused) with the wavy fibers, attached on top of the wells and at the
bottom of the peakS he distance between two contact points (abodgection) was set

at 40 units and the fiber diameter was set at 10 units for this simulation. These values are
of the order of fiber diameter and separation in real papéyer modulus of 5 MPa and

Poisson's ratio of +0.3 were used.

‘{10}— L—40—

1% strain

2% strain

3% strain

4% strain

& 5% strain

Figure 47: Uniaxial straining of the finitelement paper network model using Abaqus
CAE software. The modelas strained to 5% and thickness changes were measured at
1%, 2%, 3%, 4% and 5% axial strain values.

One end of the wavy fibers was fixed (motion restricted, ip or z-directions)

while the other ends were pulled uniaxially in thdirection. The finite element model
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was computationally strained using Abaqus CAE software and the Force Cluster
(Georgia Tech, USA) up to 5% strafigure47 shows the result of the simulation as five
snapshots at 1%, 2%, 3%, 4% and 5% strain efsideview of the network. Effective

Poi ssonds ratio values obtained from the
direction are tabulated beloWhe values of Poisson's ratio obtained (closi4td in the

initial strain region) are reasonable the given networkThe geometrical and the finite
element model also help to understand the strain dependent variation of Poisson's ratio in
paper. While the geometrical model of inextensible fibgfRgure 44) suggests an
increase in auxetic response with strain, the finite element model do€$aidé 9). In

the latter case, the fibeteemselves arstretclable (extensibleand he Poisson's ratio

values can thus be of lower magnitude, especialtygdier strain levels.

Table9: Outof-plane effective Poisson's ratio values from the simulation results on the
finite element model of the paper network for up to 5% uniaxial strain.

Axial strain Thickness strain Poi s s om

% % VZX
0 0 -

1 4.9 -4.9
2 9.9 -4.9
3 14.4 -4.8
4 18.4 -4.6
5 21.8 -4.4

For future researchers, the next step in the finite element modeling of paper would
be to introduce randomness in the planar orientation of fibers. While the ideal network

shown here helps to understand the deformation mechanism in the neighborhood of a

90



hydrogen bonded contact point, real paper does not have such contact points arranged in
a periodic fashion. Fiber orientations, starting angtys €ontact separations and fiber
diameters and shape are suggested to be randomized within reasonabl¥ bneitser,

the modulus of fiber and other mechaniaat viscoelastiproperties can be varied and

their effect on auxetic response can be stideough further finite element analysis.

3.5.3 Advanced discussions on auxetic response in paper

Due to the variationg processing conditions, for a finished paper, the cellulose
fibers may not be fully extended between network points. They are also bhdeasil
the layout is not regulain real commercial papers, a lot of filler material, pigments,
recycled content etc. are also pres&herefore, the proposepgometrical oFE model is
expected to be qualitatively consistent with theedigxresponsefgpaper and willneed
further refinement to be quantitativedgnsistent.

However, nany of the results obtained in the previous section can be explained
with the help of this modeRA lower d angle at the start means that the thickness increase
will be mare rapid as suggested by the theoretical plot. This can occur in paper that has
been compressed and stretched during calendering. If the paper isrttidias a low
bulk density the expansion in one layeright not efficiently get transferred to the algov
layer, thereby dampening the auxetic response. Thinner fibers will contribute to a lower
thickness increase and so will flexible fibers that are not taut between two network
points. This might be the cause of feeble thickness increase in cotton anuhfks.

In glassine papemefining andsupercalendering effectively destroys the fiber
networki flattening out all fibers and closing in any pore spaces. The bulk density of

glassine is quite high. Also glassine is séransparent, which is charadgic of thin
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paper that has been beaten and calendered so much that the pore sizes have been reduced
to lower than the order of a fiber diamefi@®]. Glassine paper thus does not resemble the
modelfiber network. Instead, it is more likecantinuous medium of cellules Thus its
behavior is plast-like.

Large auxetic behavior ithick handsheets can be attributed to their resemblance
to the ideal network and lack of fillers. Thegve not been calendered andyht have an
optimally spacediber-fiber bonding Close bonding sites (lower separation between
contact points) will generally cause the auxetic response to inérgagen that the paper
has not been supercalendered or heavily refined. The thick handsheets might have an
optimum strgture to generate such a large auxetic response. It is however, not
straightforward to comment upats differences with thinner handsheets, agawe to
the complexity of network structure and the various parameters in operation.

This model, in additiono explairing the auxetic response in papean also help
in the development of new networks made out of entuéfgrent fibers and processes
The model is independent of length scale and material type and is a novel and simple

design to be used in @eng new auxetic materials.

3.6 Conclusions

A technique to measure the enftplane Poisson's ratio of paper usmg@ressure
sensitive digital micrometer and an Instron has lokmreloped Changes in thickness of
paper sheets with respect to axial strainld¢die measured accurately aae micron. It
was found that the Poi ss candicemmereaidlly availablé s o me

papers had a negative value (auxetic) when measured in the thickness diction.
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negative Poisson's ratio value as largé &8 was observed for copy paper. This-ofit
plane auxetic behaviowas also observed in many laboratory made handshiéets
example, handhseets with higher grammage (>g2®(3) and unrefined handsheets with
lower grammage (lower than 2@an) were found to exhibit auxetic behavior. For some
higher grammagéandsheetghe negative Poisson's ratio was found to be as large as
3.5in the initial stain regime while for some other kinds of handsh#etghickness first
decreased artien incr@ased only ghigher strais.

The difference in the values of Poi s st
suggests a strong correlation with tifieer-network structure and the processing
conditions employed during papermaking. Strong hydrogen bonds befibees at
junction points and the interwoven organizatiorfibérs, albeit irregular, are thought to
be critical elements in the tensile deformation mechanism leading to auxetic response.
Fiber length, fiber morphology, fiber orientation and various papermakirameders
such adbleaching, refining, calendering and coating etc. affect the fiber network structure
and consequently the nature and extent of auxetic response.

A simple geometrical model was used to qualitatively exptaaincrease in
thickness upon sin and the secondegree shapdconcave up)of the observed
0t hickness strai ns &fniteselermentanedelavhs alsa builagndi®d c ur
was found that such a netwahkouldproduce auxetic responses in not just paper but any
other systenmbased on a similar network design. The model was independent of the

length scale and tHéer type
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3.7  Suggesteduture work

For commercial exploitation of the auxetic behawioat we found in paper, a
series of experiments carried out on paper producepilonpaper plants (that mimic
industrial production) might provide additional understanding of the origin and extent of
auxetic response. Also, it will be interesting to examine this effect inceluosic
papers. Papers made from natural fibers that reot cellulose or paper made from
synthetic fibers which might have a similar network structure but say, -bonded
contacts, might produce interesting results. In the finite element analysis, additional
sophistication for the modainay be achieved bynicorporating additionahetwork

properties such as orientation dimer properties such asscoelasticity etc.
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CHAPTER 4

AUXETIC BEHAVIOR IN NEEDLE -PUNCHED NONWOVENS

4.1  Background

411 What are nonwoven fabrics?

The ronwovers industry is a very profitable ingtry owing tothe low cost of
polymer fibers asaw materials and due to their gd use inapplications includingbut
not limited to appare] medicalbandages and scaffoldsygienedisposablescarpes,
automobile lining, roofing materials, filtersi@ geotextile§117, 118] Nonwoven fiber
based assemblies are annually produced in large vel(ir® milliontons produced in
2012 worldwide) and are of considerable commercial importafic]. Ranging from
newsprint and fine papers to surgical gowns and filtration materials, nonviawvecs
are ubiquitous in daily life. Understanding the mechanical behavior of nonwoven fiber
systems is an important and challenging problem.

A nonwoven fabric isnade from a collection of fiberseld together byeither
mechanical entanglements or by sokied of thermal or chemical bindind 20, 121]
Contrary to woven or kited fabrics, nonwoven fabrics do not have a regular or a
uniform arrangement of fibers or yarmeor do they undergo yarn preparat[@@1]. The
fibers in nonwovens are simply filaments of a synthetic or a natural polymer. Nonwovens
are planar network structures that are consolidated to produce a robust fabric by above
mentioned techniqueld22, 123] This bonding is necessary to impart strength to the

fiber web (batt) The fbers can bestgple (Up to a few inches lorjgor continuous (as in
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case of spunbonded nonwoveiasid can be either orientedong a given directioor

randomlylaid in the maf121].

4.1.2 Production of nonwovens
Production of a nonwoven fabric can be mainly divided intedstaged
1. Fiber manufacture
2. Web forming and
3. Web bonding
Natural fibers such as cotton, jutellulose, wool, silk etc[121, 124, 125fnd
synthetic fibers such as polyesig24], nylon[126], polyolefins[76], etc. and even metal
wires[64] can be used to make nonwoveN®nwoven industries usually buy their fibers
from fiber manufacturers as raw materials. Sometimes the process of fiber production and
web formation is continuous and has to be integrated into a single process, for instance in
spunbonded nonwovefis20].

4.1.2.1 Web formation

Taking the fibers andaying them down into a mat before they can lb®nded
constitutes the process of web format[@20, 121] (In case ofstaple fibers, they can
first be cut to desired lengthsThis is followed by he process of cardin@ombirg of
fibers by metallic wireséeth) which helps to separatand disentangleghe fibers.
Different kinds of fibers can be blended together to farmeb. Blending is usually done
in air. Following are the three methods in which a web can be formed

a) Dry-laid web formation
b) Wetlaid web formation

¢) Polymerlaid web formation
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In dry-laid web formation, the fibers ataid into a web without the use ofyan
suspension, solvent or a liquid medium wetlaying of fibers, a suspension of fibers is
prepared (almost always in water) and is allowed to drain through a wire (or screen)
while the fibers settle down to form a web. This process is inspied thetraditional
papermaking proces$olymerlaid formation refers to the process where a web is
formed directly fromcontinuouspolymer filaments being extruded or spun. The most
common methodsf polymerlaid web formation arepunbonding and meltblowing.

The web is usually formed on a wire (or a screen) which is in continuous motion.
The web forming part of the nonwoven loofleom is the machinery for nonwoven
production)can have another stage of carding which combs, disentangles and aligns
fibers again whe the web is in motior{121]. Thus the fibers have a preferential
orientation in the direadn of motion of the machine. Because the strength of the finished
fabric will be higher in the direction in which the fibers are orierjf&V], it is often
desired(when strength uniformity in differemlirections is neededhat the orientation is
more random in the plane of the fabric. One way this is usually achieved is through cross
lapping[121]. In this process a layer of formed web is overlapped with another layer at
an orthogonal direction. Other angles and multiple lagawrs beused to achieve the
requiredmechanical propertiegiir-laying (a type of drylaying) ensures more isotropic
orientation of fibers as opposed to methods that involve a lot of cdfditg
4.1.2.2 Web bonding

The variety of web forming processesefollowed by bondingof the web[120,

121]. Without bonding, the web has little mechanical integrity which makes it unfit for

practical use. Fibers can bond to each other through surface chemical bonding as in case
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of hydrogen bonding be®en cellulose fibers in paper. But for majority of other fibers,
bonding is achieved through chemical binders, adhessatgents, needling, stitching,
high pressureair or water jets, heatr heated calendaringtc. [121, 128, 129] This
bonding carbe achieved using one of the followingethods

a) Chemical bonding

b) Thermal bonding

c) Mechanical bonding

In chemical bondinga chemical is mixed with the fibers or the web at some

previous stage and then subsequently miadeeact through heat or light enable

bonding betweebindersand the fbers[122]. In thermal bondingthe fibers are heated to

their softening temperaturesisually at certain spots (through heated pad metal
rollers) that cause the fibers under thém soten and fuse togethejl30i 132].

Mechanical bondings the oldest bonding technique that now uses barbed needles to

repeatedly punch through the fiber web, thus locking the fibers together. Water jets can
also be used insteanl f needl es. It is then called o0h
[120]. Stitching together of layers of wovens, nonwovens and other materials in various
combinations is also a method of mechanical bapd\ny of these bonding techniques

is not exclusive to any of the web forming process.

4.1.2.3 Some definitions

I n the remaining text, the term Obattod
subsequently be needle punchedtrerwisecb on d e d . T h ewilltbeusedfodf abr i c
finished nonwoven6 Basi s wei ght é or &égrammaged of a

weight per unit square meter aredlso, similar to the nomenclature in paper, the
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direction in which the batt moves (direction of movemehbatt inthe loom) will be
called the O6émachine directiond and the or

directiono.

4.1.3 Motivation for examining auxetic response in nonwovens
In Chapter 2, it was sed¢hat auxetic behavior can be induced in commonly used
materids throughspecialprocessing conditions or using clever structural designs. Apart
from the early reports of auxetic response in pdp&r58] (considering paper as a
specialcase ofnonwovers) , Ber han @65, 66dda rece | Banaglsmanos buc
[52], the commonnonwoven materials havearely ben studiedfor their auxetic
behavior.lt is likely that there are advantagesproducingauxetic behavioim all kinds
of nonwoven materials, because of the following reasons
a) Nonwovens areinexpensive materias that are produced and used in huge
guantties across the worldl'hey could be very profitable as raw materials in
producing smart materials such as auxetics.
b) Nonwovens have fiber components and network microstructures that have the
potential to be tailored into designs characterized by acutesatigit would open
up on application of stre$sthe fundamental mechanism of an auxetic response.
C) Almost all parameters of the production of a nonwoven fabffiber types and
characteristics, bonding technology, matt density and thickness, orienttitons
can potentially be changed as desired to achieve the requisite mechanical
properties, including Poissonbs ratio.
Needlepunched nonwovens are a major type of nonwouv@usng by their

volume of productiopand have interesting internal structure pretl by the needling
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procesghat canhave a great potential to be converted intoeicxmaterials. Apart from
needlepunched nonwovensany nonwoven bonded at network contact poicdsid
possiblybe able to mimic the mechanism of auxetic response i pgpen they have
sufficient density and strength. Thesther nonwoven typeare however, beyond the
scope of our research. We now discuss the structure and production ofpmeezhied

nonwovens in some detail.

4.1.4 Needlepunched nonwovens

Needlepunched onwovens find their applications in geotextiles, filtration
devices, paddings, flooring, automobile fabrics, thermal and noise insulations, blankets,
wipes, roofing materials etfl17, 121]
4.1.4.1 Raw materials

Needlepunching is one of the oldest techniques of making teXti@3]. Natural
sources such as jute, hair, tree leaves, rags etc. have been traditionally used to make
needlepunched nonwovengl21]. Nowadays, these fabrics ameostly manufactured
using polyesterpolypropylenearamid polyacrylic fibers and other advancditbers for
specialized application8oth staple and continuous fibeneused[134].

4.1.4.2 Production seguence

Needlepunching in nonwoven manufacture is a line operation wherein typically
the staple fiber web is first carded to disentangle and orient individual fibers and then
punched through its thickness with a large number of needles on-beadis as the batt
moves through the loofi21, 135, 136] This needlgounching process creates columns
(or bundles) of vertically oriented fibers (perpendicular to the plane of batt) by barbs on

the needles which grab fibers at the top of the batt upon entry ahdthesé fibers
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through the thickness of the bftB5, 137] Upon needle retraction, these fiber bundles
remain in place reflecting the mechanism of fiber transfer from the top surface to the
bottom. This process creates fiber entanglements, decreastscimess of the fiber

batt, and greatly increases the mechanical integrity anagsitref the batf135, 136]

—Crank

Needle

Stripper plate

Shank

¥ Taper

Working
/ blade

Bed plate

—Barb

lJ— Point

Figure 48 Fiber capture by a barbed needle as it moves throughitieéss of the
nonwoven web (left) and the detailed structure of a barbed needle [ti2ftit)

Although needlgpunched nonwovens can be produced in very specific ways, a
typical series of steps foineir manufactures given below
a) Fiber stock is prepared from staple fibers. Virgin or recycled fibers, as well as
blends of two or more kinds oftiers can be used. Continuously extruded fibers

instead of staple fibersan also be needle punched.
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b)

d)

The collection of fibers is separated by mechanical meankraodrding to
reduce entanglements and clumpgmgpr to the needling process

Web is formed through drylaying, wetlaying or polymeflaying (in case of
continuous fibers). This process can include the carding of web.

Multiple layersof formed web can be cro$sd or parallellaid or laid at certain
angles to each other depending ondhentaion distributionof fibersrequired

This multilayer of websis bonded by the use of needles. As the web moves
forward down the loom, it is punched through its thickness by an artagrbéd

needlesSeeFigure49.

MAIN DRIVE ="
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TOWIND-UP —}— NEEDLING —}— BATT COMPRESSION

Figure 49: Process diagram of neeglenching Formed fiber web is compressed to
requirement and pushed forward through fedts for needling. One needle board
penetrating from top to bottom is shown in the figure. Nepdleching greatlyeduces
the web thickness and increases the mechanical stré¢8gthrce: kp://www.dvc500
.com/needlgunchedfabrics.htm)
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f)

9)

h)

)

Needle boards as wide as the width of the web hold an array of barbed needles
and can repeatedly penetrate the entire thicknettsedfatt. More than one such
board can be used as the web keeps movinwgafal alonghe loom[138].

Figure48 shows theadion of a typicalbarbedneedle in carrying a fiber from the

top of the web downward along the thickness directiims repeated action
catches severdlbers and orients them perpendicular to the plane of theiweb
thereby entangling the fibers and cdidatting the welf137].

Needles penetrate the entire thickness of the web. Howéeenumber of barbs
engaged can be changed by changing the depth through which the needle
penetrates. Needle punching can be done frordtam as well as from bottom

up. There is a stripper plate with holes between the needle board and the web to
prevent fibers being pulled up too far while the needle retfh88.

Different needle boards can have different kinds of neddlésough all needke

on a particular board can be identicalifferent punchingdensityper unit area

(tens to thousands of punchesfndifferent number of penetrations per minute

(up to thousands of punches/mirgnd can hit the web at different angles
(although penetrain perpendicular to the web is very commonhe needles
themselves can vary in their thicknegsngth numberand shapef barbs,barb
spacing andghape of crossection etc.

After the needling process, the finished fabricus off, picked up mecharady

androlled for storage and distribution.

4.1.4.3 Structure
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Needling greatly increases the density and strength of thgA88h Penetration
of barbedneedles orients the fibetging mostly in the top part of the wetreating
bundles of fibers along the thickness direcid87]. The presence of these fibleundle
columns is a distinctive structural element and is uniqueeedlepunched nonwovens
when compared to other common nonwovéssually needling is done in one direction
only such that the finished fabric shows distinct top and bottom surfaces. Modern
needling machines can also perform needling from both the waitom surfaces of
the batt[135, 136] Due the movement of the barbed needle from the top to the bottom
surface, more fibers are caught from the top region as compared to the middle or the
bottom region of théatt. As a result, entanglements of fibpreduced during formation
of the fibercolumns are concentratesignificantly in the top section of the ba#ind
would be expected to play a major role in mechanical deformation behavior in these
nonwovens In swch fabrics, where only unidirectional neeglgnching has been
performed, the top surface appears smoother than the bottom surface. The bottom surface
has less number of entanglements but a high number of loose fiber segments or loops

formed due to the ndee action[137].

4.1.5 Background of mechanical deformation studies imonwovens

Mechanical properties of nhonwovens are determined mainly by their anisotropy
and fiber orientatio130, 140, 141]fiber diameter, packing density, fiber length, batt
thickness and basis weigli41]; and the naturand strength of intefiber bonding[140].
Fibers mostly lie in the plane of the batt with a preferential orientation along the carding
direction and/or alom the machine direction (the direction of movement of fiber batt

during nonwoven production).
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Innpl ane Poissonéb6és ratio of nonwovens ha:
contraction) by a number of laboratorigs27, 142146]. Like any other common
material,the dimension of a nonwoven strip decreases along its width when it is strained
along its lengthRawalet al.[144] found the iaplane Poisson's ratio for some thermally
bonded and gpbonded nonwovens to vary between about +0.25 to +4.0 at varying
strain levels and in differedbading directionsHighest values of Poisson's ratio were
obtained when the fabric was stretched along machine direction as majority of the fibers
are aligned in the machine directidfigure 50 shows the Poissis ratio values foa
polyestetb ased thermally bonded n®Bhagraonmaga forf r om |
this particular nonwoven was about 30 §/nd its thickness was about 0.44 rfin4,

147]

Poisson's Ratio

Longitudinal Strain (%)

Figure 50: Relation&ip betweenin-plane Poisson's ratio and longitudinal strdor a
thermally bonded nonwoven fabric in different loading directjaAgl].
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Figure 51: Lateral contraction variation with longitudinal strain in a thermally point
bonded polypropylene nonwov§hi2]

Kim et al. [142, 148]also found iRplane contraction in their thermally point
bonded polypropylene nonwovens for various loading directibhese fabrics had a
grammageof 24 g/nf. Again, the contraction in width when strained along machine
direction is much larger than when strained along cross dirggtigare51). Mitra et al.
[127] report n-plane Poisson's rasmf their needlgounched polypropylene nonwovens

in the range oAbout+1.5 to +3.0, agaifor varying testing directiong={gure52).
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Figure 52 Note the variation of uplane Pgson's ratio of a polypropylene needle
punched nonwoven with longitudinal strain along different directib®3g].

Similar results were obtained showing conventional behavior (positipéane
Poisson'satio) of nonwovens in the works of Adanreir al.[143] and BaisSinghet al.
[145]. These examples help establish thaist commonly used nonwovens (all kinds)
display ordinary (positive Poisson's ratio) behavior in the planar direction

Besides use in tension, nonwovens are also subject to varying degrees of
compressionKothari et al. [149] characteried the energy loss and compressibility of
needlepunched, adhesive bonded and thermobonded fabrics with respect to mass per unit
area, needling parameters ettiey found that their needf@nched fabrics were more
compressible than thermobonded fabricd #mat they exhibited a higher percentage of

energy loss when compared to continuous filament faliifsct of compression on pore
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size distribution of a hydroentangled nonwoven &lasbeen quantitatively analyzdxy
Jaganathamet al.[150] and it was found that the distribution became narrower and the
pore diameter decreased exponentially with increasing compressivsésdtigure53).
Compressional and recovery behavior was also studied for highloft (low density)
nonwovens and it was found that fiddver bonding played an important role in
determining the compression beha\iti1].

Also, Afshari et al. determined suitability of high tenacity poly(ethylene
naghthalate) (PEN) fiber based nonwovens compared to Kevlar 49 armors for ballistic
protection[152]. They found thabn increasing the tenacity of PEN fibers, the weight
ratio of PEN to Kevlar 49 decreased for the same amount of ballistic protection
Although compression effects on nonwoven structure have been studied, we are unaware
of any reports on their otf-p | ane Poi Ayp@anmds fratm oc.ertain
buckypaperd52], which happen to be a very special case of nonwovens,-plana
auxetic behavior in any kind of nonwoven has not been observed or induced. Similarly,
out-of-plane auxetic bedvior has also not been observed for any kind of nonwoven so far

(except paper).
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Figure 53. Pore size distribution for compressed hydroentangled polyester nonwovens
obtained with the help of calculations from DVI images of theeewovens. More
compression makes the distribution narrower and decreases the average pore diameter
[150].

Woven and knitted fabrickowever, have gained intense research emphasis in
recent years to impart auxetic behavior in them by tailoring the network pd&2rni3,
152, 153] These fabrics are different from nonwovens in biothe nature and type of
fibers used and in having a more defined geometrical network structure. Studies on

auxetic behavior in these kinds of fabrics are not a part of this research.

4.1.6 Key researchobjectives
Commercially produced nonwovens behawechanicallyas common materials in

the sense that their-plane and oubf-plane Poisson's ratio are both positive. Taking
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inspiration from the processing conditions of heat and compression during papermaking,
that likely are responsible for the enftplane auxetidehavior of paper, it was desired to
investigate potentiahuxetic behavior in nonwovens usiagcombination ofheat and
pressure. Other methods of producing auxetic response in PE, PP and PTFE also utilized
relatedprocessingNonwovens, specifically neée-punched nonwovens were identified
as test materials to study their auxetic behawssence of rilike fiber columns along
the thickness directiom needlepunched nonwovens was also an interesting structural
feature separating nee¢penched nonweens from other kinds of nonwovens

A primary objective was tostablish a protocol for accurate measurement of out
of-plane Poisson's ratio of neeglanched nonwovens. The changes in thickvesse
expected to be of the order of a millimeté&ough (andhairy) surface of these
nonwovens made accurate and repeatable thickness measurenuéatlangingask.

An additionalobjective was to find a processing protocol that could induce out
of-plane auxetic properties in these nonwovens.

To understand the nae of structural deformation during treatment and during
mechanical strain, the technique of optical microscopy and fironaging was used.
The final objective was to establish a processstigictureproperty relationshipto

explainand predicthe mebanical deformation behavior of these nonwovens.

4.2 Materials

All needlepunched nonwoven fabrics in this study were obtained from TenCate

Protective Fabrics (Senoia, Georgia, USANOTkinds of polyestefiber needlepunched
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nonwovens and one aramid fibeeedlepunched nonwoven were examinethe
polyester nonwovens are referred toN1 and NW2while the aramid polyester is
referred to as NW3seeTable 10). NW1 and NW2 were made from 3 inch long virgin
poly(ethylene terephthakst (PET or simply polyester) staple fibefldW3 was made
from a blend of different kinds of 1 inch long aramid fib&@% fibers were virgin meta
aramids, 20% were virgin paeamids an@0% wererecycledparaaramids. The mass
per unit area of NW2 (30zo per square yard) was greater than that of NW1 (20 oz. per
square yard), which was greater than N\&Bpfoximatelys oz. per square yardjhese
grammage valuesere provided by TenCatexcept for NW3which was estimatgdut
were also calculated fomeh sample as shown Trable10. Mean thickness of NW1 was
4.40 £0.14 mm, of NW2 was 5.32 + 0.25 mm and of NW3 was 1.34 +#&s0Reasured
from five specimens of each nonwoven.

All fibers used in the nonwoven production by TereOakreoriginally crimped.
Crimping increases theohesion between the fibers and hence their ability to entangle
with other fiberg154]. The carding direction and machine direction walsothe same
for all of the nonwovensAfter carding,multiple layers of fiber wergaralletlapped to
form the batt and then hdedby needlepunching.The speed of movement of batt on the
machine was higher for NW3 than for NW1/NW255] which resuléd in slightly
inclined needlecolumns in NW3 when compared to nearlytieal needle columns in
NW1/NW2. The approximate number of fiber columns produced by the needle
penetrations was found to be ab@@0 columns per square inch as estimated by the

authors fromuCT imagesfor all nonwovensThe total number of needle peragions per
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square inch was likely to be considerably largéris is because multiple and repeated

needlepenetrations along the loom can together form one single column.

Table 10: Measured thickness and grammage (approx.) valuedifferent nonwoven
samples along with composition. Calculated bulk density values are also shown.

Thickness Grammage BU|k. .
Sample (mm) (g N Dens[ft)’y Composition
(g am”)
Virgin polyester 3 inch long
NW1 4.40+0.14 678 0.15 crimped staple fibers
Virgin polyester 3 inch long
NwW2 5.32+0.25 1017 0.19 crimped staple fibers
Blend of 20% virgn para
NW3 1.34+0.02 150 oy, CUENIE, SUAEEYEIEE gl

aramid and 50% virgin meta
aramid %inch long staple fibers

Due to the similarity of the fibelype andnetwok structure between NW1 and
NW2 and also them showing very similar mechanical behatter NW1 sample was

chosen and used consistently as archetype for all experiments.

4.3  Experimental

4.3.1 Heat-compression protocol for nonwovens

All nonwoven samplesvere comprezedin the thickness directioat a chosen
pressureand temperaturtor 20 hours. A square fabric size 20cm x 20 cmwas cut for
this purposgFigure 54). A Carvef’ auto series (model no. 4389) benchtop preiss
heated plate(heating optionalvas used for this treatmewitfter 20 hours, heating was

discontinuedif used)and the fabric sample was allowed to cool under full pressure for
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another 4 hours. These will subsequently be callddecadtmp r esanyplesDicethe

sanple was at ambient temperature, i.e. after 24 hours of total compression, it was

removed from the press.

thickness measured

. l fovret hlc::;;:n:eeﬁ?s © © at these four points
machine force ry over 20 days
direction

Instron
e} O ;
hot press E 5 grips
platens treated '
sample )

thickness
> measured at

— this point
as-received compression at elevated for Poisson's ratio ‘ —

sample 10 cm or room temperatures experiments R 2 10 cm

Figure 54: Diagram showing the processing treatment ofeagived samples in a
CarverE hot press tnod péchoedapic e sdsedimpsampees .
the treatment protocol, samples were examined for thickness recovery over a period of 20
days. A separate set of samples were prepa
experiments (thickness change versxgm@sion)[61].

A temperature close tthe lower edge of the glass transition temperatlige df
the PET fibes [156], i.e. 70 °Cwas chosenfor the treatment of NW1 and NWtheat
compresed samplesfor comparison with PET fabrics, same temperature of 70 °C was
alsochosen for thereament of NW3.The pressure usddr compression was 2.45 MPa
(10 metric tons over 400 ¢area and assuming acceleration due to gravity to be g = 9.8
m s?) for all nonwovens.

Additional test samplefor each of the three nonwoven®re also prepared by
compression without using heating, i.e. at room temperaturéhe same presin this
case they were compressed under the same pressure as above forr@damduhen

removed from the press. These will subsequently be callied mp r samptesl dwier
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pressures of 0.5 MPa and lower compression times of 4 hours (2 hours of heating) were
also used in some casesnarrow down to ideal processing conditiofibe processing
conditionswill be hereafterepresented ih h e f o ffonca(tons)bvemperature(°C).
time(hours)]o. For examplefilOT.70C.24l ¢ means t hat the nonwove
under a force of 10 tons at a temperature of 70 °C for a total duchti@hours.

For eacltireated nonwovetheatcompressed or compressed), two different 20 cm

x 20 cm square samples were prepared by identical compression piotma®lifor the
60t hickness recoveryd experiment atmwhichanot he

are described below.

4.3.2 Measuring thickness change with time (thickness recovery)

Compression treated nonwoven samples have a tendency to spontaneously
recover some of their thickness after they are taken out of the pDdésrent
temperature/pressel conditions during treatment lead to different amsand rats of
thickness recovery in different nonwoveri® monitor this recovery, samples were
prepared using thereatmentconditions described above and their thickness was
measured over a period 80 days to determine the time required to attain a constant
thickness valueAs shown inFigure54, each 20 cm x 20 cm square sample was marked
with four circular regions (each of diameter 2 cm). Thickness vatuaese four circular

regions were measuredth the micrometeand their mean reported.

4.3.3 Measuring thickness change with extension
After determining the time required for treated samples to attain a constant
thickness, a additional andhew square sampl@0 cm x 20 cm) was prepared using the

same compression protocol and left for unconstrained recovery for the required number
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of days. It was then examined for Poisson's ratio. Rectangular strips (or specimens) of
size 2 cm x 15 cm were cut from the treaggjuare sample with their lengths along the
machine directior{seeFigure 54). Machine directionwasknown in the nonwoven rolls

and wasnot neeed to be determined experimentally through tensile teStssamples
(6bmasceivedd, o6écompmpsesdgédandwéheatdef or med
along their length@nd the thickness change was recorded using a digital micrometer.
Thegagelength was set to 10 cm. These specimens were strained along thiiruetig

failure using an Instrdhuniversal testing machine (model no. 5566, load cell 10 kN) at a
constant rate of 10 mm/min and paused at regular strain intervals to ationafwal

thickness measurement.

Initially, each specimen was marked with a 2 xr@ cm square in the middle
along with a center point for positional reference. Despite their transformation during
tensile extension, these marks sdras a good aid for ensuring thickness measurement
of the same area of specimen. Thickness was measisind a digital micrometer
(Mitutoyo 369350 same as used in paper experimewigh a flat circular diskplaten of
diameter 2 cm. The micrometer was set by the manufacturer to give a thickness readout at
a near constant pressure of-Z® kPa. This conaht pressure helps to ensure the
repeatability of measured thickness values and minimizes the potentially misleading
effect from a few fibers extending out normal to the surface. The large diameter of platen
faces compensates for the heterogeneity of dimevoven surface. Five specimens of each
type i asreceived NW1 NW2 and NWB, compressed NWINW?2, heatcompressed
NW1, NW2 and NW3i were examined and their mean thickness was calculated. All

measurements were performed at room temperature and ambientitirufmot
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controlled) conditions. The values ofstantaneou$’oisson's ratio were calculated for

eachi" strain level using Heption(3).

4.3.4 Testing reversibility of thickness change

These tests were performed to gansight into the reversibility of auxet
responseln the low strain regimes (especially below 5%) some elastic and reversible
behaviorwas expected. It was desired to examine whether the thickness change upon

strain in treated nonwovens was reversible at low strains.

n% strain, n=1,2,3,50r 10

0% 0% 0%
strain strain strain thickness
measured
at these
points
— —_— — —_— aseaas )
4 cycles

specimen
grips

Figure 55. Experiment to examine the reversibility of thickness change upon uniaxial
straining of treated nonwoven samples. NW1 foeatpressed sample were strained to
different strain levels (n %) repeatedly over four cycles (2 cycles shown) and their
thickness change was recorded.

Heatcompressed NW1 samples treated at 70 °C were chosen for this study.
Specimenswere strainedo 1%, 2%, 3%, 5% or 10% of their gage length at a rate of 10

mm/min and then brought back to their original lengths almostntastaously. This
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cycle of applying a given strain and then removing the strain was refdeatetimes.
Thickness was measured at three marked regions on the specimen before the strain was
applied, at the maximum given strain level and then finally dfterstrain was removed

for each of the dur cycles For each strain levgl1%, 2%, 3%, 5% or 10%})ercent

change in thickness was plotted over i tycles.

4.3.5 Optical microscope imaging

DinoLite® handheld microscope was used to take images of the saridtke
sideview (thicknesspf nonwovens at about 50X and 200X magnifications. Microscopic
videos were also recorded of the sidew (thickness) of NW1 during extension and
compression to help see the transformation of nemmllenns during specimen

deformation.

4.3.6 Micro-CT (uCT) Imaging

MCT imaging was performed on a Scanco Medical uCT50 instrument using a
scanning tube of inner diamet&rmm (Figure 56a) and an Xray source energy of 45
kVp (details of a uCT scanning procedures leeen given ippendix B. For imaging
of nonwovens, a small specimen of approximate diameter 5 mm was cut from the sample
(asreceived or treated) and press fit in the scan (Blgrire56 b, ¢). A certain height of
the sample (bound by white dotted linedrigure 56d) was chosen for the actuatray
CT scanning.Upon scan completion, a cylindrical ssbction of the resulting axial
images (a little smaller than 5 mmatheter) was chosen for 3f@construction.The
instrument captures slidgy-slice 2D images of the sample separated by the resolution of

scan (here 2 em) wunti/l it scans the enti
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lines inFigure56d contain a height of 1 m, then the number of slices scanned will be 1

mm di vi ded bcpmefouetarbpOOwWh i ¢ h

nonwoven sample specimen
in tube
_ Imm /\
g :|scanned
| ; : section
W o i

specimen cut out
for microCT scan

microCT microCT microCT
tube tube tube

(@) (b) (c) (d)

Figure56: Steps in the preparation of a sample for uCT scanning (a) a sample holder tube
of outer diameter 7 mm and inner diameten® (b) cutting of a 5 mm size specimen
from a nonwoven sample (c) placing the specimen in the tube and (d) selecting a section
of the specimen for actual scanning.

Thresholding is a process of selecting the fiber material from the surrounding air
which isdone manually based upon the material density cues from a histognar2D
axial image slicesvere stacked and global thresholding appligdSc ancodés compu
softwareto segment fibers from surrounding air and noise and produce binarized 3D
images. Allscans were performed at a voxel resolution of 2 um. A voxel can be thought
of as the smallest unit volume (cube) defined in the 3D struclime voxel size in our
case is a cube of side 2 em which is also

the fibers.Due to sample and instrumental limitations, images of the exact same location
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on a given sample both before and after treatment could not be easily obtained. Instead,
separate ameceived, compressed and heampressed samples were prepared for
scanning. The 3D images were examined for structural features by viewing the whole
image from different angles or at any vertical or horizontal section through the bulk of

the sample.

4.3.7 Effect of fiber length on entanglements and thickness recovery

The averge spacing between two needielumns was about a millimeter in our
nonwoven samplesand the staple length of fibers was 3 inches for PET nonwovens.
Since the staple fiber length was much longer that the neelllenn spacing, a single
fiber could be assated with more than one needielumn, leading to an additional type
of fiber entanglementEntanglement between fibers (in the planar direction and within
the column) imparts strength to the fabric and plays a role in defining its thickness. To
examinethe role of these entanglements on the thickness of the sample, strips of 2.5 cm x
16 cm werecut for NW1 and NW2. A set of agceived sampleandanother set of heat
compresed [f0 °C, 10 tons 24 hours] samples were used. The strip was marked with
regions at every 2 cm length and thickness was measured at each of the 8 resulting
regions(Figure57). The strip was then cut with scissors into half and the thickness was
measured again at each region. Cutting and thickness measurgasecontinued until
the strip was cut down tmdividual 2 cm x 2.5 cm piece@~igure57). The variation of
thickness with strip length was reported for eacheagived and heatompressed NW1

and NW2 sample.
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Figure57: Cutting a strip (16 cm x 2.5 cm) of-asceived or a treated nonwoven sample
to examine the effect of fiber length on entanglements and thickness of the nonwoven.

2.5cm

4.4 Results and discussion

4.4.1 Thickness recoverywith time

Prior to determinatin of Poi ssondés ratio for treat
to establish thicknasversugime recovery profiles (time after removal from the press) in
order to allow for any spontaneous thickness recovery to dégure58, Figure59, and
Figure 60 show percent thickness (originalsreceivedsample thickness as 100%) as a
function of time after removal frorthe press, for NW1, NW2 and NW3 respectively
Different processing anditions were tried for the treatment protocol by changing the
force, temperature and tinparametersBecause all samples amured 20 cm x 20 cm,
specifying the force will specify the pressure and vice vdtsshould be noted that as
soon as the sampie removed from the press (i.e. almost instantaneously), even before
the first thickness measurement f{at 0) is made, it recovers some of its thickness.
Hence, different samples have a different starting thickeseésr % of original
thicknesgg at time = 0.Recovery was also observed to be rapid in the first few hours

after removal from the press and then slowed down considerably.
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Figure58: Thickness recovery with time after treatment for Ng&nples over a period
of 20 dag (left) and for the first day (right)Each data point represents the mean
thickness(expressed as a percentage of original thickness of sawipfeur distinct
regions on a nonwoven fab of dimension 20 cm x 20 cfpartsfrom[61]).

Figure 58 shows thickness recovery curves fire differently treated NW1
sampleslt is clear thata higher temperature results ilaager compressiorset NW1
treated a0 °C (hearTy) showed maximum compressisat It was compressed down to
27 % of its original thickness and recovered to jalsbut 30% of its thickness. It was
also found to attain a constant thicknesthin 7 daysafter taking out from the press.
Elevated temperature for the heampressed sampléi&ely reduces the crimp on the
fibers and renders the fibers more susceptible to deformation and densification during the

heatcompression treatment. Increases in both eteamgnts and fibefiber contacts
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might also contribute to greater retention aafmpression seinh the heatompressed
samples.

Reducing the time of compression to 4 hours (2 hours heating and 2 hours cooling
down) from 24 hours only slightly increased thteady state thickness for samples treated
at 70 °C (compare 10T.70C.24H with 10T.70C.4H). Howeversthady state thickness
wasmuchgreater in the case of 4 hours than in 24 hours when compression was done at
room temperature (compare 10T.23C.24H wli@iT.23C.4H). A similar effect waalso
seen on decreasing the force fromt@fs to 2 tonsOn comparing 10T.70C.24H with
2T.70C.24H the steady state thickness was again much higher for sample compressed at
the lower pressure. Overall, higher temperatutesger timesand higher pressures

resulted in @reaterand more permanent compresssan
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Figure59: Thickness recovery with time after treatment for NW2 samples over a period
of 20 days (left) and for the first day (rightach data point represents the mean
thickness (expressed as a percentage of original thickness of sample) of four distinct
regions on a nonwoven fabric of dimension 20 cm x 2@adapted fronf61]).
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A more permanentompression setnd a faster recovery to steady state thickness
are desirable to produce stable treated sampkas important property for commercial
applications Also, a greagr compres®on setproduces a larger auxetic response (which
will be seen later) as it has more margin of thickness to recibweas concluded that a
10 tons force (2.5 MPa pressure) results gnemterand more permanenbmpression set
than a 2 tons force and wahus selected as a standard for remaining experiments.
Similarly, 24 hour compregs caused a more permanent grdatercompressiorset
than a 4 hour compression and was again, chosen as a standard for remaining
experiments.

Using the results for NW1saa guide, thickness recovery for NW2 was only
measured at two conditions of treatménbom temperature and 70 °C (with force and
time kept constant at 10 tons and 24 hours respectively). As expected, higher temperature
resulted in a higher and a morepanent compression s&igure59).

Aramid based nonwovens also showed thickness recovery after treatment with
time. NW3 was heatompressed at 70 °€igure60 shows that the thicknessaovery in
case of aramid nonwovens was much larger (33% to 48%) codnfmaheatcompressed
PET nonwovens. This was likely due to shorter fiber length used in aramid nonwovens
which makes it easier for fibers to get disentangled and perhaps also dughé¢o hi
stiffness of aramid fibers. Also, the recovery in case of aramid nonwovens treated at 70
°C was found to be close to 15%, which was similar to the recovery shown by PET
nonwovens compressed at room temperatusout 14% for NW1 and 15% for NW2.
Thus it is reasonable to compare the behavior of NW3 treated at 70 °C (which is way

below theTy of aramid fibers) with NW1/NW2 treated at room temperature (wagain,
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is way below theTy of PET fibery. Recovery study was also attempted for room
temperatue compression (not shown) for aramid nonwovensut the sample sprung
back to its original thickness as soon as it was taken out from the press. It can be
speculated that pressure (for a prolonged time) alone is not sufficient to cause any

permanent compssion set in aramid based nequl@ched nonwovens.
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Figure60: Thickness recovery with time after treatment for Bl#amples over a period

of 20 days (left) and for the first day (right). Each data point represents the mean
thickness (expressed as a percentage of original thickness of sample) of four distinct
regions on a nonwoven fabric of dimension 20 cm x 20 cm.

Table11 lists the sample name along with the processing conditions, the number
of days afér which itattaineda constant thickness value, the changeercent thickness
and the percent thickness &t fime and on the 2bday. Experiments to determingut-
ofpl ane Poi (Sectiomd®.d weareaperformned othe day after which samples

had attained a constant thickness value.
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Table11: Important thickness recovery data for treated NW1, NW2 and NW3 sainples
mean initial thickness, time to attain an apparently constant thickness watlayg),
change in the percentage of original thickness between the time sample is take out of
press(t = 0) to the time it takes to attain constant thickness vfilgen), and the percent
thickness on ZBday. All thickness values are average of fourasmgrements taken from

the 20 cm x 20 cm treated sample.

Mean Time required  Change in % %

initial to attain thickness from  thickness
Sample thickness constant t=0tot=n on 20" day

thickness

(mm) (t=n) (%) (%)
NW1.10T.070C.24H  4.506 7 days 3.20 30.67
NW1.10T.023C.24H  4.488 10 days 16.31 59.02
NW1.02T.070C.24H 4.444 14 day§ 8.24 45.27
NW1.10T.070C.04H  4.562 10 days 5.68 33.93
NW1.10T.023C.04H 4.491 5 day§ 14.01 71.06
NW2.10T.070C.24H  5.220 7 days 2.95 32.61
NW2.10T.023C.24H  5.396 10 days 14.92 53.91
NW3.10T.070C.24H  1.352 14 day$ 15.31 48.89

A thickness of these samples likely did not reach a steady state value within 20 days, but the
increase was much slower after the repod@sumber of days

4.4.2 Out-of-plane auxetic response

For the uiaxial tension experiment, thickness values are plotted against specimen
length during extensiorfor asreceivedand treated sampleBigure 61, Figure 62 and
Figure 63 show these plots for NW1, NW2 and NW3 respectively. Instantaneous
Poisson's rat®based on these data and calculated using Equation (3) are plotted in
Figure 64, Figure 65 and Figure 66 respectively.Data are shown until the strains after
which specimens failedAll asreceived nonwoven sampld®ET or aramid based)
showed a consistent decrease in thickness with extefesioapt for the first data point in

NW3). The corresponding Poigse ratic werepositive varying betwee0.1 and+0.5,
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mostly around+0.2 for all of them It is the pointto-point nature of the calculation of

instantaneouPBoisson's ratio that leads to these variation
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Figure 61 Plots of hickness (mm) versus specimen length (cm) foreasived,
compressed and heat compressed NW1 ngrdiehed nonwoven samples tested along
the machine direction. Error bars represent the standard deviation in thickness at each

strain level calculated ovéive specimens of each tyadapted fronj61]).

Thus, ageceived needipunched nonwoven samples whether composed of PET
fibers (differing grammagégsor composed of aramid fibers; both showed a consistent
decrease in thickness like other common materials:reésived needipunched
nonwovens were therefore not found to be auxetic. One exception to this was the

thickness of aramid based-@seived NW3which increased slightlymean increased
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from 1.344 mm to 1.348 mnfgr the first 5% strain value and decreased thereafter for all
five specimens testedhe corresponding value of Poisson's ratio at 5% strairii u8s.
This initial increase in thicknessan be attributed to the slight inclination of the needle

columns in aramid nonwovens (described more in Sedtiowith uCT images).
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Figure 62 Plots of thickness (mm) versus specimen length (com) asreceived,
compressed and heat compressed NW2 ngmdiehed nonwoven samples tested along

the machine direction. Error bars represent the standard deviation in thickness at each
strain level calculated over five specimens of each (gdapted fronj61]).

Compressed (no heat used) NW1 and NW2 samples were examined for their
Poisson's ratio on Yday after treatmenfr@ble11). In the case of compressed NW1 and

NW2 samples, thickness increase was notable and rapid up to ab®utsé@in after
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which the thickness began to decrease, rather steadily, until sample failure at around 130
% strain. Instantaneous Poisson's ratithe initial strain regime was as lowid@9. The
magnitude of negative Poisson's ratio decreased with increasing strain until it reached a
positive value after 406 strain (after the maximum thickness was achievBdy.3
samples retained no permanesgmpression sewhen they were treated at room

temperature and hence could not be examined for their Poissonfsltatiing a ncheat

compression.
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Figure63: Plots of thickness (mm) versus specimen length (cm) foe@sved ad heat
compressed (at 70 °C) NW3 neeglenched nonwoven samples tested along the machine
direction. Error bars represent the standard deviation in thickness at each strain level

calculated over five specimens of each type.

In case of heatompressed falws, all nonwovens showed a remarkably steep
increase in thickness when stretched, especially in the initi&b 3rain region. Even

after 40% strain, the specimens continued to increase in thickness, but at a slower rate,
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until they attained their maxiom thickness at approximately 80 axial strain (NW1

and NW?2). Thereafter, the specimen thickness began to decrease at a much slower rate
(as compared to the initial increase) until the web structure began to fail. This failure
occurs at slightly differerdtrains for different specimens but none below 130% stoain

NW1 and NW2 NW3 heatcompressed samples failed afé@% strain at which point

they achieved their maximum thicknesses. Thus NW3 samples continued to increase in
thickness untifailure (describedmorein Section4.5). For all nonwovens (aseceived or
treated) web fracture was difficult to observe visually. However, it could be detected by

sudden and obvious load drops during strain.
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Figure 64: Variation ofinstantaneou®oisson's ratio with respect to axial strain for as
received, compressed andatcompressedNW1 needlepunched nonwoven specimens
tested along the machine direction. Error bars represent the standaatiodein
Poisson's ratio at each data point as calculated over five specimens of egeldapped
from[61]).
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The instantaneous Poisson's ratioHeatcompressed samples is showrkigure
64, Figure65 andFigure66. It is highly negative at small strain values, again reflecting a
rapid increase in tokness. The Poiseod s r ai#.8 for NW3,i¢.2 for NW1 and
6.6 for NW2, corresponding to 5% strain. Similar to compressed NW1 and NW2
samples, the Poisson's ratio for heamnpressed samples became positive after the

specimen had attained its maximum thicknesagpoximately 80% strain).

Inst. Poisson's ratio
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O As-received
A23C
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Figure 65: Variation ofinstantaneou®oisson's ratio with respect to axial strain for as
received, compressed and heampressed NW2 needfrinched nonwoven specimens
tested along the machine directiorror bars represent the standard deviation in
Poisson's ratio at each data point as calculated over five specimens of edelapped
from[61]).

As a comparison of the two Poissonds ra

(@)

4) i n the smal/l strain region, -compgremsed or

NW1l is as follows with the Oeffecit/TRfged Poi
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7.2); 10% strainj 3.9 (1 6.1); 15% straini 2.6 (i 5.3); 20% strainj 1.3 ( 4.5). Due to the
curvature in the thickness vs. extension
generally less negative (implyingdaminishedauxetic response) for oheatcompressed
samplesSi nce the Il nstantaneous Poi ssonods rat
deformations, we f eel that i1t is the insts

describes the otdf-plane mechanical response in these systems.
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Figure 66: Variation ofinstantaneou®oisson's ratio with respect to axial strain for as
received and heatompressed (70 °C) NW3 neeglanched nonwoven specimens tested
along the machine direction. Error bars represent timelatd deviation in Poisson's ratio

at each data point as calculated over five specimens of each type.

Heatcompressed nonwovens showed a large auxetic response compared to that of
the compressed nonwovens. Heating at a temperature near and above tianglities
renders the fibers more flexible allowing for increased bending, densification, and

reconfiguration of fibefiber contacts. Subsequent cooling while the fabric is still under
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compression acts to logk the effected structural changes. Greataxetic response in
heatcompressed samples is partly due to the fact that, after processing, these samples
recover less thickness compared to compressed sampl&safdeél). Heatcompressed
samples, therefore, have a greatapacity for thickness recovery when axial strain is
applied. As will be described below, we feel that the higher degree of inclination of fiber
columns and the increased number of fifdeer contacts in the heabmpressed fabrics

both play a role in pragting a more rapid thickness increase in subsequent axial strain
experiments.

So far, all experiments showed the effect of straining along the machine direction
of a nonwoven. For completeness, a series of same experiments was perfocred in
direction as well for PET nonwoven samples. Fiigure 67 below, thickness versus
extensionand instantaneous Poisson's ratio versus axial strain has been plotted for as
received and heatompressed NW1 and NW2 and tested along CD. It caabiéy seen
that the qualitative auxetic behavior for testing along CD is very similar to MD. This was
expected, as the compression of nonwovens can tilt/buckle the fiber column in any
direction. The mechanism of thickness incregseplained indetail laer), that is likely
caused by fibers pulling on the entanglements with these columns, can therefore be

effected by a fibelying in any direction.
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Figure67: Crossdirection testing plots of thickness (mm) versutension (rm) and
instantaneous Poisson's ratio versus axial sfi@msreceived and heat compressed
NW1 and NW2needlepunched nonwoven samples. Error bars represent the standard
deviation in thickness at each strain level calculated over five specimens of@ach ty
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4.4.3 In-plane Poisson's ratio values

It shouldalsobe mentioned that all of these nonwovensieagived and treated,
showed a conventional decrease in o6widtho
in-plane Poisson's ratio in agreement with poasi report4127, 142 146]. We found
theseeffectivein-plane Poisson's ratios to ran@er the most partjrom +02 to +0.6 for
NW1 specimenstreated and untreatéBquation 4) These irplane Poisson's ratios were
calculated at the same strain values asetliescribed abovieby optically measuring the
distance betweean orthogonal seif small ink dots (two along the width and two along
the length) marked on the face of the specimen. A digital camera was used to capture
images at each strain level. Imagad,image processing software provided by National
Institutes of Health (Maryland, USA), was used to measure the strains digitgllye68
shows instantaneous and effective-plane Poisson's ratio values calculated for
compressed and heatompressedNW1 specimens. Instantaneous values cplane
Poisson's ratio showed no regular trend but remained poaitia®ng

Large error bars are mostly due to the smearing of ink marks during the non
uniform deformation of the web stiwre. The nonwoven web structure is quite
heterogeneous which can cause -naiformity in stresses especially at high strains.
Since the oubf-p| ane Poi ssondés r atpiloanies Proe gatoinvdes
positive, these fabrics should be constde as partially auxetic as defined by

Wojciechowski et al[3].
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Figure 68 Instantaeous (IPR) and effective (EPR)-jlane Poisson's ratio vakidor
compressea@nd heatompresedNW1 specimens calculated from images captingd

digital camera and using ImageJ to calculate stré&nsr bars represent the standard
deviation in Poissws ratio at each data point as calculated over five specimens of each

type

4.4.4 Reversibility of thickness change

Mean hicknessof the specimen (for three points) at 0% strain level and at final
strain level (n %) expressed as a percentage change from bsiga@men thicknesis
shown inFigure 69. This experiment was on performed on heatompressed\W1
samples(please refer back to Sectigh3.4 and Figure 55 for experimenth details)
Results indicated that the specimarturned close to their original thickness (i.e. %
thickness change close to zero) when the strain applied was low. This was an indication
of the reversibility of thickness change. Specimens strained@brl2 % strain showed
remarkable reversibility of thickness change. For higher strains, the reversibility

decreased regularly and was found to be lowest f86 Brains Specinens stretched at 1
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% or 2% axial strainincreased in thickness hyp to 310 % at peak strairvalue and
returned to withinl % of their original thickness upon strain removalowever,
specimens stretched to 20 axial strain attained thickness increase of up t8but

could recover only about 480 % thickness increase on stra@mroval.
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Figure69: Percentage of thickness change with strain applied (n %, n =1, 2, 3, 5 and 10)
and strain removal over four cgd for a heatompressedW1 specimen. Each data
point was calculated from the mean of thickneesasurement taken at three points on a
specimen.

Cyclic loading in this experiment also exposed a remarkable property of auxetic
response in these materials. At low strains, the thickness increase (upon stretching) and
reversibility (on load removal) wasidind to be consistent over four cycles. But at higher
strains, thickness increase seemed consistent but the reversibility kept decidasing.
observation can be explained by understanding the reversible and irreversible parts of the

mechanism of thicknesncrease in these nonwovens (Sectid)
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445 Effect of fiber length on entanglements and thickness recovery

Thickness of each of the marked region on a strip efeesived and heat
compressed NW1 has been showrrigure 70 and Figure 71 respectively (please refer
back to4.3.7 and Figure 57 for experimental details). For each region, thickness was

measured each time thieig was cut at the center.

4.688 | 4.522 | 4.619 | 4.576 | 4.630 | 4.606 | 4.758 | 4.268

4639 | 4475 | 4.624 4586 | 4.582 | 4.748

4.644 | 4481 4585 | 4611 4.605 | 4.584 4756 | 4.278

4.626 4.408 4.551 4.552 4.561 || 4.432 4749 1| 4.259

Figure70: Thickness (in mm) at each of the eight marked region of aacasvedNW1

strip (16 cm long, 2.5 cm wide) before cutting and after it was cut into half repeatedly at
the center until indidual eight pieces were obtainddarkerand darkest shades of blue
indicatea thickness difference ot 0 andmore tha® 0 regpectively

Fibers in a needipunched fabric can be a part of both the needlemn and the
matrix. In NW1 and NW2 the fiber length (3 inch) is mugteaterthan the column
spacing (in the order df mm) suggesting that a fiber can easily be a part of more than
one column. When the fabric is cut, the entanglements between the column and the

matrix and between two points within the matrix are released. Thickness was visually
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observed to increase asetBtrip was cut into shorter segments. However, because the

micrometer exerts a considerable pressure of 20 kPa, measured thickness was lower than

visually observed and often found to be lower on a second measurement of the same

region. An increase in thhoess measured by the micrometer despite the pressure should

however mean a certain increase as a result of cutting.

1.326 | 1.321 | 1.333 | 1.346 | 1.368 | 1.379 | 1.373 | 1.437
1.328 | 1.317 | 1.320 | 1.381 1.444 1 1.369 | 1.370 | 1.426
1.323 | 1.367 1.412 | 1.348 1.409 | 1.433 1.440 | 1.413
1.381 1.401 1.397 1.394 1.450 1.462 1.448 1.459

Figure 71: Thickness (in mm) at each of the eight marked regioa béatcompressed
NW1 strip (16 cm long, 2.5m wide) before cutting and after it was cut into half

repeatedly at the center until individual eight pieces were obtabertter and darkest

shades oforangeindicate a thickness difference 0$46

respectively.

Figure70 shows the thickness of different regions ofaameceived strip of NW1.

Dark shades of blue indicate the regions where a certain increase in thickness was

eEMmM

observeddarker shade awtes a change in thickness betweeh2 0

shade denotes a change in thickness of more tharD

and

em whi

£ Node that the thickness

e

49o0rcem t har

dai

decreased for smaller pieces probably because of the pressure applied by the micrometer

138



(visually, these were obsved to increase in thickness upon cuttifggure 71 shows the

same readings for a heatmpressed NW1 striDark shades obrangeindicate the

regions where a certain increase in thickness was observed (darker shade denotes a
change in thickness between540 e m whil e dar kest shade
thickness of more than 40 €. The increase in thickness upon cutting was much more
apparent in treated samplé&ame experiment was also performed on NW-2easived

and heatompressed samples avely similar results (seEigure72) were obtained.

It will be seen from uCT imaging that the needle columns are perpendicular to the
plane of the fabric in aseceived nonwovens (NW1 and NW2) and become buckled or
highly inclined upon treanent. This will be explained in detail in the following section
on mechanismit is our hypothesis that there are fibers entangled between the columns
and the matrix. When heabmpressed nonwoven was cut, these fiber entanglements
werereleased causindié columns to rotate back to their vertical positions and causing
the thickness to increase. In-r@seived nonwoven, because the columns are already
vertical, any increase in thicknedbdt issmaller tharthat in atreatednonwoven can
probably be attbuted to cutting of fibers that were tying the web down in thickness due

to their entanglements within the matrix or with the columns.
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5574 | 5402 | 5271 | 5540 | 5.546 | 5.767 | 5.635 | 5.527

5562 | 5418 | 5272 | 5474 5.487 | 5.737
5.544 | 5.300 5.201 | 5449 5473 | 5.598 5.636 | 5.589
5.524 5.281 5.181 5.399 5431 5512 5.470 5.537

1976 | 1.993 | 1.973 | 1.920 | 1.826 | 1.831 | 1.994 | 1.974

1.960 | 1.980 | 1.928 | 1.943 1.958 | 1.837 | 1.989 | 1.979
1.921 | 1.984 2.021 | 1.929 1.953 | 1.940 1.998 | 1.953
2.004 2.026 2.095 1972 2.119 2.021 2.033 2.002

Figure72: Thickness (in mm) at each of the eight marked regioncoihapressed (above,

blue) andheatcompressedbglow, blu¢ NW2 strip (16 cm long, 2.5 cm wide) before

cutting and after it was cut into half repeatedly at the center until individual eight pieces

were obtained. Darker and darkest shades of blue indicate a thickness diftérgiate

em and mor e t han Da&ker asdndarkest shpdeswwtirigey iedicate a

thickness differenceoft8 0 e m and more than 40 em respec
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4.4.6 Preliminary results for heat-compression at 100 °C

To test the auxetic response at a temperahigher than theTy of PET, a
temperature of 100 °C was also used for foeatpression treatment of our NW1
samples. The treatment protocol was the sarh@ tons of force for a period of 24 hours

(20 hours of heating and 4 hours of cooling dowrut at & elevated temperature of

100 °C.
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Figure 73. Thicknessrecovery with timeafter heatcompression at 100 °@r NW1
samples over a period of 20 days (left) and for the first day (r{pbtht orange lines).
NW1 samples treatechder other conditions have also been shown for comparison.
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Thickness recoverwith time was tidied over a period of 20 days. The sample

had a mean a®ceived thickness of 4.524 mm and a mean thickness of 0.951 mm as
soon as it was taken out from the jgreBhe sample attained near constant thickness in as
quickly as a few hours (5 hours). Between taking out from the press and 5 hours, the
sample recovered only 0.48 % of its original thickness. After 5 hours and up to 20 days
the thickness remained constahe final value at Z0day being 0.993 mm. This showed
that the compression set was achieved quickly and was very permanent when the NW1
was treated at 100 °C (abovg of PET fibers).Thickness recovery plot for heat
compressed (100 °C) NW1 has bebown (Figure73) along with other NW1 samplés
aid incomparison.

Similarly, change in thickness with axial strain and-ofuplane Poisson's ratio
was measured under the same experimental conditions as other nonwovens.sTéie plot
thickness ersussample length and instantaneous Poisson's vatisusaxial strain are
shown inFigure 74 and Figure 75 respectively,along with other NW1 samples for
comparisonlt was seen thahe samples heabmpressed at 100 °C showed a thickness
increase curve similar to those of heatmpressed (70 °C) samples, but the compression
set was greater and the initial increase in thickness was more rapid. The Poisson's ratio
value at 5 % strain vgafound to bel1.9 (sed-igure75). Thickness increase was initially
rapid, reached a maximum value at 80 % axial strain and then decreased slightly until

sample failure after 130 % strain.

142



Q
4.0 i 2% 5 5
- o)
- Q
—. 361 e 3
. .
E 32- A A A A A 4 A A o
PP RN
S ,g4 & I } 1 ? ?
g i }
= 2'4i I}
2.0 i o As-received
164 1 223 C
1_21 70 C
A100C
0.8 - : : : : : . . . . . . .
10 12 14 16 18 20 22

Sample length (cm)

Figure 74. Plots of thickness (mm) versus specimen length (cm) fereesived,
compressed and heat compresgéel °C and 100 °CNW1 needlepunched nonwoven
samples tested along the machine direction. Error bars represent the standard deviation in
thickness at eachirain level calculated over five specimens of each type.

A temperature higher thah, resulted in a more permanent compression set and
likely provided a greater margin for thickness extension upon extension, thus resulting in
a faster auxetic response metinitial strain region. A more permanent compression set

was a favorable result for commercial applications.
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Figure 75: Variation of instantaneou®oisson's ratio with respect to axial strain for as
received, compressed andaheompressed (70 °@nd 100 °¢ NW1 needlepunched
nonwoven specimens tested along the machine direction. Error bars represent the
standard deviation in Poisson's ratio at each data point as calculated over five specimens
of each type.

45  Mechanism of auxett response in nonwovens

To gain insight into the fiber arrangement and other structural details of these
nonwovens, the imaging technique@ T was employedFigure 76 shows uCT images
of asreceived and heatompressed70 °C) nonwoven sample, NWIigure 77 shows
UCT images of compressego heat usedhonwoven sample, NWI1Note that the
thickness of NW1 after taking out from the press was about 2.8 mm for compressed
samples and about4dlmm for heat cmpressedamples, while the agceived thickness
was about 4.5 mmBecause these nonwovens are needleched, several vertically
aligned (along the thickness direction) columns of fivezse observeth the asreceived

samples reflecting the fiber oriamg effect of needlingKigure 76b). The barbs on the
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entering needle catch fibers and transfer them from the top surface to the bottom of the
fabric creating bundles of oriented fibg¢is37]. Figure 78 shows that in the azceived

state, the aramid needbeinched nonwovens have inclined columns. This is due to the
higher speed of movement of batt (when compared to PET nonwovens) during the

needling process.

(b) - 1.0 mm (d)

Figure76. uCT images of aseceived and heatompresseqd70 °C)NW1. (a) NW1 as
received sample tepiew (b) NW1 asreceived section view (c) NW1 headmpressed
sample top view and (d) NW1 heaampressed sample section view. The sectionerhos

is from a cutplane normal to the nonwoven surface and near diameter that shows salient
structural features(adapted from [61]). Enclosed areas inb, d) show fiber
columns/bundles.
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(a) (b)

1.0 mm

Figure77: uCT images of compressed NW1 (a) taipw (b) different section views (not
to scale) obtained from a eplane normal to the nonwoven surface passing through lines
shown in (aadapted from[61])

The vertical fiber columns apparent
any of our treated nonwovensnAmage of a compressedmple(Figure77b) shows the
presence of inclined columns and one buckled column. In the case afohgatessed
samples, inclined columns were less apparent iU@E images but a few were seen,
such as that irigure76d. These fiber columns appeared to be highly tittedmbedded
in the matrixlikely due to the combined effect of heat and large compressive forces. One

can anticipate that there might also be columns that are splayed or bowed ussker th
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conditions. Some of these features (inclined and buckled) were corroborated by optical
images taken using a handheld Diote Pro microscope (sefigure 79). It is thought

that when compressed or heaimpressed samples amgbgected to uniaxial strain, the
tilted/buckled fiber columns can rotate back toward the original vertical orientation or
(for buckled columns) increase the angle at the lgloint, resulting in an increase in
thickness. This compressiamduced columntilting and buckling is a key structural
transformation during the compression protocol in these ngedlehed nonwovens

which is likely contributing to the observed auxetic behavior.

(sectional images not to scale)

Figure78 uCT images of aseceived NW3 (atop-view (b) different section views (not
to scale) obtained from a eptane normal to the nonwoven surface passing through lines
shown in (a). Notice inclined fiber columns in theraseived state.

An illustration for a possible mechanism for thickmeéacrease on extension
(based oruCT images) is shown ifrigure 81. We believe that the interplay between

columns and connecting fibers analogous
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polytetrafluoroethylene (PTFEWO0] might offer mechanistic insight into the auxetic
response exhibited by our nonwovens. In the case of expanded PTFE, rigid oblong nodes
are connected to each other through sevidmals. After a preliminary compression and
expansion conditioning, the long axes of the nodes are roughly parallel to the fibril
orientation. When tension is appliethe fibrils become taut causing first, transverse
displacement of nodesand then, futter rotation of nodes resulting in more transverse

expansion.

Figure79: DinoLite microscope images of sidéew (thickness view) of (a) a®ceived
NW1 showing vertical fiber columns and (b) compressed NW1 showing chevron shaped
buckled fiber columns. Image contrast has been computationally enhanced.

As described above, -@sceived needipunched nonwoven samples contain
through thickness fiber bundles oriethtperpendicular to the surfac€his structure is
shown with the helpfaa cartoon inFigure81. Some planafibers are shown iblue and
the needle columns are shown in blatke space between the columns is occupied by
fibers oriented mostly in the plane of the batt (a few are showiue). Sine our staple

fiber length is three inches and the approximate average distance between columns is a
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few millimeters as judged fronuCT images, it can be assumed that there will be a
number of fibers that are part of more than one column contributing totéreolumnar
connectivity of the fiber network. These in@lumnar fibers are flexible and not fully
extended initially. Due to the nature of the needle punching operation, fiber
entanglements are much more prominent in the top surface (the surfad@cbnthe
needle first penetratesivhich will have a higher density of intenlumnar fibers. The
bottom surface is characterized by fiber loops and hartegs that have been

depositedhere by the retreating needfgure80).

Figure 80: uCT images of the top and bottom surface of anmeagived NW1 sample
showing fiber entanglements between two columns on the top (left) and fiber loops at the
bottom surface (right)

Besides the intecolumnar fibes, entanglements between other fibers can also act
as connections between columns, especially since the fibers are criliprd. are
entanglements among the fibers that lie in the plane of the batt and also entanglements
between the uplane fibers andhe fibers that are part of a colunibue to the direction
of travel of the batt during needling, there is a small uniform tilt in the initial column

orientation Figure81, top). When compressed, these fiber columns assaimecked or
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