ABSTRACT

MOHAMMED, MOHAMMED ABDELAZIZ ELAMIN . Dynamic Characterization of
Nonwovens(Under the directiof Dr. Mark Pankow.

Nonwoven fabrics are composed of groups of randomly oriented fibers batdadltiple
locations The properties ohonwoven fabrics are highly affected by fiber selegtibher
orientation, and bond strengtifthe properties of nonwovens coub® affectedduring the
manufacturing process where the fabrics are subjected to rapid loadifrgm common
applications like automotive and aerospdédest nonwoven products are subjected t@riety of
loading rates ranging from legpeed quasstatic loads tdigh-speed dynamic loads during their
life cycles This can be seen when nonwovens fabrics are stretched abdupthg motion.
Investigating the nonwovembricsresponse to a wide range of loading rates is critical to improve
the design of nonwoven prodts and optimize their fabrication process to ensure high quality
during rapid manufacturingd detailed study is proposed &nldress the disparity in nonwoven
characterizatiorto elucidate the relationship between loadinduced fiberreorientationand
effective mechanical properties at different loading rabe goal of this study is to understand
the influence of loading rate on the mechanical behavior of nonwosethsdentify when
transitions in failure modes occur, and the underlying mechanisswiaied with these
transitions

Thepolypropylenesamplesre carded and thermally bonded watsis weights of 20 gsm and 30
gsm The samples atested irthemachine direction (MD) and cross direction (CD). Three groups
of sampleswith a diamondshapedbonding pattern, a rectanguistnaped bonding pattern, aad
circularshaped bondingre studiedThe tensile response of nonwovens is investigated at different
loading rates: low strain rate (3@nd 10 strain/s), intermediate strain ratesl(@nd 1 strain/s),

and high strain rates tests (10G16® strain/s) by means of Instron 5802 universal testing machine



and SplitHopkinson tension bar#\ low-speed camera and LED lighting are used to monitor
deformation during the quasitatic test. In dynamic experiments,ighispeed camera of 1{@DO

fps and highintensity LED lightingsare utilized to track the motion and orientation of fibers
duringdeformation Therole of the fiber parameters such as fibeemtation, basis weight on the
mechanical behavipand the transitions in failure modissinvestigatedRatedependent results
from quasistatic and dynamic testing of polypropylene fabrics show that increasing strain rate
would lead to alrasticincreae in the strength and modulus accompaniegrbguction in failure

strain Higher basis weight samplesith higher fiber volumeshow higherratedependent
properties across all loading rates and fiber orientations

Also, the specimens withediamond bad patterns show higher strengjtian the specimens with
rectangular and circular bondghis is because dhe higher fraction of area covered by the bond
points in the samples with diamond bont®wever, thespecimens with the rectangular and
circular bonding patterns show a higher ability to undergo large failure strains across low and
intermediate strain rates than the specimens with the diamond bonding. pattern

The anisotropy of tensile properties has been investigated. This includeslylsesarfdahe tensile
strength MD/CD ratio, failure strain MD/Clatio, and modulus MD/CDratio. Results from
measuring the anisotropy in tensile properties show that the specimens tend to have higher
anisotropy in strength as the loading rate increaseseidgr, a reduction in the failure strain
anisotropy is observed at intermediate strain rates.

The dynamiaesultsof fabrics tested at00 to400 strain/sshow ductile to brittle transition in the
material failure mechanism&esults further show fiber kakage fiber fracture zones, fiber

disentanglementind brittle fracturas the most common damage moatelsigh loading rates



Dynamic stresstrain response shows a significant increase in the strength and modulus
accompanied by a massive reduction in the failure strain at higher rates.

Digital image correlation (IC) analysisshowsthat strain localizationccursat differentlocations

on the specimensndthe localization increaseas the sample approaches the maximum failure
strain DIC results further shosvthat at higher loading rates, more strain localizatippear on

the surface of the specimeMoreover, DIC also shosthat more strain localizaticareobserved

when testing in the CD directiatue to reorientatian

The overarching goal of this work established a framework for characterizing and understanding
the ratedependent properties of n@avens, that could help to elucidate why certain nonwovens
fail under rapid productio.he analysis provided in this wohielped to shed lighin some of the
fundamental properties odtedependent behavior of thin deformable nonwovéiss included

a foundational shift in the way rate dependent properties are estimated aariheysimply be
logarithmically scaled. Airough studying the role of the critical nonwoven structural parameters,
suggestions omaintaininghigh mechanical properties at a reéddasis weight are provided.

This results in lighter and lower cost nhonwoven products with enhanced mechanical properties.
This knowledge and testing methodoloagyl provide an opportunity to optimize and speed up the

manufacturing processdsased on tnew knowledge gained from this work.
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CHAPTER 1: Introduction
1.1.Introduction to Nonwoven Fabrics
Nonwoven materials are among the most commonly used materials in dailyhiEf@onwoven
fabric is composed of a group of randomly oriented fibers that are bondadtgle locations
and combined by variety of meanswith the exceptionof knitting and weavingNonwoven
properties are highly affected by fiber selectifiber orientation distribution, fiber network
density and bonding strength and qualifijhe unique properties afionwovers and their cost
effective manufacturing processes allowed tmearket sizeto grow exponentiallyMoreover,
these unique aspects make nonwovens highly desired in many applications ranging from simple
daily applicationssuch as diapers and wipss acoustic control and air filters iheavyduty
industriessuch as aerospace and automot8extion 12. discussethe most common applications
and products of nonwovens
1.2.Nonwoven Products and Applications
Nonwoven applications are typically determined by the life cycle of the protluetshort life
disposal and singleuseproducts includéace maskgjiaperssanitay napkins, disinfectingvipes,
surgical gows, filters, fabric softener substratesd oil and chemical sorbents
The longlife, multiple-use, and durableonwoven products include geotextiles, furnishing and
bedding construction, battery separatorepiflcovering,ballistic protective clothing acoustic
control in automotiveand aerospace
According to theEuropean Disposables and Nonwovens Association (EDANA® main
nonwoven products witthe highestmarketshare based on the production voluaneabsorbent
hygieneproducts(33%), followed by building roofing materials, and personal care prodlitts

Tablel. 1 shows the market share of various nonwowerducts



Table 1.1: World Nonwoven Production by Apphtion[1]

Classification % of total
Hygiene 33.1
Building/roofing 12.5
Wipes, personal care 8.1
Upholstery/table linen/household 6.8
Wipes, other 6.7
Civil Engineering/underground 54
Automotive 39
Liquid filtration 3.7
Medical/surgical 2.6
Coating substrates 24
Air/gas filtration 24
Floorcovering 23
Interlinings 2.1
Shoe leathergoods 1.9
Garments 0.8
Others/unidentified 53

1.3.Manufacturing of Nonwovens

Knowing the different manufacturing techniques of nonwovens plays an essentidh role
understanishg their mechanical propertieAccording to RussgR], the manufacturing process of
nonwovens consists édur main stagesThey are web forming,web manipulationweb bonding,

and fabric finishingas shown irFig 1.1



Nonwovens
Manufacturing

h 4

‘Web Forming l

‘Wetlaid Airlaid Airlaid cards Meltblown Spunlaid Flashspun Fibrillated film

l ‘Web Manipulation l
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l ‘Web Bonding l

Adhesive Heat Meedle-punching Hydroentagling Ultrasonics

l ‘Web Finishing l

Singeing Coating Printing Embossing Laminating

Figure 1.1 Nonwovens Manufacturing Stages

1.3.1. Web Forming

Web forming is conducted tassemble random fibers to make a homogenous web with uniform
characteristicsThe most common types ofly formingprocesssare wetlaid, dry-laid, and spun

laid. In the wetlaid processthe fibers arsuspended in water and a papermaking machine is used
to combine them into a fabric w¢big 12a). Thewetfibers are placednd drainedn a moving

belt system d form a web The web is then drawn between two moving rdbs further
dehumidification procesd he resulting wellnasa uniform strength in altlirections in the plam

of the fabric



In the drylaid process, fibers are either carded o#laid in the process of making a wetoth
carding and attaying have different fiber deposition metlspdesuling in different orientation
distributiors of fibers

In the carding proces§ig 1.2b), short and stable fibers are fed to the carding machinpaswkd
through fastmoving rolls toseparatefiber bundles and rearrangement and fahem intoa
uniform fibrous webIn the airlay procesd=(g 1.2c), airflow is used to deposit the fibers with
random orientation on a moving screen to form a.\wethespunlaid processKig 1.2d), polymer
particles are meltedhen extruded through the spinneretsd then cooled andeposited on a

moving screepforming the batt

(a) (b)

\
' arding (combing fibres 1o web
K

) R

Figure 1.2: Nonwovens web forming processés) wetlay process (b) carding process
(c) airlay (d) spunay [3]
1.3.2. Web Manipulation
In this stage, the fibers are distributed to ntbetgeometrical requirements of tim®nwoven

product Some examples of web manipulation include spreading, scrambling, crirapthgther

types



1.3.3. Web Bonding

Web bonding iperformedto increase the stretigof the formed fibers and make them ready for
practical useThe choice of web bonding process affects the strength, stiffness, fiber orientation
and othemweb propertiesExamples of web bonding processes include thermal bonding, chemical
bonding,and mechanical entanglement

In the thermal bonding process, fibers are heated and melted to create the bon#iperstare

then extruded through hot rolls and then cooled slovdly 13 shows the process of thermal
bonding This results in a fibrous webitlt multiple bond points as seen in Fi@.1.

Based onhow the heating process applied, the thermal bonding process can be classified
Calendr bonding in which thdiber web is inserted intahe nip of the calendr and heat is
transferredto the fibersby conduction Other types of thermal bonding include throtegh
bonding and infrared bondingvhereby the heat is transferred by convection and radiation,
respectively

Previous work showeddirect relationship &tween bond point strength and bonding temperature
[4]. The bond point strength increases as a function of temperature until it reaches a peak value
after which théoond pointstrength starts to decreabtgh temperatures can lead to disorientation

of fibersbecause théong polymers chairwould experience relaxation at high temperatures
Studies further indicated that bonding temperature plays a critical role in failure mechanisms of
the fabric[4,5]. Other work[6-8] showed that in thermbBl bonded nonwovens, the morphology
change is limited for the bridging fibe(ig 1.3) due to insufficient heatingrhe insufficient

heatingbelowrelaxation temperaturgauses morphology change
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Figure 1.3: Thermal Calendar Bonding of NonwoveB$
Another common type of web bonding is chemical bonding, in wénddhesive bindes used
to join polymeric fibers togetheresulting in unique properties of nonwoveriEhe adhesive
bindersarenormallyin theform of polymer dispersionsr polymer solutionsThe solutions are
predominantly watebased but some powdered adhesives, foams and organic solvent solutions are
alsoused.Thefibers areghendriedand cured at temperatures above AG0Qresulting in a fibrous
web with bond points at multiple locations.
Another important bonding technique igahanical bondingvhich mainlyrelies on mechanical
equipment to join the fibers instead of chemical daiirhal methodsThe entanglement of fibers
createsaninter-fiber friction, resuling in a better overall strength of the wélhe mostcommon

types of mechanical bondirageneedle punching and hydroentangleméing (L4).
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1.3.4. Web finishing
Web finishing is a final step in the manufacturipgocessof nonwovens Typically,
manufacturers conduct this to tailor specific nesstjuestedoy customers,ncluding
functionality and appearanc€oating, dying and texture changes of the fabric are
performed during the finishing proces8eb finishing techniques can be used to modify
the surface properties of nonwovens too meet the industrial demand.
1.4Nonwovens Structural Elements
To clearly define the structure of a nonwoven mateaidistinguished set of critical elements must
be identified Fig 15 shows a schematic of tlessentiaktructural elements of nonwovéabrics
Someuvital elementsarethe following:
1.4.1. Basis Weight
The basis weight is defined as the weight of a unit area of fabhesbasis weight is inditive
of thevolume of fiberslt directly affects the mechanical properties of nonwowareh thathe
higher basis weit, the higher strength and lower permeabilityTherefore the correct choice of
basis weight isimperative The target basis weight of nonwovens is determined by the

performance requirementd the different industriesAccording to the Nonwovens Insiie



(NWI), most soft nonwoven products including hygiene products, wiptess, and othersthe

basis weight is desired to be around2D0gsm[10]. Moreover, in medical nonwoven products
such as gowns, surgical drapes, and masks, a basis weigh6@f3th issuggeste(i10].

In the case oheavyduty applications such as protective ballistic clothilagitomotive, and
aerospace applications, a bageight of 80120 gsm is strongly recommenddd)]. Althoughthe

lower basis weight could negatively affect the mechanical performance of nonwoven products, it
results inlighter and more economicalonwoven webs. This igarticularly desirable inhigh-

demand applications such as diapers and masks
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Figure 1.5: Nonwoven Structural Element




1.4.2. Fiber Orientation Distribution

Several mechanical properties are highly influenced by the orientation distribution of fibers (ODF)

such as stresstrain behavior, stiffness, tenacity, and energy abruption capaflliyi4]. The

ODF is a histogram that shows the angles at which the fibers are oriented with respect to a reference

point. A typical ODF histogram is shown Fig 16.

The direction in which théabric is being produced by the machisereferred to as machine

direction (MD). The direction perpendicular to the machine direction is referred to as cross

direction (CD).Fig 17 shows the machine and cross directions for a nonwoven fabric
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Figure 1.6: Orientation distribution of fibergl5]



Figure 1.7: Machine and Cross Directiofik6]

Moreover, the web forming process affdbie orientation distribution of fiber§he most common
web forming techniquesuch asSpun bonding, Meltblown, Airlaid, and Wetlaid produce webs
with randomly oriented fiber©ther processes such as carding & crosslapping producethiaers
aremore oriented in the machine direction (MD)

The carding process mostly results in highlgnted specimens themachine directiofl7]. The
production speed of carding is very high in comparison to other web forming technoldgies
relationship between fiber orientation amelb forming technologies describedn Fig 1.8. Given
thehigh production speed during cardjnilgis work solely focuses on the influence of loading rate

on the mechanical behavior of carded samples.

10



Random with , | w b
MD Oriented «——— partial MD .\\% >

! ’ | Random N
Orientation « v ¥yt
N =~ — —
— D
il —— [ e
_ : Spunbond
Web Forming| Carding bl Meltblown
Technology Crosslapping Airlaid
Production .
Speed A = Low

Figure 1.8: Relationship between web forming technology and the orientation distribution of
fibers

1.4.3. Fiber Thikness and Diameter
Changing the fiber thickness and diameter directly affects the properties of nonwovesstatiric
as softness, porosity, and absorption. The higher the fiber diameter the higher the bending rigidity
and torsional resistance. However, finer fibers are desired in applications where high specific
surfaces, more cohesion, and less slippage are edduinas also been found that finer fibers help
produce high light reflection.

1.4.4. Solidity
The solidity of fibers is the ratio between the volume of the fiber and the volume of the nonwoven
web. It has been found that the fibers with higher solidity Hawer air permeability, lower
porosity, and better filtration efficiency.
1.5Mechanical Behavior of Nonwoven fabrics
Nonwoven fabrics are composed of groups of randomly oriented fibers bondadltiple

locations, making them susceptible to changes innmbpgopertiesThe change in the properties

11



of nonwovens could occur during the manufacturing process where the fabrics are subjected to
rapid loadingor from heavyduty applications like ballistic applications, automotive, and
aerospaceMost nonwoven pducts are subjected #ovariety of loading rates ranging from lew

speed quasstatic loads to higilspeed dynamic loads during their life cyclésr instance, this can

be seen in clothbeing stretched during sport activities, in diaperswhere the polypropylene
tabsare abruptly pulledvhen a baby is movingnvestigating the nonwovens response to a wide
range of loading rates is therefore critical to improve the design of nonwoven products and
optimize their fabrication process to ensthie highestquality duringthe rapid manufacturing

processes

Costeffective manufacturing techniques of nonwoven materials require rapid processing at high
loading ratesFor instancelJS20140276517A1 describes a method for manufacturing extensile
nonwoven fabrics which experience a strain rate of up to 200 strains per seconccdiding

and spun bondinguS7578317 describes the higheed spuond production of nonwoven
fabrics at geater than 1,000 feet per minutden the ibers pasghrough the roll Another
technique described in US6740184B2 has manufacturing sppédd.,200 feet per minutehen

the fibers pass through the moving rollsS7981226B2 is a specific type of higtrength
nonwoven material that is mentioned as having the abilityitbstand high loading rates
US7438777Bds a bicomponent spdmonded fiber manufactured in a higheedspun bonding
process US7060344B2 is a thredimensional molded structurenade of Polyethylene

terephthalat@and polypropylenéhat could be used in craesdand impact.

Understanding ratdependent material properties would help determine whgineronwoven
fabrickeeps failing in productioandprovide opportunities to speed up the manufacturing process

Therefore, it is critical to knoviow the mechanical behavior of nonwovens changes at high

12



loading rates during their manufacturing procesSeghermore, the types of failure mechanisms
associated with the manufacturing process, and how do those failure mechanisms change when the

loading rate increases must be investigated.

When nonwoven materials are subjected to rapid loadiglynamicapplicationsthe structural
behaviour is significantly compromiseldie to the high energy absord@&-20].The mechanical
propertiesof the fibershave a significant impact on both nonwovgresformance and damage
mechanismsMoreover in particulr fiborous materials the loading rate plays a vital role in
drasticallychanging the mechanical properti€his is attributed to the inability of fibers to realign
after deformationleading to a ductikbo-brittle transition Fig 19 illustratesthe most common

fibers with very high mechanical performance under tensile loading
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Figure 1.9: Ashby plot comparing echanical properties of higherformance fiberf21]
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Previousresearchn the literature has been devoted to analyzing thedependent properties of
fibrous materials, mostly lowtrain rate tests and quasatic tensile tesf@2-24].

Rodriguez et al[3] tested the tensile properties of polypropylene nonwdabrics at low and
intermediate strain rateBi§ 1.10. Results showed higher strength at higher loading.ratss,

the failure strain is reduced when changing from gstic to intermediate rates.
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Figure 1.1Q Mechanical properties of polypropykemabricy3]
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Demirci et al [25] emphasized the effect of fiber orientation on theasistatic mechanical
behavior of nonwovensThey proposed amethodto estimate the mechanical properties of
thermally bonded nonwovens based on the fiber orientation and other manufacturing parameters
Kim et al [26] showed that the change of failure modes in bonded nonwovens is directly related
to the orientation ofilbers They observed that specimens tested in CD direction undhégd

stress concentrations and shear deformations at thebfiner interfaceMartinezHergueta et al

[27] investigated the effect of fiber orientation distribution function (ODF) on legmthched
nonwovensThey founda significant increase istrengthlimit and energy absorption capability

for isotropic fibers However, theperformancedecreasedavhen the fibers were oriented in the
structure.The previous work highlighted thmportance of investigating the interaction between
fibers and bond points in nonwoven materials

Otherstudieg28-31] investigated the effect diie strain rate on aramid and polyethylene woven
and unidirectionatompositesThey found a remarkable irease in the tensile strengdh high

strain rates for all fabrics testééig 1.11).
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Figure 1.11: Tensilestrength versus strain rate for woven and unidirectional faf&ls
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Furthermore, other studies focused on the dynamic tensile properties measured from single fiber
testing of woven fabric$§Shim et al[32] observed thahe woven specimens witltamid fibeffall
in a more brittle fashion as the strain rate increases;ithpfying a great reduction in the amount

of energy absorbed at high strain rgteg 1.12).
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Figure 1.12: Dynamic mechanical properties of PPTA based y22h

Zhu et al[33] (Fig 1.13) demonstrate how high strain rates affectrttechanical properties of a
Kevlar 49 single yarnThe results showed that regardless of the single fiber length, an
improvement has been observed to the single fiber mechanical properties as the loading rate

increases
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Figure 1.13: Dynamic mechanical properties of Kevlar 49 single yagj

Another work by Li et al[34] demonstrated the dynamic compressive behavior of UHMWPE
nonwoven compositesig 1.14). They concluded that at higher loading rates the compressive

strength incresed while a reduction in the failure strain is observed

1600+ ——1800s™
] Non-linear transition ——— 14005
— 700s™
1200 -
[y
o
g 800+
n
n
O
= 400-
/p]
0-

0.00 0.01 002 0.03 0.04 0.05 0.06
Strain

Figure 1.14: Dynamic compressive behavior of UHMPE nonwovia#g
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Another work by Sozumert et.dB5] discussed the damage evolution during tensile loading of
notched and unnotchedonwoven specimens Kig 1.15). Notched specimens showed a
significantly greater damage arédthough the notch length is less than 10 % of the sample length,

it led to a catasbphic failure, indicating that the voids in a defected samples or any damage during
the manufacturing process could drastically affect the mechanical behavior and the failure
mechanismsAnother work by Garmabi et.gdi36] studied the damage mechanismsiofiwoven
fabrics. Their work showed that the dominant damage mechanisms of nonwovengiare
rotation and alignment of the fibers in the direction of the load followed by a fiber breakage at the
bond periphery upon reaching strain or stress threshdtmsever, the work ifi36] only focuses

on the micromechanical behavior of nonwovens when they are subjected to very low rates.

0 % extension 60 % extension 80 % extension 100 % extension

(b) lII

0 % extension 60 % extension 80 % extension 100 % extension

(a)

Figure 1.15: Damage evolution of notched and unnotched nonwoven specj8&ns
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Experimentalstudies provide more accurate resulian most numerical models dte the
complexity modeling the dynamic behavior and complex damage mechanisms in nonwovens
However, most eperiments require specialized tools particularly when testing materials with
complex structuredResearchers in the literature have utilized numerical methods to investigate
the mechanical behavior of nonwovemke use othefinite element metho(FEM) in analyzing

the stresses and strains change with time has shown several advanttagesellent accuracy

[37]. However, applying FEM on fibrous structures is more challenging due to the difficulty in
representing the random nonwoven structure and thitnear behavior of fiberdDemirci et al
[25,38] proposed awumerical toolwith a graphical user interfac€GUI) that incorporate the
orientation distribution of fiber (ODF) obtained from SEM images of {uighsity nonwoven

specimensTheir numerical aalysis toolis shown in FiglL.16.
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Silberstein et al[39] suggested a model based on a representative volume element (RVE) to
predict the macroscopic behavior mbnwoven fabricsHowever, this model did not take into

account the localization and the microstructural behavior of the f&haiz et al[40] proposé a
numericalmodel based on the classical laminate theory and treatefibtbes networkof
nonwovensas an orthotropicompositematerial using ABAQUS FEM software packadéer

model showedan approximate agreement withe experimental datéFig 1.17). However, the

composite modepresentedn [40] assume®riented laminate structuend di dnét acco
actual fiber distribution Also, the continuous nature of the model could not include the

discontinuous and nemniform microstructure of the matal.
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Figure 1.17: FEM vs Experimental results (a) MD specimens (b) CD specifd&hs

Sun et al [41] introduced a usedefined subroutine VUMAT into ABAQUSoftware The

samples tested were neeglenched polypropylene nonwoven fabri€keir results showed good

agreement with experimen(sSig 1.18).
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Figure 1.18: FEM vs Experimental results on Needeanched Polypropylene

Farukh et al[8, 42-44] proposed a computationtdol to analyze the deformation behavior of
thermally bonded nonwoverigig 1.19). They predicted the distribution of stresses in fibers and
bond points showing the critical role of fibers in determining the material beh@eisults showed
high stress conceration at the edges of the bond poiiailure criteria, orientation distribution
function, plastic strain, and other values are obtained from the experi@entsal observations
are made based on the model resilke fiber reorientation occurred in the direction of loading;
this was very clear, especially in the case of samples tested in the cross directidrm{€idjlue

to fibers bending at the fibdrond interface creating high stress concentrations attiddace As

the sample is deformed, the progressive failure resulted in fracture. 2dae=over, strain
concertation around the edges of bond points was also obs&hask results are shown kg

1.20 and Fig 1.21.
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Figure 1.19: Deformedspecimengxperiment and simulations of (a) MD samples (b)

CD sample$42]
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Figure 1.20: (a) Experimental results for fabric subjected to uniaxial tension along MD
to various extensions: (i) 25%; (ii) 50%; (iii) 75%; (iv) 100%; (v) 150%; (vi) 190%; (b)

corresponding FE model results for equivalent (von Mises) stresses in [@#2Pa)
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Figure 1.21: (a) Experimental results for fabric subjected to uniaxial tension along CD to
various extensions: (i) 25%; (ii) 50%; (iii) 75%; (iv) 100%; (v) 150%; (vi) 190%; (b)

corresponding FE model results for equivalent (von Mises) stresses in [@#2Pa)
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A further study was conducted by Hou et[4b] to investigate the micromechanical damage
response of nonwoven structures using continuous and discrete finite element Altumigh
the continuous element mogfeg 122) shows the racromechanicalesponse of nonwoven fabrics
loaded in both MD (Fig .22a) and CD (Fig 22b) directions, it does not provide insights into the

micromechanical behavior of the nonwoven specimens

S, Mises
SNEG, (fraction = -1.0)
(Avq: 75%)

(a)

(Avg

8

(b)

Figure 1.22: Deformed continuous FEA models: (a) machiivection; (b) cross

direction[45]
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(b)

Figure 1.23: Deformed discontinuous models: (a) machine direction; (b) cross direction
[45]
Results fronFig 123 show that to simulate the nonwoven micromechanical propadesately
a much more complex model that accounts for their fibrous structure and damage behavior must
be developedThe results from the discrete model (Fi@3) allow the understanding dhe

nonlinear behavior of nonwovens as fireperties ofiibers were directlyincorporatednto the
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model This suggests that discrete models proé@deo r e accur ate representa

complex structure

The previous models discussed in this chapter are useful tool to understand nonwovens mechanical
behavior and damage mechanism. Howewdren investigating the mechanical propest of
nonwovensthesignificant variationfrom sample to sampleust beconsdered Thereforeijt is

very important to validate the model with experimental analyBerforming experiments is
important to addresdisparity in honwoven characterizati@amd to elucidate the relationship
betweennonwoven structural parameteasd the effective mechanical properties at different
loading rates

Although the previousexperimentalinvestigations in the literature have discussed the rate
dependent behavior of fabrics, most of these studies focused on yarns extracted frorangloven
unidirectional fabrics There exist a research gap in understanding tlymamic behavioffor
traditional nonwoven fabricsTherefore, in this work an experimental investigation has been
conducted to characterize the rdiEpendent properties of nonwovens at dewiange of loading

rates. Furthermore, this work particularly targeting carded thermal bonded polypropylene
nonwovens due to following reasons: 1. Polypropylene fibers make 65% of the nonwoven products
in the market. 2. The higbpeed carding process pune fabrics highly oriented in machine
direction with high tensile strength. 3. In the thermal bonding process the fabrics are extruded
through fastmoving hot rollsresulting in high strain rates

Moreover, to the best of the authors knowledigspite the importance of nonwoven structural
parameterspo work has reportettheirinfluence on the rate dependent properties when subjected

to high loading rates from the higipeed production.
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1.5 Reseach hypothesis and bjectives

Previous research efforts has focused on simple linear scaling laws based on assumptions and
observations from low strain rate te®ased on theiobservation andonclusionstheresearchers
assume thegan predict the rg@nse at dynamic loading rates for all nonwovens regardless of

their architecture.

Hypothesis: The logarithmic scaling observed at low strain rates can be extrapolated to dgtermine
the response at much higher strain rébesionwoven materiaJseducing the neefdr dynamic

testing.

Anotherarea that the author warnb explore is thepplicability of Split Hopkinson Tension Bar
to thenonwoven materialsAlthough split Hopkinson tension bars draditionally used to test
stiff materials such as metals and ceraraitd shorter length sampleéke authoproposes that a
redesignof the experimental setup amdroducecreativesolutions to make this device work for

soft nonwovens.

Hypothesis: TheSplit Hopkinson Tension Bar can be modified to capture accurate dymgamic

properties at elevate rates for nonwoven materials.

In this work, adetailed study is proposeéd address thdisparity in nonwoven characterization
and to elucidate the relationshipetweennonwovenstructural parameterand the effective
mechanical properties at different loading ratdss work aimsto develop an experimental testing
methodology that assssthe influence of loading rate on the mechanical behavinooivovens

with different structureand to identify when transitions in failure modes o@nd the underlying
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mechanisms associated with these transitibhespecificobjectiveof this studyis to answer the

following questions:

1. How doeghe mechanicabehaviorof nonwovens cange when they undergo high loading
rates during their manufacturing processes?

2. What types of failure mechanisrageassociated witthe manufacturing procesand how
do those failure mechanisms change when the loading rate increases?

3. What is the influence of nonwovens structural parameters such as basis weight, fiber
orientation, and bonpatternon the ratedependent propertieg nonwovens in both quasi

staic and dynamic loadingondition®
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1.6 Outline

This dissertation is divided infive separate chapteiShapter2 outlines the materiapecification
and the experimental testing methodologies #énatised in this studyThis includes the quasi
static and dynamic testing devices, lspeed, and highpeed cameras and digital image

correlation (DIC) technique.

Chapter 3 addresses the gustaitic tende properties of nonwovenghis include analyzing the
ratedependent properties different groups of nonwoven specimewndth different structures
This chapter also addresses the influence of sample paraswgthras fiber orientation, sample
basis weght, and bondatternon the mechanical behavior of nonwoveniis chapter further
discusseghe strain distribution and localization ononwoven specimengbtained fromDIC

analysis

Chapter 4 focuses on the dynamic properties of nonwoven fabthicsincludes the common

issues with testing soft materials usititge Split Hopkinson tension devicélso, the rate
dependent properties are assessed at very high strain rates and compared to the results obtained
from quasistatic tests The damage mechanismas high loading rates amso analyzed. The
influence of nonwoven structural elements on the dynamic behavior of nonwovens is further
investigated in this chapterhis chapter also discusses strain localization and distribution at high

loading ratesising thedigital image correlation analysis

Chaptels presents a summary of the work, concluding remarks, and outlines future wgpato

and furtheiimprove the study
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1.7 Unique Contribution in This Dissertation

This study investigates the effectiofding rate on the mechanical properties of nonwoven fabrics
that are extensively used in many critical applicatidriee outcome of this study would help
understand why certain nonwovens fail duringrtteufacturing process and enable opportunities
to eed up theroductionof nonwovensThis dissertatiorcovereda very wide range of loading
rates (103 to 400strain/s)to addressnost ofthe possible loading scenaridsring manufacturing

of themost common nonwoveproducts

Previousresearchers hawanly developed experimental setups to measuedowrate dependent
behavior of nonwovend his is becausi is very challenging tareate an experimental setup that
measures nonwoven dynamic properties, given their low stiffness agmptstiand large
representative structurdn this work, a novel dynamic experimental technique to measure
nonwovens dynamic properties is developsuohg Split Hopkinsom ensionBar (SHTB) device

This device is traditionally used to test metalsramics, composites, wood, and other stiff
materials.This work has provided a solution for the several issues associated with using SHTB in
dynamic testing of soft material$he first issue is thahe taditional grips cannot be used to
mount soft nonwvens. This is because the of sample slippage and boundary dahiclyeesults

in erroneous results and sample edge failure. Afteorough review and multiple design iterations
this issuewas solved by designing specialgripping system witha conical shaped casing to
prevent the axial motion of the specimen when being pulled at very highTita¢esecond concern
when using SHTB in dynamic testing of soft materimsthat nonwovens haveery low
mechanical impedance and strengtimpared to theteelbar impedanceThis issue was solved

by trying using bars made of aluminum 70I7G alloy. The third issue is th#te inherited low

wave speed in nonwovens results in much longer transit time unlike other stiff materials.
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Therefore, without having a lorenough pulse, it is very difficult to reach an equilibrium state of
stress duringhe dynamic evenihis is solved through using a longer than normal striker bar to
ensure a long pulse to ensure adequate time for the sample to be mechanically loaded along with
performing independent measurements of the stress and strain to ensure the estimations from the
bar theory are correcthe fourth issue is that the large areal difference between the specimen, bar
and grip causes additional impedance mismatchfurther mitigate this issue, a completely
different output setup is created. A highly sensitive piexaigt sensor is used to register the strain
signal instead of the traditional strain gauges. Although the original sensor mounts do not fit with
the SHTB setup, the authors have designed modified grips with stepped adapter and aluminum
mounting plates talamp the sensor all the time when being pulled at very high retesfifth

issue is that thkRyperelasticature of the specimens allow them to undergo very large deformation
before they fail, therefore it is very challenging to get the ssam response in a single pulse

like metallic specimens. This is solved by using very long baredoce inertia andbtain the
necessarydisplacements.Combing this new output setup with the previously suggested
modification results in a significantly higherlpe that easy to measure across all high rates despite
the very weak mechanical properties of the specimens.

Using this aforementioned unique setupdedailed investigatiorof thermal bond nonwovens
behavior under different loading rates has been prdvi@themore, the influence of multiple
essentiaparameterassociateavith nonwovengnanufacturing has been investigated

The damage mechanisms that are common dtiiggpanufacturingdf nonwovens are discuske

across all loading rate8 quantitativeanalysishas been conducted between the influence of fiber
orientation of nonwovens, sample basis weight, lgattern andstrainrateon the ratedependent

properties.
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CHAPTER 2: MATERIALS AND EXPERIMENTAL METHODOLOGY
This chapter discusses the nonwoven samples tested in this study and the experimental
methodology performed to investigate the t@dépendent propertieShis includes quasstatic
tests, dynamic tests, a unique gripping systenigdef®r the dynamic experiments, imaging
devices, and digital image correlation (DIC) technique
2.1. Polypropylene Nonwoven Specimens
Polypropylene fibers are carded and thermally bonded to form a polypropylene nonwoven fabric
with basis weights of 28nd 30 gsm, manufactured by FiberVisidmc. The fiber diameter is.2
dTex, and carding speed of 250 fpm is used in the web formation probessonding temperature
is 157°C, and the roll pressure igl@ |b per linear inchThree groups of samples witifferent
bonding patterns are investigdté\ group with a diamonghaped bonding pattern, a group with
a rectangulashaped bonding pattern, and a group with a cireslaped bonding patterm quasi
static and dynamic experiments, the fabric isiotd rectangular specimens with a size ojx4
0.4nj x 0.01nj Shorter specimens ohjin length are also tested in dynamic experiméritg. 2.1
shows the bonding patterns used in this study. For -Gtest and dynamic experiments, paper
tabs are attacldeto the two sides of the specimens using epoxy to prevent edge failure due to the
direct contact between the grip and the samfite fabric is tested in Machine Direction (MD)

direction and Cross Direction (CD) direction
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Figure 2.1 Bondingpattern (a) diamond (b) rectangular (c) circular
2.2. Quast-static experiments
2.2.1. Test Equipment
The universal testing machine Instron 8502 is used to perform thesgatisitensile tests (Fig
2.2). Low and intermediate strain rates ranging fror? 1@ 1 strains/s are use@ihe load frame
speed ranges from. 1B to 180 in/min, and displacement control is enablead cells with a
capacity range of 10 to 250 N are used to measure the force response during the experiments
2.2.2. Acquisition Systems
A 12-megapixel Point Grey Grasshopper fspeed camera equipped with a 50 mm lens is utilized
for measuring sample deformatidfid 2.2. LED lightings are adjusted for each loading rate to
ensure high visibility of the image8 data acquisition systenDAS 64K) is used to record the
stressstrain data of all sample testeDue to the significant variations in nonwovens, the
experimensg arerepeated at least 4D for eachsample groupTo show the variation in stress
strain response, Fig 2.3 shows thgpanse of 42 specimens testedsalhples (in Fig 2.3)ave
the same size and basis weightsalinples araded in MD direction, akamples wittdiamond

bond pattern, and adamples aréested at 18strain/s.
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Figure 2.3 Stressstrain data of 30 gsispecimens witldiamond bond pattern tested at
1073 strain/s

2.3. Dynamic experiments
2.3.1. Split Hopkinson Tension Bar Device
The SplitHopkinson bar device (Kolsky bar) is employed to carrytbetdynamic tensile tests
Kolsky bars device is widely used to characterize the mechanical behavior of materials under high
strain rate deformatidd6]. It consists of a loading device, bar components, and sensors connected
to a data acquisition system
The striker bar is used to impact the incident bar usgegs gurdevice The striketbaris launched
by the compressed air stored in the cylindrical gun chaniher striker batravels quickly in the
barrel hitting the incident bar causiranoutward tensile pulse
High-speed optical systems or magnetic sensors are typically used to measure the striking velocity

The compressed air pressure can be adjusted to change the strikind bpdedgth of the sker
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bar affects the loading duration and the time to reach stress equilibFluenspecimen is
sandwiched between the incident and the transmissionfsitess wave is created at the loading
device and transmitted through the bar towards the spe¢ktea4 and Fig 25). When the wave
reaches the specimen, it splits into two parts: a transmitted wave and a reflectetheaalastic
tensile wave travels through the specimen causing plastic deformation in the spParhefthe
wave is reflected lwk to the incident bar due to the impedance mismatch at the spedaamen
interface The remaining part of the wave is transmitted to the output transmission bar

Axial strain gages are located on the incident and transmissiarAbafiseatstone bridge is used
to condition the strain gauges sign&isignal amplifier connected with an oscilloscope is utilized
to increase the signal amplitudeypically, a 100 kHz frequency must be maintained for all data
acquisition system componentigh frequencies are required to prevent signal distardon
comparison shown iRig 26 shows aypical oscilloscope measurement for a signal with different

frequenciesFor most thin specimens, the stress is assumed to be in an equilibrium state

. Test Specimen )
Strain Gauge (s) 1 Strain Gauge (s)

Incident Bar T Transmission Bar

Incident wave nE———————) Transmitted wave
Reflected wave <————— 1

Figure 24: Schematic of the dynamic testing device

37



i Barrel : .
Incident bar " Striker bar Strain gauge . Transmission bar
Momentum trapper Specimen /
\ 4 / /
< L4 { 4
R = )
I =hiE
RN

Figure 25: Stress waves in Kolsky bar device
Ideally, if no dispersion occurs during the stress wave transmission in both the input and
output bar, the ondimensional stress wave theory can be usdbdoretically calculate

the strain rate based on the wave velocities at the spetianenterfacq46].

b (2.1)
o 6 (2.2)

_— Qo (2.3)
, —0O (2.4)
., —0 (2.5)

Whereb and0d are the particle velocities at both ends of theispet, h  represents the

-----

represent the wave speed in the bar matehalrosssectional area of the bar, atiee modulus

of the bamaterial respectively The specimen crossectional area and initial length are denoted
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by 6 and0 , respectivelyThe average engineering strain rate is denoted kwhile,, and ,,

are the stresses at both ends of the specimen

30

Output Voltage (mV)

0 5 100 150 200 250 300 350
Time (microsecond)
Figure 2.6: Oscilloscope signal recording with different frequen§€sg

2.3.2. Tensile Grip Design
Designing the dynamic tensile experiment requirgseateffort due to the challenging gripping
of the specimeiand the difficulty in determining the effective gdgagth of the specime30].
In the split Hopkinson tension balSHTB) test it is crucial to use the appropriate gripping
technique to maintain a uniform deformation and get valid experimentalS#dtapecimens can
neither be threaded nor bonded to the bar ends, and therefore, a special clamp must be used
Specimen Bppagefrom the gripss a major concern for soft materials as it could lead to erroneous
results Nie et al [47] used a special fixture to clamp rublstieetspecimendy wrapping them
aroundthebarends (Fig 2.7a). Thec | a nirméy surface is rouglthuscreatng friction force to

keep the specimen in place and prevent uneven shear deformation over the specimen dhickness
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the clamped are&€hen et al[48] proposed gripping system for SHTB tests that facilitates faster

installation and removal of the sofiecimensFig 2.7b).

Tan et al[49] and Koh et al[50] used a dynamic tensile grip for testing fiber/yarn materials, and
they found it to be very effective against slippage of yarns (Figsahd 27d). The yarn specimen

is sandwiched between twadamping plates surrounded by an outer housing and utilizing the

clamp tapered surfaces to generate a contact force with the inner surface of the housing

(a sam Ie(rubber) - gnp R (b)

Qr—‘

grlp strips

sample (rubber)

Space to accommodate
Grip body. specimen Threaded for attachment
./

(0 (d) r o N
l‘i 24—

" «/,. \\'

4 end for attachment l \
Grip head / Retainer.

to Hopkinson bar Clamping piece.

Figure 2.7: Different SHTB grips discussed in the literature

The clampingsystems Figs Za and 27b have a larger crosgection than the bar, which could

cause impedance mismatch between the clamps and the bars resulting in an unmeasurable signal
of micro strains. While the clamps Figs/r@.and 27d worked properly for woven yarns, it is
ineffedive in testing nonwoven fabric stripghis is due to the importance of havimgltiple bond

points torepresent the fabric behavior accuratdifis work presentan improved gripping system
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that prevents slippage aaddsadditional forceo the gripsusing conicashape grip and casing to

hel p maintain

(a)

the speci menoéBig2d8osition

Conical clamp

TR ———
Bemee

23]

=%

<

sy
=)

= 5
e
~%

Hollow aluminium bar

Figure 2.8: (a) Gripsetup(b) Gripcross section

2.3.3. Soft Materials Testing

under

The mechanical response of nonwoven materials is sensitive to loading conditionslsadimgs

rate andthe loadingstate Testing soft materials such as nonwovens under dynamic loading

providesextra challenge due to the low stiffness émelwaveimpedanceof nonwovensHence,

if the signal isnot adequately amplified, the transmitted force can get buried within the signal

noise This low impedancemakes thestress equilibrium difficult to achieyeesulting in a

nonuniform deformation The high sensitivity of soft materials makes controllinggsting

conditions more challengirg6].
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Sets of solid and hollow bars 86w, in length and 5y in diameter are@isedin this work In the

original setup of the experimental devis®|id steel bars are typically used. Howevisting
nonwovens with steel bars resulted in an immeasurable output $ignakteps were taken first

to amplify the low signal generated during testing soft specimens. Firstpaabarofaluminum
7075T6 alloyresult in a better measurement sensitivity due to the lower modulus of aluminum
than steel barSecond, a hollow transmission heith reduced crossectionis used to minimize

the area mismatdiurtherand thereforeto amplify the transmitted signdlhe properties of 7075

T6 aluminum alloy used in incident bar are showiable 2.1.

Table 2.1 Mechanical Properties of 707 Aluminum Alloy [47]

Ultimate Yield Modulus of Elongation Poisson Fracture Shear
tensile tensile Elasticity at break Ratio toughness  strength
strength strength

(MPa) (MPa) (GPa) = (MPam'?)  (MPa)

572 503 71.7 11 0.33 20 331

The modifications were helpful in preventing bar damage, sample slippage, and signal loss
However, the transmitted output signal was still low due to the impedance mismatch.

A piezoelectric quartz crystal force transducer is utilized to mitigate the low signal issue on soft
nonwovens specimens. This type of force transducer has been usedstrengynamic force
profiles for many yearsfl-59].

The PCB 208C02 force transducer used in this steidy2(9) has a sensitivity of 50 mV/Ib (11241

mV/kN), low frequency response obf6) 0001 Hz, and upper frequency limit of 36 kHz
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To install thePCB208C02 sensor into the SHTB experiment, an output setup has been designed
to ensure the transmitted signal is fully received by the seRg®2.9aand2.% illustrate the

schematic and actual setup when the PCB208CO02 force transducer is attalcbeditput fixture.

(a)

(b)

Piezoelectric Sensor

Figure 2.9 Piezoelectric sensor experimental setup (a) schematic (b) actual setup
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2.3.4. SHTB Data Acquisition

The data acquisition system records the signals during the test and calculates the strains.and forces
The data acquisith system in the dynamic experiment can be divided into two main parts: first,
strain signal acquisition which is recorded by mearsspé&zoelectric sensor, a signal conditioner,

and anoscilloscope, amplifier, and signal condition€he second part ihe image acquisition
process done by a higipeed camera connected to the oscilloscope through an output trigger
channel The output of the signal conditionis connected to an oscilloscope capable of recording

at 100 MHz The schematic of the data acquisition system is illustrateayir2 10.

Camera

Control PC High Speed TTL Signal
Gers [ {Camera Trigger) | _Oscilloscope |-—

Input grip
Barrel .
Incident bar Striker bar  Strain gauge
Momentum trapper / ) | ‘
» / |
\ \ v
4 « 14 S e ] ::;_{ A
— = s
— 1 s .
Specimen / AN

Sensor fixture
Grip and sensor setup

Figure 2.10: Schematic of the SHTB data acquisition system

To track the deformation of the specimenBhatron SAX2 high-speed camera (can record up to
one million frames per second at reduced resolutidith shutter speeds as short as 293
nanosecondsis utilized This optical system offers recording rate#fsup to 13,500 fps at one
megapixel imageesolution witha 12-bit dynamic range and high image qualltyght sensitivity

is often the most critical performance criteria in hggleed imaging. Without high light sensitivity,
imaging at high frame rates with short exposure times is not possibéanéra system providing

high light sensitivity allows a wide range of objective lenses and lighting techniques to be
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optimized to visualize complex higgpeed phenomendhe desired frame ratexposure and
many other features can be selected fronPti@ron FASTCAM Viewer (PFVxoftware.
Once the stress wave arrives at the specimen, the camera will be triggeredcordthe

deformation eveniThe highspeed camera setup is showrfrig. 211.

Figure 2.1: High-speed camera setup

2.4. Digital Image Correlation

It is critical to prepare the samples properly for the DIC measurefieatsample preparation
process for DIC starts by spraying black paint over the specimen to create a random speckle pattern
ofblack dots on top of tThieallems eackingntbenréasive mdtiontofe s u r
the black dots within subsets across frames and provides insights into the displacement and strain
fields of the tested specime8pray painting is commonly used macroscale digital image
correlation (DIC) through the introduction of surface contrast on the speciierspeckle size

affects the accuracy of DIC measurements. The size of the speckle depends on the type of spraying
device (regular spray paint, custgpressure airbrush sprayers, elesjppoaying, etg and the
distance between the spraying device and the specifiass of the factors that influence the

DIC analysis are connectetihe size and contrast of the speckles affect the amount of filtering

required, eventually affecting the measurement accuracy
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Over the past two decademost DIC applications were directly associated with strain
measurements at quagatic conditions, rad multiple companies supply different types of
commercial DIC softwareResearchers have suggested DIC analysis to evaluate the strains and
displacements of the deformed fibE86-62]. Ridruejo et al[63,64] investigated the macroscopic
levels strain usg the DIC techniqueThey showed that the resulted damages of the fibers were
distributed throughout the specimens before reaching the maximum load

Applying DIC analysis in dynamic strain measurements requires the use ofsplkiggth camera

Early effotts by Gilat et al[65] and Tarigopula et al66] were dedicated to utilizing DIC analysis

in SHTB experimentsThe use of DIC in SHTB dynamic testingasew and promising data
acquisition tool that will provide very accurate results

Fig 212 shows how the DIC process workSommercial software provided by Correlated
Solutions company are used to run the DIC analy8S Snap 9 software is used to cagtdine
images, while VIC 2D is used to run the DIC analysi2D DIC, the ouof-plane deformations

are not measured, and the software solely runs calculationgptamie deformation$Vhen taking
images for DIC, the camera must be properly focused dav she movement of the speckled
pattern on the specimenés surface.

The VIC-2D software will divide each frame into smaller blocks knowns as sulisets subset

from each frame will perform cross correlation to the same subset over the next ffames
software uniquely measures the displacement for every subket builtin postprocessing
calculation algorithms could be used to calculate multiple parameters. Image processing gives full
field strains and is visualized using color mappifige subset s&zis the width and height of the
subset square in the reference image. The step size is the distance between subset centers. Both the

subset size and step size are measured in units of pixels.
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The step size determines the density of data points and &stsahe spatial resolution of the

DIC measurement. It is generally recommended that a step size-tfi@h& one half of the

subset sizés used to allow the partial overlapping of neighboring subddtsvever, he larger

the subset siz¢he longetthe computation tim¢g67,69, as shown irfrig 2.13b.

On the other hand, decreasing the size of subsets would only evaluate the first two degrees of shape
function but significantly save computational efforts and tidéhough reducing computian

time is highly desirable especially when repeating the analysis many times on nonhomogeneous
nonwoven samples, it imperativeto maintain a subset sizgth three speckleat leastto allow

the software to perform the analysis accurafi@dy.

Furthermore, the software applies smoothing filters to the raw data to ease the generation of strain
gradientsFiltering window size greatly affects the accuracy of the displacement compLuitdteon

larger filtering window is suggested when encounterifgpm@ogenous deformation, while the
smaller one is suggested for inhomogeneous responses as it provides more accurgtéoresults

73).

How Does DIC Work?

1) Sample is
coated with Loading Direction
speckled pattern

5) Image
processing gives
full field strain and
is visualized using
color mapping

|

Ergmarmg

2) Sample is mechanically 3) Sample displacement 4) Camera is used to
loaded = creates speckle = capture successive
displacement images

Figure 2.12: Digital Image Correlation TechniquéT]
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2.5.Conclusion

This chapter present@aformationabout the nonwoven specimens used in this sility samples

are carded and thermally bonded polypropylene fabrics with Wwagihts of 20 gsm and 30 gsm.

The samples are tested in the machine direction (MD) and cross direction (CD). Three groups of
samples with a diamorshaped bonding pattern, a rectangslaaped bonding pattern, and a
circularshaped bonding are presentadthis chapterinstron 8502 load frame is employed to
conductthe quasistatic and intermediate strain rate experimeatgjing from102 to 1 strain/s.

The Split Hopkinson tension bar (SHTB) device is introduced in this chapter. SHTB device is
utilized to test specimens at high strain rates of 100 to 400 str@hé&sacterizing the dynamic

strain rates of nonwovens is very challengiog many reasons. Nonwovens have very low
strength, stiffness and wave impedance compared to the steel bars in thes&HT.BAlso, the

di fference between t he baeacfegtesimpny probkeras sacmas t he
impedance mismatch due to the areal difference, sample slippage and sample boundary damage.
The inherit low wave impedance in nonwovens makes reaching stress equilibrium state more
difficult. In this chapter we discussed the several modifications to the original SHTB setup that
were conducted to mitigate these issUé®se changes include tgalsing different bar materials,
hollow crosssections and solid crosections, longer bar and a completely new output setup with
piezoelectric force sensor.

The imaging acquisition systems for quatdtic and dynamic testes are also discussed in this
chapter A low-speed camera and LED lighting are used to monitor deformation during the quasi
static test. In dynamic experiments,ighspeed camera of 100,000 f@sd highintensity LED

lightingsare utilized to track the motion and orientation of fiksrsngdeformation
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Digital Image correlation (DIC)technique was also introduced in this chapter. Tinfudes

specimes preparation before DI(MIC technique fundamentals, and DIC commercial software.
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CHAPTER THREE: LOW AND INTERMEDIATE STRAIN RATE RESPONSE
This chapter discusses the rdipendent properties obtained from qisdatic, low and
intermediate strain rate§he discussion includes the analysis of stetssn response, anisotropy
of thetensile properties, damage behavior across low and intermediate loading rates, and analysis
of strain localization using digital image correlatidheresults fromanalyzing theate dependent
properties shw an increase in the strength and modulus accompanied by a reduced strain to failure
in nonwovenss the strain rate increasesgher basis weight samples show higfate dependent
properties across all loading rates and fiber orientations
Also, the speimens withthediamond bond patterns show higher strerigém the specimens with
rectangular and circular bonds. However,dhecimens with the rectangular and circular bonding
patterns reveal the ability to undergo larger deformations than the spediitiertise diamond
bonding patterns.
The lowspeed camera images show that fiber breakage, fiber disentanglement, and bond rotation
are the most common damage modeascture zones were also observed for both circular and
rectangular specimens.
DIC resuls show that strain localization occur at different locations on the speciksas the
strain localization increase as the sample approaches the maximum failure Bt@iresults
further show that at higher loading rates, more strain localizationspajimtear on the surface of
the specimendvoreover, DIC also shows that more strain localization are observed when testing

in the CD directiordue to fiber reorientation
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3.1. Rate Dependent Properties

An Instron 8504s used to perform the quasiatc and intermediate strain rate teStke tensile

load is measured directly from a load cell, while two approaches are used for strain calculations
The first method is the effective global strain based on the relative displacement of the crossheads.
The £cond method is a contactless technique based on the strain distribution in the digital image
correlation (DIC) analysisThe average strain is measured over the whole sample and plotted for
all frames against time. The strain rate is the slope of tha-gire curves.

Samplesaretested in both MD and CD directions at four strain rate value$, 0%, 10, and 1

strain . Three bonding patterns are investigated: diamond bond pattern, rectangular bond pattern,
and circular bond pattern. To ensure repeatability of the results, for each orientation, at least 40 to
50 specimens are tested at each value of straimmfaenaxmum strengtiof the sample, modulus,

and failure strain (elongation at break) are all investigated across all values of strain rates

3.11. Stress Strain Response

Fig 3.1showsrepresentative samples (of-80 samples) athe stressstrain curvesdr speimens

with diamond bonding pattesrested at low and intermediate strain ratgg 3.1discusses the

effect of strain rate on the maximum stress and failure strain at both fiber orientations MD and CD,
for two groups of samples with basis weights ofaP@ 30 gsmResults show that the samples

with higher basis weight show higher strength across all loading @bservations from the
analysis of the ratdependent properties show a clear trend of an increase in the maximum strength
at higher loading tas Furthermore, when testing in tmeachine direction (MD), fibers have
higher strength alID is a preferential orientation direction of carded fib&essting in the cross
direction (CD) reveal a reduction in the strength by about 80% compared toethgtlstn MD

direction.
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Figure 3.1 Stressstrain response of representative specimens with diamond bond pattern (a)
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The curves further show the failure strain changes as a function of loading loaté WD and

CD directions. Results show that testing samples in CD direction leads to higher failure strain.
This is because the significant reorientation of fibers whstinggin CD direction, resulting in
larger deformationf73]. When tested in cross directions, the fibers are aligned perpendicularly to
the loading direction. The fibers would chartigeir originalorientation to the loading direction as
being deformedlook damage mechanisms secttog 3.24). However, in MD direction, the fibers

are already aligned in the loading direction, so no additional strains are required to line them up.
Fig 3.1further depicts the effect of basis weight on the failure strainbfath orientations of
nonwoven sample3he samples with 30 gsm show higher strength and a better ability to undergo
deformation than the 20 gsm group of sampléss is because higher basis weight means greater
fiber volume within unit area.

Anothercritical property that changes due to loading rate is the modUihesmodulus values are
obtained from the slope of the strestgain curves at all loading rat8$he curveshow a trend that
increasing the loading rate increases the modulus of the tgstednens. The properties of
nonwovens greatly vary from one specimen to analehown previously iRig 2.3

Fig 3.2showsrepresentative samples (of-80 samples) athe stressstrain curvesdr specimens

with rectangular bonding pattestested at low and intermediate strain raide curves show that

the strength of the rectangular bonding pattern samples increases as the loading rate increases in
both MD and CD loading direction3esting specimens with rectangular bond patterns in MD

direction results in higher strengdsMD is the preferedorientationdirection of fibers.
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Figs 3.2further shows the cange of failure strain as a function of loading r&nilar to what

was observed ithe diamond bond pattermcreasing the loading rate leads to a reduced failure
strain for both MD and CD specimens for both 30 and 20 gsm samples. Samples with higher basis
weight undergo larger deformatitwefore they breakThisDue to the increased volume of fibers

per unitarea, resulting in a stiffer fabritoreover, As shown bgarmabi et al[67], samples
loaded in the CD direction show higher failure strain due to the greater reorientation of fibers.
The effect of loading rate on the modulus of rectangular pattenpiasisialso measured from Fig
3.2.As theloading rate increas¢he modulusncrease$or all samplesThis is due to the increased
strength and reduced failure strain at higher loading rates, mtiengitial stressstrain curve

slope higher

The sanples loaded in the MD direction have higher modulus values as it is the preferred
orientation of fibergrom the carding proces$he pattern of the bond greatly affettie modulus
across all loading rate$he rectangular pattern sampleswtasignificant drop in the modulus
compared to diamonrshaped patterns.

Another group of samples with a circular bonding pattern is testédrtteer understand the
influence of the bond pattern on the rdependent propertie§ig 3.3 showsthe stressstrain
curvesof representative samples (of-80 samplesyvith circular bonding pattestested at low

and intermediate strain rat&imilar to the previously discussed samples, the maximum strength
increases as the loading rate increases for both 20agsihm30 gsm sampledlthough this
observation is true for MD and CD specimens, it is more obvious in the case of MD direction as

the samples have higher strength and stiffness compared to CD samples
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The influence of loading rate on the elongation at break of circular bonding pattern specimens can
also be discussed from the strsfisin curvesTheability of thesampledo undergo largestrains
decrease as the strain rate increases. For instance, increasing the strain raté fooinsti@in/s
reducesthe strain at break values by about 50% for all MD specimens and by approximately 63%
for the 20 gsm CD samplddoreover, the samples loaded in the CD direction have a higher ability

to undergo large deformatiatue to the greater fiber reorientationtie CD directionThis will

be discussed in the damage mechanisms section later in this chapter.

Samples with 30 gsm basis weight show higher failure strain across all loading rates due to the
higher mechanical properties than #iegsmbasis weight groupf samples

Furthermore, thenodulus of nhonwoven specimens with circular bonding pattern changes as a
function of loading rateThe modulus of circular bonding pattern specimens behaves similarly to
their maximum strength such that the modulus valuegsase as the loading rate increa3é®
increase in the strength and the reduction in the failure strain at higher loading ratés tead

rise of the stresstrain curves vertically and the decrease of the curves horizontally, increasing the
slope (malulus) of the curveAlso, for most specimens, the modulus values of the 30 gsm group
of samples are higher than the modulus values of the 20 gsm santjadue to the increased
volume of fibers per unit area, resulting in a stiffer fabric

Looking atthe role of bond pattern on the strssi®in curves some observatioruldbe obtained.

First, the strength of specimens with rectangular and circular bonding pattern is around 4% to 8%
of the strength of the diamond pattern across all loading rdtesever, the failure strain for
diamond bond pattern &ound60% to 90%andof rectangular andircular bonding patterns. The
difference in the ratdependent properties between the three bonding patterns is primarily due to

the fraction of area covered by bond points. The bonded area is greater in diamond bonding
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patternswvhich results irahigherstrength of the specimerHowever, for circular and rectangular
bonding pattern, the smallgrebondedareathe more area covered blgrous matrixwhich means

larger failure strais

3.1.2. Anisotropy of Nonwovens

This section discusses the anisotropy of nonwovens tensile properties artiehanisotropy
changes as a function of loading rate, basis weight, and bonding pattern of specimens. The tensile
anisotropy is the ratio of tensile properties in the machinetaireto their values in the cross
direction. The anisotropy parameters in tensile stre(gftength ratio MD/CD) failure strain

(failure strain ratio MD/Cd)andmodulus(modulus ratio MD/CD)are discussed in this section

The anisotropy in tensile strgth for specimens with the diamond bond pattern, rectangohd

pattern, and the circular bond pattern is showirig 3.4a, Fig 3.4b, and Fig 3.4c, respectively
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Figure 3.4 Anisotropy in tensile strength (a) diamond bond pattermgittangular bond pattern

(c) circular bond pattern
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The data presented kg 3.4shows that the anisotropy in tensile strength tends to increase as the
loading rate increases from quasatic (0.001 and 0.01 strain/s) to intermediate strain rates (0.1
and1l strain/s) This means that more fibers are oriented in the machine direction and therefore
higher strength in MD. Furthermore, as previously shown in the literature, increasing carding
speed leads to higher orientation in the machine direction of titeiged fibers. Therefore, it is
expected to see higher anisotropy in tensile strength when the carding speed increases.

The data from the samples with rectangular and circular bonding pmibelicatesthe effect of
changing thdondingpatterns orthe matedependent properties

For specimenwith rectangular bonding patterns, the tensile strength anisotropy seems to increase
as the basis weight decress&/hereas in circular and diamond specimens, the strengtlisratio
affected by basis weight.

The anisotropy in the failure strain for specimens with diamond, rectangand circular bond
patterns is showim Fig 3.5.

The result inFig 3.5 shows that the anisotropy in failure strain decrease as the loading rate
increases to intermediate strain gaf€his is mainly due to the lower failure strain that MD samples
have at intermediate strain rates. As explained in the sttess curves, at 0.1 and 1 strain/s MD
specimens tested in CD direction can undergo higher failure strains at intermedimig tates

than MD specimens due to the reorientation.

Furthermore, increasing the carding speed (higher strain rates) produce fibers dominant in the MD
direction with lower anisotropy in failure strain. Th@ gsmbasis weight specimens seem to have
higher anisotropy for rectangular and circular bond pattern specimens.

Although the basis weight effect on the tensile strength ratio of rectangular pattern specimen is

very significant for low and intermediate ratds failure ratio behaves differently across loading
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rates. Basis weight seems to be critical for failure strain ratio at the higher loading rate of 1 strain/s.
This indicates that 30 gsm samples experience higher reorientation when tested in CD specimens

than the 20 gsm samples.
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Figure 3.5 Anisotropy in failure strain (a) diamond bond pattern (b) rectangular bond pattern (c)

circular bond pattern
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The anisotropy in the modulus for specimens with diamond bond pattern, reatdrand pattern,

and circula bond pattern is shown Fig 3.6.

Fig 3.6shows that the effect of loading rate on the modulus anisotropy. Specimens with diamond
and circular bond patterns show a trend of slight increase as the loadimgmedsesas a result

of the increase in thstrength at higher rates. However, the modulus ratio of rectangular bond
pattern specimens is inconclusive. Furthermibre modulus othe specimen withlthe rectangular
bonding pattern is more sensitiveldasis weight compared to diamond and circutecgénens

The specimens with the diamond bond patterns have higher modulus anisotropy at all loading
rates. This is attributed to the high modulus of diamond bond pattern specimens when tested in the
MD direction. A summary of the anisotropy parameterallalbading rates, basis weights, and

bonding patterns is presented in Table 3.1.
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Figure 3.6 Anisotropy in modulus (a) diamond bond pattern (b) rectangular bond pattern (c)

circular bond pattern
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Table 3.1 Anisotropy ofNonwovenTensileProperties

Strain Strength Ratio Failure Strain Ratio Modulus Ratio
rate (MD/CD) (MD/CD) (MD/CD)
Basis Diamond Rectanglar Circular Diamond Rectangular Circular Diamond Rectangular Circular
weight
30 10° 6.6 7.08 5.15 0.92 0.63 0.62 13.4 4.35 8.92
30 102 7.04 9.1 6.42 0.93 0.61 0.54 14.2 3.93 11.1
30 101 7.2 9.5 7.2 0.94 0.61 0.53 14.8 3.43 12.4
30 1 7.4 9.3 7.45 0.91 0.45 0.43 15 3.69 11
20 10° 6.85 11.8 6.32 0.87 0.66 0.82 11.7 8.73 10
20 102 7.29 11.5 5.8 0.93 0.67 0.67 12.4 9.93 11.7
20 101 7.52 12.6 6.77 0.87 0.68 0.77 13.9 10.5 12.1
20 1 8.33 13 7.2 0.67 0.64 0.75 13.4 9.3 12.8
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3.2 Digital Image Correlation (DIC) Analysis

3.2.1. DIC Results ofDiamond-ShapedBonds

Fig 3.7depicts the effect df03strains?, loading rate on the DIC strain distribution in the vertical
direction for both MD and CD samples withetdiamond bond patterfihe damage localization

for each specimen changes as a function optbpertiesof the specimen and the loading rate
More localization appears around the bond pastthe specimens approach the failure strain. The
strain distibution is uniform around the middle sections of the specimen at the beginning of the
loading stage (frames correspondent to 25% failure strain). This means that the middle section
experience minimal changes in the strain valyew 25% of failure strairHowever, more strains
indicated by red color start to appear as the strain approaches its failure value (frames
correspondent to 75% failure strain and the frames at the failure strain)

The 20 gsm samples seem to have higher localization indicatirgy saarages compared to 30

gsm samplesThis is also true for CD specimens as they undergo larger deformation than MD
specimens

Bond points play a major role in the progressive failure of fabric as peripherical fibersSineak

the location of bond pots and fiber interaction to bond points change from one sample to another,

this caused the samplie-sample variation in the DIC results
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Figure 3.7 Straindistribution of diamond bonding pattern specimens loadég%s* (a)

30gsmMD (b) 30gsmCD (¢) 20gsmMD (d) 20gsmCD

The strain distribution ofliamond bond pattersamples (20 gsm and 30 gsm) loaded in MD and

CD directions atl0? strain s'is shown inFig 3.8 The area covered in red indicates more
localization as the sample approaches failure st&iinilar to the loading case @D strain &',

the samples witR0O gsmbasis weight experience more localization due to their lowargitreind
stiffness

The strain is uniform around the middle section of specimens; however, localization appear at
random locations of the samples due to the nonhomogeneous nature of the nonwoven specimens
Furthermore, more localization appear on the CD samples due to the excessive reori€htation

complex damage mechanisms in CD direction reduces the strength amtblaenieased strain
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localization since stress concentration increases around the[B@hddore details about damage

mechanisms will be discussed in section 3.4.
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Figure 3.8 Straindistribution of diamond bonding pattern specimens loadéG%s* (a)

30gsmMD (b) 30gsmCD (c) 20gsmMD (d) 20gsmCD

Fig 3.9 and Fig 3.10 show the strain distribution at $Bain s' and 1 strain$, respectively.
Strainlocalization increase as the sample is being stretéigtbugh the strain is fairly uniform
around the middle part of the specimen, the sample experience multiple higher strain localization
spots at randonfocationswithin the specimenThe specimens with higher basis weight show

better resistance to strdwocalization than lower basis weight samples
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Figure 3.9 Straindistribution of diamond bonding pattern specimens loadé6ss* (a)

30gsmMD (b) 30gsmCD (c) 20gsmMD (d) 20gsmCD

The significantreorientation ofCD samples leads tuigherstress concentraticaround the bond
points as to the fibers at the befilder interface bend67]. Thus, creatingstrain localization

higher tharMD samplesStrain localization occur at random spots due to nonhomogeneous nature

of nonwovens.
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Figure 3.1Q Straindistribution of diamond bonding pattern specimens loadedat'ia)

30gsmMD (b) 30gsmCD (c) 20gsmMD (d) 20gsmCD

From the previous DIC analysis of diamond bond pattern, it is shown that the DIC strain
distribution is affected by sevéfactors. First, the orientation of the fibers of the tested specimens.

It is shown that when the fibers are arranged in CD direction, more strain localization occur due
to the significant fiber reorientation. Second, the lower the basis weight of thimepehe higher
thestrain localization. This is due to the lower strength of the 20 gsm samples compared to the 30
gsmsamples, which meamsore damages fahe 20 gsm samples.

Finally, the strain localization is affected the loading rateThis isfurtherexplainedn Fig 3.11.

A comparison between quastatic and intermediate rates is shown in Fig 30T responsef

20 gsm is discussexsmore localization appear on 20 gsm sampdssthe loading rate increases,
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