ABSTRACT

WEI, WEI. StructureProcessProperties of Nonwoven and FibersContaining Inorganic
Particulate FillersCalcium CarbonatgUnder the directiof Dr. Eunkyoung Shim and Dr.
Behnam Pourdeyhin)i

Inorganic particulate fillers are known as functional fillers for plastics, papers, paint as low
cost replacement of polymer, and also change certain properties of the filled polymer
products. However, the application of inorganitefs, especially calcium carbonate fillers in
spunbond nonwovens is still left with a blank arédner melt spinning comprising ground
calcium carbonate (GCCI)lér in varying levels of wight percentageanges fronb%, 10%,

15%, 20%, 30%to 40% accompay with adjustmentn spinning speeddraw ratioand
throughput a0~40%of loading. Calcium carbonate fillers are surface coated with stearic
acid, which helgo bewettedwith polypropylene during melt extrusion. Precipitated calcium
carbonate (PCC) wbih containing fillers with narrow particleize distributionhave much
different spinning performance, 2.5%, 10% and 25% of loading are controlled for two PCC
in monacomponent and bicomponent melpinning process. Compasgith GCC filled

fibers the PCCEMforce which has large aspect ratigerform a supreme reinforcing ability

at 2.5%to 10%.Fiber are characterized usirgptical microscopy, SEMDSC, TGA, X-ray

and capillary rheometer for the structymeperties relationship aaCQ on fiber structure
uniformity, surface roughnessrystallinity and crystallization behavior, andfluence of

fillers onrheological and thermal propertiespuflypropylene

Spunbond nonwovens comprise spun fiberswadnainly consolidate the web by thermal
calendar bondingVarying of bonding temperature apply to bonding fabrics containing with

varying concentration of fillers. Fabric tensile strength and tear streegtial thebonding



mechanism of fabrics under differdstnding temperature, that increasingding fraction of
fillers expand the heat impact regiofsbric can be filled with GCC and PcEMforce
fillers up to 30%, to achieve optimum bonding temperature decreasing Dy a8 the
inorganicfillers are with lower specific heat that allow heat tansfer fast to melt fibers.
Next bicomponent spunbond structure provide more flexible filler loading configuration in
sheath/core fiber structur®/e characterize the melting and recrystallized polymer -semi
crystalline structure, with a comparison discosased on skigore structure influenced by
heat transfer in sheath/core filler loading configurat®icomponent spunbond fabrics have
its preferred light reflectance based on filler loading configuration as well, in this way, fabric
optical propertie are changedvith the lightness andvhiteness index, attributed to the
loading of different amount dfiler particles It elucidates that using roughened fiber surface
with filler particles will improve surface scatteringnd thusreduce the transparen®f

fabrics.
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CHAPTER 1 INTRODUCTION

The particles likemineral particles, carbon black particles, and polymeric fibers have been
usedas fillersto reinforce polymeric composites and modify their propertiesctoevethe
desired performance in many applications. Global market of fillers for plastic is testitoa
reach 15 million tons!. At present cost reduction was the one of the main reasons to use
mineral fillers.Due to the increasingesin pricesandfluctuating of international petroleum
price,adding inorganic fillers careduce thecosts of polyrnaric materials Common mineral
fillers used in polymer industrgre calcium carbonate, talc, kaolin, mica, titanium dioxide,
aluminum trihydrate, wollastonite. Among those fillers, the production of calcium carbonate
(CaCQ) fillers was 4 million tons in Nrth America in 2006, which is 60% of total fillers
production?. Cost of ground calcium carbonate is $1BD per ton for &em particles, and

$140-290 per ton for 0-2em particled

Several patentindicated benefits of using calcium carbonate rionwovens®®. Firsty,

adding fillers can improve the whiteness and opacity of nonwqwenkictdike baby wipes,
hygiene products, medical nonwoveh&!. Handand comfort of nonwoven products can be
improved due to the enhancement of nonwovemes#®. Other potential value of adding

filler is improving breathability of fabricl”” *®. Literatures about filler contained
thermopl astic composites conclude fillers
resistance, and it did raise their heatalition temperaturg’. Although calcium carbonate is

routinely used as filler for pobjefin thermoplastics, it seldom applies to spunmelt process

1



Production of PP, PE, PET, nylon webs containing particle fillers would create opportunities
both in emerging mineral technologgnd in nonwoven technology. Different types of
particle size and filler surface should be considered about in the future nonwoven innovations
as processing of regular calcium carbonate fillers in spunbond, meltblowlaisvetnd dry

laid are challeges in polymer extrusion spinning and relevant web bonding mechanism

In this research, we propose to investight structurgprocessproperties of nonwoven and
fibers containing inorganitiller. We study the effect of @0s filler loading concentration

and filler types on fiber spinning and spinline structure formation. At the same time, several
key particle features are determined based on filler dispersion in the fibers. On the next
spunbond process, thermal web bondimgchanism is investigated based on the amount of
fillers in fibers, and the filler loading configuration in either marmmnponent or sheath/core
bicomponent fibers. Based on that, further benefits of filler adding in fabric are focusing on

how filler loadng position influence fabric appearance and softness.
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CHAPTER 2 LITERATURE REVIEW

2.1. Inorganic Particulate Fillers

Reinforcing filler is also referred as an additive which is applied to polymers for better
mechanical properties, and it may impart other property enhancement, for eshnmitage
reduction, higher toughnedexural modulusbetter heat stability, and flame resistafice

¥ Cost saving reason drives replacing part of plastic resin with inorganic fillers and using an
organic/inorganic blend to manufacture products. Filler contained polyvinyl chloride (PVC),
polypropylene (PP), polyethylene (PE) can be made into goods lildowiprofiles, pipes,

film, garden furniture, etd" 4. Filler loading is capable with a variety of plastic processing
equipment, injection molding, film blowing, extrusion coating, compression molding,

laminating etc!* 3.

Titanium dioxide isapplied as pigmenin polymer and paper processiag it canimprove

surface whiteness and reduce the transpar€hcpue to high cost of titanium dioxide,
manufacturer is seeking for oth&rnctional fillers as whitener and opacifier to replace
titanium doxide in polymer and paper slurry. Calcium carbonate is one common type of
fillers to replace high cost titanium dioxide in pigments and coating, to make into films,
papers and laminates or so. It has been commercialized of precipitated calcium carbonate

filler to be applied in printing and writing cellulose papéfs.



2.1.1. Calcium Carbonate Fillers

Calcium carbonate is the most common deposit formed in sedimentaryofog&esphere.
This abundant natural resource comes in several fornimme$tone,chalk and marbleln

addition to thoseshells of marine organissnarealso consigd of CaCQ. CaCQ exists in
several different crystal formsalcite, aragonite and vaterittmong themgalcite crystal is

most frequently found in mineral filler formulatiofts

Based on manufacturingrocessing methodscalcium carbonate fillersare commonly
categorized into two different types; @ind Calcium Carbonate (GCC) and Precipitated
Calcium Carbonate (PCCMajor differences of these two types of calcium carbefiders
are particle size distributiolhe PCC has high purity with a fine particle size ranging from

0.7 to 2nm. The GCC has larger patrticles size ranges: a fine grade with sizé wi3and

an ultrafine grade with size of-2 nm.

Theprocesof beneficiation of GCC stastfrom crushing, grinding of limestone, followed by
washing and purification of particles from silicate, mica, quartz, feldspar, etc. These
impurities float away from slurry during a treatment called floatation. After being dhied, t

fine and clean calcium carbonate particles are filtered into different dfddes

Precipitated calcium carbonate fillers are produced via chemical reactioe® arethree
reaction types with different reactants: carbon dioxide gas, sodammonate, sodium

chloride and ammonia together with calcium hydroxide
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Particle size fineessand puity of PCC can beontrolled by eaction conditionsTo obtain
fine and high purity PCC, it is necessary to hawifficient time of partie separabn from
the solutionwhile avoid impuritiesformationduring thechemicalreactions¥. Cost of PCC

is comparably higher than GC&.

2.1.2. Filler Particle Size

Different processing metheaf calcium carbonate functional fillers results im@e ranges

of particle size from 16¢ m t e mD® grinding GCC has relative coarse powder with

the finest ground materiaha medi an di amet er of ~ 12em anc
grinding GCC usually remove coarse patrticle by centrifuging. GCC through beneficiation

and grinding shows a median particle size be
method are commonlysed in plastics. While for PCC, due to a sophisticated processing, the

median particle sizeisGZ. Oem, with the pri mavomB.articl e



Requirement for particle size rangkepend on what product propertis designed for.
Particle size selected for thermoplastic molding can have a wider distribution range than PCC
particle size ranges used for papermaking and surface cdatiflg Large particle size
around 1@ menhances notch resistance properties and improves the th&tahgity of
thermoplastic molding produgtsvhile small size less thare Ims a good damping key that

can dissipate impact energy therefore improve the material tougfiestine precipitated
calcium carbonateselected for pulp slurry should be congiae with the pore size of
cellulose fibers interlacing in paper sluffy”. Subramanian et aintroduced an irsitu
precipitated of calcium carbonate with fine pulp fibers slurry to improving bonding internal

strength and printing fastne’$d.

Top Size

50 db&0 - Median

Fines

Size, microns (log scale)

Figure2-1: Particle Size Distributiof*.

To oorrecty interpretthe particle size, we need to understand distribution cussét s
showed in Figur@-1. Particle size distribution represents the percent of part{desxis)is

equal or finer than the siZX-axis).It also determines the amount of coarse particles and the



proportion of fines¥. Top cut, is the finest screen that all the material wouss iarough, or
speak of a A95 percent f i neD50istheasoréen oze that 9 9
50 percent of total particle would pass through. Similarly, D30 and D10 means that the
screen size for only 30 percent and 10 percent of totatieapass throughespectively and

this value would approach the finest particle size of the whole.

In polymer processing of fillers, the finest portion of fillers in total range is critical to the
polymer viscosity'®> 1. The lower 10% of partle size also have to be strictly controlled
because of agglomeration tendency of those fillers due to large surfadé”aidaAmish
claimed thaparticle size distribution of the filler less than 5% of total particles should be less
than about 0£&m to avoid agglomeratiof® *¥. Any agglomeration of fillers down the fiber

spinning will weaken the fibers, but also cause spinneret capillary cloggind®ig&te

The particle size distribution affects the maximum packing fracfidn The mixture of
particle with different size will be packing more densely than monodispersed particle system.
This is because smaller particle size can fill in the interstice between those formed by the
stacking of larger particle siz&enovese investigatedetteffect of particle size distribution

on melt viscosity, showing that bimodal distribution can effectively decrease the melt

viscosity at higher filler volume fractidf®.

Larger particle in size distribution, top cut, may impact fiber processingtaumdeichanical

property. The fine fiber structure will contain fatal defects when adding into polymer



material particle fillers in top cut. McAmish claiméght for spunbond processingpicles

with size above 10vim may tend to weaken the nonwoven fibersicture 4. But this
viewpoint can be only set up based on the specific processing condiigwgs. particles in
polymer melt may interrupt with screen filter which may cause clogging in spinpack.
Clogging of screen filter may cause long term running issue. Patents referred here indicate

there is a limit foffiller top cut in fiber spinning™ 8.

Particle size in range of G&micron is suitable for making breathable microporous fftn

By biaxial drawing of PE film microvosl were formed which enclosing eacdaCQ
partiaulatefiller, resulting in a porosity of at least 10 percEft Microporous film is usually
applied in product such as surgical gown fabrics which require a standard blood resistance
and good moisture vapor transfer rate. Haffner et al. claimed several ledsiaictures

using microporous film containing calcium banate fillers, attach to nonwoven spunbond
web, or spunbondheltblownspunbond to improve the barrier propef§**#**3. However,

they did not producing nonwoven web containing calcium carbonate fillers.

Edwards et al. claimed another blow moldmgthod ofintroducinginorganicfillers less

than 2 m i nto pol yet hyl donstretch mto @lastict botdel Bispersedr e si n
particles, in amount of 6000 ppm (parts per million), are conveyed by polyol as a liquid

carrier. During blowing, the sgtch force deforms the discontinuous phaspatymersinto

smallvoidsaroundfillers. Resulting plastic bottles with quality of low haze and high clarity,



is mainly caused by difference in refractive index between microvoid phase and polyethylene

tereptthalate matrix?”.

2.1.3. Particle Shapes and Aspect Ratio

Shapecharacteristicsncluding particleshapeand aspect ratiplay very important roles in

filler reinforced polymer composité€). Aspect ratio describash e r ati o of a par
to its thickness Both shape and aspect ratidlvaffecta particle surface area which further
influences the particlpolymer interfaciainteractions Depending on the process conditions

in precipitating calcium carbonatearious particle morpholags can beformedandthey are

defined based on its geometric characteristgherical, discrete or clustered acicular,

prismatic, rhomobohedral, scalenohedral, orthorhopsbiown inFigure2-2.

[ 15

Figure2-2: Calcium Carbonate Filler Shapés

Spheres, cubes or cuboids usually do not improve mechanical properties of plastics. If there
are very strong adhesive forces between the filler surface and polymer chains, an additive of
small aspect ratio (spheres or cubes) can have a reinforcing effect, such as increasing tensile
strength™®. In plastic reinforcement, using flalehape fillers works better than using cubic
shape fillers in toughening composite structaté?. Thisis due to the different aspect ratio

of filler particles that will result into different energy dissipation of mateRainforced with
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talc, plastics show an improvement in mechanical properties, such as rigidity, creep
resistance and sometimes impacsis@nce!™ 2> ¥, Recentlyin papemaking industry

people seek for opportunities @pplying needleshape aragonite fillersnto wetlaid
technology®?. This type of acicular shape particleith large aspect ratichave proved to
improvepaper sheets in tensile strength, high folding endurance and stiffness on the machine

direction?,

2.2. Polymer-Filler Inter action

Filler particlestend to form agglomerationdy cohesio. In fibers, even small portion of
agglomeration influence fiber structure continuity and uniformity. Weakness of fibers is
caused by poor dispersion of fillers in polymer during polymer extruding, mixing and
spinning To avoid agglomeration in fiber spimg requires understanding the fillgolymer

interaction from surface energy to interface compatibility.

2.2.1. Interfacial Energy

Generally, any phase transformation is towards to lowering down the free energy of a system.
Specifically, in filler/polymer twephase melt blending, intgrarticle force competes with

free energy of particles. Specific surface area decreases by aggregating singular particle into
a bigger cluster, resulting in lower free energy of solid phase. Liquid form of polymer tends
to spreadonto solid which has higher surface tension, this is defined as wetting. Inorganic

filler particles have higher surface tension, but its polar surface still resist polymer wetting

11



which has nofpolar characteristic. By coating filler surface with poladamating, like fatty

acid, polymemeltwill be able to weparticles.

When liquid spread into the aggregated cluster, interstice between particles will be connected
with liquid bridge. The liquid bridge between two spherical particles bears capitEsyyre
in the particle cluster. Adhesion force of liquid bridge ohdted in equation (1).

O 03 W (1)
where0 is the mean adhesion force transmitted at a contact point of partisithe surface
tension of the liquidx is the mean particle siZ® is the dimensionless adhesion number

which can be calculated for axially symmetrical liquid bridge demonstrated by Schitlbert

7

Figure2-3: The liquid bridge model of two particles with spherical sH&fhe

Polymer is adsorbed onto filler particles by adhesion force. Adhesion force represents the
interaction potential energy between surfaces. Hasen introduced the tiesojubility
parameters useful in predicting affinities to surface to improve dispersion and adhesion.
Affinity between two dissimilar surfacesmes from relatively close solubility parametérs

18 To reduce the difference between inorganic filkerd polymers in their solubility
parameters, for example, it helps to incorporate binders which have chemical groups like acid,

alcohol and amine etc. in polymer resin because they increase local cohesion parameter of
12



polymer®¥. The consequence of chamg cohesion parameter is to form intensive coating
layer surrounding particle surface which has rather high cohesion parameter. Binder should

be adsorbed by fillers due to the close Hansen solubility pararfidters

The exposure of pure calcium carbtsnpowder to the humidir for certain time willcause
absoption of water molecules onto particle surface which lower the surface enetg of
filler. The higher relative humidity level, the lower the equilibrium surface tension wiPbe
Schubert brought up that moist agglomeration of powder has its-strags behavior, and
built a strain model to characterize the deformation of agglomerdfibi8. This model
solves the breaking down mechanism of particle agglomeration undée msishear strain,

which aims for a general powder processing but not targeted on polymer material.

2.2.2. Kinetics of Aggregation

Aggregation starts from molecule or small crystals in the solution, in which intermolecular
forces such aBrownian motion, Londo dispersion force, electrostatic force drive particle
aggregating into clustergwo types of growth kinetics describe the aggregation of particles
in the solution.ParticleCluster Aggregation (PCA) is defined as one particle stick onto
another particlat a time to the growing clustevhile ClusterCluster Aggregation (CCA) is
definedasfractal growthis dominatecby combination of cluster to clustéf. Based on the
kinetics of aggregation, there is a thiependent cluster size distribution in #ggregation
phenomenon. The rate of aggregation is equal to the diffusionDradévided by the

deposition fluxF.

13
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Witten and Sandefirst came up with thaiffusionlimited aggregation theory based on
Edends | altdtThissimplenmadie tescribehow particle aggregates in a lattice
with a target particle and its adjacent unoccupied shiesy used the theory of the random
walk in a lattice anccomputed exponential relationship between pgatigth of the self

assembly of fretalswith step distance

A i 3)
Wherel is the minimum path length of the fractalis Pythagorean distance. D is a value
related with the thermal and electrical conduitti mechanical property as well as the

diffusion of fragment on the fractal.

Discrete Element Method (DEM) is a numerical method to compute the motion and effect of
a large number of small particles. In the method, forces between particles attraghien in
system include friction, elastic force, attractive potential forces and molecular level forces.
Attractive potential forces involve cohesion, adhesion, electrostatic attraction and liquid
bridging. DEM method is a good way to visualize force netwaorlpowder flow system, and

to characterize the micrdynamics of flow with continuum motidr”.
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2.2.3. Wetting and De-agglomeration

According to Schubert, the amount of wetting in the agglomeration influence flow ability to
disperse particle$?. As shown in Figur@-4, a little amount of liquid can form liquid bridge

at small interstice (a) or filling into some medium sized pores sparsely (b). Due to particle
cohesiveness, liquid is not ableseparateéndividual particle interstice into an opgore (c).

Up to the stage (c) the agglomerate has not been disintegrated but tends to loosen the gaps
and reduce capillary pressure. A loose packing of particles reflects a large pore volume
fraction (porosity) inside a particle cluster. This causes abstress decrease in packing

from solid interface due to less elastic deformation, so that liquid tend to be absorbed into the

pores¢.

Cohesive force in the packing agglomerates can be related to several factors. Takenaka et al.
proclaimed cohesivéorce is related to liquid saturation. When liquid saturation is less than
20%, cohesive force in agglomerates of powder increases with the liquid satlifatidat

as liquid saturation continuous increase, the particle interaction can be reducedinictmor
Kristensen et al., moisturized agglomerate is constrained by particle interaction as well as by
mobile liquid bondind*?. The liquid bridge forming in the porous structure is regarded as

such mobile liquid bonding which may increase the adhegiparticle interface.

As liquid saturate the particle cluster, Fig@rd (d), the total wetting particles no longer stay

in a cluster bucarried by the liquid carrier in a dispersed condition. It is dominant by the
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hydrodynamic force that breaks article agglomerations. As polymer is absorbed onto

particle surface forming dense layers, repulsion between particles will be profifient

Figure2-4: Distribution of liquid in particlegglomeration§9.

Tensile strengtit of moist agglomerationis related to property ofguticle packing Filler
constructing into a porous agglomerate geometry is highly dependent on particle
characteristics (size and shape). Bgrew extruderkneading force, such as shearing,
agitating, and compressing, local tightly packed particles are deformed into open porous
structure bytransferringof liquid into the pores. At the spinpack, die extrusiorposes
intense shear stress onto loosely paadgglomeration which uséydrodynamic shear force

to overcome the cohesiveness between fillers and disperse in the polymer melt. In both ways,
the tensile strength of agglomerates represents the maximum forces to overcome. Tensile
propertiesof aggregatedbecomes quite brittle at low wetting of particles according to

Kistensen et aland the agglomeratdends to fracture after rearrangement of particles. As

16



wetting liquid spread onto particle surface, the agglomerate strergtis closdy related

with mability of liquid.

A B —— (4)
Where] is a material characteristic constant describing the intrinsic pairwise interaction of
two particles; m, k and g are universal constants, t is the distance between two particles,
the porosity of particle packs[i [are the mean effective volume and surface ¥fearhis
model is not specified to certain stages during agglomerates disintegration as shown in
Figure 4. But it reveals that the energy consumption dwsemardbn of agglomerates is
inversely proportional teurface area and to porosity. Seadglomeratiorprocessesvould

berelativelyeasyfor the particle agglomerates wildirger surface area and large porosity.

2.2.4. SurfaceTreatment

As discussed in the last sextj particle fillers have high cohesion energy that causes
dispersion difficulty in polymer solution without specific surface treatment. During particle
filler processing, the moisture adsorbed on filler surfiaake it more difficult to achieve
uniform mixing of particles and polymerSurface coating can change surface polarity of
filler from polar to norpolar andenhancehe affinity between particland polymer. 8rface
coating also protects powder from forming into moist agglomeration during stoharge, t
reduce the energy consumption in drying, blending, and compounding with p&iyifer
Surface treatmendbn powder particles is contributing to builcstbilizeddispersion system

in polymer In powder processing technology, stearic amingifacemodification has been
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appliedfor agglomeration controPapirer et al. measured the surface energy of stearic acid
coated calcium carbonate fillers in different degree of covel&yeThey further gave
explanations on changing Ca&€urface polarity tomon-polar surface by calculating surface
energy. The surface energy decreases by covering the particle polar surfacegailtylC
chains which are fixed perpendicularly to the CaG0rface!*d. Steric acid enhance the
repulsion between particles bysaibing polymer around particlesolPmer chaincover the

surfacegrevent particleget close to each therefore hinder the agglomeration formation

49

This method enhances the wettability of polymers onto particles. Their affinity comes from
close solubility parameters after surface treatm&ht Effective dispersiorcomes from the
lowered particle surface energy the increased polymer surface tension that tend to cover
liquid around solid particles which enhance ttepulsion between fillers.Electrostatic

charging onto fillersvould stabilize filler dispersion in polymer furthermore.

Filler surface treated with coupling agent camnhancethe affinity between filler to
thermoplastic matrix. Coupling agents have the generarnfula 2/ 0

Y @ , where M implies metal and usually select from silicon, titanium, or zirconium.
X is a functional group bonds with polymer. R is an organic gro2ip. / forms a
leaving group, which can react with/ ( presents on the fillesurface, or react with

moisture at filler surfacg® 47,
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Reactive coupling agent has been widely used to improve the mechanical properties of
composits P+ 12 Surface coatedluminum hydroxide with dicumyl dioxide and silane
coupling agent can iprove the tensile properties of polyethylene compdmtzuse of good
interfacial interaction between particles and polyethylene méffix Viscosity of the
compound with silant¢reated silica becomes lower because silane bonded silica acts as
lubricant. After being treated with silane, the silica aggregation tends to be less polarized so

that the agglomeration is easy to be split off undeetoshear raté?.

Filler surface coating is a practical methodetthance the compatibility of polymer/filler
composite, and stabilize the processing condition of spunmelt nonwovens andHilbens.

with coating treatment can not only reduce agglomeration of the calcium carbonate particles,
but also improve the surface texture of the fid&t$%. Surface coating substances include
fatty acid treatmerff?; coupling agent treatment suchsiianes, titanates and zircon&té?;

and lubricants such as esters and waxes for carbonates and sflicates

2.3. Polymer Processing in Mekltspinning and Spunbond

Extrusion for spunbond processing starts from feeding polymer raw material into hopper.
Blending filler compounded masterbatch with pure polymer resin is much easier to process
than directly mixing powder into polymé&?”. The precompounded fillemasterbatch can
be mixedin certain blend ratiovith polymerresinuniformly and efficiently. Compare with
single screw extruder, using twin screw extruder is believed to improve the mixing efficiency

(5354121 However, thisprocess is very sensitive to humiditgnd at highhumidity the
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compounding process becomeficlilt becausethe cohesive force gathers particulate fillers
and causeagglomeration. Gorna et al. applied their technique in compounding precipitated
calcium carbonate with different polymers PP, PS, HDPE, LLDPE andPBLA

Erwin discussed melt mirg technologies in screw extruder with stgpstep description on
polymer stock melting, blending and mixiftd. There are aeries of screw extruder interior
parameters, including the optimization of flight clearance, flight flank geometry and spacing
of the slotswhich can influence filler dispersion and agglomeratierom partial melting to

fully melting in the screw extruders, filler particles are subject to the intensive strain of
laminar flow that cause uniform dispersion of particles in the,nasltwell as the local
compression that cause clogging. It has been foundibyp et al. that reorienting the
mixture (rubber + pigmenguring single screw extrusion will enhance mixing effectiveness
by shear flow®® 1. Some special screw interior structure fits well for the fillers convey and

mixing, such as Maddox mixing section and Hankers mixer.

2.3.1. Melt Viscosity

Due to polymeric chain viscoelasticity, macromolecules undergo conformation
transformatiorduring fiber smnning. Polymer melt contained filler particles was claimed to
have higher melt viscosity and low melt elasti¢if*”. Sheawiscosity increases with filler
volume fraction®® %4, While at high shear ratdillers overcome the jamming effect from
thick viscous flow as shear thinning provide a relative free flow path for partitlestelt

viscosity is sensitive to the portion of smaller particle size 0.k tadf* *7. Although small
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particle size increaseghe apparent viscosity, using stearic acid surface treatment will induce

a decrease in complex viscosfty.

Mooney equations) explains viscosity as a function of volume fraction, shape factor, aspect
ratio, packing characteristics and interaction patarse This equation is valid across the

entire concentration range:

[ Lwp U W% ()
Where' T' s the ratio of the viscosity of the composite to that of unfilled ma&¥dx, is
the maximum packing factor, defined as true volume of filler/apparent volume ocdypied
filler, @ is the volume fraction of fillers) is a geometric parameter known as the Einstein

coefficient, which is depend on aspect ratio and degree afragghtion™.

This equation indicatesiscosity ratio" j * is basically in proportional to filler volume
fractionw, which means higher the filler loading fraction, the more viscous filled polymer
flow would be. Patrticle size and size distribatiare critical factors influence viscosity of
filled polymer, due to the packing of filler particle determine the maximum packing factor
%o . A dense packing means true filler volume occupied irqralapparent volume goes
higher, as shown in Figur@-5. Apparent volume occupied by fillers defined as the
denominator fofee , is assumed level off at aquilibrium state in polymer melt, as two
circles illustrated in Figur@-5. Varying particle size distribution influences the true volume

of fill ers packing inside, therefore resulting in differgant . With a mono particle size, or
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very narrow particle size distribution, packing volume is restricted in the volume because
there are relatively large gap in between each particle. While for ar \pirticle size
distribution, filler with smaller size would be filling into the interstice and increase up the

filler true volume inside of the apparent volume.

Figure 2-5: Particle packing in an equal apparent volume, maximum packing fraction
dependent on patrticle size distribution, (a) polydisperse, (b) monodisperse.

In a polydisperse system melt viscosity is also dependent on the portion of small particle size.
Zaschke et al. eim when fraction of particle size in 0.1~ exceeded 40 wt. % in total
particles, the melt viscosity shoot up gredti§. This bimodal size distribution contained
larger particle in 2~&m and smaller particle in 0.2~@® ™" In another study biim et al.
proclaim 20 vol.% of small size (&) in a bimodal distribution achieve the highest
maximum packing fraction and lowest viscodity. This is because small particles act as

lubricant for large particles to slide and flow with polymer. Howggentinuously adding up
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the concentration of small size portion will result into agglomeration due to high cohesion
energy. Genovese compared three types of particle size distributions and find that-the poly
dispersing system tends to keep melt viscaattyelatively lower level comparing to mono

dispersing systef??.

Fillers existencan polymer decreaseselt elasticitywith increasing filledoading. Die swell
outside spinneret reflects the chain relaxation after release from the die capil&aswdi

ratio is defined as the dimension of die swell to the capillary dimension. It was found that
filler particles CaC@and talcexising in die extrusion may hinder the die swédl, showed

in the reduced die swell ratio on polymer extrusion. Dielkincreass with the shear rate
because high pressure in the spinneret irgldit&tancy. Ariffin et al. also found that particle
shape impact chain relaxation: Ca{tas more dilatancy than talc loaded in same melt
extrusion conditiof®?. Fillers with larger aspect ratio yield sbear forcdrom polymer flow

at spinneretwhich can assist particle alignment underston more importantly enhance

filler-polymer interaction in larger specific surface area.
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Figure2-6: Polymer chain elasticity in spinneret and die swell outside of spinneret

During the fiber process, polymer melt experiences high elongational deformation after it
extruded from t he slwvsruste caledtesslongdtionwiscosdyrfrons L a w
shear viscosity

- 0= (6)

Based on the study of Zoukrami et al., the elongational viscosity of calcium carbonate filled
low densitypolyethylenedid not correlate with filler loading concentratifl. Otherfiller
characteristics mentioned in theticle are surface treatment and filler particle size. Without
surface coating elongational viscosity increases, and explanation was given as with restricted
in chain mobility result in strain hardening and highiscosity. Filler particle size was also
correlated with elongation viscosity, that reduction in average size can affect viscosity at

lower rate, but less significant on strain hardening of LDPE polymer at high&frate
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2.3.1.1. M elt Fracture

In polymer flowng through spinneret, themtraction forceabove a critical shear rateuld
result into melt fracturef polymer outside of spinnerét). Muliawan found that loading
particular filler baron nitride into polyethylene increase thgcal shear ratdor on-set of
melt fracturefrom 850 s to 1500s'. This fact indicates using boron nitride fillers can
enhance shear rate flexibility in polymer processing that will overcome melt fractureissue

high flow ratel*Z.

Elongational stress thrown onto polymer jet is the main cause of defects such as tear, rupture
and crack®®. Since the elongational stress is higher in surface of polymer jet than the core,
then tearing initialize at the exterior surface of extrudatedritsf spinnere?. By aiding of
adhesion promoters and slip promoters, the extrudate appearance can be improved to avoid
sharkskin on its surfad€”. There are several studies using capillary rheometer to study the

rheology and extrudate propertiesluding die swell and distortion or melt fractlffe** .

2.3.1.2. Orientation of Filler Particles

High shear ratéends to orient fillers tocertain degree along the polymer melt flow direction.
Kim, et al. regarded calcium carbonate as isotropic partibiehndoes not align with high
shear rate in rheometer, while talc is anisotropic that two silicate layers make it a platelet
shape particles which will be rotate with shear fl6#; But as shear rate increas¢he
contact area of talc particle with pater reduces due to the orientation of talc in shear stress

direction, resulting into lower shear viscosity at high shear rate than calcium carbonate filled

case'’l,
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Three processes of orientation occur along with polymer extrusion under sheaastiess,
assumehey areoccuring at the same timm fiber spinning because of time of fiber running

is very fast These ar@olymer crystalline orientation, polymer amorphous orientation as well
as thefiller particle orientationin coexistencewith the former two types'?. For CaCQ
added polypropylene in different levels of loading, maximum orientation of crystallites is

obtained when the concentration of calcium carbonate is in the range2694'8”.

Mykhaylyk et. al claimshear rate in spinlinés related withtwo critical thresholdof
conformation transformations, orientation of polymers is associatedtwitfie reptation

time and drawing fibers is associated with Rouse fimef thelongest chaifi® 29,

o= = (7
In fiber formation,elongational shear stress drag polymer from spinneret intofasigpeed
andfilaments crossectionfrom largearea as measured in free fall filaments attenuated into
very fine fiberdiameter Drawing of fibers is the main contribati to orientation formed in
fibers, so that the deformation of fiber is clyseelatedto the spinning speed of each
drawing godet. According to Younes et al. fiber draw ratio is calculated from the velocity
ratio Ry between the second draw roll to thestidraw roll, or calculated from solid state

draw ratio R®9.

2 — QoY — ©0QQoi 6QQ (8
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Where L is the length, denote 1 and 2 refers to before drawing and after drawing. V means
the velocity of draw roll. A mentioned previouslyparticulate fillersdo not have
viscoelasticity as polymer mellhe distribution of filler particles on one side influence by
streamline of liquidandparticle spontaneous movement on another side should be regarded
as an indeperaht phase. When a spherical particle falls down under gravity in a viscous flow,
buoyancy force, gravity force and friction force will reach a balance when the falling velocity

of the sphere reach to the terminal settling velocity (NaStekdés Law).

~

Y — ©)
Where x is particle diameter, g is gravitational constanis particle density; is liquid

density,’ is the zero shear viscosity. This law is based on the assumptiontofootence

around the sphere.

Particle Reynoldeaumber Re give a ratio of inertia of particle in a liquid to viscous.

Y — (10)
If Reynolds number is larger than 0.2, then turbulence flow is existing in the streamline
surroundingspheres. The extra in fiber spinning is hydrodynamic force igtpos particle
fillers. Spinline dynamics becomes more complex becauseosity keeps increasing as

polymer cools down. But not until crystalline orientation form in fibers, will filler be

anchored in polymer materipermanently
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2.3.2. Fiber Spinning Process

The spinning tension is following the force balance equation before the spinline solidify at

frostline

O O O O O O (12)

Where™O is drag force from the relative movement frorhigh pressureair to the
running filamens. & is from roller guiding equipment that is stretching filaments by
high speed spinning& and & is downwards in gravitatiohadirection in
balance witHO , O andO three components towards to the opposite
direction. With fiber takng up by high velocity roller;O is regarded as a major
contributor. High pressure air has equivalent function in stretching fibers as mechanical
equipment, for example, aspirator in spunbond using high pressure stietich filaments
downwards Thelessdominant force in this spinline direction is gravitational fondgch is
relatively small.In the opposite directiotowards spinneretO IS @ major sourcen
balance with dragging. The inertial ford® and 'O are smaller than
viscous force as polymer jet approach to the solidification defined as frof#iderova

brought up with the numerical method of interpreting each spinline force component,
involving the acceleration of fibers, the air friction by asmr from quenching, and the
gravitationalforce. The authoneglecedviscoelastic effects by assuming Newtonian flé%
Based on the theory diabicki, when estimating the rheological force at the spinngred),

Newtonian fluid is a reasonable aswmtion for noaNewtonian fluid”?.
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® oobh — (13)
Whered is tensile stress distribution,s elongational viscosity) is fiber crosssection

area,— — is zero shear viscositg, is moving velocity at positiot of spinline from

position zero at spinneret.

- - (14)
Where,, » IS normal stress difference,is the strain rateWhile in nonNewtonian
fluid, the Troutods ratio of-  o—would ke applied when regard the zero shear viscosity
I Ed - - o— (15)

Polymer jet is viscous fluid and it exposes to elongational stress whpobnmgptly increasing
with strain rateduring the spinning processon-Newtonian behavior of polymext certain
temperatureshows a decrease shear viscosity with shear—+atd, Actually_ decrease with

elongational strain accelerates from zero spinneret to a rate at frost line. It indicates

rheologicalforce is abo associated with strain rate and stretch ratio— ,

resulting in crossection area of ffier shrink down in millisecond.

After filaments solidify, they are drawn onto several spinnguglet. Fibes reduce its

diameter and improve the anisotropic propeftyuniform spinline tension is the key to the
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stability in fiber drawing. In another word, if spinline stability is influenced by adding
particulate fillers, it maye because of spinie tension changes. A lot of reasons may cause
filler particles change the tension. Difference in crystallization kinetiagugnchingmay

result into a different crystalline phase at different position. Crystallinity developed by
guenching and those foad by drawing may change the spinline tensi@mbient air
temperatureand air velocitygreatly determines the filament internal stress even more than
mass flow rate and takep speed’?. Higher tension caused by too much crystallinity
developed in quenching may move up the frost line and bring brittleness to fibers. Other
possible cause of spinline tension changes are from defects in molecular structure, and stress
concentration on the gtpmeration of filler particles, etc. It is a complex physical problem to
reveal the relationship between fiber crystalline structure formation with fillers loading and

spinning parameters (spin speed, stretch ratio and ambient temperature around fibers).

2.3.2.1. Shearlnduced Crystallization

Formation of different crystals at takg speeds are shown in Figi€. A row nucleation
formed in low speed rate will eventually transform into highly stretcheetwimted lamellae
structures, and in some cases such wglaependent crystal structures may have a sheath
core effect infiber crystallization!’?. Due to high spinline stress at fiber sheath, untwisting
of row nucleates start from sheath as indicated in reversed triangle shape in Hdgaash

line). A transition from sheath to core of fibers is also influenced by increasing the spinline

speed.
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Spherulitic Row Nucleated Row Nucleated
Twisted Lomelloe Lomelloe Untwisted

Figur%%-?: Morphological model of crystal structure developed in melt spun polyethylene
fibers

Crystallization kinetics under shear stress was studied by many researchers including Eder,
JaneschitKriegl, Ziabiki, just name a few of theffi: 7475 121124123 - Apout inorganic filler

and nucleation agent effect on the nwdinning of iPP was nmtéioned in study of Yu and
White, but their experimental analysis did not show mineral fillers can enhance the
crystallization rate in the spinline as it does in the quiescence condition. Polymer melt consist
of sites with ability of nucleation as tempenat cooled in either rapid pace or slow cooling.
JaneschitKriegl well explained this nucleation mechanism from beginning with initial
dormant nuclei into an elongated shigbab style under shear induced crystallizatidn.

high draw ratio melt spinningrocess applied orgonoclay platelet fillers into PA6 and PAG6,

as mentioned in work of Onder et al., the induced strain directly enhance the development of

more stabldJform crystals in PA6, but less induce the formation of less stablifeain 9.
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2.3.2.2. Heat Transfer in Multifilament Quenching

A fast heat and cooling circle can be achieved when inorganic fiieirsy added into
injection molding production line, this is because inorganic fillers has larger thermal
conductivity and low heat capacity than polyolefin as shown in Tab#dldd polymerswill

cool down fastedue to low specific heat and large thermahductivity ?®*3. Table2-1
includes polyolefin thermal conductivity, specific heat and specific gravity compared to three
types of inorganic fillersLower specific heat of inorganic fillers means less energy is
required to increase temperature afitumass ofinorganic fillers by unit degree of
temperature (kelvin). Thermal conductivity of calcium carbonsitive times larger than

polyolefin, and will conduct energy more efficiently throughout of the polymer material.

Table2-1: Material Intrinsic ThermalConductive Poperty!?®119;
Materi e Czrr:g[lr:?li SKpJe/c(ingi*( Spe(;isf | c
W/ ( m* K) g/ cm
Pol yol e 0.5 1.8~2. 0.9~0. ¢
Calcium « 2.7 0.9 2.7
Al u mi Qixuint 20~36 0.75 3.98
Titanium 2.-5.0 0.68~0. 4. 05

Kase and Matsuproposed their method in calculate the temperature profile in fiber radius in
the takeup proces$™ 7. Fedorova usedomputational modelintp build the heat transfer
on spunbond influenced by air drag coefficient and heat transfer coeffiespruiell and

White did notcorrelate heat transfer to the fiber morphology development because of the fact
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that heat transfer throughout the shdiameter of filaments can be neglectéd As we

know, quenching and drawing of polymeric fibers is a fast and continuous process, so that
the rate of polymer solidify in the quenching chamber will impact the extensional forces for
fibers encounterednithe aspirator suction regiofs®. So fiber formation into different
structure included orientation of polymeric chains and the chain alignment under impact of

filler particles must be considered for a better understanding of fiber tensile properties.

/

Quenching
Chamber

/

Attenuation

Spinning Bea
Spinneret

Figure 2-8: Spunbondschematic graphshow quenching chamber, attenuation and web
formation on a moving belt.

2.3.3. Spunbond

In the last section 2.3.&and 2.3.2 spinning processvas reviewed from polymer flow

containing filler to fibercrystallizationunder the spinline tensioin this section 2.3.some
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literatures onspunbondweb processing are going to be reviewed, included the impact of

bicomponent fibers on web consolidation.

A spunbond web is composed of lotantinuous fibershat randomly collect on the moving
belt. Similar as melt spinning, filaments from spinneret are avélwhigh speed air into fine
diameter As illustrated in Figure -8, the difference in fiber forminpetween spunbond and
melt spinning is ahow thestretchingforce imposed onto filamentgVvhile during $unbond
process filamentss under high strain fromair dragging from aspirator that fibstructure
form into highly oriented molecular chains in thepmator Spinning velocity of spunbond
can vary from 1000 m/min to 8000 m/miRtom experiencenylon fiber is spun at 4000
m/min and PET at 6000 m/mti”. Fibes in spunbond nonwovens are highly orientsd
stressinduced crystallizatioror into amorpbus region alternating serorystalline phase,
both of which achieve the outstandingechanical propertiesf fiber usedfor different
applications. Due to strong crystallization kinetics of polypropylene, increase spin speed does
not influence its crystltation very mucH’. Spin speed for polypropylene is set at around

2000 m/min.

Available spunbond grade polymer materials are polypropylene, polyethylene, polyesters
(PET, PBTandPLA), nylon and elastomef&”. The spunbond grade raw material isalsu
formulated with processing agent such as-axitilant, antistatic agent, plasticizer. While for

the inorganic particulate fillers, calcium carbonate, is pteféepre-compounded with same

polymer and make into a masterbatch.
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2.3.3.1. Web Formation

In web processing, fibers fall onto a moving belt in oriented fashion mostly in machine
direction (MD). But the distribution of fibers in each direction on the belt is also influence by
filament relative velocity to belt velocity, as well as air suctiodarrthe moving collector
belt!’® 13, Temperature of fibers is cooled upon this point so the free entanglement of fibers
below air slot is mainly by a randomization from aerodynamic force. Because fibers escape
from constrain of high velocity air, sodfe are some relaxation of polymer molecular chains
according to the viscoelasticigharacteristiof polymer. However, few papers have talked
about the impact of added particulate fillers on web formation and fiber distribution in the
web. Michielsen stad that randomization of fibers in web formation will influence the
efficiency of thermal bonding effect because the number of-fiber bonding increase with

randomnes¥9.

2.3.3.2 BicomponentSpunbond

About loading particulate filleren multi-component fibers was mentioned by Bornemann
and Haberel’”. They produced fibers mixed with different concentration of fillers in one of
core/shell component and wind them up for producing nonwoven safpéem of non
inherent component whiclact as additivespuninto Nylon fibersby Monsanto Company.
Such additive brings antistatic properties to nylon fibers. This fruifchture is similar to the

calcium carbonate fillers wrapped in the sheath fib8ts
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In another patent by Peng et ahey brought up the methodology of calculating particle
spacing, on a twephase composite and use a ratio between the spacing to particle largest
dimension (¥$) to characterize the packing of filler in bicomponent fiB8r Because of
different types ofjeometric dimension of filler particles, fillers can be either wrapped inside
of fibers or stick out of fiber surface. According Péngiodel, the filler only added in fiber
sheath structure can stick out of fibers if filler dimension is larger thanhstieekness, as

shown in Figure-9.

Stick-out Filler

Figure 2-9: Bicomponent fiber structure have filler particle loaded in sheath component
showing a stictout effect on fiber texturg?.

In this model particle spacing for sphere and cubic shape of calcium carbonate is calculated

based on equation:

~

A ¢ TR N o) (16)
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Where L is particle spacing, is the ratio of particle volume fraction to the polymer matrix
volume fraction, d is particle size which is uniformQo . Eis the geometrical value which
characterize thequivalentsize of particle to a square, a cubic or to a triangle, as claimed in
the patentTheir calculationis based on experimental k value can be used to estimate the
relationship between average filler particle sizelume fraction of fillers,and spacing
between filler stickout 2. Although bicomponent fibers are producedthe experiment

with different sheath/core ratio, they did not use microscopy image to confirmation the
particle spacing calculated from this model. It also lack evidence that if dispersion is uniform

or not.

DeLucia and Hudson and McAmish claimed immment of softness by use of CaC¢y
8 Incorporating fillers in fibers result into surface roughness and improve hand of
nonwoven fabrics. In bicomponent nonwovens using two polymers which has a higher and a
lower melt point, such as PP/PE, PET/REBT, can also be used to improve fabric softcha
during web bonding™®. Hisakatsu et akeported production and properties of bicomponent
spunbond nonwovenontaining fillers This bicomponent fiber contarfillers in polymer

blend oflow melt point LDPE addednda copolymer of ethylereinyl acdate. The resin

blend ratio is 95/5 to 60/40, and filler particles concentration varying from 1000~35000 ppm.
Combined with high melt poinpolypropylenelocated either in core or side by side, such
structure will enhance adhesiveness in spunbond webrmptdi During thermal bonding,

the Ethylenevinyl acetate copolymer blended LDPE which has lower switepoint and

lower melting point will become tacky before core component is disturbed. Inorganic filler
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powders appear on fiber surface, forming aevwem topography which resistant adhesion
between filaments formation. Hisakasu also claimed it is necessary to use spin finish to assist

drawing smoothness on godet by covering uneven suffhce

On the aspect of improving the spinline stability indanponent melt spinning, Hisakatsu
pointed out adding a hydrocarbon lubricant into filler loaded component (LDPE + copolymer)
can improve the spinline stability by provide a thin film between bumpy surface with rotating

roll 24,

2.3.3.3. Thermal Calendar Bonding

Thermal bonding can be accomplished by flat belt threaighbonding, drum throughir
bondingand calendar bondind@.he throughkair bonding blowhot airinto nonwovenwebs

and cause fibebecomesticky and adherdo fiber-fiber crossing. Differently, calendar
bondingis melting fibersby direct contacting ohot calendarolls. Under compression from
calendar rollsfibers innonwovers are melted to form a bondingsually calendar roll has
embosed pattern which wilform point bonding in different shapes (round, ellipseatrle,
rectangular, etc.). The percent of coverage of engraved patterns influence the area of web
being meled and recrystallize "% 8Y. These raised points conduct heat to fibars melts

fiber-fiber interface therefore generates bonding patterns
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Figure 2-10: Schematic graph illustrating melting and consolidating of nonwovens in
between two calendar rolls.

As heat transfer to fibers dependent on whether fibers are under bonding area or not.
Contacting between nip pattern and fibers results into heat transfer by conduction. In between
two nips is valley that cannot directly conducting energy to fibers so that heat is transferred
by convection and radiatioanly 2. Fibers not under nip pressure aedered as bridge

fibers which are usually not melted. By experiment analysis of Nanjudappa and Bhat, crystal
size and crystallinity of bridge fibers is smaller than bonded fiB&rémpact of calendar roll
temperature (12050°C) on varying crystal size is more significant on bridge fibers than
bonded are®?. Crystal size of polypropylene bridge fibers increases with temperature up to
140°C, and then decreases with higher tempeed®> %123, Michielsen mentioned there is

little morphology changein bridge fibers and expla@al it as time is insufficienin heating

of bridge fibers so that molecular chag@snot undergo deformation and relaxati6h

Fabric bonding strength is also related with fiber tensile strength. Polymer amorphous
orientation undergoes chain relaxation when exposing to heat. Melting and recrystallization
at bonding behave polymer conformation transformation that may impact thbgrgrarea
around the bondingAt periphery,some bridge fibers can be softened and flatten when

calendar roll temperature is sufficiently hi§ff "® 83. Thus fused fibers expand outside
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bonding area give a larger bonding effective region, and imghavé&iction between bridge

fibers and with bonded area undengravedrolls. While on thecontrary stress tends to
concentrate on these periphery areas at-bwrding temperature due to the discontinuity
strength between bonds and bridge fib&t€4. Polymer reptation is yielded by molecule
chain flexibility in the bonding periphery region, as stated by Wei et al. that there is
improved strength at low oriented amorphous redfdn This is because amorphous in
polymer macromolecular structures pead fast with increasing entropy during thermal
bonding, thus polymer chains reach out to adjacent fibers at soften state. Based on polymer
melt elasticity theory, fillers may hinder elasticity of polymer chains in molten state.
Previous workscover any research on the impact of inorganic filler contained fibers on

polymer chain orientation and its influence on bonding sagstalline conformation.

Relevant literatures on thermal bonding fabrigsere mainly focused on fiber bonding
procesaunder varying of calendar emboss coverage, calendar roll temperatusgdetn
regard ofdifferentfiber polymeric structur€®8Y. These account for the thermal conduction
under different calendaring parameters and how does heat diffuses frosidera fabric
into mid-plane of the webOtherwise from material wisejery few people guide us tan
insight into heat conducting mechanismimmdrganicfiller particlesin spunbond fibers and

webs.

Thermal conductance through the path of particle filler in polymempositehas been

discussedn work of Park et allt has been proposed that aspect rafiparticle fillersplay
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an important role in improving heat conductivity”. Because large aspecticatlength to
width ratio) of filler tend to form bridge between them which conducting heat throughout the
network.This phenomenon has not been studied in nonwoven filled with inorganic fillers in

different particle size and aspect ratio.

2.4. Structure-properties Relationship in Nonwovengontaining Fillers

There is few number of research or patentsral@ed to spunbond nonwovens containing
particle fillers In the perspective of polymer morphology influenced by fillers, a lot of
research @pers cover plastics, film and fibers filled with inorganic particles guide us to a

better understanding of properties of filler added nonwovens.

2.4.1. Nucleation Effect of Fillers onCrystalline Structure

Dispersed filler particles ipolymercan trigger crymllization growth becausgarticles add

more nucleation sites in the mekirstly, nucleation effect of calcium carbonate filler in
polypropylene is influenced by Ca@@rystal form. Theory of nucleation can be referred to

the publication of Cobbs whidhcludes the bulk free energy changes for a formation of new
nucleation sites and embryonic nuclétid. Adding particle fillers enhance heterogeneous
nucleation in the system by the crystallizatfoom surface of impurities and form nuclei at

the irterface between particle fillers with polymeCalcite and aragonite, due to the
difference in their crystal hardness, result into different nucleation rate as demonstrated by
Kowaleski, and Avella el df®®7. They also use epitaxial crystalline phase to describe the

polypropylene crystallize at cleavage of calcite fillers that grow parallel to the flat crystalline
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phase, as shown in Figurel2. Several researchers studied crystallinity of polymers

containingparticle fillers!®Y.

Secondly, filler particle size is an important factbat influences nucleating effect of
polymer.Compression moldedRBP composite shows a double crystallization peaks but this
only occur at more thparh cl @ wi z®, oki L1heeml &a
10.5 em) or low filler |l oading |l evel -did no
nucleating effect that is due to a high surfaceato volume ratid®?. Such effect of particle

filler in polymer will entrap the residual ofRP around the rough particle surface which is
uncoated surface, in this way during melting and cooling experiment, those crystallites may
survives and behave like nucleate sites in the crystallization pr&€esNucleation by

trapping polymers at uncoated particulate filler surface seems pronounced because fatty acid
coating may shield CaCOa3 fillers from being contacted with polymer or elastomer chains to

function as active nucleating sit&3.

Other than crystal form and piaie size of CaCg) nucleating of polymer is also related with
surface treatment, such as fatty acid. Avella M. et al. explained fatty aceticaaicCaCQ
slow down crystallization rate of polypropylersnd it is because coatingoftenedat
polypropylene crystallization temperature, while polypropylgnmealeic anhydride

copolymer still has nucleation that increase nucleis numbers while decreasing spherulite size

(86
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There were some other arguments about calcium carbonate fillerg hathdte nucleation,
especially withsurfacetreatment. Zoukrami and emorkers investigated the nucleating
effect of CaCQ@on low density polyethylene (LDPE), and concluded about filler particle size
on crystallization temperature was not affected bytamdbf CaCQ *%. Especially for 56

72 nm PCC in composite (10 vol.% ) with high density polyethylene (HDPE), whether
crystallization temperature improved or not depended on surface tredffifentvhich
indicated there was weak nucleating effect focaated CaCO3 on crystallization of HDPE,
while after surface treatment with different concentration (fip/af stearic acid, the

nucleation effect was gone.

2.4.2. Crystal Growth

There are two steps of crystallization, nucleation and crystal grovad . crystal growth
involves growth of spherulite until they interpenetrate between each other, and also involves
thickening of the crystals or growth of new lamellae within or between existing lamellae
stacks from remaining amorphous regions within the spherastd,is showed in Figur2

12. Hedgefound in naneclay filled polymersspherulitestopsgrowing when the crystals
growth impinge each othé?. The direct result of nucleation effect in polymer is that the
number of spherulite increases while the size of each spherulite shrinks, illustrated in Figure
2-13 89 Figure 2-14 shows how spherulite gr@with time in isothermal crystallization.
Polypropylene with no filler grew spherulite of a large size over adopgriod of time. The
addition of CaC@can reduce the ultimate size of the spherulite and shorten the time to reach

an equilibrium sizé'?. There is a filler concentration dependent lo@ ¢rystalline structure
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of polymer in isothermal crystallization.

In fiber melt spinning filaments cool down quicklgndshishkebab fiber structure formation

is mainly driven by the shear stress induced crystallizatfnSo crystals formed from
nudeating around fillers may not hawmoughtime to grow as in thguiescennucleation.
However, crystal growth should not be neglected in fabric thermal point bonding. Because
small crystals initializing at nuclei (filler) have sufficient time to growbahding area of

spunbond fabrics as its temperature gradually cool down after leaving calendar rolls.

Figure2-11: Morphology of PP crystallized in the contact calcigstals
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spherulite spherulite
I/ /'boundary lamellae

nucleation site

amorphous

crystalline

Figure 2-12. Schematic Formation of Chastack Lamellae from Radial Boundary of
Spherulite?

Based on Avrami model, temperature dependent isotheongtallization make us
understand the filler nucleation effect in polymer mélinetic constantk in Avrami
isothermal crystallization model, equatiorblnd (B), determire both the nucleation rate
and growth processéS?. The presence of some nuclei would resulta decrease in

crystallization activation enerdy> 9.
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Figure2-13: Polarized microscopy show the nucleation effect of 0.5% talc in polypropylene
(right[-g]and side) and compare with the crystallization of filtee polypropylene (lefhand
side)
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WhereX is the crystallinity developed by the polymer in a titnat a constant temperature
8 is the crystallinity in an infinite timen is Avrami exponentk is kinetic constant.

Crystallization rate can be described by Arrhenius equati®n (

ET EAOD3%I2 4 (18)
Wherea% is the crystallization activation enerdy; is a preexponential constant; R is the

gas constant; T is the absolute crystallization temperature.

Nucleation effect of filler particles is indicated by an increasing of crystallization temperature
(To) 89120 |n the comparison study of filldree PP with 0.5 wt.% talc filled PP, the filler
added polymer system show more crystallites number growing and the volume of each
crystal become smaller, as shown in Figase4 ¥, From WAXD peak location, fillers
adding result in two additional peaks at 29.0 and 39.4°%t Cafd@ding is more than 537.

But addition of CaC@in sPP matrix does not alter the polymer crystalline structure as
shape and position of other peaks are the $¥dés for isotactic PP ivt h -ceystallire
monoclinic characteristic, several peaks are positioned at (1 10),(040),(130),(111),and
(0 4 1)1 Nucleation effects caused by different particle surface area can resufain X

diffraction pattern differing in theirgmk height®”.

It also pointed out that in DSC isothermal crystallization curve3)2py (r epr esent s

at haltheight of crystallization peakjecrease as talc concentration increase it Rvhich
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means that higher filler concentration cori@sg with relatively smaller range of exothermal

peak. This indicates a reduction in the size distribution of sphetiiid

2.4.3. Effect of Fillers on Mechanical Properties of Materials

In breaking mechanism of two phase material, assuming fillers is rigid and matrix phase is
relatively soft, interface crack due to weak bonding is a prevailing theory in general plastic
composited with filler particles. Weak interfacial adhesion resultearformation of cavity
around the fillers area. Although the stress field near a particle is independent of the patrticle
size, the volume of polymer withstanding a stress concentration will be directly related to the
particle sizel?® 21, So that inaease the particle size usually result into more defects in

polymer because the flaw irgase with the particle size.

Debonding is most related embedding of fillers as being processed in fibers spinning.
Debonding is referred to filleseparatiorfrom matrix as polymer is under tensile stretching.
This separationinitialize at the pole direction along the tensile force directitsf.
Dissipationin energy by a joint movement between particle fillers and polymers cause
material brittleness and coutdsult into sharp fracture at certain interface if there is strong
adhesiort?*3% 1%01%4 gyrface tension determines the adherence between two components in

the polymef®?.

Zhang et al. characterizenpact resistancef polypropylene composite féd with elastomers

and CaCQ by using Notched IzodMethod It was confirmed that thalastomer particle
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filler added polypropylene behave higher resistance than ¢4 added samplé'®2.

There are two reasons fthis result: firstdifferent surface tension may result into different
interfacial adhesion strength; second, the energy may be absorbed by the deformation of
elastomer particles so that impact resistance is higher in this Ratele ste of CaCQ@

influences how much éxent I mpact resi stance showedé0% e | mp
improvement at 12al.% of loading compared with pure polypropylene resin, while 50 nm

particle will improve impact resistance by almost 358%

2.4.3.1. TensileProperties Influencedby Filler Loading

Based on B. Pukanszky, decreased interaction results in decreased tensile strength and
increased deformabilit}®?. A parametet reflects the effect of the interaction between

filler and matrix, included in the equation (4).

A K —SAQDn (19

Where,n is the volume fraction of the fillet.is relative elongatiod, , 7%, ;A is true
stress of material# is the true tensile strength of the matrix polymrecharacterizes the

strain hardening tendency of the matrix

(20

(21)

whereA is the minimum value of matrix area in the crgsstion perpendicular to the load
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direction. A is increased by reducing of volume fraction of the filler" ando are two

factors that determine tlemposition dependence of tensile yield stress and tensile strength

[100, 103

In a particulate filler composite, thisson ratidollows equation:

- = — (22)

Internal pressure:
n ——On (23)
Wheret is the Poisson ratie, is volume fraction of fillersf andf are the volumes of

individual components of matrix and filler respectivalyis the internal pressure of the

composite. kis initial modulus of the composite.

Mica is distinctive from other filler particles in itspecial particle shapd plate forms
particles that can be additional value for reinforcerfferEompared with shape of talc, mica
has higher aspect ratio which results in a higher interfacial interao#@tween filler and
polymer matrix that can better transfer stress and increase tensile stf@ndttot only
interfacial adhesion, but also orientation of mica planar flakes has great impact on
mechanical performance, such as an increase on modulsie @@md flexural strength. For
polymers embedded with talc or mica, plhke structure gives a complicated and tortuous
diffusion path of vapor and liquid and therefore lowers gas permedbilifthe maximum

interface adhesive strength is also infloerby particle shape, as mentioned that spherical
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particles has maximum strength at pole, while moving to the equator as for tteapmsllike

particles4 23,

2.4.4. Fabric Whiteness and Opacity

Calcium carbonate can be regarded as color pigment to restirb@lance the white and
brightness of fibers and fabrics. Benefit from the whiteness of filler particles, light will tend

to be scattered at plastic surface rather than reflected at a regular angle which cause an
unpleasant lustering effect of the fabif@brics made from polymer resin without adding any
colorants possess an intrinsic whiteness. Adding fillers will combine fabric whiteness with

the pigment, editing local dullness of fabrics.

Paper modified with calcium carbonate filler in fine pulp pores outstand in the surface
smoothness as well as pure white color. Kumar andarks demonstrated the importance of

particle size distribution of calcium carbonate on the optical propertiesatédt papet®3.

PCC contains 87% of size | ess than 1legm whil e
and 60% |l ess than 2egm in size distribution,
perform whiter!*®d. They also pointed out that calendariregluce the pore geometry of

papers which resulted in a changed light scattering effect. However, evidence in whiteness
improving by calendaring is only for the base paper with high whiteness level, but less likely
associated with change of geometry of edaCaCQ sheet. It is still not addressing the issue

in how does light reflectance happen at fiiber cross bonding by calendaring if the

geometry of fibers embedded with fillers will be changed.
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A beam of incident light is reflected at surface, whembers of beams transmit in a certain
angle there will be mirror reflection. Since fine fibers entangled in nonwovens form a great
amount of pores and diiber interfaces, light scattering occurs substantially at fiber surface.
While in micro topographycalcium carbonate fillers may change the mirror effect of fibers
as fillers particle improve light scattering coefficient. In surface coating of paper, the
roughness is closely related with CaQarticle shape5® %9, Particles with large aspect
raio, such as PCC in rhombohedral and orthorhombic, tend to align during coating
consolidationt'®@. Such uniform arrangement of PCC resulted in less rough surface compare
to GCC, attaining the smoothness will increase the gloss of coated pdfer®CC
synthetize irsitu with pulp suspension was investigated by Tiarks et al. and Subramanian et
al. based on a balance between paper opacity and mechanical stf¥hgfthis method
directly precipitated CaCgJiller onto pulp suspensions, settling at theds in the cellulose

fine fiber network!*®?. Agglomerations of PCC due to high specific surface area were
discussed as one reason to modify the light scattering efficiency of surface of paper and paint
[14.105108 "However, there was few researchealing calcium carbonate fillers on opacity of
spunbond structure by spinning filler particles into fiber. Not mention that long filaments in
spinning are much longer than the cellulose fiber in paper sheet, therefore the optical
properties of fabrics shti have some different effect even applying CaQ@dlers with

similar characteristics.
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CHAPTER 3 Systematic Study of Structureand Properties of Melt
Spun Polypropylene Fiber Loaded with Inorganic Fillersi Ground

Calcium Carbonate

ABSTRACT

This article brings up a spinningrocessof adding inorganic particulate fillers with
polypropylene by extding thermoplasticpolymer into fiber form materialsComposites
structure of mekspinning polypropylene fibers contains increasing concentréiogls of
calcium carbonate (CaGPfillers 1 Ground Calcium Carbonate (GCC). From the mono
component fiber structurthe dispersion of filler particles and surface roughness of fibers
reveal the spinning formation of fibers at different parameters, inttudeghput, spin speed

and drawing determine the compatibility of inorganic phase in polypropylene flow jet.
Produced fiber samples aoharacterizedby DSC and Wide angle Xray to inspect the
crystallinity of fiber forming structure undespindraw formation. Spinning speedis
challenging as higher strength usually cause fiberlgpénbreakage. Adition of GCC with
averagesize of2.22m accompany with weak interfacial bonding especially after fibers being
drawn at higherspinning speed. Based on eaklink theory, the strength of fibers is
negatively correlated with gauge length since probability of fatal defects increase with gauge
length. We also find that filler loading concentration may related to the probability of defects
included in the spinng, especially caused from agglomerations due to less dispersion. By
observation using optical microscopy and scanning electron microscopy (SEM), image

analysis elucidate particle dispersion state in polymer material. We mainly study tensile
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behavior, intuding fiber tenacity, toughness, secant modulus and elongation at breaking to
validate the structure weakening effect in fiber spinnire fiber tensile gauge length effect

is offset with a prominent breaking mechanism from wedkrfacial linking than minor
defects existing in crystalline region, as high filling concentration causes micro void
surround fillers. It has been found crystallinity keep decreasing from 5 wt. % to 10wt. % then

rise up at higher loading concentration, witlgstal sizen polypropylene fibers increases.

Key Words: Ground Calcium Carbonate, Melt Spinning, Single Fiber Tensile Property,

Crystallinity, Shear Viscosity
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3.1. INTRODUCTION

Calcium carbonatéllers are abundantly applied in food, plastics and cosmetic products tha
originatefrom limestone and chalk, after processes and treatment in milling or precipitating
the inorganic material is transformed into particulate form min€fal#\ large proportion of
manufacturing require to use calcium carbonate minerals ta loest in raw material, such

as plastics and papers, it also thicken latex and painting to impose white and opaque over
coated background.he average particle si2 between i to 1G 1 are commonly used

in injection molding filler particleschangecomposite density, thermal conductivitgnpact
resistance, flexural rigidity andotch resistance!® 2. The previous investigations on
thermoplastic polymers, such pelypropylene (PP¥: 2% 271 nyion 2® HDPE 1 34 and
polyester 2, has born tremendous phenomena and explanations on plastics extruded
structure!® * ®® containing with calcium carbonate fillers, but only a few tried to step into
melt spinning structure and nonwoven fiber structife®*** **! Relevant research fos on
solving such a problem in how to improve compatibility of polymer/inorganic of comingled
system, from filler particle size, surface treatment and melt compounding coftitidntry

to enhance wetting of hydrophobic polymer onto calcium saltaseirfor an uniform
blending. As to the fiber spinning, compatibility of polymer in addition with particulate

fillers is not well addressed in the elongation deformation of polymer melt flow.

Fiber and nonwoven products are applied in hygiene, wipeg,dapers medicalgown and
masks for their good absorption, skin contact comfortability, penetration repellency, filtration

efficiency, and mechanical properties. Polypropylene is with vast market share due to its
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lower price and flexible grades to meeithwdifferent processing conditions, especially in
combining with spunbond technique. So at this point, melt extrusion PP added with inorganic
filler 7 calcium carbonate become an extraordinary selection of new material into product
development, ultimatelachieving replacement of petroleum derivative thermoplastic with

renewable, whiteness, ndrazardous, green resources with lower production cost.

Fibers are spinning from extruding, in this process polymer melt start oriented under high
elongationdeformation, meanwhile by quenching samystalline phase form with particle
fillers. Concentration of inorganic particles affects polymer crystalline structure and
mechanical properties. Nucleating effect from CaCi@ isothermal crystallization
dramatially changes the number of heterogeneous nucleus and reduces the volume of
crystallites'. Whether inorganic filler improve crystallization rate or not, is changed with
drawing force onto polymer flo’®. Under high shear stress, polynieextruder to highly
oriented morphology, when filler particle may also align with the flow paff@nShear
viscosity is also found to increase with filler volume fractioh. Becauseof shearing
thinning behavior, elongation viscosity may be redugeddjusting larger higher elongation

rate, either by lower down the throughput or induce larger flow tension. Meanwhile using
high shear rate, filler does not apparently aféearviscosity,”® 1>} also the alignment of
particles with shear flow W lower the bulk free energy of polymer system and assist the
epitaxial growth of polymert™ 31 However, since the filler particle may have weak
interfacial bonding with polymer, so larger extension rate when exceed the maximum tensile

(27]

strength fibermay encounter breaking in the sghiime “"'. Fiber tensile strength and
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toughness is associated with the spinning mechanism at varying of filler loading
concentration in fiber. According to Pierce wdatk, fiber strength is equal to the segment
within fiber material when its breaking stress is lower than other segfént&iber
structural weakness can be reflected from testing gauge length, that reduce gauge length to
zero gauge length in theory achieve the infinite strength as probability of tiateiusal

defect is completely avoided. However, higher loading concentration of inorganic fillers
increases the change of agglomeration due to insufficient mixing. Stearic acid coated
particles have lower surface tension to reduce the cohesiveness amiictiggpand improve

the affinity with polymef*3 37,

This paper intends to construct fibers structyptajsical properties relationshigsing melt
spinning to develop muHilaments containing calcium carbonate filler. By investigating
filler particle embedded fibers formation, we will know better of the impact of fillers on
spinnability and fiber tensile properties. Based on fiber properties, the functional of
particulate fillers can be imposed to spunbond nonwoven by embedding into- mono
component fiers. The objective is to find key parameters of calcium carbonate fillers that
influence melt extrusion and fiber spinning formation under a systematic strpotyerties

relationship.
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3.2. EXPERIMENTAL

3.2.1. Materials

PP polymer resin was compounded wetdcium carbonate fillers into masterbatch. PP are
isotactic Polypropylene (iPP) with Mof 180,000g/mol (Pl= 3.3) is identified as CH360H
supplied fromSunoco Chemicals (PAYhis type of polypropylene is of spunbond grade that
has melt flow index (MFI) &36gram/10mins. Masterbatch is compounded calcium carbonate
fillers with stearic acid coating (1~1.5%) in 70:30 with PP, which is supplied from Imerys
(Roswell, GA. Particle size distribution is in range m® { * p mit, with an average
particle size at 24; | , and BET surface area of 4.8/m Filler concentration level at 5%,
10%, 15%, 20% at 500 meter per minute (mpm), 1250 mpm and 2000 mpm. Spinning
parameters set at constant throughput and-cigiw ratio, as included in Table13 With
further level p from 20 wt.% (6.4 vol.%), 30 wt.% (10.5 vol.%) to 40 wt.% (18.8 vol.%),
throughput is set at 0.6 ghm compare to 0.9 ghm, and godet drawing ratio changed

accordingly, included in Table B.

3.2.2. Melt-spinning Processing

Fiber meltspinning process is conduag on Hills multifilament mekspinning units What
illustrated in Figure & is a schematic graph of the multiflament rsgtnning equipment.
This unit contains a singlecrew extruder with Maddox mixinggction There are four zones

i n 240/ 1 ew Hxttudeb jeed 2ane, melting zone, mixing zone and metering zone,
with heating temperature of each zondram 1903 , 21® , 213 to 233 . A constant

polymerflow is metered at three pump speed levdslt pump feed filled polyer material to
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the spinneret at constant volumetric throughf@areen filter, with325 mesh size is filtering

out impurities andig chunk of inorganic fillers outside of spinpadk.0 RPM, 18.1 RPM

and 27.3 RPM which are corresponding to certain volumetric throughpais.|&@hroughput

levels are included in Tableld Spinneret has 69 holestotal with each single diameter at
0.4mm.Molten polymers undergo transitidrom liquid to solid at frost line which is located

right below quenching aspirator. Spin finish of 1@%rol PR912 Lubricant apply onto
filaments by dipping in an oil trough. Amount of spin finish is controlled at 10%~40% of oll
pump motor, to adjust with filler concentration in PP fibers as shown in Taldle 3
(APPENDIX 1). Fiber spirdraw mostly occurs letween feedollers and draw roll. The
velocity of each roller is set at certain level, to gradually increase up to spinning speed of 500
meters per minute (mpm), 1250mpm, 1500mpm, 1750mpm and 200mpm. Fibers are either
drawn at ratio of 1:2 or 1:1 whicheadepending on the speed rdbetweendraw roll and

feed roll. Finally, multiflaments aresend to relax roll and wind onto a bobbin.
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Figure3-1: Schematic graplof monaecomponentnelt spinningextrusionunit (Hills Inc.)
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Table3-1: Spinning Parameter Settings for Melt Extruding and $piw Process:

Tm 165
— Zone 1l 190
= o Zone 2 210
§ % Extruder Zone 3 515
£ < Zone 4 230
& o Spin Head 230
0 % Pump Block 240
2 = Quench Air 17-19
= Rolls 20
0 Spinneret: 69 Holes, 0.4mm
MFI of PP: 36 g/10min
Exterior Pressure: 400psi
o TH5: 0.5ghm 0.635 cc/hole/min Pump Speed: 15.0 RPM
3 3 TH6: 0.6ghm 0.766 cc/hole/min  Pump Speed: 18.1 RPM
= TH9: 0.9ghm 1.155 cc/hole/min Pump Speed: 27.3 RPM
Spinning DR=2 (B) DR=1 (A)
2 speed | 1950 | 1500 | 1750 | 2000 | 500 | 1250 | 2000
© (MPM)
% Feed Roll 600 725 850 950 | 450 | 1050 | 1800
5 Draw Roll 1200 | 1450 1700 | 1900 | 475 | 1150 | 1900
Relax Roll 1250 | 1500 1750 | 2000 | 500 | 1250 | 2000
Quench Q20 (20%),Q50 (50%)

There have been two trials successfully conducted in our Fiber Science Lab of the

Nonwovens Institute (NWI). In trial plan I, the main factoiDasign of Experimernis wt. %

concentration of calcium carbonate in PP fibers. Therefore, 5, 10%, 15% and 20% of fillers

were added into fibers, under the same spinning condition of throughput (THR) =

0.635cc/hole/min, quenching = 20% and spin finish amount of 10%. Fibersrgpispeed

was gradually increase from 50@@eters per minuten{pm), 1250mpmto 2000 mpm(draw
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ratio =1:1) detailed processing information on different sgraw ratio is included in Table

3-1. In Trial I, spinning speed, throughput and draw ratio areetlmain parameters that are
being studied, as included in Tablel 3with filler loading concentration keep loading up to
20%, 30% and 40%. Spin finish pump more as fiber loaded with higher concentration of

CacCQfillers.

3.2.3. Structure and Properties Charactrization

Filler Particle Distribution

Fiber structure is studied using optical microscope (Zeiss). Image after captured by Nikon
camera DS-Fil) are applied for filler dispersion characterization and fiber diameter

measurement. Other fiber morphology like defects inside of fibeevealed fromimage.

Fiber Surface Morphology

Fiber surface is observed using HitachBZ)ON Scanning ElectroMicroscopy SEM) in
Analytical Instrumentation Facility (AIF) in North Carolina State Universkiper cross
section was prepared loytting the sampleén liquid nitrogenand cut invertical direction to
the fibers Next a sputter coating using Au/R@0/40) chemical element, co#tte sample for

10 minutes.

Particle Size Distribution

We analysis particle size distribution of calcium carbonate fillers usilagea diffraction
particle size analyzer (Beckman Coulter) in Department of Natural Resources in North
Carolina State University. This deviedlows measur@article sizefrom 0.04 ~200&m by
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measuring the forward scattering (diffraction) of light over the particles sdsgen liquid,

such as water. Particle size distribution is determined from laser diffraction method, and the
angle of diffraction is inversely proportional to particle size, and the intensity in a diffraction
beam reflect the number of fillers with a siiecsurface area suspended in certain area of the
medium?. But as surface of calcium carbonate is coated with stearic acidseaEetone

as suspension medium for GCCalcium carbonate fillers are premixing with 100 mL
acetoneafter treatment by nobanical shaking for 12 houtse suspension is applied to the
instrument The plastic disposable pipette was washed using acetone and draw a slight

amount of suspension (10mL) to fill into the cell.

Differential Scanning Calorimeter

Thermal property of glymeric material is evaluated using DSC. Differential Scanning
Calorimeter (DSC), from PerkiBlmer Pyris, it gives a circle of melting and cooling of
material under heating rate of 20€/min from 25 € to 190 €, then cooling from 190 € to 25

at 10 €/min. Endothermic and exothermic peaks are analyzed using software Pyris V 3.0,

Fiber aystallinity is calculated based on equation:
L. POl ©f 60d BOTEDIO prinh 1)

wherez'O is the heat of fusion (165 J/g) for 100% iRBFD is the heat fusion per unit gram
of fiber sample} is mass fraction of PP in the fiber composite. Sample used in DSC is

fibers of weight around 5mg.
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Wide angle X-ray (WAXD)

The scattering patterns were scanned using Omni Instrumemgaf diffractomeer (Biloxi,

MS) . Bragg angle d, pl ane distance d, crys
diffraction pattern. The diffractometer was equipped witHfiBered Cu Ka radiation with a
wavelength of 1.54A and generated at 35 KV and 25mA. The fiberlsamnyere wound

around the sample holder and locate at the same horizontal level with holder front surface.
The samples were scanned in the 2d range 5At

d of crystal unit was calculated using Bragg's equations:
1 c¢AQEI (2)

where o is way{lsdA digintep lodnaXr s pagisBraggangle) and

The crystal size of the samplisalculatecbased orScherer's equation:

O (3)

whereti s cryst al si ze ( irdy,(1.54-A),iBsis fuil avidte latehalfg t h o 1

maximum (radian).

Fiber Tensile Test

Fiber mechanical property is being studied using fiber tensileot@btTS instrumentQ-Test
attached witha 50gram load cell. Gage length is 1 inch (2.54cm), and elongation rate is
15mm/min. At least 10 specimen of each sample were tested. Linear density of each fiber

specimen is measured using Vibromat and Denier (gram/9000 meter) is usedefr Q
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analysis. Fiber tenacity, toughness, secant modulus at 5% are normalized with fiber linear
density in the testing. Strain at breaking is evaluated as Wed.stresstrain curves are
constructed using representative curve out of ten specimens, which has stireiigth and
elongation as the average. After each fiber sample are tested under a constant gauge length 1
inch. The gauge length &djusted to differentevels as 0.5 inch, 1.5 inch and 2.5 inch, then

ten specimens for each samples was tested with comstiznsion rate and load cell.

Fiber Shrinkage

We random pick up five fibespecimenswith initial lengtha (around 10cm)attached one
end withan U-shapedbin which impose a préension to the fiber sampldlext boil a breaker
of deionized waterom heater pl at e, containing a therrt
Fibers are immersed in boiling water forminutesrelaxation thenthe second reading is

recorded a8t Then the shrinkage of fiber samples is calculated according to equation below

(Eq. 5):

"0QOM V& QORQ prmb 4)

Capillary Extrusion Rheometer

Rheology property of polymer is tested usiiRpsand Precision Advanced Capillary
Extrusion RheometerRosand capillary rheometer R¥27 The shear viscosity are measured
over a range of shear rate of 2@, 000/s, was determined at three temjpeedevels? 2 5 e C,
230e C240e C, 24d280€ I The capillary rheometer involves a cylindrical die with

coneentry front, and the pthole die with a diameter of 1mm. Firdhe apparatus was
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preheated up to the targeted testing temperature. The fiber samples ofrapfaigx2G30g
was then loaded into the cylinder and tamped down by the pgistoompress the polymer
melt and eliminate any air bubbléghe sample was primby preheated in the cylinder for 4
min in order to allow the fiber samples to melt, in the interval betw&emd 2° heating, a

compression with 200 Mpa pressure impose consolidation to the molten polymer.

3.3.RESULTS AND DISCUSSION

We produce polypropghe melt spun fibers in three triathe first one was pilot spinning
starting from low 500 meters per minute (mpm) up to higher draw roll velocity, and
increasing weight fraction of ground calcium carbonate (GCC) from 5% to 20%. In Trial I,
we mix levelsof concentration of GC&iberLink which is surface treated with stearic acid.
The maximum spinning speed was set at 2000 niypaximum loading is limited to 15%t

2000 mpmwith 0.635 cc/hole/min throughputNext in theTrial Il we studied different
spinline parameters related to spinline stress comparing fibers containing with 20~40 wt.% of
calcium carbonate. The reason for choosing a higher loading concentration is based on
previous literatures and patents, which claimed the upper limit of mineral iflassmuch as

60 wt % in molding articles and film&*. In the Trialll, we adjust throughput at 0.6 ghm

and 0.9 ghm, as well as two draw roll speed ratio at 1:1 and 1:2. Because fibsectumss

area is significantly increasing when leveling up throughputmeanwhile, high output rate
allow sufficient amount of polymer extrude from spinneret which reduce the spinline tension
apparently.By turning up throughput from lower level 0.635 (cc/hole/min) to 1.i58

possible to produce push the hegh loading concentratiomp to 30% The third trial was
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mainly studied the effect of particle types on fiber melt spinning strupnagerties, we are

going to discuss this part in the next Chapter IV.

3.3.1. Fiber Spin Forming Morphology

PP control fibers ldks crystal clear withouadding filler particles, which tend to scatter light
through the fibers with 5~20% of CaG(rigure 32). Based on the graph, we are standing
on a preassumption that fibers are continuous structure with filler uniformly distributed
throughout the lengtiMeanwhile, internal voicappears in fiberdt is suspected that such
open slit formedarownd cubic particles by elongating tipolymerjet. Previousresearch by
Liang andZuiderduinhasexplainedmicromechanic®f rigid particulate spheres embedded
polymer composite, wherdefine this phenomenoras particle debonding® ”. Another
possible rason to form voids is during spdrawing of fbersfrom long cylindricalfilament
into very fine fibers, plastic deformation of polymeause interfacial separation of filler
particles.The initial separatiorat each pole of filler particles along tenglieection generates
separatiorof particles from polymef¥. Previous results also mentioned similar finding, and

associate the flatten microvoids formation with drawing ratio in melt spinning of polyester

[38]
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PP Control 5% CaCOs3 # T 10%Cacos
K a AN
2 s
20 pm 20 um 20um
3 15% CaCOs 20% CaCOs _
- Spinning speed:
1250m/min
20 pm ; 20 pm
Figure3-2: Filler disperse uniformly inside of spinning fibers.
Table3-2: Fiber Diameter of Melt Spinning of PP/Cagklber Samples:
) Fiber Size Diameter
Sample ID Filler (Denier) (&m)
Conc.(%) Content
Spin Speed (%) Average CV (%) Average CV (%)
PP-500 0 9.9 10.3 41 6.3
Ca5500 5 10.9 15.0 43 6.7
Ca206500 20 13.8 19.0 43 7.3
PP-1250 0 4.9 8.1 26 3.4
Ca51250 5 4.5 9.0 27 5.4
Cal01250 10 4.6 9.7 29 10.3
Cal51250 15 4.6 10.0 26 8.7
Ca201250 20 5.0 15.3 25 11.0
PP-2000 0 2.6 8.9 23 8
Ca52000 5 2.8 9.1 23 15.6
CalG2000 10 2.6 10.8 23 12.5
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The averagediameterof fiber increases withcalcium carbonate loading concentration,
theoretical diameter should lsensistehat same spin speed because volumetric throughput

is constant at 0.635 cc/hole/minutks loading concentratiomaries from 5% to 20%the
diameter first increase from&6m up t o a | armwith 5~d0iwa Phether r a't
recover back at 15~20%nitial rise in fiber diameter reveal there is an expansion in fiber
crosssectional dimension, which may be caused inner porous structure coming from fiber
spindraw (Fig. 32). The CV (%) of fiber size incline up withfiller concentration,
heterogeneous polyer/filler material also related with standard deviatidine variation

comes from the instability of drawing procefisat spinning tension may not be distributed
uniformly. For spin speed at 2000mpm, @Yfiber increases frorB%to 15.6%after loaded

with filler. At faster spinning velocity, oriented crystallization change the mesomorph of
polypropylene into monoclinic phase crystallites in fiber spin orientation as shown in Figure
3-5, drawing induced higher crystallization rate and improve the amorprargation in
polypropylene chains. Fiber breakage occurs at 2000 mpm spinning speed, meaning loading
more than 5% in fibers, the amorphous structure stretch to a more oriented extent and freeze
after polymer crystallized, however without sufficient noolle relaxation due to the fillers
restrict polymer viscoelastic flexibility. Using higher throughput (0.9 ghm) it allows us to fill
more than 10% of CaClillers into fibers, as shown in Figure43 Polymer chains are
imposed with more extension abiliby giving bulk energy to amorphous molecules with

higher entropy but less chain rigidity after freezing by quenching.
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Figure3-3 Calcium carbonate particle size distribution

Fiber shrinkagereflect extent of amorphous orientation develop in fiber drawing which
temporarily settle down in fiber structure. Drawing induced molecular orientation forming

into fold lamellae crystallites in some part, while adding filler impurities contribute more
amorphous orientation, which means at same spinning velocity PP fibers has apparently
lower bulk energy, so the crystallization kinetic energy is significantly motivated by shear
stress™™ 271 With higher crystallization rate, shrinkage decrease in & rizponse to

spinning velocity for PP fibersF{g. 3-7). Different results were recorded that PP keep
increasing heat relaxation with melt spinning velocity from 18000 mpm, which is
contradict to our results on PP fibéld. The reason for this migte the drawing PP fibers

improved crystalline orientation so crystalline birefringence goes up with velocity. Another
possi ble reason may come from higher heat ¢t
temporary orientation in mesomorph to beargl e d , whil e | ower down t

affect the relaxation movement of amorphous orientation by coiling backlametlae tie
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molecules. More shrinkage of filled fibers is attributed to the random tie chain molecules

which hinder sheainduced crystiization of fiber.

PP-2000A E 11 = Ca20-2000A
a \ " E 3 b i

S50pm

Ca30-2000A 4 Ca40-2000A 1§

{ § N \
¢ o R
¥ | n \
i '
1 W
}
|

S50pm

Figure3-4: Fiber morphology produced at same spinning condition with 20~40 wt.% loading
of GCGFiberLink in Polypropylene fiber (a)~(d).

Surface morphology diiber becomes roughened with filler particle. One reason associated
with bumpy topography is the particle size distribution of fillers, as shown in FigBret3
has an aver agmgatsidzzen,att op. 2ceumt, ad | argepst 5%

to 12¢m. -Smponent fibers, these fillers dispersed around fiber surface tend to
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cause surface unevenness, especially as fibers are stretched along fiber axis, polymer contract

in the transverse direction due to its large poisson ratio. Vghi@um carbonate fillers can

be regarded as rigid sphere which move along with polymer stretching by rheological stress,

but also can be retarded by restricted deformability. This cause patrticle fillers protrude out in

drawing process, especially at heghloading fraction when the polymer viscosity is

apparently increased (Figure63. The polymer crossection dimension contracts in the

spinning will cause phase separation from rigid particles, whereas any cluster of particles that

cannot deform with dgmer jet will stick outside of fibers and form surface roughness.

780 1 —— Ca5-500
=== Cab-1250
680 - Ca5-2000
—~ 580 -
(%2}
@ 480 - (110)
e
£ 380 -
S 280 1
O N
180 - “
N 104
80 | \\\ (111) ( 2 )
-20 — AN /A rerrie.
5 10 25 30 35 40
22060
Figure3-5:Spinning speed effect -ononodim ofgaanermth

500 mpm, 1250 mpm and 2000 mpm.
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Figure3-6: Shear viscosity by shear wiping from low shear rate 2@ 4.0, 000 $ at 230C
comparing with PP control fiber sample with 30% and 40% filled fiber samples using
capillary rheometer.

84



¢ PP FibersmFL 30% A FL 40%

10
9_ -
z
o 7 A 1 1 e
g
E 6_ \f‘
(‘,—') 5 - 1
5 4 -
o)
oL 3
2_
1_
0 T T T T

1000 1250 1500 1750 2000 2250
Spinning Speed (meters/min)

Figure 3-7: Fiber boiling water shrinkage at varying of spinning speed 1250~2000 mpm.
Comparing two loading levels with PP control.

3.3.1.1. Crystalline Structure

Mineral fillers change the diffraction peaks of polypropylemel induce separated peak at

calcium carbonatdistinctcrystallographyComparing with PP fiber, there are peaks located

at 2d= 30e and 37 ¢é,be agdodiateth withalaism carbosatéillefs 8'.u n d
Previous result showed thatthe caldteaes t he maj or chaRP@cOer aadi
39 . 4 e loadddenorehan 5%*). Peak at 30e has a distinct
existing of calcite with large rhombohedra phase. Based on Scherer equation 3, the crystal
size at (1 0 4) inceses with loading concentration from 20% to 30%, but reduces at 40%.

The calcite crystal cleaves along (1 0 4) planes easily, as shown in morphology of GCC
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particles in Figure -®. While the crystal size at (1 1 0) enlarging concentration from 20% to

40% (Table 33).

Fiber develops U pol ypr gsinilérasthe shadr stress induaed d i n ¢
monoclinic in Figure 3B, PP fibers mesomorph crystalline structure has transformed, appear
with three sharp peaks altsobBalfve peaklinfegsity bdc@mee a n d
less pronounced with more filler loading concentration as shown in FigBrevBich is in

consistent with previous results Bupaphol et al*®. The inter lamellae -dpacing (&) at

varying loading of CaC®keep decresing at each diffraction peak (0 4 0) and (1 3 0) as
shown in Table 3, indicated packing density of folded chains increases in -&bisbb

elongated platelet crystallites. Nevertheless polypropylene is still keeping the (1 1 0) plane at
the closest spaug during drawing, meaning the flow oriented molecules seeks a lower bulk
energy level by excluding out any impurities in the material. This plane represents the
parallel long chain molecules align along spinning stress, form by unfolding less perfect
smal crystallites into highly oriented crystalline structlft€®. Because fibers are highly

drawn on godetghose lamellaplane keep thickeningp a*-axis and b#*axisin thevertical
planerelative to c*axis direction Large portion of inorganiparticles are mainly wrapped

up within amorphous molecules, or favorably inhabited at less perfect small crystallites at (0

4 0) and (1 3 0) planes, resulting i¥splacing in this two planes narrowédirthermore, we

can use the mechanism of epitaxial gitovio explain this phenomenon at inteanellae

structure, specifically the heterogeneous calcite absorb polypropylene free tie molecules and

assist its folding vertically onto the plarf&s*®!
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Figure3-8: X-ray diffraction patterns compare fibers containing different am@03t40%).
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Table3-3: WAXD Diffraction Pattern Information Lamellae$pacing and Crystal Size:

Peak
Sampl e Posi 2 dJ() d (i Crystal
n
(1 1 1554 570 33
(0 4 1755 5.03 48
PEUUY g g agas 458 69
(1 1 2204 4.03 244
(1 1 15.00 5.92 71
(0 4 17.79 4.97 66
Caz2z000t 1 3 1937 458 69
(1 0 3033 295 379
(1 1 3689 2.44 278
(1 1 1522 5.81 53
(0 4 17.84 4.97 55
Ca32000( (1 3 1963 452 75
(1 0 3052 2.93 510
(1 1 3711 2.42 366
(1 1 1534 5.77 144
(0 4 1808 4.91 166
Cad000l 1 o 3063 2.92 361
(1 1 37.16 2.42 370

Figure3-9: Calcite cleavage form of crystals of GCC powder SEM picture.
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3.3.1.2. Melting and Cooling Behaviors

Heat Flow Endo Up(mW) —>

- \____ ) PP Control
\\

L PP 95%, CaCOs 5%
PP 90%, CaC03 10%

/__' _ﬂ_l\\
| _ \ PP 85%, CaCO:z 15%
-

— \ PP 80%, CaCOz 20%

140 145 150 155 160 165 170 175 180

Temperature (°C)

Figure3-10: Melting behavior offibersfrom melting spinningat 1250 mpm.

We investigate on melting behavior of fiber polymer materials (Fige®® Jhere is one

endothermic peak as shown in Figur® Sithout much variation in the peak position after

loaded with calcium carbonate fillers. According to the melting temperatorensin Table

3-5, only at 500mpm increases filler fraction cause melting temperature decreas8seb 2

as polymer entropg-Vis related to amount of fillers which randomize polymer. This is

because at higher spinning velocitfpSC endothermic peakef a PP fiber without filler

exhibits double melting peaks while as filler loading level raises up from 20% to 40%

(Figure 310), the melting range narroweihto single melting peak. Thenarrowed

endothermic peak range indicateduction incrystal sizepopulation infiber crystalline™.
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From Figure 310 (a), higher loading concentration promoted the fast melting rate to reach up
to maximum heat flow in the systerhlowever the total heat flow reduces as polymer
material is replaced by part of inorgamtaterial, so the heat fusi@iOdecreases with

loading concentration as expected.

Table3-4: Melting Temperatures an@rystallinity of CaCQ/PPFibers

Conc. (Wt.9%0) | Tonset(3 ) Peak (Tn) Crys(gzl)llnlty
PR1250 0 154.6 165.3 53.2
Ca51250 5 154.8 166.6 49.2
Cal01250 10 155.0 165.1 46.4
Cal51250 15 154.6 165.1 52.4
Ca201250 20 154.6 164.9 51.0
PR500 0 153.9 163.8 55.8
Ca5500 5 154.6 163.6 53.0
Ca20500 20 152.6 162.6 47.2
PR2000 0 156.8 160.3 49.6
Ca52000 5 156.6 160.4 48.3
Cal02000 10 156.8 161.5 47.6
PR2000A* 0 154.2 166.9 56.1
Ca202000A 20 154.7 166.2 56.2
Ca302000A 30 155.7 162.8 53.7
Ca402000A 40 156.3 161.1 51.3
Ca402000B* 40 154.3 165.0 55.4

* A denote DR=1, B represents DR=Both are produced with 1.155 cc/hole/min
throughput.

Fiber crystallinity, as listed in Table-#g reduces after loaded with Cag€0Op to 10%, it
shows that crystallinity is related to throughput, spin speed and drawsirate under high

shear stress for a longer residence time crystallization would be sufficient and crystallinity is
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higher. The polymer at lower throughput (0.635cc/hole/min) can induce a high crystallization
rate, but as polymer jet cressctional is mut smalle than fibers produced at
1.15%c/hole/min, so the fast cooling will result into less time during the crystallization.
However, crystallinity of melt spun fibers based quenching of PP is barely increased by

(Table 34).

Although filler particles add more impurities into heterogeneous nucleating polypropylene,
however, from only a limited-3°C improvement on crystallization temperaturg)(Mmean

that the nucleation effect is barely existed in PP melt spinning (TableS3milar resultvas

noticed that addingstearic acid coated calcium carbonate into iPP theisathermal
crystallization is unaffected or at not as distinct as talc filled polyprop¥i@nehis result on

T. of PP is much higher than the results recorded by Fujiyama\takino®”!, maybe due to

different molecule weight between two cases. We also find similar results shown the filler
concentration dependence opiTs ri sen up from 5% to 20 wt. %
increment is more prominent in their workdause they are using PP in injection molding

that cooling time is much longer than PP fiber spinnfrgvious resuitshowed that there

was nucleating effect 00.5 wt. % talc inpolypropylenewhen larger amount of nucleation

sites may distinctively appe in the system, but its size reduction is mainly caused by
impinging as they keep growifty #). However,calciteis not as active as talc in nucleating
efficiency, 10 wt.% chalk cannot compare to 0.5 wt.% of talc in theif OAT AAOQOET C
capability, which refers to the ability to transform BT 1 U D OT imdJdolfmordbhic

crystalline***®. Due to heterogeneous nuclei in polypropylenelt coulddominate over
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any nucleating ability from inorganic impurjtgspecially in ashort residene time It is
hypothesizd fillers will actually hinder polymer lamellae compaction to achieve highly
crystallized phases. The crystallites populations may be hard to form densely compacted
lamellaeplane resulting insmall crystalgrowing on a closed tigly packed space where

involving a large fraction of loading

Table 3-5: Crystallization Temperature of Cag@ibers with Different Filler Loading
Levels. Spinning Speed was 1250m/min:

Cacg(%:onc. OnsetT, (C) Peak T (€)
0 122.0 118.1
5 124.0 120.5
10 124.4 1211
15 124.7 121.3
20 124.3 121.2
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Melt Curves 2000mprbR=1 Melt Curves 1250mprbR=2

Heat Flow Endo Up——)

Heat Flow Endo U——)

135 145 155 165 175 185 135 145 155 165 175 185
Temperature 8§ ) Temperature § )
=PP-2000A ——Ca20-2000A

Figure 3-11: Melting curves of 2000mpm fiberg)(and 1250mpnfibers @) with CaCQ
filler concentratiorPP, 20%, 30%, 40%.

3.3.2. Tensile Properties

Index in single fiber tensile properties include breaking stress defined as tenacity, breaking
strain, secant modulus at 5% and toughness. Stress represent in a normalized strength in
different fiber size (unit: denier), which is the denominator to theef@unit: gf). Toughness is

calculated fromamount of energyo result into fibebrealage Modulus is the ratio of stress
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over the 5% strain, which is an important index to describe fiber material elasticity before it
stretched over yielding point. Ourdt finding is adding 5~20% of inorganic fillef<GCC
reduce the tenacity and toughne¥®dulus keeps at consistent value only slightly reduced
Polymer orientation determine the modulus levels, does not matter even if polypropylene
developed amorphous ientation dominant in fibers. Strain at break reflect the extent of
polymer molecule oriented during spinning, higher strain means fibers are less oriented. In
tensile behavior, fiber breaks when folded planes are unfolded and pulled out afliceyst
phase. The involvednorganic fillers hae very little impact on fiber strain at breaking.

Therefore, tenacity is considered as the main attributor to lower toughness.

We can interpret fiber tensile behavior from its st&sain curves from Figure-B3 (a, b),

firstly the main difference for PP and fibers containing with fillers is the upper section at the
end of plastic deformation region, that PP chains can develop more potential in high stress and
strain. Calcium carbonate fillers did not strengthererBb but shorten plastic deformation
extent which means during unfolding those crystalline molecular chains, the dispersed filler
particles assist in gliding of long polypropylene chains. Thereafter, loose structure of lamellae
keep elongating to the extewhere stress rupture the chain molecules and daaissverse
breaking. Energy of working under the curves are decreasing as strain at breaking apparently
drops above 10% (Figure13 (a)), and tenacity deteriorate with higher filler amount in fibers
(Figure 313 (b)). Another unexpected finding is for the deformation curve reshape at one of
concentrationi 10%, specifically, a convex shape plastic deformation occurs following shorter

period of reorientation. This phenomenon occurs for this sample afdedive times out of
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ten specimens from Cafl®250 as this representative curve does in Figut®. 3oading 10%
GCC fillers in polypropylene may hinder crystal growth from embryo that initializdeating
however with 3 vol. % (10wt.%) of impurityinporganig the polymer behave like
differentiating and protecting their intrinsic nucleating sites rather thanngtanicleating

from other impurities. In the competitive recognition of polymeric nuclei Bmmidganic
nucleating sites, the time left for stal growing may not be long enough. Therefore,
amorphous volume fraction increases at 10% of loading. As a result, the amorphous
orientation should dominate over fibstructure thaits tensile behaweastoughening in the
beginning of plastic deformatio We would expect that crystalline structure under
heterogeneous nucleating result into much uniform and small cgystaing As Figure 312

(b) shows 20% to 30% of filler loading to polypropylene can effectively increase the
heterogeneous of polymer sdsgm, so that during following quenching, fast cooling form
smalkerlamellae size. The fiber tensile will behave like a conjunctive chain linked by lamellae

platelet, that increasing strain will respond to a very steady increment on the stress.
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Figure3-12: Singlefibertensile properties with 2.5~20% of GCC fillers.
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Next challenge is on varying concentration of calcium carbonate fillers above 20%, equal to
volume fraction 6.4 vol.%, 10 vol.% antb vol.% to 20 wt.%, 30 wt.% and 40wt.%,
respectively. It is suspected as filler concentration reach to its upper limit the structure
formation in melt spinning become much more difficult for several reasons. One is fiber
strength, as shown in Figurel3 (b), the elongation become longer than PP control fibers
then follow by a suddereductionfrom higher breaking strain of 270% to 170%. This means
the fiber structure must undergo a dramatic deterioration at this level. Structural defects
fiber structue arerelated with filler agglomeration, resulting in weak adhesion at the interface
between filler and polymeras shown in Figure-B8. Fiber breaking at defects caused by
agglomeration can be explainedwgak linktheory The fiber strength isqual tothe weakest

link strength,refering asdefects infiber semicrystalline structurdorming ascrystallization

of lamellaemismatch in chain folding or cavity in the amorphous reghore likely those
defects after incorporated with fillers are miaroids in amorphous due to dissimilaritf

chemical property of inorganic CaG@@ith polymer matrix.

3.3.2.1. Weak Link Theory

We have addressed the issue of weaken fiber structure after being loaded with inorganic
phases, which is somehow our expectationhowever, decline in fiber tenacity did not
follow in a linear or exponential trend, as shown in Figwk.3Some evidence supported

the function of fillers in improving elastic modulus and yield stress (Figli®.3Because as

fiber diameter become smai] fibers tend to form more weak link points at structural defects
where CaC@with large than & nof particle size which is almost quarter of fiber diameter.

Based on weak link theory, tls&rengthof one fiber or yarn igqualto the lowest strength
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Figure3-13: Fiber stresstrain curvest filler concentration from 5% to 20% as shown in (a),
andfor loading concentration raise up to 20~4(8%

linking in the fiber. Such weak spots s CaCQ contained fibers can be regarded as any
crosssectionallinkage in fibers that form a potentiatraze initiator at organic/inorganic
interphase. Based on patrticle size distribution of &@i&rLink shownin Figure 3-3, there is

top cut that ¢k > 10e md;s at £m and dp with 2.2&m. Stress could propagate from a pin
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crack around particulatperipheryregion, and expand radially to adjacent semstalline
region!” ¥ This eventually rupture fiber sample when drawing force exceed the wé&ak lin

strength.

The Weibull distribution characterizes the structural defects distributed throughout fiber unit

segmentq and¢ represent the average defect index defined as:

¢ - (6)

where N is the total numbesf defects in a lengtlxof fiber segment. So the survival

possibility of a fiber with length &  d&is denoted a8 :

0 B p 0 Bp 0 (7)

wherewis the strength ofiber containing a number of structural defects throughout the

lengthgy where w isvarnedfrom, pto, €, where nis the total number of segments in
a fiber with gauge length L in the testing. Then the average segment over n adunt is
When any segment has less than avetag@dicatingthis segment must be regarded as a

weak link composing the whole long fibeslso for number of segments in a bundée,
ranking from lowest to the highest strenggha possible way to find out th®umulative

probability of failure.

saOomh O Om (8)
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Q Op v (9)

0 0 MM M EXD Q ° 2 EVYD (10)

0 Q ° (11)

wherezd 30 30 E Y& ¢, based on theassumtion thatthe distribution of
defecs in cylindrical fiber is uniform, so the failure possibility is related with the average
defect index . As inorganic filler particle gain its fraction in fibegs, will increase which
means distribution in unit segment of fibers contain with higher concentration wil} tixel
encounter with greater numbef fatal failure. Gauge length at specitiavill result into
number of defecté & €& . Zero gauge length gives a polymer a perfect condition to
exclude out factors that may result in material breaking. Increasuggdangth it should be
corresponded with larger polymer strength theoretically. But in the real fiber tensile property,
particulate fillersdo not have perfect uniform dispersiosometimes come across with
aggregations and aggregation (Figl4}. So fiber strength ishard to haveconsistetly
monotonic decreasingith gauge length. There is a likelihood of severe structural defects
have come up at sanpeobabilityin a gauge length range above 1.5 inch, as shown in the
result of Figure 34 (CaCQ 20%).From yaxis interception with regression lingéne zero
gauge lengths estimatedvhich takes off the effect of gauge length, so that mainly focus on
the intrinsic property of fiber material. The b value for PP fiber, and 10% and 20%3;CaCO
(GCC) containd within fibers are respectively calculated as 370 MPa, 327 MPa and 229

MPa, with & least30%loss after loaded with inorganic fillelBased on previous assumption
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that filler particledisperson is uniform throughout fiber length, smlume fractionat each
section linking in fibers is constant%i 8We can denote the intgarticle spacing ao is A

which isapparentlyincreasing with more amount of loading. Those particles may be packed
tightly in the fibers crossectional regions, if any loose packing, there can result in a lack of
valid strength transfer linkage among the stack. At wt.% = 20%, the b in linearsiegres

plot has dropped expectedly, but unexpectedly is from its decrement rate from 10% to 20%.
From the gauge length effect, we suspect that fillers start to granule into clusters
accumulating at fiber crossectional spots randomlyThat possibility of ary severe

agglomerations results into breakage strength lowering down.

At unit volume of fiber, loading concentration determine the number of weak interfacial
conjunction that determine the segment strength. While from the gauge length effect as
shown inFigure 315, the linear regression overlay define material properties that under a
controlled lengthPP fiber as well as CaG@lled at 10%has declining rate increase from
-17.29 to-21.28, which means length scale weak links distribution in fillegrfiltausenore
severe breaking mechanism. This could be due to the +watds forming at 10% CaCO
loaded within fibers, that significantly reduce fiber crystalline orientation in fibers. But as
keep increased to 20 wt.%, the slope deviate from the loesamples, with tendency to be
constant in lengtinange from 0.5 inch to 1.5 incithe reason for less dependence on gauge
lengthis thatprobability of weak links occurred throughout a ifsh segment is equéd a
larger gauge length of segment. SevBaws distributed in length L (1-:5.5inch) reach to

equilibrium also suggest a much uniform fill/polymer dispersive interaction in the fibers.
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Figure 3-14: Filler agglomeration at 40% GCC, compare spidraw ratio Al:l
1850/1900/2000 (a) with-&:2 900/1800/2000 (b)

Because of structural irreguiigr with particles, the strength testing have a CV around 5~10%
for fiber strength, and the variation comes out larger at higher gauge length scale (Figure 3
15). This is due to probability uncertainty in the distribution of defdw$ may occualong

any £gment period of fibers, especially in longer filament spinning. Weibull distribution has

been modified into different formats in tensile strength analysis. If the fiber strégjtis (
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defined as the peak load over the filoensssectionarea at the mamum extension, we may
consider a cumulative function of tensile strengthco "3 "0 "Q . This function
should be monotonic increasing with, we also interpret the occurrence of fiber specimen
with strength equal or lower than a specific stnrestked among ¢ Tas the probability

Oicw @ . Naito et al. gives a definition of cumulative probability of failube,as

equation (2) %

o — (12

where’Qs the number of fibers that have lower than strength [€&eind n isthe total
number of fibers tested. Then we can apply our experimental results into a statistical

distribution known as Weibull distribution as:

0 p Agp— — (13)

where L is applied gauge length, which is 1 inch for the standaebsth our following

experimentD is a reference gauge length. We are using 1 inch continuously, if so, use
— denote the ratio between tensile strengthof fibers with length L to the

characteristic stress. And this equation can be furthelewris

I 1T T— a 11, d aeg, — (14)
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whered is Weibull modulus, can be obtained by linear regression from a Weibull plot of
equation (14) of 11 I— wvs.i 1, [l As shown in Figure -36, it is plotted four
differentcalcium carbonate loading concentrations from PP with 0%, and 20%, 30% and 40%

with a Weibull plot function based on equatiod)1Slope of each samples in its plot gives

us an estimation of Weibull modulas , which means an unit increment iraxis results

into a corresponding increaselinll 1—— . Apparently, this is a function 0 , and the

failure probability monotonically increases withl I T—— . Weibull cumulative function

defines that the failure probability is equal to 1 when the tensirength is larger than any
other lower strength, which testing in this case includesf@&cimens of fibersThen as
decrease the Ip the failure probability functio® correspondingly reduce since several
specimens have exceeded this tensilength level at, . We may also regard these
specimen connect one by one on ha&athil, forming a long filament with a certain
distribution of strength in each segment. The slope, or the modulus, represents the
distribution density of segmental piedist positively increases with1, . When tenacity
increases, those number of fibers fall below the strength level willdoeagng frome to

¢ y , with theY, represergthe number of fibers with strength within rangeéh( Y, ).
Varying « P in sample must contribute to different probability density in a Weibull
distribution. Higher modulud indicatesstrength distribution is uniforrthrough the whole
samples It reflects a close physical property from one specimen to the other, although
variation in strengtltomes withspinning, a relative closelistributionwill increase the ratio

betweenYt to ¥, . This means the probability of one segment encountering with structural
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defects will be influenced by its adjacent segments, whictVhd¥, 8 of finite element

in strength variation. After loading more than 20 wt. % of Caflllers, we have found fiber
tenacity show a significant smaller CV (%) at 30 wt. %. So from increasing slape fof
varying of concentration from 20% to @0 we would expect more stuffing with inorganic
phase weaken fibestrength thoughat 30% the tightly packingnhance the viscoelastic
continuity in response teexternaltensile stress. While compare to 20% which possess a
lower (YEZY, ) ratio at high sength, 30% of filler in the fibers perform rather uniform and
higher Weibull modulus in the whole range. Furthermore, above 30%, as indicated in Figure
3-16 crossing points, the Weibull modulus reduce shawitych meansstructure of fibers

deteriorateseverely at 40% and the distribution of breaking strength become widely
distributed for responded failure functionl T—— . And suchweakemdfiber structure is

due to irregular filler particle size that increase the chance of unavoidable agglomerations,
surrounded by the voids in polymer matrix, that cause a large CV(%) and low Weibull

modulus in its tensile behavior (Figurel8 (a) and Table-8).
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Figure 3-15. Gauge length of single fiber tenss&ength from 0.5 inch to 2.5 inch of melt
spun fiber samples: PP control, 10% GEiBerLink loaded fibers and 20% loaded fibers.

Table 3-6: Weibull Plot based in eq. 14 of Fiber Tensile Strength Filled Widnying
Amount of Calcium Carbonate Fillers

Filler

0 ¢ —

Concentration| " (Mp3) CV (%) a y=ax+b
PP 257.2 10.3 13.201 y=13.201%70.619
20% 209.8 8.6 12.549 y=12.549%67.577
30% 172.5 7.36 14.587 y=14.587%75.623
40% 134.8 11.1 9.6366 y=9.6366%47.731
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Figure 3-16: Weibull plots for melt spun fibers PP and filled with 20~40% spun from
DR=1:2 at 0.9 ghm throughput.

Fiber tensile behavior at two spiltaw conditions denoted as A (DR=1:1) and B (DR=1:2)
include in a set of fiber tensile properties in FigwEr3With 15 mm/min extension rate, the

draw ratio 1:1 (1850/1900/2000) sample could be restricted in its extension over the yield
point of stressstrain curve. This could be due to less orientedrpetychains in the spinning,

so during the subsequent extension, force can pull apart those random coiled polymer chains

under lower stress. While when given a spinline draw (&R=1:2)to fibers, those single
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fiber tensile behave like a very intendwing after fibers are solidified on several godets
(950/1900/2000)1t is end up with less strain at breaking; because of fibers develop more
alignment in previous spinning already. But from much higher tenacity at 1:2 cahtpare

1:1, we understand thatalving start from 950 mpm in feed roll, will impose a longer
guenching duration in the spinning, therefore, we would expect molecular orientation have
enough time to transform amorphous phase into lamellae crystallites. Using a velocity ratio at
godet drawng of fibers provides a stable spinning to polypropylene fibers, especially when
loaded with more than 30 wt. % of calcium carbonate fillers. Since over loading hinder the
viscoelasticity respond in polymer deformation, a reduction in feed roll speedtrease

draw ratio to 1:2 allow for an elongated period of time in the phase transformation in fiber

spinline.

Draw ratio as included in Figure-1¥ further show a relationship between filler
concentration with two draw ratio levels (1.1 and 1:2). Highw ratio increases the tenacity

and reducepercent of strain at breaking. Fiber modulus is associated with the chain stiffness
in the initial deformation of elastic region, which is sensitive to filler loading concentration.
Modulus increases after clging draw ratio from 1:1 to 1:2, meaning that fibers orient better

by drawing to develop chain stiffness. Especially below 20%, 2000 mpm at 1:1 drawing
impose an intense chain alignment and higher modulus. But above 20%, we see modulus is
dramatically droping down even below draw ratio 1:2 as shown in Figut&.3This means

fiber structure is severely weakened represent in either initial elastic deformation or post

yield point plastic deformation, resulting in less orientation and insufficient polymer
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crystalline compaction, so strain at breaking is increasing compare to draw ratio 1:2. Loading
of 30% of CaCQ declina fiber shrinkage from 125@npmto 1500mpm (Fig. 36). The
upgrade from 30% to 40% has caused severe deterioration in single fiber teissitenva in
Figure 315, with a substantial partial breaking down of polypropylene chain molecules
which resulting in reduction in Weibull modulas . While at 2000 mpm, 30%f loading
persisedin crystalline orientation at same level as 15@8m thateven higher speed cannot
yield with more chain relaxatiofFig. 3-7). This again indicaté 30 weight fraction of
calcium carbonate fillers can stifomotethe crystallizatiororientationunder shear stress in

the polymer extrusion. While loading more thad wt %, either by lower down spinning
speed to approve for sufficient time of crystallization, or by increase up draw ratio from 1:1

to 1:2 will contribute to improvindiber orientating and forming into uniform structure
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Figure3-18: Defects of filler particles in fiber formation: (a) weak adhesion, filler separation
from polymer matrix; (b) agglomeration of small particles.

As to spinning structure form at varying of take speed, which is referred as relax roll
speed or wind up speed, has shown from 1250 mpm to 2000 mpm the spinline tension can
still withstandhigh loading concentration up to 30~40%. As shown in Figui® 3oiling

water shrinkage refleei how much oriented molecular chairtsansform into highly
compacted crystalline orientation. Stress induced crystallization form a regular spinning
formation of fibers, increasing the speed for polypropyleag shown aecreased boiling
water shrinkage with spinning speed. This means polymer chain structuresewelop
crystalline orientation in the fiber formation. Because shrinkage comes from chain relaxation
in the boiling water, chain orientation form in its tempgramorphous orientation which
tend torecoil upon heatng. Increasing spinning speed impose larger spinline stress to
polypropylene fibers, however, in existence of inorganic filler particles the shrinkage

correlation to speeid apparently higher thamolypropylenepure fibers The heterogeneous
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system filled withcalcium carbonate hinder crystalline orientatimich resulted into more
boiling watershrinkagecompaedto polypropylene. Furthermore, shrinkage either level off

for 30% of filler loading oreével up for 40% of filler loading as shown in Figur&.3This
phenomenon reveal that increasing spinning speed brings processing difficulty because of
lacking sufficient time tallow the growth of crystalphasento highly oriented morphology.

The additon of calcium carbonate on one side has nucleation effect to trigger the crystal
growth. Talc and mica filledoolymer system orientation index in crystalline and amorphous
regions become muctiifferent from neatpolymer at low shear ratdnowever,increasing

shear stress woultbwer the difference in orientatiorespecially with alignment of filler
particles®®. They also indicate heterogeneous nuclei of filler particles usually occur at
guiescentondition, but there is less nucleation effect at high shear stress in melt spinning as

homogeneous nuclef polypropylene melt mainly dominated in the primary nucledthg

3.3.3. Discussion on Viscosity

Polymer melt contained filler particles v& higher melt viscosity and low melt elasticit§

23 and inevitably retard the polymer chain estiletch property in polymer extrusion. Shear
stress imposed on a polymer/filler blend primarily align polymer by melt extrusion from
capillary. The morgology of fibersbecome unstable, and the reason that fiber property
highly depend on filler loading is because the melt viscosity dominate over the polymer
extrusion and structure solidificatiomherefore,we investigate melt viscosity aifi@rent
loading of calcium carbonati#lers to predict polymer and filler interaction during the melt

extruding.As shown inFigure 36, there is shear thinning behavior of polypropylene. More
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internal voids are probably related with high viscosity of polymer mekssclack of chain
flexibility to wet those particles. Also lower fiber tenacity is related to internal agglomerates
as shown in Fig.-38, the affinity between such clusters should be sheared apart by polymer
flow. However, with high viscosity it hindethe polymer molecules from ease of alignment
with shear direction, leaving withinaffected polymercoil that is inclusive with fillers
agglomerationsRedudng the loading concentration will give polymer relative flexible chain
mobility to dispersion filles outside capillary without much irregular clusters forming on
flow jet. Generally in capillary of spinneret under throughput 0.7~0.8 cc/hole/minute, the
pressure will generate shear rate around 700~1800twerefore, the viscosity difference
between pure PP melt to 40% filled polypropylene is within 30 poise rakgethe
rheological behavior of polymer material is defined by the spin extensional viscosity

equation (15).

- (15)

Where,, » IS the tensile stress within the fiber (and, arethe normal stress on
longitudinal and radius directipnin fiber melt spinning, force balance on melt spinning

follows:
O OCw O 1 O O O O (16)

"O 1 is the rheological force outside of spinneret capillary in the elongational flow. Since
the elongation strain rate is increasing in fiber spinning, so strength impose on unit area of

fiber isbased on the equation, considgrabout the reduced fiber diameter R(x).
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0 ® - -0"Y ® (17)

Spinline stress increases with take up speed from agB0to 2000 mpm. Nuclei start from
polypropylene embryo as polymer cool down, at theesaime, those calcium carbonate
mineral fillers form platform in the lamellae crystal growing. Our reshitsredthat WAXD
diffraction patters develop a monoclinic polypropylene after being embedded with filler
particles. But as filler loading increasebe interparticle spacing get closer for a less
perfection crystalline diffraction peak as intensity drops from 20% to 40% (Fig8je 3
Fillers excluded outside the crystalline boundayuld carry irregular voids in that
amorphous regianThese are closely related with spacing in a limited volume in fibers
spinning outside of the spinneret. Fiber crystallinity decreases with concentration, but
drawing develop a higher crystallinity (Table4g Addition of CaCQ to polymer melt
reduces theiscoelasticity that if spinnability is targeted for higher loading concentration, a

drawing is necessary to improve the fiber strength as well as molecular orientation.

Based on the study of Zoukrami et al., the elongational viscosity of calcium celiitied

low densitypolyethylenedoesnot correlate with filler loading concentratiéf¥. Based on

our results in shear viscosity difference betwaery -h — & g = 60 poise

(Fig. 36), then elongational viscosis- 03— p Piré Qi P AG=18000 Pa of
tensile stress difference ( , ) between PP fiber and Cag@illed at 40% at 10005

The elongational viscositys assumed to be temperature dependent accordingly to the

Arrhenius law:
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where B is a material constant coming from the experiment. Since quenching of fibers cause
polymer solidification, so the viscosity should be related to the position leavingtfrem
spinneret holeswhile compare to 20%, load with 40 wt. % of calcium carbonate fillers
also increasgeshear viscosity compate¢o PP polymer, however, at certéa@mperatureéange
(220~250C) loaded with more fillers than 20% will ndefinitely bring a sharp increase in
viscosity like 220, 225and 2358C, which even reduce the viscosity level than 20%. More
interestingly, although 23C is a transition of melt rheology of polypropylene as well as for
20 wt. % filler contained sample, at which point will shear viscosity significant reduce
compareto 225°C. B value in Arrhenius equationflfor PP and 20 wt. % filled sample is
5525 and 5299, while for 40 wt. % the material constadtice its value dowto 1233.This

value may represent the retardant from more filler loading particles that hespemse of
polymer chain molecules to thermal energy, specifically the conformation relaxation of
polypropylene lack enough kinetic energy reaching to higher enthalpy level unless

continuously increasing up system temperature.
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Figure3-19: Temperature dependent on shear viscosity of polymer

3.4.CONCLUSION AND SUMMARY

Adding calcium carbonate filleisto polypropylene, the structure and propertie®Bfibers

have changed with loadingof fillers. GCC FiberLink (with 1.5% stearic acid coated
particleswi t h average si ze 2. ®asmeltspandntotpaypropglene ab ov
fibers. Although there are interfacial defects such as voids and clusters at higher loading,

fiber structure still possesst rather uniformdisperson with filler particles Meanwhile, at

higher loading 20~40 wt. surface of fibegetrougher and agglomerationduced weak fiber

structure causes fiber tenacity decreaBased on our analysis, the suiraw ratio effect on

the highly filled polymer material represents in fiber molecular chain orientation, as drawing
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imposecrystalline orientatiorof fibers also avoid the structure deterioration at high loading
fraction To avoid the bumpiness on fiber surface, drawing fibgrat least 1:2 draw ratio

will impose a better fiber formation as to 40% of loading concentration. Because there will
be less draw force impose at the section before fiber solidify which help polymer row nuclei

respond to the extensional force.

At same spinning condition, lower fiber tensile properties represent increasing amount
probability of severe defects in unit length of fibefhe zero guge lengthstrength is
following the concentration dependence, as material intrinsic structure isneshkHowever,

at 20% of loadingFig. 3-14) the gauge length is less dominant in lowering the fh@ngth

due to the fact that weak band already control the weakest link in a finite volume of fibers
Fiber crystalline structure for fibers develops maifinic from mesomorplhwith crystal size
enlarged. Melting behavior of filler contained polymers also respond & narrow
endothermic peak from DSQVithout much nucleating from inorganicaCQ particles,
nevertheless, narrow the crystal spapulationin polypropylene fibers attribute tdensely
particle packing affect the secondary crystallization of polymer in time dd¢abeever, from
constant orset melting temperature at lower loading concentration, in together with same 2
in diffraction patter, weconclude that fillers did not inducerimary nucleation to
polypropylene Most likely, these fillers stay in the amorphous, hinder the development of
crystalline orientation in fiber formation. In the end, further increase up to 40%, polymer jet

may encouater with higher elongational viscosity, especially at lower shear rate range.
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CHAPTER 4 Particulate Fillers Toughening Micromecharics using
Calcium Carbonate Fillers on High Strength Melt SpunPolypropylene

Applied for SpunbondMicro porous Materials

ABSTRACT

Particulate fillerssuch as calcium carbonate is widely appliegpatymermaterial br lower

the cost in processing, changimgechanical propertiegpacity, surface smoothness which
improve the product economic valu®lonwoven by spunbond continubysproduce
polymeric resin blended witbalcium carbonate fillers into random laid fibeelys, where

filler particles forning with polymer from melt extrusion to solidify into filaments, to impose
featured fiberattenuated structurén this chapter2.5 wt. %, 10 wt. % and 25 wt. % of
ground calcium carbonate (GCC) and two types of precigitagdcium carbonate(PCC)

spun into melt spupolypropylenefibers. Afterwards, 100 gsm nonwovens containing with
10 wt. % of each type are primarily characterized from its geometrical struaftdiieer
diameter, fabric thickness, and solid volume fraction. Scanning Electron Microscopy (SEM)
and optical microscopgre appliedor characteriing fiber surface morphology and particle
dispersion include internal microvoid structure of fibers. Ogulte on characterization of
structure give filler particle type dependence on fiber diameter, that reteajle EMforce
results fiber obtaining smaller diameter, and spunbond thickness is reduced. Comparing to
PCGEMforce, GCCFiberLink tend to crack alantwo poles of particles forming groove
around them, which maye because of its larger average particle sitz224 ¢ mand top cut

above 18 mFiber modulus and toughness is also associated with particle specific surface
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area and the high aspect ratioashgonite PCC fillers, that improve on tensile mechanical
performance of fabric as in tavo dimensional fibroa nonwoven structureThe enhanced
polymer thermal degradation property by using fillerchsiracterized to perform particle
size dependence ategradation rate based on the study u3ingrmal Gravimetric Analysis
(TGA), the finer and smooth PCC particles can enhance interfacial heat trarddgraading
polypropyleneOverall, we explain the fiber internal structure from melt extrusion witlashe
viscosity at varying of shear rate, and explain the effect of particle shape on the filler

alignmentin polymer meltextrusion

Key Words: StructureProperty Relationship, Ground Cag@®iber Melt Spinning, Particle

Size Distribution, PrecipitatedaCQ

4.1. INTRODUCTION

Inorganic fillers are fine particles mixed with polymeric raw material in melting, extruding
and shape forming into a commercial product, containing with such particular fillers is
supposed to lower cost of polynteisin Meantime, funtonal fillers are tailored for specific
applications in plastics, films, papers and paints since these small particles change the flow
density in plastic processing and impact the subsequent cooling and dentBidihg’.

More important, filler partles possess with specific surface area interact with long chain
molecular in different viscous behavior, can either thickening or reorgeander the shear
deformation in the capillary slits. Thisimportant as to spinning witlong filaments, staple

fibersand yarnsas a implication of delicate crossection areand longitudinal dimensions
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must cope witHiller particlesmovement withpolymerflow and elongational deformation
Calcium carbonate fillers, as the most popular inorganic fillers hage applied to melt
spinning to form a varying loading in polypropylene fibéksHowever, relevant inventions

in spinning and spunbond lack various selections in Gagdbticle types, even ihas
preference tocertain particle size range for spinning. Challenge in spinning stability
confine filler particle loading concentration and particle size distribution to a very limited
range, it still ask for a flexibility of choices in other types of fillers to know the key

parameters of particulate fillers.

The reason why we care about variation of calcium carbonate filler types can be associated
with two particle characteristicparticle size and particle shape. Particle size plays a key
role in fiber extrusion since crosgctional shrink with extensionalation of polymer jet

may form great amount of structural defectspatymerfiller interfacethat resultediber
breakageln choosing mineral filler, not only particle size should be taken into consideration,
but also to keep certain particle size disttibn. The portion of smalbkize within certain

rangeis criticalto melt viscosity, without sufficient wetting fine partiskend to agglomerate
undercohesion. Therefore, to avoid cracking at weak interfacial bonds must solve the issue
of affinity to pdymer by usingstearic acid coatin§’. On another side, fiber strength is also
sensitive to the larger particle size as stress concentration may expand craze at surrounding
small crystallitesdebondfrom polymer matrix Karakas and Celik has discusseé tatio
between [3; to Dsp which define the large size portion to the medium size portion, and this

ratio Dy7/ Dsp is influencing melt viscosity, opacity and gloss of the calcium carbonate filled
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paint®®. In another work by Gorna and-emrker, amorphousalcium carbonate precipitated

into different size distributiothat must reply on preompounding with fastic resins”.

Two types of calcium carbonat&e ground calcium carbonatéGCC) and precipitated
calcium carbonate (PCCpue to the different imeral processing, GCC are usually in cubic
shape in crystallography form of calcite; PCC frohemical pecipitation usuallynvolve a
variety of particle types such asscalenohedral, sphericaheedleor cluster aragonité®.
Particle size and shape defines the effective phase atpfilgmer relative movement,
without a conductive stress transfer network, the breakage could occur at any weak
interfacial bonding.In aspect of particle shape, long #ikk and platdike fillers are
functioning asreinforang agentfor polymer compositeRelative larger specific surface
increases the interfacial friction and extend the pull out time irrelagive movement$o

plastic deformation ofpolymer strand 24

. Toughening of polymematrix by adding
functional fillers, talc, mica, rubber and carbon black has been studied during the last two

decade&! 1,

Spunbond meet with a great number of raw material speunedéng it accessible to mixing
polymer resin withparticulatefiller, processing agent, additives, pigment, dumpagymer
resin preparation into spunbond grade palléggpunbond nonwoven is mainly applied in
hygiene products, baby diapeiosmetic masks and medical textiédl, requiing adding

valuesin fast speedaeshetic softness as wiehslow energy cost invebbing,bondingand
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finishing to meet with the competition in the markdtherefore, the whole processrom
polymer to fiber web control the movement of filler particles within the polymer matrix.
Multi-filaments spun from spinpack polymer extruder are collected on a moving belt with
random distribution in Machine Direction (MD) and Cross Direction (CBdlymer
crystallization accompany the alignment of fillers into the specific site, such anchdersf fil
inside of filaments is going to be drawn by aspirator high velocity air. Posymainly
develop sheainduced crystalline structure during attenuation. Therefore, it becomes
important to investigate the impact of calcium carbormemeterson spunbondfabric

propertiesstarted frommechanism of fillergnteraction with polymer spinning

This chapter is targeted to explore characteristiagsalcium carbonate size distribution and
particular shape on spunbond forming structure, especialljateahe impact onmelt
viscosity,mechanical propertgnd thermal propertyObjective isusing the technique ahelt
spinning and spunbontb reveal structurproperty relationship related with processing issue
such adiber breakage, which can be exipled more thoroughly by synthesizin parameters of

CaCQ.

4.2. METHODOLOGY

4.2.1. Materials

Pure polypropylene resin carries with three different types of calcium carbonate. These

additives come from mineral suppliers such as Specialty Minerals Inc. who sells asbunch

126



species of calcium carbonate tailored for different applications. Polymer is isotactic
Polypropylene (PP) CH360H (Braskem, Brazil). Melt flow index = 35. Molecular weight =
180,000 and the polydispersity = 3.3. Calcium carbonate iqmpounded with P in

certain weight fraction with surface treatment of stearic acid. Information is included in

Table4-1.

Table4-1: TechnicalSpecification ofThreeTypes ofCalcium CarbonatéFillers:

Technical Index  FiberLink' 201S EMforce® Superpflex®
Calcite Type GCC PCC PCC
Top cut 12 5 2

Major axis:1.1
Mean si z 2.24 Minor axis: 0.25 0.7

(aspect ratio:5.4)

Surface area

4.8 10.3 5.2
(m?/g)

1~1.5% Stearic

Filler Surface g
acid

3-4% stearic acid 2% stearic acid

Dry Brightness i ~94 97

4.2.2. Melt-spinning Process

Spinning of fibers containing compounded calcium carbonate masterbatch from three types
of fillers begin with monecomponent fiber processing to bring out the following series of
material processing. Mormomponent spinning wastudiad using the Hills Mult-filament

Melt Spinning Unit in our Fiber Science Lab. Experiment study filler type and concentration

two parameters. Processing conditions are organized in TaBle irclude spinpack
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temperature, throughput, as well as the draw roll speed combinatibbeiospinning. Filler
concentration is accurately controlled from 2.5%, 10% and 25%. Comparing with FiberLink
which keeps pump pressure at constant level, EMforce fillers cause pressure rise at 20%, and
Superpflex result into severe pressure shootingtup0%. Precisely pressure at each filler

concentration level could be consultedgpendixF.

Table4-2: Setting for Monecomponent Melt Spinning Process

Tm 155160
— Zone 1l 190
7
% Q Zone 2 205
@ 2 Extruder
e © Zone 3 220
= L
& = Zone 4 230
()
Q = Spin Head 230
©
= Quench Air 18
x
w Spinneret: 69 Holes, 0.4mm
MFI of PP: 36 g/10min
Constant Mass Throughput: ~0.6 ghm(grams per hole per minute)
Draw Speed Feed roll Draw roll Relax roll
Rolls (m/m) 1000 2000 1980
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4.2.3. Spunbond

Web forming is produced by 0.5 Meter Bicomponent Spunbond Line @hltgdson) in the
pilot plant of the Nonwovens Institute. Two extruders convey polymer material into
spinneret. Spinneret has 1162 holes, polymer meltiag fltered by 250 mesh size sgen
filter, and then pmp outof the spinneret capillary &bnstantmassthroughputat 0.6 ghm.
Calendarbonding compress the fiber web by a 18% of point bonding coverage, vary from
130°C to 150C for FiberLink filled webs; 138C to 150C for PCC filledwebs. All three

types of fillers are compared at point bonding temperature 6fC135

Different parameters produce in the spunbond nonwovens are filler: tidssrLink,
EMforce and Superpflex Filler concentrationis controlled by blending to weight fréen at

5% and 10%. For moroomponent fibers, throughput level is maintained at 0.6 ghm, but as
we increase up the loading concentration from 5% to 20%, volumetric throughput must be
adjusted according to melt density to keep constantly at 0.6 ghexmelt density at varying

of loading concentration is included in Appendix A Tabi8, 3vhichcorrespondinglyower

the volumetric throughput as loading concentration is above 10%.
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Table4-3: Temperature and Speed Profiles of Spunbond and Calendar Bonding

Primary core Secondary sheath

) Extruder Zone 1Zone 6 Zone 1Zone 5
% 400425440-455465465 400-425440-455465
clé_@ Spinhead 465
- Quench air 40%
b Thoughput 0.3 ghm 0.3 ghm
;&) Quench air 25%, 1055 RPM

Aspirator Fan 45%, 1619 RPM

Calendar pressure 750 psi

4.2.4. Characterizations

Particle Size Distribution Analyzer

Tests were conducted using light scattered particle size analyzer (Beckman Coulter) in
Department of Natural Resources of North Carolina State University. The GCC (FiberLink)
is immersed using acetone rasn-polar suspension, bwashing thevhole set ofinstrument
should be withlL of acetoneRegular testing on the analyzer is using water as dispersion
medium. Toprepare hydrophilic calciuroarbonatesuspensionall three types of fillerburn

and ashat 8 0 0 e F  ffou LOntewrsgein order to remove thetearic acid coating.
Afterwards take a scope ofalcium carbonatpowders andmmersewith deionized water.

Blend the mixture delicately until the visible clusters are uniformly dispersed into the
medium. Let it stand still for 3 minuteghen drawa 0.5nL liquid, from the middle layer of

liquid in depth from the beaker. Sendli®psof quiescensuspended liquid into the machine

and staranalyang by the software.
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Optical Microscopy

All fiber samples from the melt spinning are obseri@deveal paitle distribution in fibers
A Zeiss optical microscope with an objective of 40x was used and images were captured
with a Nikon highdefinition color camera D&il. Fiber diameters are measured from the

imagesfrom 10 fibers, average over 30 readings.

Sanning Electronic Microscope (SEM)

Fiber surface and fiber cressction are observed using Hitachi3&0N SEM at the
Analytical Instrumentation Facility of NCSU. Fiber samples coat with gold for 15 minutes.
For preparing fiber crossection, cutting congeright after immersing in liquid nitrogen for a

few seconds.

Single Fiber Tensile Property

The singlefiber tensile properties of the PP/CaCO3 fibers were evaluated according to
ASTM 382210 with an Instron MTS instrument with f0load cell (Canton, MA)The

gauge length was 2.54 cm, and the rate of extension was 15mm/min. The tenacity, toughness,
and strain at break were calculated from the tensile sdtemsa curve. Secant Modulus was

the slope of stresstrain curve at 5% of strain. The average@tamples is reported.

Differential Scanning Calorimeter (DSC)

The melting and crystallization behavior of the filaments samples were analyzed by

Discovery TA Instrument Differential Scanning Calorimetry (DSC). All samples were first
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heated at20C/min from 25€C to 195€C, followed by cooling at 10N /min rate.
Thermograms were obtained from DSC analyzed with the Trios software. Crystallinity is
calculated from endothermiceat flux changeE H. Crystallinity is calculated based on
equation:

. POl QDO 307 prmb 1)

WhereE "O is the heat of fusion (165 J/g) for 100% iFPO is the heat fusion per unit

gram of fiber sample; is mass fraction of PP in the fiber composite.

Fabric Thickness

Thickness gage is applied for thissting in the Physical Testing Lab in the Nonwovens
Institute. 10 different readings are recorded. Basis weight is measured as well for an

estimation of solid volume fraction of fabrics.
Nonwoven Grab Tensile Test

Five MD samples and five CD samples wéested using the United Grab Tensile Tester
based on standard ASTM D5034. Testing used the type of CRE operating at speed of
300mm/min and tester records the breaking strength as well elongation at breaking for each

sample.

Thermal Gravimetric Analysis (TGA)

Fiber thermal degradation property was tested using Perkin Elmer Pyris 1 TGA. A fiber

sample, around 5~10mg, was put into a platinum plate which is attached to a micro balance.
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Samples were heated up from 25eCThéncsample 0 e C
weight in percent is plotted with increasing temperature, which illustrates the sample

degradation behavior.

4.3. RESULTS

All three types of calcium carbonate particles were melt spinning to produce fibers filaments
gathered as parallel bundle adchwn by three godetollers. During 10 minutes of spin
processingadding upconcentratiorof PCCfillers above 186 cause severe instabilityhich
involve EMforce has specific surface area of 1@n%/g, that at25 wt.% this type of particles
cause breage below the spinneret. The otl®uperpflex (SFfillers also encountefiber
breakingand the drawing instability on gode$pecific spinning performance include in
Appendix D Table 411. This spheical filler particleis in 5.2 m?/g specific surface aa
compare to GCC which has 4.8%g, but more significantly is from its finer smooth particle

size as shown in Figure4 narrower tha FiberLink particles.
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Figure4-1: Calcium carbonatparticle morphologya) GCG-FiberLink; (b) PCCSuperpflex;
and (c) PC&EMforce. SEM with magnification: 25 000x.

4.3.1. Particle Size Distribution of CaCO;

Morphology of ground calcium carbonate (GCGE)berLinkE 201S is shownin SEM
pictures of Figure 4 (a) particle size range from large flakiessmall particlecomprisethe

wide range ofmineral geometry shapesPatterns on particle surfacelearly indicate
crystallography structure of calcite formed in mattsome small pieces GICC particlesare
generatedluring grinding of limestone irattacledto the relative larger flaksurface Based

on Weiner and Addadi, calcite form of calcium carbonate possess with cleavage
rhombohedra plane with is (1 0 4) in Xsray diffraction patterd®?. The form of cleavage
plane determines the-plane stability with closely packed calcium arranged with carbon

ions near around. But the high layer energy is compensated with lower attachment energy of
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those layer stacks, ahow in Figure 41 (a) so that crack may happen at weak iptane

attachment regiof™.

The specific character PCC filler is the high specific surfaceThis type of precipitated
calcium carbonate mineralstargeted for plastic reinforcementfiexural rigidity and high
toughness, which is contributed to its high aspect ratio and large specific surfacEharea.
anisotropic of such filler reflects in its main axis and minor axis is vithm and, 0. 25 ¢
respectively EMforce differ in crystallogaphy from FiberLinkas indicaied from Xray
diffraction pe&, this crystal forms as aragonite which is different from calcite form of
FiberLink as well as the Superpflex mainly showed in Figwe. €rystal growth of
aragonite is preferable alongagis rdative to other crystallographic, therefore, under
specific temperature and pressure aragonite will form into thin needles or termed as acicular
crystals 'Y, EMforce develops polymorph crystalline phase with more imperfections in
crystalline existed inhie particular minerals. But Superpflex is with a uniform polygonal
crystal shapes, indicating that the relative rate in grgwf crystal is approximately equal in

all direction**. However, from the lower Xay diffraction peak, we can see that Supespf

fillers possess with less perfect crystalline structure as GCC does especially in (1 0 4) plane.
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Figure 4-2: Particle Size Distribution of Pegitated Calcium Carbonate- (Superpflex),
comparing to Ground Calcium Carbonate (FiberLirwk).

From its particle size as shown in Figur2,475% falls in sizerangef 1em t o 10¢ m,
are 20% | e sviththe inestp oXrgamon f al .l 2seTom d¢ut oD codiesl m~
FiberLink fillers range r o m td91&m which takes less than 1% of total partickeom

percent of particles pass the mesh size, this particle size distribution curve demonstrated with
doo=54 ¢ niso= 2 . 2 8 ¢ = @ n Wll. Zomparativel, Superpflex with a narrower size
distribution, obtain a smaller size fraction in the distribution, specificallp3d®2 m,
d50=1.3& m an=0.22¢m. PCCincreases thamount of particles in 0.1 to 1 micron and

the percent of particle smaller than 1 roicreach to 8%.
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X-ray Diffraction Pattern of CaCO3 Mineral Fillers
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Figure 4-3: X-ray diffraction peaks showing the calcium carbonate fillers crystallography
character comparing GCC and two PCCs.

4.3.2. Filler Dispersion in Fibers

PP +10% FL PP-control

a

Length =22.4pm

Length =23.12um

25 ym
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PP +10% EM PP +10% SF

Figure4-4: Dispersion with 10% of CaC{a) FiberLink; (c) EMforce; (d) Superpflex in PP
fiber (b). (ef) is fibers containin@5% with 40x optical microscopy.

The added calcium carbonate fillers can be found from the scattered light show
microscopy image. Multiple scattering at particle surfiadeok like dark spots, as shown in
Figure 44 (ag), whee higher concentration (25%) becomes denser in the polypropylene
fiber. The fibers include some long flat shape internal voids around GCC particles. Such
internal structure iexpecteddue tothe incompatibility of inorganic fillerswith polymer

which iscorresponding with previous work l&yokawathat micrevoids formed at different

draw ratio in melt spinning of polyethylene fid&. The long axis of rhombus aligns with
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fiber zdirection which is in the same direction with shear stress. The dimerfsiomg axis
is with 1~20¢m, compare to short axis no

should be regarded as one reason to cause fiber diameter m@arge

4.3.3. Structure of Melt Spinning Fibers

Fiber diameter illustrattin Figure4-5 indicatethe changing with different types oélcium
carbonatefillers loaded at 10% and 25%iber diameter Dand radiusR  ( ebas¢d on
density (g/cnt) of spun fibersby usingmass lhiroughputoutside eactspinneret holewith

spinning speed at takg winder is estimatecccording teequation 8):

o — 3)

Wherew is mass throughput (g/hole/min) of spinningjs spinning speed (meters per
minute: mpm)” is fiber density, which is varied with CaG@ller particle with a specific
gravity of 2.7 g/cni apparently larger than PP at 0.9 g/cc. So the mixed fiber density is
estimated from equation (4):

" % T % T &% TBOoP %o (4)
Where” ,” and” are density of composite, fiber and polymer matrix respectiviébyis
volume fraction of fillers. As fiber diameter is a parameter specified to the spinning
conditions so that it is assumed that spinning speed is equal to the draw godet velocity at
2000 mpm. First it has been found average fiber diameter follewahuence as EMforce <
FiberLink < Superpflex. Filler size influence the standard deviation of fiber diameter,

Superpflex loaded with 10% has relative smaller CV = 3.2 indicating spinning was stable
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with a very uniform fiber morphology by drawing. WhiléegrLink induce larger diameter
CV =7.3 (%) at 10%, with linear density slightly increase compare to other two PCC fillers
(Table 44). Thefibers filled with EMforce obtain relatively same diameter level as PP

control fibers.

CaCQ@Types on Fiber Diameter
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Figure4-5: Filler particle shape influence on fiber diameter

Table4-4: Fiber Structures Specification of Three Types of Fillers:

Sample ID Fiber Diameter Fiber Linear Theoretical Theoretical

D (micron) Density (denier)  Density” Radius R
PP 22.3 (5.8%) 3.4 0.90 20.6
FL-10% 25.1 (7.3%) 3.6 0.96 20.6
EM-10% 23.7 (6.6%) 35 0.96 20.6
SF10% 249 (3.2%) 3.4 0.96 20.6
FL-25% 22.7 (3.1%) 35 1.08 20.7
EM-25% 22.0 (5.1%) 29 1.08 20.7
SF25% 23.7 (4.2%) 35 1.08 20.7
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Figure4-6: Fiber Morphology of three different types of fillers in 10% of concentration

From the fiber surface, include in Figures4(ad), it was suspected that roughness could
associate with the particle siespecially when the dimensiaos no less thari0% of fiber

diameteraroundg tftm. Specifically, since larger particle size is likédybe excluded out of
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the fibercylindrical perimeterWe believe the surface roughness of GCC filled fiber surface
contribute to light scatteringffectwhich remove the waxy feeling of the fibers. PCC fillers
impose smooth without much protrusion ougsidf fiber. The importance exposing the
surface roughness with other application, such as used fos wipen a scratching over
counter surface may be accompanied by a bumpy surface. Sole and Ball point out talc filled
polypropylene injection molding polyen processing has also performed lower wear rate
t han pur e mat e rhaa higher vaart rateSttamPPQa o mild and coarse
abrasive belt'?. As expected, with increasing the filler weight fraction, the chance of flake
caused from abrasiversesnay peel off large particldhat aresticky out of the perimeter
Rubbing filled fabric to counter top could result into flakiagd an increasedfriction
coefficient ™. As shown in Figure Z (a) and €), two figures compare the fabrics
containing with10% of GCCto the level at 3%. The coarse particulate calcium carbonate
tends to emerge onto the nonwoven and change the general texture and the light scattering on
those roughened fiber surface. At higheading, the relative movement of polymer and
particles notch on polypropylene fiber surface along flow directiomher@s anisotropic
fillers like EM can better aligbetterwith shear flow(Fig. 47 a. b) This is attributed to the
aspect ratio of suchod-like fillers, where alignment lowsrthe flow resistance under the
hydrodynami c f or c-sectordacesvieracally td fib8rsrossmecton. 4 is s
quite apparento deducefrom Fig. 47 (b) that a surface oriented particles spunbond
attenuated fibersut comparé to melt spun fibers shown Ifig. 46 where showshe cluster

of tiny tip inserted vertically to spin direction of fibers. The phenomenon is attributed to the

rotating motion of neediéke particles orientedhinor axison aosssection of fibers.
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Figure4-7: Spunbondiber webs containing with 10% GCC (a) compargipl0%EM; (c)
30% greatly roughen fiber surface with one spbtlefect patch on spunbond fabrics. (d)

Spunbond process encounter with melt dripping as concentration is above 20%. This
phenomenon is related with long running that causeshscreenblocking up inside of

spinpack Filter clogging problem not onlglock the flow entrance in the capillarput also
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weaken the polymer melt strength down the spinneret. Those broken filamentsofiyrm r
defects onto the spunbond weks shown in Figure Z (d), a fabric surface defect involve
bundles of filaments that &ft being caught by broken filaments, the subsequent attenuation
will form as a tie knatWithin the patch, fibers are bind together and directly laid down into
the web. So fabrics lack of uniformity at thadefects As fiber surface become roughened
by cdcium carbonate fillers, fiber flexural rigidity increases the difficulty of fibers random
web lay down formation. Séiber distributionuniformity issue comes along with adding

inorganic filler particles.

4.3.3.1. Crystalline Structure of Melt Spun Fibers

Crystllization of polymerstarts fromnucleation andollow on with crystal growth. In a
guiescent melt solution nucleation start sporadically from nucleation sites and grow outwards
asspherulite. The size of spherulite is theoretically expanding alltbeavailable volume if
time is sufficient long, they will stop growing when they impinge onto each Sttler
However, lamellae is the dominated fiber crystalline structure sinceshiggr gessinduce
row nuclei in fibers and taellaplane thickens durinthesubsequenspindraw process*?.
Whether filler additiveggo in the compacted structure or ndepends orcrystal form of
calcium carbonate, surface treatmemt particle surface as well as particle sigCG
FiberLink is calcite form with distinctleavage planghey act as single nuclei site but the
numberof nuclei which contribute teecondey nucleation still rely much on the row nuclei
within the polypropylene meltBoth GCC and PCC ka increased fiber crystallinity, just

different at varyig of loadingwithin fiber. 2.5% of FiberLinknarrow theendothermic
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melting range from oset to eneset point of T,. At the same time, fiber crystallinity
increases especially for 2.5% of FiberLink and Superpflex, both of which are in calcite
crystaline form according to Figure-8. Kowalewskiand Galeskibrought up the interface
phenomenon at calcite with polypropylene and found that the nucleation effect is associated
with defects of calcite crystald!. At large cleavage substrate, the crystalliteleated
initially will continue on growing parallel to flat surface, but may change the growing
direction when come across with defects such as steps in the clédvatmikrami and co
workers investigated the nucleating effect of Ca@&inglow densiy polyethylene (LDPE),
anddiscussedn crystallization temperaturdgetermined byiller particle size anddeniedthe
cause from loadingf CaCQ 2. Superpflex fillers barely change fiber crystallinity from
2.5% to 10%,while increasing concentratiowill narrow down the melting rangeand

uniform the population of crystal size

The melting range of endothermic pellkecomesrelative wider revealing crystallites
lamellae spacing forming by secondary nucleation grow into a diemselae planes formed

with monoclinic form of polypropyleneappearsAs claimed in previous workaragonite

form of CaCQ tends to form nucleuswhich helpto redue the interparticle spacing in
polypropylene™. By a close compaction between those neshi#mpes aragonite fits

along shear flow, the large specific surface avébentrap larger polypropylene molecules
surround fillers Then the distances between fillers can be narrowed to some extent that the
lamellae fold chains in epitaxial alignment vertical to the loxig af EMforce filler.Higher

fiber crystallinity of 10% filled EMforce indicate the efficiency of accumulating of nucleus
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in polypropylene aparticulatesurface.From subsequent crystallizaticlemperature (Table
4-5), it is found that EMforce fillerslightly increasehe T.onsetbut lesshan 2C, therefore,
the nucleating effecdf the CaCQ fillers is not significant in polypropylene. So we must
regard the increased fiber crystallinity come from the shnelrced crystallization in

polymer spindrawformation.

Table4-5: Melting Endothermic Peak Information and Crystallization Temperature:

Crystallites
: Melting -
Filler i T Tm-endset Crystallinity | Terystaliization
Filler Type fronset | m-entse Temp . ryst
Conc. (eC| (°C) Range (C) (%) (°C)
0 Polypropylene| 152.4 | 182.2 29.8 52.1 125.2
FiberLink 153.2 180.7 27.5 54.2 126.0
2.5% EMforce 151.1 | 1817 30.6 53.1 126.0
Superpflex | 152.4 | 179.6 27.2 54.0 126.2
FiberLink 153.8 | 1798 26.0 53.0 125.8
10% EMforce 153.3 | 180.2 26.9 55.8 126.6
Superpflex | 153.2 | 178.8 25.6 54.4 125.9
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Figure4-8: Fiber crystallinity melt spuat 0.6ghm, containedith 10%.

Crystallization of PP Filled with 10% CaCO,
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Figure 4-9: Crystallization behavior at 2G/min cooling rate of fibers contained with pure
PP, EMforce, FiberLink and Superpflex all at 10wt. %.
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4.3.4. Properties of Fiber Forming Spunbond

43.4.1. Melt Viscosity
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Figure 4-10: Shearviscosity of polymer filled with EMforce and Superpflex two particle
fillers.

In the polymer extruding from the spinpack, major problem in fine particle processing is the
clogging in the spinnere¥hen filler concentration is more than 10&te pump presure is
shoot up caused by over loading (>10%) of P€specially refer to Superpflex with finer
spherical shape. Wle EMforce and FiberLink keep the pump pressure at relative stable
range. EMforce at the same concentration, as shown in Figlebehae with lower melt
viscosity than SuperpflexAdding 15% CaCQ with polypropylenemelt behavesn higher

melt viscosity at low shear rate 18 s 300s"; while furtherraise up to high shear rat®em
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500 t01,000s" canalign particles with anisotropic sipemore uniformlyalong the polymer

jet flow, with overlapping shear viscosity at high shear rate rgrg&000s). Loading
spunbond extrudewith up to 30% still keep at normal pump pressure level as shown in
Table 711, Appendix JThe relativéy easy packing of GCC allows the large interstice to be
filled up with fine particlesize owe to its relatively larger size distributidviooney equation

(5) explains viscosity as a function of volume fraction, shape factor, aspect ratio, packing

characteistics and interaction parameters.

[ Lwp U W% ()
Where' T' s the ratio of the viscosity of the composite to that of unfilled ma&¥dx, is
the maximum packing factor, defined as true volume of filler/appar@lume occupiedby
filler, @ is the volume fraction of filler®) is geometric parameter known as the Einstein
coefficient, which is depend on aspect ratio and degree of agglométatitarying particle
size distribution influences the true uale of fillers packing inside, therefore resulting in
different%. . With size distributed in mondispersed or in narrow distributionrange
packing volume is restricted in the volume because there are relatively large gap in between
each particleCompare to GCC, the PCC fillers possess with fine and uniform particle size,
and also cause more screen mesh clogging because of higher melt viscosity. Even though
particles finer than 0& malso account portion in the GGSize distribution(Fig. 4-2), those
finer cubic can also form a combination in packing at higher loading that any large interstice
between bigger particles may be filled out, which increase the ratio betweevolumeto

the apparent volum&?. This ratio represesthe capability ofnorganic fillers in occupying
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into dense and compacted volume. A wide particle sizegsubb ultimate value ab 7T

@ ratio, thereforeyeducing the filled polymer viscosity ( based on equation (5).

4.3.4.2. Fabric Thickness

Long filaments layer up as fluffy volume indirection of the web, guided by parcel out of
aspirator Assumed fibers are with round cresection, so varied fiber diameter spun from
different particle type of CaC{should result in a slightly different packirggometry of
spunbond. As shown in Figure-14, the fabrics thickness varies with filler loading
concentration, which increases up to 10% but then drops down. While for fibers filled with
PCC at 5% and 10%, the different fiber diameters may directly regalthe thickness of
spunbond containing Superpflex increases to be standing out among three particle types
(FiberLink and EMforce). As refer to Table44 the needkshaped particle EMforce tend to
decrease fiber diameter and fiber linear density coatipaty, resulting in a decreased
spunbond thickness. That may impact the fiber opening and bundles filaments separation at
laying down into the web, as shown in Fig7d. Also as fiber diameter is decreasing at
higher loading concentration, so the falithickness decreases at 20% of loading. Addition

of fillers at high than 10% caus#hickness even lower than PP control level. But using SF
particles at 10% will keep at rather high thickness level, may attributed to larger fiber
diameter (Fig. 4) and éss packing efficiency into the fabrics. It also indisdteat with

shear viscosity increasby loading withfiner PCGSF particles,polymer flow jet bear larger
spinline tension but less elasticity to response to radius deformatitnEMforce maintan

the polymer viscosity at similar level as polypropylene pure resin, thesssectional
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dimension of fibers form by necking below the spinneret and develop molecular orientation

by high pressurattenuation.
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Figure4-11: Fabric thickness of spunbd through 135€ calendar bonding

4.3.4.3. Tensile Strength

Single fiber tensile behavior describes polymer chains viscoelastic deformation under
tension. Initial elastic region reflects YousgnodulusWe mainlydiscuss scant modulus at

5% strainbecause initial curve is deviated from a straight line with concave .dapezular
chainorientationaffectfiber modulus while the spinline stress pulls on flow jet can make a
difference for particulate fillers. Ashewn in Figure 412, stressstrain behavior yield at

lower stress with an apparent smaller modulus. During following drawing, tie molecules
between folded planes are aligned to the main axis of fibers, but stress concentrating on the
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rigid filler particles when the molecular orientation is sacrificed by chains relaxation at the
barrier of fillers. Although crystallinity in fibers could positively affected by fillers,
polymeric orientation may be hindered by calcium carbonate. As filler concentration
increaes, the stresstrain curves for filler contained fibers reduce its stress in the plastic
region. EMforce with high aspect ratio has elongated the fiber strain at breaking indicating
the advantage of high specific surface area that may enhance theiat@nfaraction during
spinning. It also induces higher stress at breaking associated with less defects within fibers as

shown in Figure 4.2 (b)comparing withSF and FL fillersvith 25% of loading

Semicrystalline regions keep on orientating the |Hagecrystallites as polymer go across

the yield point. Extensional forces will gradually broaden thepaking between folded
chains, by working on the highly compacted crystallites, and then pull out of polypropylene
chains from the micelle compacted igguntil the crystalline lamellae are unraveled from
the folding plane. During the chain opening, there are local filler particles acting as stress
concentrators at random coils, crazing around the filler partiokeg collapse the lateral
plane withinfiber resulting inbreakage. When particlege wetted perfectly by polymer

they will keep moving with inteplaner broademlong tensile stretchuntil the strength is
larger than the weakest spots within the lamellae linkage. Eventually stress breakbdown

structure by ruptures residual fibrils in the shearing band left at the crazing phase.
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5 StressStrain Curves of Fibers Containing
a 45! with 10% of CaCQ
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Figure4-12: StressStrain curves of single melt spun fibers PP containing with three different
typesof fillers with (a) 10%and (b)25%.
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Same trend was noticed in single fiber tenacity vs. filler concentration using FiberLink and
Superpflex, while for EMforce at sati loading at 2.5%, the tenacity is significantly larger
than polypropylene. As concentration reaches to 10%, its tenacity lower down to the same
level as FiberLink and Superpflex. At 25% of filler concentration, EMforce show 0.5 gram
force per denier (gflen) higher tenacityAs to fiber toughness vs. concentration in Figure 4

13 (b), the trend for FiberLink and Superpflex both decline with concentration. But for
EMforce, the toughness first increaseith filler concentration to 10%, then decremse

25%. To specifying at the variation at 2.5% and 10% for EMforce, we can see that 2.5% has
larger standard errpso that its toughness level did not significantly lawesughening

effect for EMforce is representing in its higher breaking strength espettiallgtiffness at

small loading level which reinforsdfiber structure (Fig. 42a, Figure. 41.8). While for

cubic shapesCC, there existertain amount of defects surround particlgbijch result in
decreased tenacity and toughness. Since larger filldgiclpa debond in polymer strain
deformation, so that the strain at breaking has significaatiuced (Fig. 4.2b). In another
consideration, both PCC fillers possess with larger specific surface area and this enhances the
relative movement along fiber femation Especially the high aspect ratio pronmothe

extra energy input to pull out of polymer matr@uch feature also hedpvercome the

debonding at interface, and transfer the stress easily acrdgketfgolymerinterface
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Table4-6: Single Fiber Tensile Properties Related with Types of Ga€®elt Spinning:

Filler Loadin secant Tenacit Toughness | % Strain at
Informationg Mc()gf%uesn?;rf % (gf/denie);) (gf/dgenier) Breaking
PPFibers | 16.7(1.8) | 4.0(0.12) | 4.4(0.4) | 162 (19)

FL 16.2 (1.0) | 3.8(0.13) | 4.1(0.1) 163 (18)

2.5% | EM 26.6 (2.5) | 5.4(0.33) | 4.1(0.3) 119 (57)

SF 17.0 (0.6) | 4.0 (0.05) | 4.4(0.12)| 164 (19)
FL | 12.0(1.8) [3.0(0.08) | 3.2(0.10)| 166 (16)
10% EM 12.4 (0.4) | 3.3(0.07) | 4.2 (0.2) 196 (24)
SF 145 (1.6) | 3.3(0.06) | 3.3(0.13)| 155 (19)
FL 9.5(0.4) | 2.2(0.04) | 2.1(0.04)| 150 (12)
25% | EM | 11.1(0.3) | 2.6 (0.06) | 2.9(0.1) | 169 (8)
SF 9.1(0.2) |2.0(0.04) | 2.3(0.1) 169 (15)

Using particulate fillers in thermal calendar bonding could generate a different bonding
efficiency by thermal treatment opolymer to give polymer recrystallization and form
interfacial bonding across fiber&rom a consistent bonding temperature {C35 fabrics
produced withpure PP fibers are mainly compared with 10% cdlcium carbonate fillers
contained fabrics. Thetersile strength and elongation at breakingvID is seldonty varied

with loading type(Figure 414a b). Only results related with filler loading types is that
adding GCC has decreaselreaking strengtlsignificantly in CD. In contrary, PCEEM
positively impoves tensile strength in CD and decreasing elongation at breaking comparing
to PP fabric The randomly distributed fibers could reorient from certain orientation
distribution angle to the main force directimuch as in MD by rotating and friction
movemeat and mainlytransfer the stress to thnding pointsSince the fibers oriented in

CD is not comparable t#ID, fibersreorient and stress redistribution in stra@tgthe fabrics
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becomes closelyelated with the damping dfracture energy in the filledstructure.The
function of individual segment of filaments works towards to the extensional direction by
connecting with large amount of unbroken fibers which assist to propagating stress efficient
in the fiber network. Fiber structure that has been tougthdoy needlshape fillers can
mainly contribute its higher toughness to the fabric reinforcement as shown in Figj8re 4
(b). From standard deviation data in the plots, we find PCC filled fabric obtains less variation
compare to the other two types dféfr, especially for the MD profile. As shown in Figure 4

16 (c), we can see thaniformly dispersedEM particlesexclude apparent large craclkdso
indicate fiber polymers are melted and recrystallize sufficiently and form consolidated
bonding structureBecause as previous fiber surface morphology indicated the long axis
tends to anchor along the fiber direction, as there are fibril chains formed atfifieer
breaking phases, the possible result is from the filler assistant in polymer chain reputation
across the fiber boundary. As a result, such relaxation in polymer chains entanglement will
bridge thosebundles offibers and contribute to transfarg the stress througthe fibrous
network. Contrarily, GCC FiberLink is with irregular cubic particle shape so it causes more
uneven packing within the bonding area (FgL6d). Also the debonding in fiber stretching
phases have include apparent large amount of voids around thoselgtarfilars (Fig. 4

16f).

During spunbond processing the PSGperpflex tend to cause severe pump pressure issue
with 10% of loading in the extruder supplied to sheath of fibers, so above 135C only

spunbond wittEMforce and FiberLink fillerabove 10% e supplied(Fig. 415). To further
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reveal the difference between GCC and PE®If or c e, an advanced plo
bonding temperature indicates the reinforcement is applicable for a wide range of EMforce
loading from 2.5%~20%. This is because of @nfbers filled with such needkhape

particles achieve to a high tenacity and toughness as we discussed previously. Below 20%
both GCC and PCC filled spunbond keep its streiadpitve thdevel of PP control fabric,

and overcome the detrimental weakneamssed by filler particles embedded in single fibers

Bonding energy from thermal calendar surface release partial set amorphous orientation in
fibers, and form recrystallization of polymer across fibers, forming fibril like chain reptating

and diffusing ammss fiber boundary.
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Figure 4-14: Fabric grab tensile properties showing MD and CD breaking strength (a) and
elongation at breaking (lponded at 13%C.
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Figure 4-16: Breaking ofspunbond fabrics from Mand CD (ab) 50 gsm fabricsAnd
bonding region compareME (c) andFL (d); with specific morphology ofibers respond to
tensile deformation in spunbond,25% EM filled fibers (e)and debonding of 30%L.

4.3.4.4. Thermal Degradation

Thermal degradation properties of spunbond fabrics has been involved in weight loss (%)
curves to temperature in Figurel8, results showshat loading inCaCQ particulate iflers
inevitably increasdéhermal degradatiomate and result then-set degradation temperature

raise up
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Thermal Degradation of Polymer Containing with 10% of CaCO3
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Figure 4-17: Filler loading effect on the thermal stability of polypropylene fibers under
Nitrogen gas flow in furnace, at constant heat rat2 6fe C/ mi n .

Table4-7: 10% of Calcium Carbonate with Three Different Types on Thermal Degradation
Properties of Fiber Polymers

CaCQ Filler Degrrgmzzttion P?.Z‘:n\s/?'%h%‘;)ss End-set Re:;,idual
Types Temp. 1 WeightlLoss Temp. (%)
PP Control 409.1 449.9 (19.3%) 459.4 03
EMforce 4535 4846 (34.2%) 496.7 9.3
Superpflex 427 .4 457.7 (39.240) 473.6 8.4
FiberLink 410.4 4416 (376 %) 455.1 113
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Thermal degradation properties sfiunbond fabrics has been involved in weight loss (%)
curves to temperature in Figurel4, results showshat loading inCaCQ particulate iflers
inevitably increaseéhermal degradatiomate and result the eset degradation temperature

raise up Preciptated calcium carbonate delay the degradatiosetrpoints much greater

than ground calcium carbonate. This means polymers structure can undergo a higher thermal
resistanceabove 400C with finer calcium carbonate particless included in Table-4, on

set degradation temperature;ffse) 0of PCC is 20~40eC higher th
and peak degradation temperature.k) also raise up byl 0 ~3 5 ¢ C. Whil e th
occurrence temperature for PP control did not expect much variation fro@ flB&€d
polymer. Peak temperature is slightly lower aftecorporatedwith GCC, which can be
reflected from the weight loss derivative curv@®eng and Kong have demonstrated that
polymer/inorganic nangomposites perform good thermal resistance dueatbonaceous

char built up at filler particle substrate, like on clay and on silicate layers, further provide a
transfer barrier during burning and shield underlying flammable material front'HeZhe
reasonable mechanism on imprabermal stabilityby particulate fillersis to restrict the
diffusion of volatile decomposition products in the degrading pro¢t8ssieat capacity of

two different PCC relates with the peak heat release rate, as th&P®&s much finer
particle size and its network inasking will diffuse the heat by intgrarticle conduction.

Chars forming on PCC fillers particles are covered to a higher covering density because the
relatively larger specific surface area of PCC. So the insulated structure delays the rest of
polymer expsing to the higher surrounding temperatidae to lower specific heat (shown

in Appendixl) of SF than EM, the EM filled polymer show higher heat release rate than the
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SF filler, also with the peak heat of derivative curve comes at higher temperatar8Rha
While GCC fillers show less impact on degradation resistant, mainly due to the larger
internalmicrovoid aroundpolymecrfiller interfacewhich reduce the efficient heat transfer out
of the polymer. Therefore, tauses pyrolysis accelerate at the beigeneous interphase

when heat is accumulated at the polypropylene materials

4.4. DISCUSSIONS

The key factorin spunbond fabric propertis fibers forming structure, particulgrin an
interacton with calcium carbonatéllers that help fiber develop cryatine and orientation

that impact the spunbond structure formati@pinningstart to deform polymer jet inta

very small crosssection,so characterizatioriocused orfillers particles disperen and fiber
internal morphology reveal the accumulation agfglomerations that potentially form as
potential weakest spot (Fig-). Adding GCCi FL according tahe discussion itChapter

lll, the top cut also form as potential weak link structure in melt spinning, accompanied by a
debonding at weak interfaciahks. While mineral fillers seleced from two precipitation
CaCQ types outstand in modifying single fiber tensile propertidsedleshape EMforce,

with aragonitecrystalform, is supreme in fabric reinforcement becaokés high specific
surfaceand lager aspect ratio. Such filler not only promdtigh modulusbut also a high
breaking strength of fiber with a larger toughne&s Figure 413 results shown, EMforce

has improved in tenacity in only 2.5% which corresponded to its substantial toughening
effect. Such effect can be described from single fiber sgas curve, as shown in Figure

4-18, high modulus with low strain at breaking indicakeghly oriented crystallineln that
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orientated lamellae crystals, the effect of small loading of fineciptated CaCe@particles

is promoting the growth of crystalline orientation along the spinning of fiber polymers. The
likely epitaxial growing along the fillers long axis fosnaloser packing of crystallites to
assist to chain alignment during shear defation This substrate could be refed to a
cleavage plane in GCC, or the periphery of PENIforce. Particle shape with high aspect
ratio assists for filler orientation in fiber spinning. The single fiber termleavior which
shows improved fiber modius and toughness elucidate the EMforce possess supreme load
transferfunctionality. Since by the shear stress in fiber spinning may preferentially induce
long axis keep the same orientation as polymer melt flow, the crystal growing in the spinning
incline to have more fiber axieriented As fiber orientation is enhanced at 2.5%, the fiber
modulus, yield strength increases, but elongation at breaking dedtestsesulted into high
moduluslow compliance, high strenglbw strain of fibersFor fibers catained with PCE

SF fiber polymer orientation is regarded to reach to a higher level, there is one reason from
the higher toughness at 2.5%, but also from the outstanding fiber modulus with 10% of
loading (Table 4). Large specific surface area relativelyercomethe crazeforming at the
perimeter of fillers; especiallseduce theamountof cavity formingin melt spinning around

cubicfillers.

We hypothesize filler particles are able to
and assumematerial of calcium carbonate withstand shear deformation so that can be
regarded as rigid needles or spheres. So as polymer jet flow are spinning from spinneret to

the high pressure aspirator chamber, the particle with momentum to move downeraseke
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polymer is softenedin the subsequent drawing, polymers underwent a plastic deformation,
with the rigid particles anchored inside of each fitBoth momentum motion and shear
deformation in spinning crack polymer materials around rigid Gag#dticles, foming
shallow split as shown in Figurec) and (d) Filler hardness is important in composite
failure mechanism, according to George, hard spheres like glass beads exert different
bonding mechanism with polymer matrix from soft particles like rubBeitt was found that

stress tend to transfer through the hard particles from the matrix as opposed to a little transfer
with soft ones. In rubber spheres reinforced epoxy composite, based on Guild and Young,
rubber modulus gives a slight impact on the cositeanodulus, but more act as holes within

the epoxy with a debonding tendency as matrix are easily deféthed

Stress-strain behavior of three
types of filler at loading of 2.5%
6

(9]

E | ) - - =PP control
w3 ——EM-2.5%
g , ——5F-2.5%
bl —FC-2.5%

0 50 100 150 200
Strain (%)

Figure 4-18: Stressstrain curves of single fiber tensile containing 2.5% of fill&tforce
(EM), Superpflex (SF) and FiberLink (FC).
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In polymer elongational deformation, phassparatiorat filler/polymer may occur ahead of
time before the polymer is eventually broken dowhis separation initializeat the pole
direction along the tesile force directiont”, and starts from the relative weak interphase
regionwhere matrix is not capable to hold with particular filleks.shown in Figurel-4 (a)

and 416 (f), there are micro-voids embeddedin the GCC filled fiber samplesThis
phenomenon, according to previous works, is referred as filler deboftifg that
separation of filler from matrix occur before shear yielding of polymer and further strain of
blended phases cannot keep simultaneous elongation as polymerbpbasse they have
apparent different Poisson ratibhis phenomenorlso happen during the following single
fiber tensile behavior that stretching the ligament out of the folded lamellae phases reform
the status in stress distribution around fine partiakesinly perform multiple voids around

the dispersed particlg$ig. 20.a).The interfacial voids overcome the stress concentration
during stretching, and the following debonding with relative movement between polymer
chain segments sliding through rigiérpcles, suchdefining shear yielding will dissipate
fracture energy to avoid devastating break¥fe That larger particle size with smaller
specific surface area tend to weaken the interfacial bonding that cause debonding during the
subsequent drawingf fibers. While for finer particlesthe relative contacting area could
reach down to nano scale that compare to the micron size cdnfiper diameter As
compare GCC with PCGGSuperpflex, filler size g~ dpodr ops down from 2. 3
0.38~ 1¢ maccompaniedwith fiber tenacity weaken severely at 2.5% and 10% for GCC
(Figure 413). From fiber surface bumpiness of GCC filled PP, top cut or cluster of larger

ones bold out from certain cressctional phases in spinning, resulting in spinning sthengt
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declines.While the tenacity of PCC spherical fillers with 038 still maintain relative
higher fiber tenacity up to 10% indicating less interfacial weak linkage existing inside of
fibers. However, keep increasing loading of fine particles resulted@wveraleteriorationn
tenacity of fibers as appeared with% of PCGSF in the spinline (Fig.-43g Fig. 419a).

This should because of accumulated of small voidsifayrauchinterconnected poreanal
because of the isotropic feature of SF filléhmse pores could be distribute asially inside

of fiber, which eventually resulted stress amplify along the plane bearing larger amount of
clusterd?”*4. While for PCGEM the internal long slit form of voids tend to perform certain
anisotropic charcteristics as shown in Figure2d (b), lateral compression from the polymer

to the filler will mairly bear craze along the pole of the nedille particles.
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Figure 4-19: Filler particle interface withpolypropylene matrix with microvoids surround
filler particles.
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i l

Figure4-20. Cavity formation as debomty occus at interfaceof spherical particles (a) and
needleshape particle@).

Fiber tensilebreaking represent spin forming fiber polymer structure mingled tybsof
CaCQ at varying of filler particle sizeSuperpflex improve fiber tenacity with a decreasing
void size surround those fine particlésassuming fillerloading concentration is constant at
the same levelpading abovel0% reduce fiber tenacity because of more fiber defects inside
of structure.Since fillers are interacting with polypropylene matrix at certain volume range,
it is regarded with high speafsurface area for smaller particle size that will provide more
interactive area within the polymer matrix. It has been claimed that mineral fillers volume
fraction, particle size and surface chemistry will all contribute to a particular filled polymer
molded compositd®® 3%, Elastic modulus of plastics filled with inorganic fillers increases,
but the breaking strength is decreasing with filler loadhdgrom point of particle inertia in

polymer jet flow below spinneret, with higher density and camipzely larger particle size,
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the flow pattern around main plane of filléend to be rearranged which will have dominant

z-axis patterrextended along spin direction.

£ K 1—8A®Bn (5)

n is the volume fraction of the fillet.is relative elongationl, ,7, ;A is true stress of
materialsA is the true tensile strength of the matrix polymegharacterizes the strain
hardening tendency of the matrRarametet' reflects the effect of the interaction between

filler and matix, included in the equation

AT

aa e— (6)
whereo is specific surface area of fillet, is the filler density&iis the thickness of
interface. Surface coating applied to filler particles iseao solve the dispersion problem

in miscible system and enhance interphase interaction between polymer and inorganic fillers.
Surfactant or coupling agent is help with associate two phases and disperse particles into the
non-polar polymer solution. From ¢hgood dispersion as shown in Figuré 4nd 419, there

must be sufficient wetting on GCC and PCCs in the melt blending and extr8dised on
factory supplied masterbatchkiberLink 201S is treated with-1.5% of stearic acid
Superpflex 200 is treatedith 2% stearic acid. From the patent by Wernett, coating
EMforce ispreferably withfatty acid as well in 2.4~4.3% which is larger than Superptféx

So we interpret the better toughening effect to EM than SF is not just contributed to the
larger sgcific surface area, also the fatty acid coating generate such densely packed alkyl
branches which absorb polypropylene chain molecules in the polymer melt. Wernett and

Fekete both pointed out tensile strength of composites decreases with increasirg surfac
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coverageof stearic acidhowever it obtain higher ductility in the deformatishich means

the elongation at breaking increases correspondiffyf’. In our result, tensile behavior of

fiber material is corresponded to the ductile performance atisphSF fillers embedded up

to 25% (Table 4, Figure 412b), that fiber material with much finer cressction achieve
longer extension at same testing condition is attributed to the larger specific surface area
where larger amount of stearic acid vadnnect with polymer wormlike repatation and form

an immobilized interphase protection. Nakatsuka et al. have claimed an interfacial bonding
form after surface treating with phosphate coupling agent which should be regarded as the

dominant factor for GCC7(74 nf/g) reinforcement to vulcanized styrebetadiene rubber

(21

Melt viscosity at fiber spinning associate with viscoelasticity of polypropylene with the filler
particle size, shape and the interfacial adhesion. Stearic acid coated calcium earbonat
particle can overcome the cohesiveness in the hydrophobic solution, and the dispersed filler
system is an assumption to estimate the filler concentration effect on the shear viscosity
under steady state polymer. The melt viscosity of zero viscosity loasEthstein theory is
related to the volume fractiofed of spherical particles.

- - P C®%o (7

However, this equatiors only applicableto suspensions where particles are not interacting
in behavior as Newtonian liquid. In ndfewtonian behavior such as shear thinning in fiber

melt spinning, high shear rate can influence the melt viscosity of blended phase; even though
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suspended patrticlend to form interparticle steric repulsion afseirface treatmenthey are
still increase the melt viscosity as hindiemm those suspended particlestbe flexibility of
chain moleculesespecially when polymer is less orientgdow shear rateSuchhindering
mainly behave as the normal stress impose onto the wormlike polymer molecules. The true

loading%eis related to the relaxation tinf@s well as normal stress in the flow jet:

P O % 67 % E (8)

D'<| =5

And normal stress coiefient uy is also shear rafedependent, that at fixeéd increasing the

filler loading %oresultin a higheny , but reduce the elastic memory of polymer melt, so that
relaxation time for filler contained system will be extended With %o It was dso found by
Minagawa and White that addition of fillers decreases the melt elasticity, reduce extrudate
swell and smoothen the polymer flow, therefore modify the extrudate distortion in polymer
extrusion ??. As shear rate is swiping up to 10, 080she range above 1000'sis
approximately mimicking fiber extrusion related problem in the elongation viscosity. The
elongation viscosity is greatly decreased as temperature cool down in the quenching
chamber. Withincrease, polymer volume {%9 decreasd, so the viscoelastic motion of
polymer jet start to surrender with a viscous flow with less flexibility to certain points,
further loadingéowill cause the spinning instability such as fiber breakage and melt dripping;

practically the weight fraadn usually comes at 10% for PCC and 30% for GCC.

The particle size distribution determines packing geometry within polymer. Maximum

packing fractiorfee  of polydispersed suspension describes the true volume of particles
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divided by apparent volumecoupied in the system, based on equation (5), the larger the
%0 , the lower the polymer viscosity at safa>. In a bimodal distribution, particle size
composes of relatively large size particle portion and a fine size portion-phrtérie
spacing is proportional to filler particle diameter, so those larger spaced left by the stacking
of larger fillers could be filled out by finer fillers. The efficiency of filler particle packing is a
predominant factor to increase the true loading volumébiers. Usually, monalisperse

particles fillers has the lowest pack fraction at maximum. As to-BEQCas its particle size

di stribution is narrow and |l ess than 0. 6¢gm
agglomeration issue dependentlon. Itise st i mat ed t hat bi modal GCC
maxi mum packing fraction in mineral oi |, GC
mo d e | PCC (1&gm) only can reach maxi mum pac

packed as low as 0.8%. Theoretic results siw that the% is dependent on
polydispersity, from minimum to maximum packing fraction are in a sequenogons

dispersed < bimodal dispersed<riiodal dispersed systemccording to Genove&d..

ae — —— p 9)
where,, is particle interaction coefficient; is the suspension viscosity, is medium
viscosity, — is the intrinsic viscosity%o is the particle packing fraction. During fiber
spinning process, when loading is exceeding certain level strederfiag may happen due

to higher elongation rate, which may cause melt fracture below the spififladkith a

sufficient packing of particles in polymer extrusion, as GCC fileasled up t20~30 wt.%
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of loading, polymer jet is keepingflexible elongation deformation without much instability

at the spinneret. As shear ratshoot up, the particulate fillers undergo compaction that
different particulate shape respond to jet strain with a consolidated packing into an
interconnected filler network iribers. At this time, anisotropic filler particle, such as
EMforce, may run the main axis compliance to the shear stress. One of the features of
inorganic particulate fillers, aspect ratio, dominates the spinning filler alignment and further
impact the filer reinforcement in fibers. As previously mention, EMforce has toughened the
polymer structure and performed larger tensile strength. This mainly contritutthe
uniform alignment of needishape particles along spinline which enhance polypropylene
molecule orientation and shesrduced crystallization. Although shear viscosity for EMforce
filled is above GCC filled, but at high shear rate, the evidence shown in Figllkehds
strongly indicated overlapping on the viscosity curve of PCC above 2b@8 $SCGFL

show in the plot. This could because of a better alignment along the flow curve for such
needleshape particles that reduce the friction with polypropylene, especially when
elongational stress highly oriented molecular chains along the flowhjsthelp with the

needle shape patrticle to anchor along the fiber direction.
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Shear Viscosity of Fiber Polymer >1000 /s
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Figure 4-21: Shear viscosity of polymer filled with 5% FiberLink, 2.5% EMforce and 5%
Superpflex compare with polypropylenentrol resin.

When fillers go into fibers and with fiber laid into nonwoven webs, the bonding strength at
135€ has not differentiate the average tensile strength among the different types of CaCO
fillers. However, larger standard deviation comes alaty 10% loading of GCC in MD
strength with the peak load increase up by 5 lbs comparing to without additive loaded. It
elucidats the function of usingsuch fibers withits surface roughenethy down into
nonwovenconvey belt by forming a changed fibigber friction which may reinforcethe
packing within theveh So that whempulled fibers out of thetructure the larger restriction

from fiber to fiber interlocking by increasing the coefficient of friction become the possible

reason to improve the peaiald for GCC contained fibersarge particlesize modify the
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attenuated fibers by forming a conjugated structude @ € circular dimension with 2~%im
inorganic phases randomly distributed withimless a significant weak spots appears fabrics
will keepthe breaking strength even if fibers are deterioréggl 4-15). On the other hand,

we notice a different breaking mechanism for CD and MD as shown in SEM graph in Figure
4-16 (a) and (b), bonds stretam accompanyvith stress pulling onto bridge fibevghen any
singular fiber broken will not affect the stress transfer in the assembly of fibers. Ruptured
bonds may eventually break fabrics in MD, however the stress propagation in CD will be
faster because of less fiber oriented distribution. Thus the ifibernal defed result into

fabric strength deterioration 8D, especially for GCC fillers when the stress concentration
increases which significantly increases fractiortayf cutabovelO0em. Such defects have
been already revealed melt spinning, which mainly involved in FiberLink filled PP fibers
showing dispersed cavities around fillers. Therefore, fiber toughness and tenacity decrease as
at smaller carrying area stress concentrated on the limited-s@oignal compartment,

which form discontinuous phasesttiosecavity aroundseparate the interfacial linkage

4.5. CONCLUSION AND SUMMARY

We approach to the structupeoperties study by conducting fiber melt spinning containing a
type of GCC and two types of PCC. The particle size digioh for GCC ranges from 0.5 to

10t | , while PCC particle size is less thani 1, among thenthe one with larger aspect ratio
significantly improve single fiber modulus, tenacity and toughness. Fabric tensile strength in
cross direction is also reinforce¢ hdding the filler particle with large aspect ratio. While

the other PCC with 0.38e¢m average di ameter
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at interfacial between spherical particles embedded in fibers. The toughening effect on fiber
structure maily behave with higher tenacity and toughness at lower than 10% of loading,
which already form large amount of microvoids in GCC filled fibers. Although SF possess
with finer particle size than GCC, from single fiber tensile strength both fillers indudarsi
mechanism, while SF filled fiber tend to behave with higher modulus especially at
2.5%~10% and larger fiber diametas well It indicated the fillers particle function as
reinforce agent in thermal calendar bonded fabrics, polymer chain elondat®mih the

high specific surface area of particle fillers by pulling out sufficient strong fibrils surround

the filler area (Fig. 4.6).

GCC has mainly generated an abundant amount of microvoids around fillers embedded in
fibers, although yield intertaal adhesion and cause decrease in fiber tenacity, fabric tensile
strength is maintained after thermal bondi@pmpaing to PCC, GCCis capable to be
added increased level of loading up @@without causing severe high pump pressure issue
caused by hig shear viscosity. Although the melt viscosity of neeshaped PCC is higher

than GCC in low shear rate rangs,shoot up the shear rate, it almost redube polymer
shearviscosityat the same level as GCC contained polyriiermal stability of polyraris
alsoimproveal with loadingwith inorganic fillers calcium carbonatespeciallfo PCGEM,

mainly resultedn higher onset degradation temperature
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CHAPTER 5 Bonding Mechanism Study based on Inorganic Particulate
Filler added Spunbond Nonwoveri Processing, Bonding Structure and

Mechanical Property

ABSTRACT

Spunbond nonwovens combine thermoplastic polymer material adding funititional
additives, pigments and fillers, changing web bonding structure and producing a variety of
fabric products meeting with certain applicatioBy. web formation and thermal bonding,
fibers transform from singular cylinder geometry iti to three-dimensional fibrous web,

each unit of fibers in isotropic distribution contribute to the whole structure integrity of
fibrous geometry. Ther mal calendar temperat.y
a different melting and recrystallization belwav Our primary results shovoading CaCQ@

from 2.5% to 20%keepatthe optimunmtensilestrengthwhile decreasing tear strengfiller

adding with polypropylene has lower heat capacity which transfer heat efficiently and lower
the calendar bonding optiom temperature. Heat capacity is characterized by using
Modulated Differential Scanning Calorimeter (DSC). Bonding structure is mainly studied by
using scanning electron microscopy (SEMiat reveal the impact of heat on bonding area
from different bondingnechanism influenced bgmperature

Key Words: Calcium Carbonate Filler, Spunbond, Thermal Calendaring, Bonding

Mechanism, Heat Capacity
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5.1. INTRODUCTION

Spunbondis a traditional technique in nonwovens ttmlymers such ashermoplastics
undergo a continuous process from spinniggenching attenuation,web laid down
formation and web bonding in fast speed and low energy cost. Mechanical bonding, thermal
bonding andchemical bonding offer different options in web bondingopess, and its
structure and property both influenced by the interaction between fiber material and porous
structure formed by consolidation methods. Additives are mainly applied as processing
agent, thermal stabilizer, or nucleating agent to supportregtjproperty improvement for
polymer resin which include but not limited to Polypropylene (PIPplyethylene (PE),
Polyester(PET), nylon, elastomer and epolymer. In some cases, adding inorganic fillers is

for the purpose of lowering cost of raw mater&ince spunbond with high output, low cost,
very flexible to different species of polymer material, which gives broad options for adding
innovative additives to aiding the process. Previous work has mentioned by combining
inorganic particulate fillers s as titanium dioxide with thermoplastic polymers will
achieve the desire brightness to the nonwoven falfrit®d%, which add value in clothke

fabrics by using inorganic filler particles.

Calcium carbonate (CaGPDfillers is regarded as a costfielent filler applied in plastic

-4 papermakind®, painting and coatin§§' . More than that,

molding™ 2, film extrusion
previous arts in patents and literatures involve a number of techniques that applied inorganic
fillers in fiber spinning and spunmelt. Nonwoven is seeking for the economic benefit from

inorganic fillers that has lower cost than resin castthe same time advocating the lower
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carbon footprint of CaCgXillers over petroleum based polymer resits Products relevant

to wipes, hygiene, masks and many kinds of disposable nonwovens will be potential market
to adding in the value of CaG@ the vast scale of production. Because more significantly,
fillers may give clotHike soft to fabrics with comparable brightness and whiteness as other
more expensive additives such as titanium dioXid8. However, the spunmelt processing
confront clallenge in how to minimize the deterioration in fiber structure and obtain the
desired fabric performance without sacrificing the processability. In this category,
incorporated with CaCg©fillers into spunbond fibers could break in the continuity in
polyme extrusion, cause low melt strength and frequent breakage. Some of pioneering works
have mentioned about spunlaid by McAmish and spunbond technique by Borneman and
Harberef' 23, as well as flasispun by Rollin®, but more unsolved problems stillisted

in specific structurgroperty relationship, especially on mechanical property related to
different loading of CaC@fillers. Mineral filler CaCQ are with higher density 2.7 g/ém
compare to polypropylene at 0.9cgf, resultingin theoretical densj of polymer blend
should be increasing with filler loading concentration. However, previous characterization
based on biaxial drawn film indicated structure become thinner and lighter because-an inter
phase debonding at periphery of particles, generatifmgoporous structur&" ***3_ |t is
suspected that adding higher density filler particles affect fiber theoretical density and
particle packing density in fiber spinning, then wihieesefibers form into web, the web will
perform differently based orthe thermal bonding conditions. Therefore, the relevant
mechanical properties of thermal bonding fabrics should be closely related with the amount

of inorganic particles loaded in fibers and calendar bonding conéftion
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In thermal bonding, inorganitillers have impact on polymer melting and crystallization
behavior because of the heterogeneous in nucleating and crystal growing. Upon heat, the
crystal with less perfection in fibers are melted and recrystallized into larger crystals. As
studied beforen injection molded plastic, adding inorganic particles such as mica and talc
change polymer thermal conductivity and greatly increas#ingcoolingmelting circling

time, and greatly shorten the time formelding*. It should not be missing one pbiin

the nucleating ability of fine particles on polymer crystallizattdnThermal bonding fabrics

from previous study covenariety of processing parameteirsalendar roll temperature, line
velocity, calendar pressure awcdlendar emboss coverdife . Different factors affecting

fiber polymer crystalline and fiber stress distribution in nonwovens were investigated to

explain fabric failure mechanisrié: !

Furthermore, two phase system in thermal calendar bonding must also be taken into
consideration of cracformationat weak interphase at fillgrolymer mixing phas&®. Fiber
strengthdistinctively dropswith filler concentrationthat initially partially decreases up to 5

wt. % followed by deterioration above 20 wt.% in previoususs®n. The prominence work

by Farukh et alappliedfinite element modelo characterizingoreakage othermal bonded
fabricsby considering fiber tdiber interaction as well aBber orientationdistributionin the
spunbond we®. Whataccepted in thory of composite material is that stress concentration
followed by debonding influence the mechanical property from micro scale to macro scale

At bonding poing, calendar rolls conduct heat by emboss area that partial melt polymers
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chains in fibers andojn together upon coolingnd recrystallizing The bonding periphery
performs with structural gradient within the transforming region where fiber lamellae
crystalline structure is gradually softened and reformed into larger crystdifit!é The
periphery regions could result into stress concentration that initialize crack around weak fiber
bundles.However, therehave not implied any fabribreaking mechanismegarding to
inorganic component of CaGCiller thermally bonded nonwovestructure Although
weakenedinterface forms in fiber material with Ca@QOncorporation as discussed in
previous chapter, the contribution to fabric strength is a combination of fibers as well as
bonds. In this paper, the magwoal is to find the breaking mechanism of inorganic fillers
addedspunbondhonwoven structure, and @btain insights in spunbond fabric structure and

mechanical properties added with CaGillers.

5.2. EXPERIMENT

5.2.1. Mono-component Spunbond

Web isformedby 0.5Meter Bicomponent Spunbond Line (Hil&Nordson) in the pilot plant

of The Nonwovens InstitutéRaleigh, NC) Two extruders convey polymer material into
spinneretPolymeris blendwith calcium carbonate masterbatch in certain ratio, melting and
mixing in screw extruder, anélitered out of any impurities,thereafter, the polymer is
pumpedoutat 0.6 ghm to them@nneret Technical indeof spunbond processclude speed
temperatureand pressure otalendar are included in Tablel5Calendar rolls is amected
with web forming belt which mainly conveys web into thermal bonding regi@alkendaris

controlled affive temperature levels 130C, 135€C, 140C, 145€C and150€C. Doubleroll
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calendar has one embossed roll with oval pattern nips at 18% ofcpwarage, and another

smoothroll has equal calendar temperature as the embossed roll.

Calcium carbonate fillefocus on using GCC filler types FiberLink (FL). Filler weight
concentratiorvaries from 2.5%, 10%, 20% ®0%. Web bonding takes placeeath offive
levels of calendarroll temperatureand the bonded fabrics are fireboled down toroom
temperaturdollowed by a winding up into rollerd=abric spunbond intd0 gsm and 100
gsm composed with fibers made with constant mass throughputgfOr§ but varied in
volumetric throughput after taking the melt density into accoAppéndix Table 3-8). A

higher throughput level is set at 0.8 ghm only produced for 50 gsm fabrics.

Extruder

Extruder -
Drive

Drive

Extruder —/

Quench Air
Attenuation

Forming Belt Compaction Roll

Edge
Guide\

Guide Rol

Winder

LCal

endar

Figure5-1: Scheméic graph ofspunbond Hills - Nordsonwith Bicomponent Techniqué}®
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Table5-1: Temperature and Speed Profiles of Spunbond and Calendar Bonding

Primary core Secondary sheath

) Extruder Zone 1Zone 6 Zone XZone 5
,CEG 400-425440-455465465 400425440-455-465
aga_@ Spinhead 465
= Quench air 40%
T Thoughput 0.3 ghm 0.3 ghm
(‘;&) Quench air 25%, 1055 RPM

Aspirator Fan 45%, 1619 RPM

Calendar pressure 750 psi

5.2.2. Fabric Characterization

Grab Tensile Behavior

Five samplesfor each MD andCD aretested using the United Grab Tensile Tester based on
standard ASTM D5034. Testing used the type of CRE operating at speed of 300mm/min and

tester records the breaking strength as well elongation atihgefak each sample.
Tongue Tear Test

Tongue tear strength &so tested on United Testeith an 8 inch gape length. The testing
method is according to ASTM D 5737. Samples were measured on MD and CD two

directions in 8 by 3 inch. At least five samplesre tested and record the tear strength.
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Scanning Electronic Microscopy (SEM)

Fiber spunbond structures are imaged using Phenon SEM from the Nonwovens Institute
physical testing lab. From platinum coated fibrous samples, we are able to measure fiber
diameterusingimage J from the SEM picturesoBding structurés also characterizeboth

from top view and lateral viewl'he lreaking spot of those tensile test fabric sampies
evaluated as wellFrom varying of magnified from 400x to 20,000x, our view perspective
covers from a general fiber orientation to particulate fillers hanginfijber surface. On web
bonding morphology, one interesting part is the csmsgion to view the web miplane

under embossed region. So by using liquid nitrogen, fabric samples are cut in transverse

direction across several patterned bonds.
Differenti al Scanning Calorimeter (DSC)

The melting and crystallization behavior of the filaments samples were analyzed by
Discovery TA Instrument Differential Scanning Calorimetry (DSC). All samples were first
heated at 10€C or 28 /min from 23 to 19% , followed by cooling at 18 /min rate.
Thermograms were obtained from DSC analyzed with the Trios software. Crystallinity is
calculated from endothermic peak, which reveal fiber crystallinity developed in spinning.

Crystallinity is calculated based on equation:

PO Ol 0O CQEEDIO p TP 1)
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Where3'O is the heat of fusion (165 J/g) for 100% iBR) is the heat fusion per unit gram

of fiber sample], is weight concentrationf PPadded with spunbond fiber
Modulated DSC

Calibration of MDSC used sapphire on TA Discovery DSC instrumieiiier samples
weighing of 10~15mgare prepared using aluminum pan. Modulation method based on
ASTM EZ2716, setting heat rate at 2€/min, 100s modulation period, 1€ amplitude, and
ramping from 25€ to 230€C. Thenwe record the normalized modulated heat flow curve and
using derivative of modulated temperature curve, thus we have the amplitude of heat flow

(W/g) and amplitude of heat rate (€/min).

Heat capacity of PP fibersiiseasurd as control, angroundcalcium carbonate ramaterial
with stearic acid coatingvas measure as 100% of filler, and PP with different amount of
calcium carbonate filler (5~30%) was measured and compared with the values calculated
based on the Rulef Mixture :

6 p O pTmQ 6 0 (2)
Whered  is the specific heat capacity of R®ntainingwith k% (wt.%) of calcium

carbonate fillero is the specific heat capacity of PP fiber, @nd is the heat

capacity of calcium carbonate powder.
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Thermal Gravimetric Analysis (TGA)

Fiber thermal degradation property was tested uslgrGA Instrument A fabric sample,
around10mg, was put into a platinum plate which is attached to a micro balaac®les

were heated up from 25e¢C witlha gadppl€ment nsing r a't
nitrogen Then sample weight in percent is plotted with increasing temperature, which

illustrates thehermaldegradation behavior.
Fabric Bending Rigidity

Flexural rigidity characterizes fabric stiffness in bending along MD or CD. A sample
overhang length is measured when tip of sample touch down to a slope which has 45°angle

with horizontal platform. Four measurements record the value to make sure ewery ti

reverse specimen from the front or the back. This avoid error during testing because some
fabric may double surface effect. For each sample, four specimen for MD and CD, in sample
size 80by 10 (200mm b3y38218. Afte)testing, Saad wemmis AST M [

measured a® and result into basis weigfit (g/& & based on calculation.

7 = (4

Bending length is related with overhand length as c=0/2. Where c is bending length (mm);

and O is overhang length, both in mm. Flexural rigistcalculated from equation

opBGppT ® W (5)

Where G is under unit fE T @1. A
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5.3. RESULTS AND DISCUSSION

To begin with fiber web mechanical properties, let us first consider dhctitn force by
pulling single fiber out of a consolidated wstsucture.This fibe swirls in a random path
that as long as it spun from the spunbond system. As many of these embedded in a nonwoven
structure, loading CaC{illers into melt extrusion not only change fiber structure, but also
change whole fabric stcture. Nonwoven with thermal point bonded patterns respond to
deformationwith fiber reorientation in the welfAs calendar temperature is close tosat
melting temperature of polymer, fibers under embossed compression are ameltbdse
imperfect crystlline phasegecrystallizedupon cooling The reformed polymers will be
melting fiber crystals and recrystallize into new form of big crystallBgmergetic effect of
fibers and bonds define the fabric failure strength and how much extdibg&opulled apart

beforemaximum load is reached
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Figure5-2: Single fiber tensile properties with varying level of GEC concentrations.

What has been found in previoukapters that fiber polymeric structure is influenced by

loading GCC FiberLink (FL)which has an cubic particular shapéth an average particle

sizeof 2. 28 ¢ m. I n varying o %, fibey teicaeity is coatinuoasly f r o n
decreasindut thestran at breaking is unaffected up to 15%. Lowatuein fiber tenacity

indicatad addingfiller causé structural defects that increase the possibditypreakage so

that fiber breaks at lower tensile strengBut stress reduction ia strand likeelementmust

be put into a twalimensional webghat transfer through the connections with those hdnds
betweerbondingregions, bridge fibers functional as transverse connection which will mainly

conduct the stress transfer through the fiber network.
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5.3.1. Grab Tensile Behavior

Optimum bonding effect achieve at different calendar temperature for varyitggadihg
concentration ofCaCQ fillers. Tensile strength aftemcorporatng of CaCQ fillers is
keeping at same level gmlypropylene fabricsas shown in Figre 55. Melted fiber
junctions under point nips form with stronger borddemperaturencreasesand improve
tersile strength(Figure 53). At higher temperature ovdronding may cause fabric strength
level down at higherstrain at breakingespeciallywhen concentration reaghto 30%
(Figure 54). This overbonding mechanism occurs most likely when loading amount of
CaCQ exceedl(%, at temperature at 140~1d5 as bondingWhen heat diffusion transfer
through the emboss aret 1 4 0 e C ~, 1Pblypm@yene control keep leveling up the
strength up to 159 Cbut 10~20% of CaC{£in Polypropylene already achieve the optimum
bonding at 148 COptimum of PP dbric strengthhit at 72 Lbsin MD comparing to PP
containing with20% CaCQ. If define the temperaturachieve optimum bonding condition
as"Y, then calendar temperatutéwill cause reduction in strength and elongatwamere™Y

is higher thanY because of over bondingror CaCQ filler contained spunbond fabrics,

same bonding strength with highedongation will be achieved at lowe.

Therefore, bonding mechanism of fiber web is determined by polymer morphology
deformation in compatible with filler particles. Without sufficient bonding temperature,
fibers will not completdy soften itscrystallitesbut only partially melt thesmaller crystals
andamorphous. But adding inorganic fillers tend to randomize polymer chain orientation in
fibers, which give higheprobabilty to soften the semicrystalline at a lower calendar
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temperaturé'”. Polypropylene chains overcome tteric barrier from fibestructurewith

inner energy increase, forming reptatiaorossfiber to the adjacenfiber at contacting
points. On another point, the tacky polymer molecular chains which are released from
crystdlites will respond to heat much faster especially under the compression. As we know,
thermal point bonding at th# is lower than themelting temperature of the fibers. For
example, DSC melting peak find polypropylene spunbond is with melting tenge(atu

at 159C (Table 53). Fabrics failure comes earlier as mentioned at-bwaded temperature
(145~150C), even undesired rigiditgnd sticky plastideel of fabric replace ofsoftness
contacting to skif®!. Adding CaCQ fillers contribute tomodify fiber surface texture and
improve softness byifeelingd the rubbing from skin to uneven fibers and roemgyfabric
structure.Furthermore, since bonding temperatigeelativelylowered by addingcalcium

carbonateso that fabric stiffngs is replaced \th softness.

Bondingstructureof spunbondiber web can also be interpreted from the lateral view of the
webs. It defines three possible mechanismyder bonding, optimum bonding and over
bonding. If we define miglane fibers as those keep farthestnirheat sources (calendar
surface), which stay covered relative to an upper layer of fibers campéctembossed
points and bottom layer contacting with the smooth calendasudtce As shown in Figure
5-6, inorganic filler as to fiber web is like a thermal conductegrierwhich stimulate bond
forming dense locking from each side of the layer to theptade, then fibers in the mid
plane are fusedufficiently and form into an integral withplastic bondig area Under

bondedfabric structure does naestrictfibersfrom segregating from bonding regicas PP
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fabric bonded under 146 which cause fiber directly segregate out of the bonding region
Adding fillers into fabrics helgo transferload within he web by fiber to fiber friction, as
fiber possess with rough bumpy surface illustrated in Figt9dey f). An effective bonding

can form with loading of 1:20% of fillers at 1402C in 100 gsm fabric, comparatively, as
thickness for 50 gsm fabric is deasing, impact of heat through the bonding region is
enhanced so that 1&5can be applied fo20% of CaCQ (Table 52). Inorganic fillers help
develop a well bonded fabric through lateral dimension to thephaite of the fabric, which
start to be effedte for 2.5% of filler in50 gsm andlL0% of filler in 100 gsmfabric. We
found hat'Ydecr ease by 5eC at a Imadetinto® gsmPP | er
spunbond fabricCompare with PP (50 gsm) fabrics, tensile curvekided inFigure 57 (a,

b) support the strengts fabricstretchto the peak load can be reinforced by loading a small
amount of fillers, which extend the strain at breaking compare with PP fabiicgoth
situations, the peak load and strain over the peak stress suppamdtierf of CaCQ@fillers

to enhance the fibers entanglemehs. previously results indicated shown in Figur&,5
deterioration in secant modulus and yield strength both start from a small loading of CaCO
in single fibes. So in a fibrous structure,fiber may yield to extensional and shearing force
during fabric deformatiomelatively easily tharfibers with higher modulusThat dominates

in improving fabric deformability and flexibility in the grab tensile behavior in the bonded

fabrics.
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Figure 5-3: Grab tensile strength of spunbond containing with different amount of FL,
compare to PP fiber®( ),2.58 ( ), 10% ( ), 28% ( ) andR0% ( ).
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Figure5-4: Fabric tensile % elongation at breaking at levels of bonding temperature.

(Symbols aresameas Figure E3)

Table5-2: Temperaturdlrofiles for ThermalCalendarBonding Achieve atOptimum Fabric

BreakingStrength:
Optimum _ . ,
Bonding FiberLink GCC Concentration
Temperature PP
(€) 2.5% 5% 10% 20% 30%
50 gsm 150 145 - 140 135 135
100 gsm 150 150 150 140 140 135

* 155€ for 100gsm has breaking strength at 74.92 Lbs BBt6% compare to 150€C which

has 75.96 Lbs with 37.1% .
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Fabric Strength and Strain at
Breaking at Optimized Temp.
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Figure5-5: Filler concentration effect on fabric optimum bonding strength and elongation at
breaking, according to Tables

200



a T=135~140°C _
Under-bonding

PP

-
57

Figure 5-6: Schematiograph oflateral view of themal bonded fabrics into miglane (a);
Lateral view of 50 gsm spunbond SEM at 135e¢ecC
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Tensile Curves 50 gsm 135°C (MD) Tensile Curves 50 gsm 140°C (MD)
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Figure5-7: Tensile behavior of spunbond influenced by (a) and (b) 2.5 wt.% ¢alxd
fabrics at 135eC and 140eC; ( c )filled falbkics@d ) con
140eC and 145eC.
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Figure5-8: Single fiber tensile properties: secant modulus at 5% of strain and yield strengt
from stressstrain curves.

5.3.2. Heat Transferring Over Bonds

Adding fillers assistheat conducting through fiber material, which lowers the amount of
energy to raisaip the temperature gjolypropylene to its melting temperaturEhermal
conductivity for polypropylene and calcium carbonate are 0.5 W/(mK) and 2.7 W/(mK)
respectively™. From the view of lateral direction, as shown in the schematic graph in
Figure 56, heat conduction from calendar surface to the webptaide h a faster pace so

that decrease the energy input requirement. Heat transfer to polymer material respond to
conformation relaxation in molecular level that adding particulate fillers increase the entropy

level as that imposed by using higher bonding teatpee. Calendar temperature is the
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dominant factors as bomd) regions composed of fibetend to have a temperature
dependent viscoelasticityff temperature is loer than the optimum temperatyrehain
moleculescannot be fully released to form the barglias shown in Figure-® (b) behaves
like insufficient melted fibers. The heat transfers through fabric thickdegksm semi
crystalline structuredecrease the molecular orientation within the bofls Fusion of
polymer not only penetradento themid-plane, but alsexpanded the wholeonding region.
Web strength will be correspondingly impravevith more fiber interlocking to form
optimum strength level, as results showed in FiguBdnd Table 2. We also notice a
reduction in strength at evehigher loading at 30 wt.%, at which level the bonding
t emper at igalreadylh@tbepdiigh to form the®nds Reduction in fabric strength is
due to fiber structure defects at inorganic/organic interpHaseh defects behave as the
overbonding inducd weak periphery around the bonds where polymer orientation gradient

is sharply transit from higher orientation in fibers to a lower orientation in the bonds.

Between two bonding points of fabrics, heat expanded in different conducting rate out from
cente of embossedegion As heat transfer to fibers @minated bycontactingtransfer from
embossednetal surfaceo fibersby thermal conductionthen those bridge fibelscated in in

the valley between two embossed regiane impacted under thermal corection and
radiation. Previous study by Michielseat al. gave estimated duration time of fabrics in
between calendar roll, is about 60 ms, or &0 ms in commercial scal¥’!. Higher heat

flux traverse through particulate added polymer will relativelgrease heat transfer

coefficient reach to the melting point. It has been estimated the time it takes fotiasota
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Polypropylene webs miglane reach to 132 is 7.3 ms and 6.0 n&s to calendar bonding

under 143°C and 151C, respectively!”). Previousresults by Wang and Michielsen has
indicated higher poiAbonding temperature caused reduction in mechanical strength
substantially*®. Because after polymer recrystallized the original lamellae structure in fibers
cannot be regained, and fib@olecular orientation is destructed with no longer persistence

in tensile strength. Therefore, web structure becomes less continuous from bonding area into
bridge fibers, which may raise high risk of breaking at bonds periphery region. Continuous
reductionin optimum bonding temperature for spunbond with different basis weight at 50
gsm and 100 gsm (TableZd, indicate if process spunbond web contain with Cala® still

at constant calendar roll temperaturesase asPP fabric, bonding periphery regionliw

have high probability to form weak structures. So calendar temperature should be adjusted to
at | east 5~10eC |l ower to keep a continuous

into bonding regions

Higher thermal conductivity is attributed lower heat capacity othe blend phase of
inorganic particlesin polypropylene Based on the rule of mixture in equation (3),
polymerf/filler blend ratio and the heat capacity of each part will add to the composite
0 , Figure 511. It was found the material heat capacity at specific temperature
level isdecreaseavith filler concentration. The experimental results is well manipulated by
the rule of mixture when filler concentration above 10%.

8 % D %6 3)
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0 i's the heat capacity of powder form

50eC, comparing t 0%oisl thed weighl fragtio Gf CaACPfillersP P .

0 is plotted in Figure 81 as theorgcal heat capacity of calcium carbonate
contained fiber samples. Roussell etra@bortedthat calcium carbonafélers is with specific

heat of 0.9 KJ/(KgK) whereas polyolefins is within the range from 1.8 to 2.4 KI§d*,

which is consistent toour results characterized by modulated DSC. In the DSC the heat
capacity is characterized from reverse heat flow that is related to the amplitude of oscillating
heat flow curve to the amplitude of heat up rate. Lower heat capacity associated with amount
of inorganic fillers that estimate how much thermal energy is reduced to raise up the system
temperature by one unit of kelvin. Therefore, calcium carbonate fillers incorporation with
polypropylene can induce more thermal energy transfer through the wehgththe
calendar nip regions. The temperatoeach toon-set melting temperature will efficiently
meltand bond polymer material underneath the bond. If we denotplamé temperature as

“Y , which is rising as embossed region started receiving difasion through the web
thickness in a finite amount of timé&/ as the calendar surface temperatilife, gives
spunbond initial temperature when it arrives at bonding regions between two calendar rolls.

Then the temperature relatginp can follow the model in equation (6).

YUY pRXOW Y Q 7 (6)
Iy 'y 1igyxod Y Y — 7)
= (8)
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Based on equation (6), mmane temperature will eventually reacto the maximum
temperature with time tyhich att=0 thosefibers are still undisturbedy heat L is the half
thickness of nip, is the diffusivity,6 is heat capacityQis thermal conductivity, for iPP

is 0.9 dem®, for 10% CaC@contained PP is 0.95cnr.

Table5-3: Temperature Profiles of Spunbond Webs in Calendar Nip Bonding Region

Y (°C) (@i Y  (°C) "Y (°C)
145 PP=& p T t=60ms 60 145
CaCQ=
135 Q=p® p T 60 135

We estimate the time duration time under nip pressure in calendar region is 60ms, and
thermal diffusivity is calculated based on 10% Ca@Qilled fibers, difference between PP

and CaCQinfluences the heat penetration into midne, but it is equilibrium at same level

as”Y , including in Table 8. We realize the amount of heat is sufficientrise up the
temperature to the same level as calendar surface at 60ms time windaxter@mf bonding

is determined by the subsequently cooling process after leaving the calendar region, when the
relaxed polypropylene chains reduce the free energy level by forming into compacted
crystallites. At lower temperature, polymer lamellae citifsga has not intact much but only
modify partial small crystallites. Temperature derivative to time is a partial derivative of r

and | as shown in equation (9):

- —— - — ©)
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whereQis thefiber radius adl is the fiber length throughout the bonds. Heat conducting
along long strands of fibers also impmatiie onset crystallization temperature of impacted
fibers. Polymer crystalline structure undergoes recrystallization process after web leaves
from bondng region. With polymer form into different geometry of bonds, as shown in
Figure 59, the evidencepointed thatanother possible correlation with filler loading
concentration is the bonding region arAa.fillers concentration goes up to 10%e heat
generated from crystallization transtarough the filler particles owtards whichmay soften
the fibers outside of perimeter (Figureé9% and f) In this case, the eset crystallization
tempeature will increasa couple of Degree Celsius, and will saithe polymer crystallized
into smaller crystals. It ialsoattributed to heat radiation from calendaring that expamel
bonding area that the released heat energy will impact the perimeter regions in the bonded
fabrics (Figure 5L0). Heat radiationindirectly contributes tdncrease the entropy of the
polypropylene fibers, especially when the calendar temperature is relatively higher, which
increase the temperature at those bridge fibers and cause melt range expanded as shown in
Figure 59c.

Ac Y Y (10)
I is heat radiation coefficientY is the temperature of heat source, ands the temperature
of fabrics before calendaringdmount of fusion correlated with temperature and weight
fraction of filler comparably, fillersdading to 20% respond to more affected periphery fibers

than 10% filled case.
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750um  °C

Figure5-9: SEM pictures ofspunbond made of PP (4)0%~30% CaCgin PP (b) (c) (d);
Bonding at 13%C in 50 gsm. Melt spun fibers roughened by 20% Calé&ding (e). The
bridge fibers (10%) with local fiber morphology changed due to heat rad{(@déorC) (f).
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Most of bridge fiberstay far from bonding regions do not go through chain relaxation even
after exposure to thermal radiation. Bridge fibers maintain the fabric structure integrity as a
soft and flexible medium, and functialize as the stress transfer links between bondseS

there are filler embedded inside of fibers, the heat conducting in plane will be @ahduct
throughthosefibers. In the Figure-A0, we can image the impact of heat from embossed area
in a radidexpansiorto the adjacent bridge fiberg without anyinorganic component inside

of polymer materialthermal energyrom emboss metal surface will lkssipatedquickly

that only change structure beneath nip region, forming into the oval pattern of. bonds
Whereas thermalanductivity from CaCQ fillers chang the heat diffusion impact region
from oval pattern to a circular region outwards. The imaginary circle is expanding from small
areaCl to arelatively larger area C2dimensions shown in Figurel® is based on the
assumption that heat transfer normahtajor axis is supreme to the transverse along main
axis, because the heat flux from center of ellipse encounter with larger resistance when it

moves along major axis to the perimeter region.

Figure5-10: Heat conducting from emboss pad center of bonding point to ou
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We found that sample melting temperature did not vary too much with filler concentration,
peak width gradually narrow down a bititlvthe fiber crystallinity at 14T first incline up

to the maximum at 10% and then decrease. The calendar temperature effect on fabric
crystallinity is first increase from 138G to 140C, then decreasing as temperature up to
15C¢°C. The optimum bonding teperature 14TC achieve larger fabric crystallinity, since
recrystallization of bonded fibers grow into larger crystallites by packing regularly that
transform part of amorphous regions into crystalline region. However crystallites phases in
fiber structue keeps withhigher crystallinity than recrystallized spunbomith a muchlower
levelin® P above 140C. This phenomenon reveal that crystallinity get to the ultimate
level at the optimum bonding temperature, above that temperature fiber crystallites melted
but formed into a less amount of crystallinity into the bonded structure. Our results is in
contradctory to the conclusion from Najudappa and Bhat who claimed both crystal size and
crystallinity of bridge fibers become smaller than bonded fibers after bofdinghey
neglect the temperature effect on the overbonding of fibers that may reduce fabric
crystallinity. However, the consistence result in smaller crystal size is confirmed from our
WAXD in Figure 513, diffraction peak height is significantly sharper after fibers are bonded
into fabric, which means the perfectness of crystallites are formeaimpanied by the
crystal size increases from&6o 180A. In the bonding procedure, crystal size grows larger
by continuous reorganizing and folding of amorphous chains artamdllae crystalline
regionin fibers. With temperature keep increasing to és@nding temperature, exposure to
heat can break down the crystalline lamellae formed in-d@wn fibers. Meanwhile, the

polymer crystallization temperature is also impacted under different concentration of loading,
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that these calcium carbonate filler fpgles providsome potentiahucla in polypropylene
melt for lowering the kinetic energy in crystallization. This is confirmed from increasing
crystallization temperature when concentration is above 10%, it nugag 2°C, include in
Table 54. Impact ofcalendar roll temperature (1-AG0C) on varying crystal size is more
significant on bridge fibers than bonded afda Crystal size of polypropylene bridge fibers
increases with temperature up to 140€, and then decreases with higher temp&fate

also interpret from our results based on 130<C5Bonding temperature on 10% of filler
loading, that the oiet melting time only increases by @5when bonding temperature is
around 135~141C, but the orset melting time is delayed by around 5 sesoriadicating

the crystallites formed at optimum bonding temperature will be more densely compacted. As
temperature goes up from T&8to 140C, the onset melting time postpone, while further
rising up bondingtemperatureadvances the eset occurring tire. This means crystallinity
grows to the largest at 1240 for 10% loading concentration, which is also the optimum

bonding temperature for the spunbond fabrics.
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Figure5-11: Heat capacity of FL ®CC ®@ontaianed f i |
and 1#.Qiee@r is a theoretical results from the Rule of Mixture in equation (3)

In a specific question on fabric breaking mechanism, the extefagbot deformationin
response to tension, stretching or tearsndependent on the relatifreedomof fibers under
bonding regions. In previous discussion on elongation at breaking, fabrics stretch can
withstand higher strain from 130~140 But abovethe optimum bondingemperature the
strain to break is greatly reduced, drop in elongation indicatedoadingeffect of fabrics

that accumulategbarticlesin fiber crosssectional planeause fatal weakness at boundary
perimeter. This region is as we discussed abovegur€&i59 (¢d), heat diffusion will cause

the overmelting of bonds with its topograptoaveinto a lower horizontaplane squeezing
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polymer material out of the bonding area into the periphery region that hinder the elastic
deformation As shown in Figuré&-12, polypropylene fabricbreaks byruptuiing the bonds

while for 30wt.% contained with C@03, 145°C has caused weak interfacial connection thus
resulted fiber breakage occur at the bridge fibBrevious work by Dharmadhikary et al.
revealeda similar issue related tinermal bonded polypropylene fabritsat overbonding
mayhave a stress concentrating effect at periphery reBibarmadhikary claimed there was

no apparent loss in birefringence of periphery fibers from 149€C to 160€C, buhdrg
bonding temperature resulted into even bigger difference in birefringence between fibers and
bonds™®. At periphery, some bridge fibers can be softened and flatten when calendar roll
temperature is sufficiently high”*® 23, Fiber mechanical prasties undergo a dramatic
decrease from bridge fiber to bonding areaiise evera stronger bonding pad at higher
calendar temperaturbpwever the weaker fiber structure will not be regarded functioning to

the maximized strength of the bonds, so briilgers will break firs{Figure 512b).

CaC@30%

Figure5-12: Breakage aspunbondcalendambondingregionsfor 50 gsnfabrics at 145€C.
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Table5-4: Polymer melting and cooling data profile for each spunbond samples with certain
amount offillers and bonding temperature

SampIeFil TorsetPeak W i tomet o Tpeak
50gsm mel ti i _ : Fui P ; crystall
-spunbccon (eC) height T ( min (ecC)
PP140e 0 16D . 10. 1 53. 14. 1 12D .
FL2 -1540¢q 2. £ 160. 1Q. 53. 14. 2 119. 14
FL1a 40¢ 10 160. 9. 6 54 . 14. 2 121. &
FL2 a1 40¢ 20 169 . 9. 3 51. 141 2 122. 4
FL3@L40¢ 30 160. 87 4 9. 14. 2 122 .
FL1a30¢ 10 16 0 . 10. 6 53. 14.1 120. 7
FL1@aL35¢ 10 160. 9. 6 51. 14. 2 122. ¢
FL1a45¢ 10 16D . 10. 1 556. 14238 120. 4
FL1aL50¢ 10 159 . 99 500. 145 1 124 .
1600 - - -
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Figure 5-13: WAXD diffraction patterns of spunbond crystalline structure (whole fabrics:
solid line; drawn fibers: dashed line) filled with 5% of calcium carbonate, bonding
temperature 140eC.
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5.3.3. Fabric Breaking Mechanism

Mechanical propertyf fibrous structure represenan alternative obonding with fibers
interconnected through the bond geomeBgsed on shape and coverageeaibossing
regions asappear in fabric structure Figure 514 (a),fibers are restricted at those bonding
area. To rupture piece offabric, it must overcoméhe shear resistance from the fibrous
network. The orientation of oval pattern on the web may affect the stress strain behavior in
either MD and CD of a spunbond fabrics. Since fibers orientation in the spunbond process
has MD dominant over CD, so that $éa breaking strength is larger in MD, as Figus&
plotted. With reduced calendar temperature below@48/en though 100 gsm fabric can
keep at constant breaking strength, however, reducing the fabric basis weight to 50 gsm did
not keep the strengtm ifabric Peak strengtlshowswith a narrow bonding window of the
fabrics comparing 20%f GCC fillers compared tBP controfabric. It is modeled byrRawal

et al. that the reorientation of fibers along MD tensile mostly occur at low strain 345%
Thestretching force starts to reshape those bonds as shown in Fgidrgbpby elongating,
flattening and peelingff fibers from bondsWhen all fibers are bonded strongly to resist
stretching oufrom thebonds, single fibers can be tightened to a largent of elongation
However, since polymer only partially melted at iG5some fibers under the calendar is not
fully fused together with the maiayer of the bonds,as a result, they are peeled out of the
bondsshown in MD loading direction with Fig.-54 (b). Whilethe grasping forcérom
adjacent fibersvill fail to hold the peeled piece in plabefore they redctto the maximum

level because those bonding regions are relatively evestk50 gsm thinner fabrics. The
brittleness at higher than 145 should be dueo the fast heat transfer that melt down the
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fiber lamellae too much to deteriorate fabric mechanical propkrtifig. 515 at bonding
above 140C, MD tensile strength sharply turns down because of stress concentrate effect at
bonding perimetes. Friction from fiber distributes the strabsoughout thewo dimensional

fiber webs and avoids the load concentration on specific points. Such as(FRidc®14c),

pulling fibers bundles and opening up the bonding regions will dissipate a faactfre

energy

Figure 5-14: Bonding patterns of spunbond fabrics (a), aibérfmorphology aftedoading
beaing in spunbond tensile test in (top and bottom) and ¢ (top and boftestigd fabric are
50 gsmcontained with 20 wt.% of calcium carbonate fillers bonded at@.35
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Figure5-15: Tensile strength ilboth MD and CD, comparing 50 gsm PP spunbond to 20%
CaCQ contairedin the fabrics.

5.3.4. Thermal Stability
Thermal degradation property of polypropylene reflegiotential functionality of adding

inorganic fillers could bring up, that flame retardant add#tweuld give direct improvement

on material thermal stability. Previous research have investigated the flame retardant
performance of specific system, such as haldgsm flame retardant system using
ammonium polyphosphate containing with zinc oxided processingagent 2", with
performance improvedn limit oxygen indexand decreased total heat release fidtedirect

and efficientway to characterize the thermdégradatiornproperty ofpolypropyleneis by

using TGA with nitrogen gas supplememthich weigh the loss in polymer material with

furnace burning the material at a constant heating fasitionally functional additives
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such asmontmorillonite, silicate, bentonite, magnesium hydroxide, carbon fiber and many
kinds of compound assist char fongiandmainly guideinternal heat conductive pathway to
removeheat away from combustiblgarns!® % 3% 3} polypropylene start degrading above
370 €, followed by a fat declining inthe polymer weight by chain scissoringemnperature
around 373C to 45C0C. Loadingcalcium carbonatearticulate fillers can change the-set
degradation temperature as illustrated in Figurg65and Table5-5. Increased oset
degradation temperature from 382€ to 417Ts responding to arimproved thermal
stability. This comes from a heat dissipation mechanism forms at ¢Ble@s interfacewith
polypropylene. After fillers forms into a heat conductive network, the heat will be conducted
fast throughout the samplehich helps overcomiecal overheatingausedy accumulation

of heatand acceleratinghe scissoring of polymer chaingspecially when increase up the
concentration of fillers, increment with4€C ~40C increasing on oiset degradation

temperaturavith the concentratioadded fromL0%to 3(0%.
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Table 5-5: DegradationPerformanceof Fabrics Containing with 2.5% to 30% of GECC

FiberLink (FL):

Ons et ResiduaTarg(Eteﬁ

Sampl e Degrada CaCQO (wt). %
Temperat | ( %)

PP Fabi 382. 7 0.1 0
FC 2.5 377. 8 2. 4% 2.5
FC 10% 391. 3 10. 7% 10
FC 20% 403. 2 21. 7% 20
FC 30% 416. 8 31. 3% 30
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5.3.5. Mechanical Properties

5.3.5.1. Fabric Modulus

When stretchechonwovenfabric the ease of deformatioreflect in its modulus. As to
thermal bonded nonwoven structure, external straining should be able to concentration on
film like bonds Spunbondibersinterwinesat oval pattern bondst intesections where load

is transfered through the networkPrevious model use finite element methods to consider
fiber micromechanical properties well agpercentage obond coverage othe mechanical
property ofnonwoven fabric&”. Fabric modulusaffected bymultiple factors in fabric web,
enhance in point bonding regions by a high filler loadidt.same bonding temperature,
modulus for differeniveb materials keep adamelevel as loading increases from 2.5% to
30%, evenwith single fibersveakemrdin theirsecant moduludt is unexpected that modulus
first ramp upwith filler loading concentrationo 10%then lower down fron20% to 30%,
which indicated a bettestructureintegrity asCaCQ loading is atl0%. From our previous
observation 1TC lower in optimum thermal bondingemperature could be achievix PP
controleven being loaded with0% and 20% of CaC{illers. For polypropylene ofibers
containng with smallamountof fillers (2.5%), point bonding below 1%0 still staybelow
bonding level when fibers are freely jointeég partial melted fibers. This representhe
initial modulusis influenced by bondingemperature. 10% has induced more MD orientation
than PP, 2.5% and 30% filled fabri&ss a valid evidencehe fibers conining with 10% of
CaCQ can be predicted orient more in MD in web-@gywn processSincethe laid down

orientation in the web structure is controlled by fibers stiffness and bending flexibility, that
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more crystalline orientationvhich has larger stiffnescould possibly induce more MD

orientation domination comparing to fiberglwvmore amorphous orientation.

Concentration Effect on Fabric
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Figure5-17: Secant modulus at 5% strainggunbond fabrics.

As mentioned, material specific dteactually cause material melting fast upmmductive

heat from emboss calendar pattern. Material without directly contacting with calendar roll
surface is also influence by planar heat trangfesughadjacentmoltenfibers. At the same

time, heat radiation and convection partially melt polymer in bridge fibers, which composed
of 82% of spunbond web. Fibers surrender its polymer orientation developed in fiber
processing to the radiated heat. We can see from fiber wlogphthat surface polymer
adhesion occurs at certain joints of fibers, in the form of polymer chain entanglement at those

joints. According to Pai et al., intrinsic property of fibers govern the nonwoven structure and
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property in elastic modulus, and suploperty is determined by average fiber diameter,
curvature of fibersn the mat and the distance between fiber to fiber juncffiShdhe strain
energy from single fiber§ and from the junction of fibefiber bonding or entangling is

o] , the Youn@s modulus of nonwovens can be expressed from the stretch flexibility in
uniaxial deformation averaged over the distribution of fibers in the initial web structure based

on model:
0O _ (11
Whereo is thickness of nonwoven matjs areal density that number of fiber per unit

area, Q is fiber axial stiffness, is the distance between two junction points along a fiber,

— is the angle between initial fiberientationto the CD direction.

Q 06T (12)

Where the single fiber axial stiffness is related to fiber Y@imgodulusO, fiber cross

sectional ared  —. Fiber strain energy is related to fiber axial stiffnes® because

the initial straining of single fible mimic the Hooké& modelconnecting withbonds. At the
fiber-fiber crosssectional regions, the strain energy is correlated with effective torsional

stiffnessQ

~

0 -Q — — (13)
Therefore, as ireasing the fiber density with loading concentration of 2.74fsant of

inorganic fillers replace partial 0.9 g/éraf PP, the number of fibers per unit area reduces

since fiber diameter increases up as shown in Fign2@ which affect the number oftfers
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at the junctions. Based on the understanding that fiber bending flexibility is related with fiber
diameter, in some occasions those enlarged fibersigireenedin between two junction
points or even bind several fibers into rope like bundles, wieidhce thé and increase the

Q. It is important to keep investigat on bending performance of fabrics as well as the

fiber orientation distribution when increases the loading concentration of {j=Ci2les.

5.3.5.2. Bending Rigidity

Bending rigidity reflet fabric stiffness in certain direction. The testing direction is MD and
CD that main fiber distributed direction is in MD in spunbond processing because moving
belt impose momentum towards the MD when fibers falling down at belt flat surface.
General trad is loading fillers can reduce bending rigidity of fabrics since single fiber reduce
its modulus at higher filler loading. We also noticed at 10%, the fabrics tend to improve its
bending rigidity as shown in Figure18. The special fiber orientation iweb formation
might cause the peak out value at 10%, this begue to improved bonding that result into
less drapery effeah MD. It has been found the capacity to drape is based on the resistance
from fiber forming fabric structure to a small amountdeformation!?®. Bending rigidity
correlate with bending length in cantilever, usually the extent of fiber compliancadimbe
resist the ovehangfibers outside of cantilevehe short bending length indicates the fabric
has a better bending flexitby rather than hindering from a rigid wire network bond on fiber
assembly along certain direction. When Cad(ler concentration reaches at 10%, there are

a increasing among of fibers dominate in MD which cause a significant higher flexural

rigidity value in MD from Figure 88 and Figures-19.
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Figure5-18: PP spunbond filled with FiberLink fillers in 2.5% to 30%, bending rigidity
shows the trend of fabric stiffness in MD and CD with amount of filladed in fibers.

Fiber formed by loading CaG@n a varying of concentration may impact single fiber torsion
rigidity and flexural modulus, therefore orientation on spunbond web may not corgiatent
sameas wherspun thepolypropylene fibersAs fibers are increased with Cagl@ading the

fiber volume swelled even though the volumetric throughput was decreBise fabric
anisotropy was expected to be correlated with ratio of the strength and modulus in machine
direction to the corresponding valuedrosssectiont*” 23, We regard the reduced bending
rigidity with higher loading concentration due to a decreased fabric thickness thatsrbguce
support over the 50 gsm fabric. At 2@such 50 gsm fabrics have already been sufficiently

bonded by themal points to form stiff on the axial drapery tendency under graVityse
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fibers under bonded are thoroughly deformed into plastic oval points with periphery regions
even impacted by thermal conduction effect. Even though bbadsmestiff, the bridge
fibers become finer ankss supportive as interconnected network agaieeding of the
fabrics undergravitationalforce It was also noticed spunbond webs tend to have less MD
dominant distribution when CaGGs loaded up to 20~31t.%, as expectedly, that finer
fibers fall down to moving belt more randomly. This is because the momentum behavior will
dominate over drawn fiber lay down movement onto the belt with velocity. Stronger
momentum of inertial of fibers contributeto higher CaC@ loading concentratiorwill

compete withh  which pulling the free fibers more on MD than CD.
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Figure5-19: The ratio between fabric breaking strength in MD to CD averaged ongs th
bonding temperature froity set from 135C, 140C to 150C.

227



Filler Conc. on Spunbond Fiber Diameter
17

16.5 - {
B
s 16 T
é T ,// g 'l'
5185 T
] l
e i
8 15
0 I

14.5 -

14 | | | | |

0 5 10 15 20 25 30
Concentration (wt.%)

Figure 5-20: Fiber diameter of spunbond filled with different concentration levels of -GCC
FiberLink inmono-componentvith constant mass throughput 0.6 ghm.

5.3.5.3. Tear Strength

Tear strength of fabric is dependent on effect of thermal point bonding that form a locking of
fibers under the plastic bonds. Similarly, there is an optimum temperature for tear strength to
reach toits maximum tear strength and then followed by a reduction, when fabrics thickness
significantly reduces with temperature. Tearing resistance can work to the maximum only if
long fibers will undergo largest torsional rigidity of fiber bundles. As 10%dillvith fabrics

still keep the tear strength increases up to°C4@nd then start to drop above that
temperature, which significantly decline to a much lower level compare to PP control fabrics.

When keep increasing concentration, tear strength is sevidetdyioratedas overbonded
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fabrics increase the bonding ardaom the above analysis diver diameter (Fig. £0),

fiber rotation torque could increasg with fiber diameter up to 10%, so that we expect that
tear strength is maintained. But higher loading concentration 20~30% may result granule
embedded irpolymer matrixcause stress concentration at fibers and bonding phdse
internal micro voids canébregarded as initiator of craze formed in the thin plastic bonding,
accelerate the tearing deformation. According to reason from-bmreting or internal
defects in polymer materialearing ruptures rather easiigr fabrics containing with more

than 10%of fillers.

In previous discussion on thermal point bonding, the oval patterned bonds are with their long
axis align in the MD direction (Figure B4). Tearing along MD is easily affectby thermal
calendaring temperature. When the 18% covered bondieg expand, the real cross
dimension in the oval points is impactegheat transfer from long axis of oval to periphery
region as shown in Figure B! Tearing initialize at breaking fibers at slit opening regions,
and will expand onto film like bondingegions. Another finding on fabric tongue tear
strength ighat the dependence on fabric basis weight. From Fig5both50 gsm and

100 gsmsamples have declined in optimum tear strength thiéhconcentration goes up.
That fabrics with more than 10% CaCQ of loadingundergo dramatidecreasing in tear
strength. Since heat conduction effect at bonding regions enlarge bonding area as shown in
Figure 59 (c¢d), tongue teareasily rupture along the flatand thin bonding regions.
Resistance to tear strgth comes from the free rotational movemehtstrands ofbridge

fibers, mainly referred to those align vertigato the tearing slitWhen tear force stars
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breaking thanterconnecting fiberso thosebonds,weakenediber will breakalong the craze
around thestronger bnding periphery and eventually reduce the tesistancelt is better to
mention thatkeep reducing volumetric throughputbove 10% of loading will decreasing
fiber diameter, so there are high possibility lafge particle size relatedefects or
agglomeratiorembedded within fibersStress is likely to propagate across those weak fibers
and brittle bonding regions, and crack around rigid filler particles. These all result into low
toughness to resistant to tearing force in a quukion. However, such deterioration by

chain breaking may contribution to easytear fashion of spunbond products.
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Figure 5-21: Varying of filler loading concentration on tongue tear strengtti00 gsm
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231



232



Figure5-22: Bonding region morphology of spunbond fabrics with 2.5%~30% G@GIXCs
bonded at 149 . (a) PP crystalline regions; (b) 10% partial softened fibers beneath fabric; (c)

2.5% form compacted fiber recrystallized upon heating; (d) 20% shaghness on
bondings.
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5.4. CONCLUSIONS AND SUMMARY

The functionof CaCQ filler particles reflects in the reinforcement gspunbond nonwoven
bonded bythermalpoint bonding. In this chapter, we characterize fabric mechanical property
of spunbond fabric from tensile and tear motion to understand the bonding effect with
dispersed particula fillers. Fabric bonding mechanismis a synthesizedfunction of
temperature, which combines the sinfifiers strength withbonding connectiong-irst of all,

the weakening in single fiber strength does not significantly result into fabric strength
deteroration, indicating thermal poirdtondingby heat conduction ardiation will help to
enhance the bonding toughne&reaking mechanism of spunbomd optimum bonding
temperatureandeform the patterned bonds, and redistribute the orientation of.fldexs,
hindering from web entanglement through bridge fibers will be functioning as stress
transferring bridgeAlthough early disintegration of bonding region may resultufailof
stress transferring by pull the bridge fibers out of bonding pads, howesesase loading of
CaCQ fillers enhance form a tacky and denstigedfibers beneath the embossed region.
Increase of loadingoncentratiorreduces the optimum bonding temperature from°C5@
140°C. While lower tensile strength occurred as fillimgth 30%in 100 gsm fabric, or even
lower at 20% of loadingin 50 gsmfabrics Raise up loading concentration may reduce the
bonding window temperature of spunbond febAs to 50 gsm fabric, increase bonding
temperature may causwerheatingthat resultinto brittlenessat bonding region, also the
weakness interface around bonding perimeter will logteain at breakinglt is optimum
bonding effect at the lower temperature around°C3for filler loaded up to 20~30 wéo

(Table 52).
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Inorganic filler phae will conduct heat outwards which meypand bonding areand fuse
bridge fibers at the perimeter, as shown in Figuge(b, d). Thermatransferringrate in the
vertical direction influence amount of fibers are melt in the-pighe. IncreasingCaCQ

fillers into fiber spinninglower the heat capacity of polypropylene as follow the rule of
mixture at concentration level above 10%Hgure 5-11. Therefore, it takes less amount of
energy to increases up polymer temperature to the meibing, so that he heat diffuse
around and penetratehroughthe webin faster rate At optimum bonding temperature,
stretching force concentrate on the bonding regionkdy transferring throughout fabrics
Optimized breaking condition i®y ruptuiing bonding regionwhere the stress can be
maximized by concentrate on the bonds. Tear strength yield at higher filler loading (from
10%), indicating there are more fibers are fused with plastic bonding Feetolsc thickness

is redued with more filler weight fraction, antioth producea thinner fashioned spunbond
both for 50 gsm and 100 gsRupture of fabrics at peak load is substantially enhanced since
more fibers participated into the synthetized resistance to shearing, rotating, stretching and
breaking deformation. Oumain conclusion is polymer bonding structure is reinforced by
inorganic fillersloaded betweeR.5wt. % and 10wt. %. Above 10wt. %, tensile strength is
maintained but tear strength is compromised, and there are a dedredle#iness and

wealenedstructue around the perimeter at interface from bonds to fibers.
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CHAPTER 6 Sheath/Core Polymeric Structure andTensile Property

of PP Bicomponent Fibers added witHnorganic Particulate Fillers

ABSTRACT

Polymermelt spinning containingith inorganic fillers bringa changd thermal conductivity
that influence the heat transfer rate in quenchasgociated wittmechanical properties
developed in spin draw formatiofo improve fiber spinnability andnodify fiber forming
structureand propertieswe produced bicomponent fibers with sheathe configuration
loading with inorganic fillersThe fiber tensile propersewere found to be closely related to
thesheath/core loaded fractiamd loadingconfiguration Needleshape Precipitated Calcium
Carbonate (PCC) incline taccompanywith polymer orientation in sheath component with
more particlealignmentwith the flow jet. Ground Calcium Carbonate (GCC) fillexsisted

in sheath component temtb roughen thdiber surface whichmposes handoftness to fiber
products While loading fillers in core will not genate such rough surfadmit generate a
relative smooth suaice of fibers Fiber crosssection and morphological of bicomponent
configuration are investigated with optical microscepel scanning electronic microscopy
(SEM), indicating there igjood dispersiomvith particles inloading canponentsHowever, a
different fiber crosssectional dimension was found to be closely related with filler loading
position. Fiber melt spinning cooling and solidification influence fiber forming structure and
the filler loading influence heat transfer of polymer with ambientTdie maincontribution

that loading fillers in core is that fabric tensile strength is well maintained because of a longer
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period of time in fiber quenching and crystallization resulted into larger crystal size. Our
main result on GCC bicomponent fibersl8t+30% of loading is that keeping in core develop

higher single fiber tensile strength but lower fiber modulus

Key Words: Bicomponent Fibers, Calcium Carbonate, Shear Induced Crystallization, Skin

Core Structure, Tensile Properties

6.1. INTRODUCTION

Nonwowen spunbond processing is time efficient and cost savirg $Bries oprocedures

from fiber spinning, web processiagd webbonding. Thdast processing speed lower down
the production costmeanwhile, those production lines applied for disposable nsaee
consistently seeking fdower raw material cost and a renewable resource to replace part of
polymer resin. Calcium carbonate filler (CagCas the most widely applied additives used

in plastics™, paints® and films®, is arising as one ofie most popular additives in polymer
extruding. Previous literatures has laggmptto step into the nonwoven spunmelt and fibers
spinning using such inorganic fillers, more attention during last few decades covered plastic
molding ¥ and paper irsitu precipitation® 7. Strategy of loadingCaCQ into melt
spinningcomes with all kinds othallengen thatfiber fine structurdout the relative difficult
compatibility within polymer. Particle size distribution, which is regarded as the most

importantindex for mineral fillers, should be tailored precisely to anchor inside of small
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fibers.If the CaCQ fillers can be spun into fibeed nonwoven into fabrics, those potential
values may come from those white calcium carbonate which may influence iiemeashk

and opacity of a fabric like in the previous arts of ¥eéd paperd®. At same time, those
particulate factors affect fiber structure, bring properties changes in their fibrous assembly
incorporated withCaCQ. Traditional nonwoven raw materiaave been greatly developed

to optimize staple fibers structure and processability in carding asaichirHowever, it is
uncertain about the potential of mineral fillers in filbemming by melt spinning, especially

in fiber structureproperties which &n vary from the traditional nonwoven raw material. No
mention about spunbond processing that the function of @& @bt only for a changing

attenuatiorrate butalso may give anympactonthe structure of webonding

We caring about use inorgarfiders in bicomponent fiber technology is because for partial
modification of fibers with CaCOwe may acquire similar property improvement with less
dependent on loading concentration. The previesslts havéndicatedtensile propertiesf
mono-comporent fiber deterioratesignificantly with concentration, because amount of
loading directly induce structural defects in fibers. However, high loading could reduce fiber
diameter and make particulate fillers bumpy out of fiber surf@md.ucia and Hudson
brought uptheidea of usingCaCQ fillers in melt spurand spunbondonwovengo change

the plastic feel of relevant producssich as generatirgyclothlike softnessmprove the hand
pleasant®. McAmish et al. investigated the mosfitaments filled withone ground calcium
carbonate and claimed top cut >eih® account fomorethan 5% in total will cause severe

fiber surface unevenne&¥. According toPeng et al., certain sheath/core bicomponent fiber
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ratio is tailored for specific type of calcium carlade particles, since stigdut effect of
larger particle size is related with the thickness of sheath compdRefhese particles can
be incorporated specifically in fiber sheath using bicomponent techrbgublending
compounded masterbatch with polgr resin and seling into one of screw extrudét >,
Either the sheath added with polypropylene plus Ca@®Dthe core stuffed with such

mixture, may resultinto crystalline structure change and influence fiber strength and

modulus.

Nonwoven markescopein for examplebaby diaperswipes medical gows and mask all
cherish a common value tomfortable contacting and touching by sKimerefore, those
changed in topography of fiber may bring a differdle feeling to skin, sine by adding
more protruded nubs between fabric and finger tips in a motion like rubbing, sense may be
improved from physiological functi@n As it is defined byDelLucia and Hudsgnan
uncomfortable gloss and slippirgurfaceare always exhibitedby usingsynthetic fibers.
Potential value associated with calcium carbonate filler particles will contribute teliith
feeling ona great amount gfroducts’®. In bicomponent nonwovens using two polymers
which has a higher and a lower melt point, such aslEBHFET/CePET, can also be used to
improve fabric soft hand during web bondil§. SheattCore fibers in thermal bonding
nonwovens tend to keep softness durthgrmal bonding by partially melkg polymers
(usually sheath) to form molten polymer interfgs under compressigrwhile the other
polymer is still intact to keep the strength integritysing bicomponent with a different

sheathdore ratio, for example, 25:75, 50:58nd 75:25 usually relate CaC®loading
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concentration with its biomponent struates** /. Core of Polypropylene bicomponent
fibers filled with 1625% of CaCQ fillers is accordingly increase fabric strength at I50

(3 Hisakatsu et akeported production and properties of bicompormsgunbond nonwoven
containing fillers This bicomponent fiber contagfillers in polymerblend oflow melt point
LDPE addedvith a copolymer of ethyleneinyl acetate. The resin blend ratidiem 95/5 to
60/40, and filler particles concentration varying from 1000~35000 ppm. Combined with high
mdt point polypropylenelocated either in core or side by side, such structure will enhance

adhesiveness in spunbond web bondiflg

Although some research focusing on polymer composite show material mechanical
properties varying with filler volume fraon, higher loading concentration increase stiffness
and modulus, decrease strength and impact strength and hinder polymer ductile deformation
(L. However, there isfew evidence shows calcium carbonate fillers will change fiber
tensile properties inran analogous models gmlymer composites because ofunique
characteristic othe fibers We will expect a varied structure in bicomponent sheath/core
configuration if loaded into each component may further change fiber tensile properties.
Obviouslyin the subsequergpunbondprocess bonding structure can be formed bsing
sheath/core bico fibergiber structure formation in addition to particulate fillers lgseat
impact onmaintaining thecertain structure and propertiesspunbondabrics This invdves

stable extrusion of fillegholymer through the capillary to the outside of spinpack where the

dispersion or agglomeration determines a continumysplementof polymer jet™®. In

another words, the key for a good spunbond structure as well assiceddéunctionality
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depend on how to contribute each fibers into a whole fabric, by loading inorganic particulate
fillers stably, soundly and strongly in high speed of fiber spinning. Our objective in this
paper is to investigate the effect of calcium oadie on structure formation in bicomponent
melt spinning, and evaluate sheath/core loading configuratiofiles on fiber structure

properties relationship.

6.2. METHODOLOGY

6.2.1. Materials

The calcium carbonate masterbatch is provided by Imerys Groups (GA), wdmtains
FiberLink 201S® ground calcium carbonate specially designed for nonwoven use.
Compounded ratio between PP and Ca@®®0/80. The particle size distribution is plotted

in Figure 1. Polymer isiPP (CH360H) supplied by Sunoco Chemicals (PA). It has melt flow
index (MFI) of 35 g/10min. Average molecular weight is 180,000g/mol, and the
polydispersity is 3.3Three types bcalcium carbonate fillers were produced by bico melt
spinning melt extrusion unit. The groundl@um carbonat&iberLink (Imerys Inc.)s pre
compounded with PP in 80/20 with stearic acid treatgti an average particle size of
2.2& m. Other two typeare precipitated calcium carbonate (PCC) fillers (Specialty Minerals
Inc.), the EMforce are aragonite form of calcium carbonate in nsbdlee, with aspect ratio

of 5.4, two dimensions are main and minor axis are m, a n d regpecvélye m
Superpflexand FiberLink both have calcite crystals, but Superpflex is of finer particle size

0.3&m and a narrower size distribution compared to ground calcium carbonate (GCC).
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Figure6-1: Calcium carbonate partickze distribution

6.2.2.  Bicomponent Fibers Melt Spinning

Bicomponent PP/CaC{ibers were produced using Tco Melt Extrusion Spinning unit in
Textile, Engineering, Chemical and Scien@&CS) spinning lab of College offextiles
(North Carolina State Univeatg, Raleigh).GroundCaCQ (GCC) isprecompounding with
Polypropylenan 80/20 weight ratioPCC is compounded with Polypropylene in 50/50 ratio.
Raw polymer pallets blended with CaG@asterbatch were extruded, melted and mixed
with two screw extruder in our facilityAs shown in Figuré-2, two of three extruders are
working to send GCC masterbatch1fi wt. %, 20wt. % and 30wt. % into the spinpack,
which channels through into shie&iore two different componentSiber samples with only

core filled with 10~30% of CaC{»r sheath filled with 10~30% of CaG@re produced
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under intension, meantime, we produced moomponentfiber containingwith 5, 10, 15,

20, 30% of GCC using this xtrusion unit, to conduct a comparative study in the design of
experiment SampleslD listed in Table6-1 gives us information on how fillers has been
loaded into fibers and the weight fraction it is contained within that specific component. In
the following bicomponent trialpthertypes of calcium carbonate fillers (PCC EMforce and
Superpflex) were focusing on, also with varying of concentration combining with sheath/core
loading configuration. The concentration level is varying from 2.5% to 30% varyingly
included in Table €, with moreflexibility to stop at certain concentration level when
further loading cause spinning instability. The spinning performance is highly dependent on
the loading configuration, especially at higher concentration. Whenisgispeed at 2000
meters per minute (mpm) did not drawing fibers without breaking, the spinning speed is
lowered down to 1600mpm, as include in APPEND#XThble 65. Sheath roughness can
result in rejection of @n finish during fiber drawing on high rummg spin godet for
example, Superpflex PCébntain up to 10% in sheath, and 15% in moomponentSoit

allows add up t@ higher concentration for incorporatingdrthe coreof fiberswith 20~30%

of Superpflex To find more spinning performanceeades are encouraged to refer

APPENDIX Ifor spinline conditions during the spinning trials
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Figure6-2: Tri-component melt extruder with extruder A with screw diameter of 18mm and
metering pump capacity 6f6cc/rev. Extruder C with screw diameter of 25mm

Pumping each extruder A and C at a controlled rate, raw material of PP and PP with 10, 20,
30% of calcium carbonate were conveyed into the-ppok at same volume rate so that two
components of sheatture have a volume ratio of 50 to 50. Temperature in extruder were set
at four increasing levels: zone one 190€C, zone two 210€C, zone three 215€ and zone four
230€C. Volumetric throughput is controlled at 0.782cc/hole/min and 36 holes in the
spinneret. (¥82cc/hole/min volumetric throughput is equivalent of 0.6ghm for 100%

polypropylene. All the melt spinning parameters are included in TaBle
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Table6-1: Sample ID oBicomponent PP/CaC{ibers:

Mat eri al Materi al (
Sampl e | Sheath|in Core
PP |CaCO PP Ca CO
Bi €@ 1clor e 1000 90 10
Bi €@ 2c0or e 1000 80 20
Bi €@ 30 r e 1000 70 30
Bi €@istheat h |90 10 100 0
Bi €@a2sbheat h |80 20 100 0
Bi €@ 30Oheath |70 30 100 0
PRontr ol 1000 100 0
Ho mGab5 95 5 95 5
HomGal0 90 10 90 10
HomGalb5 85 15 85 15
HomGa?20 80 20 80 20
HomGa30 70 30 70 30
Table6-2: Melt Spinning Unit Parameters Setting:
© Zone 1 199
—| Extrud ¢ Zone 2 226
> (sheat Zone 3 230
‘C'B' Me | t 245
Extrul - Zone 1 190
and-Sg Extrud zone 2 210
pack| g (core) Zone 3 225
© Zone 4 230
— Me | t 241
Spi n Hg 230
Quench 25
Rol I s DR1: 30, DR2 :DR335B,: DIRGS
Extruder @.6cc/rev Pump Speed
Throu Extrudér8€Cc/rev Pump Speed:
put 26.14cc/min, 0.782cc/ ho
Spinn 1: 2 Draw Ratio
[r”aat“{" Speed Feed DR1 | DR2 DR3 Rel ax
(M/ M)l 945| 950| 1900 1950 2000
FSipnIin Luro9l1l1®PPevel varies 35%~-80% dep
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6.2.3.  Properties Characterizations

Fiber Diameter

Fiber structure is studied using optical microscope (Zeiss) to evaluate filler distriimsiie

of fiber. The microscope is connected to a Nikon came&Hil), by which pictures were
captured with high definition of morphology of filler dispersion inside of filamdot
magnification is applied for fiber structure observation, this include particle distribution
inside of monecomponent fibers since the mineral particles impose a higher light scattering
when it transmitting through polypropylene fibers. There are a&t 120 readings of fiber
diameters are read from optical microscopy images, and the average diameter of each

samples as well as CV (%) are recorded.

Scanning Electronic Microscope (SEM)

Fiber surface and fiber cressction are observed using Hitachi3®O0N SEM at the
Analytical Instrumentation Facility of NCSU. Fiber samples coat with gold for 15 minutes.
For preparing fiber crossection, cutting comes right after immersing in liquid nitrogen for a

few seconds.

SingleFiber Tensile Test

Fiber mechanical property is being studied using fiber tensile test, using equipment of MTS
Q-Test with a 50gram load cell. Gage length is 1 inch (2.54cm), and elongation rate is
60mm/min. At least 10 specimen of each sample were tested. Linear densaghofiber
specimen is measured using Vibromat for exact size (denier) to put intotds §pftware.

Fiber peak load, tenacity, secant modulus at 5% strain, yield strength and strain at breaking
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are being evaluated normalized with fiber crssstion aea. The stresstrain curves are well

manipulated using the MTS software.

Fiber Shrinkage

We random pick up five fiber with initial lengthh (around 10cm), marking at the end with a

pin, for a better measuring later on since the pin put on-tepsémn on that fiber. Next boil a

breaker of deionized water on a heater plate, containing a thermometer for consistency at 100
eC after fibers were put i nside of the wate
relax its polymer chains until 10 minutkeger, the second reading is recorded: &hen the

shrinkage of fiber samples is calculated according to equation below (Eq. 2):

0RO VE QORY prmb (1)

Fiber Birefringence

To characterize fiber refractive index in parallekdtion and crosswise direction, we apply
the indexedmmersion oil withknownrefractive indexand observe the interface of polymer
and oil medium and use this refractive index to estimate polymer refractive ihudirect
method refers to finding filberefractive index from its surround mediunhis is because
theoreticallywhen light transverse through the interphase light refraction is replaced by light
direct transmission for equal refractive index of polymer and oil phasesefore, the
interphag dark line will disappear with exact matching refractive index and light propagation
velocity. Fiber refractive indexsimeasured by polarizedaeroscopy(College of Textig). To
approach to the samrefractive index, accuracyto the third position rightfter decimal

(0.001) was read. Fiber has birefringence phenomenon, rotating circular rotating stage to the
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same alignment of fiber specimen to horizontal position or to vertical position. The parallel
refractive is recorded respectively, denoted @amd n,. Then birefringence is calculated
based ortq.2as follows:

3l & & 2

DSC

Thermal property of polymeric material is evaluated using DSC. Differential Scanning
Calorimeter (DSC)from TA Intrumenf gives a circle of melting and cooling of teaal
under heating rate of 20€/min from 25 € to 190 €, then cooling from 190 € to 25 at 10
€/min. Endothermic and exothermic peaks are analyzed using soffivarg Version 3.3s0
that we will get orset melting temperature ¢T°C), peak meltingemperature (# peax °C),
crystallinity (%), peak width at half height (PWHIC) and also the crystallizatioon-set
temperature (Jonse) and peak crystallization temperature ¢day. Crystallinity is calculated
based on equation:

.. POl 0D Q3O F307 pnnb (3)
Where3'O is the heat of fusion (165 J/g) for 100% iBF) is the heat fusion per unit gram
of fiber sample} is mass fraction of PP in the fiber compostBample used in DSC is

fibers of weight around Bg.

Modulated DSC

The measurable physical quantity of heat energy required to change the temperature of an

object by a given amount is defined as heat capacity.
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2 AH V6 YQU (4)

Where 00 'Y'Q& Calibration Constant for Reversingy,,CRev Heat Flow = Rev
Average Heating RateCalibration of MDSC used sapphire on TA Discovery DSC
instrument Fiber samples weighing of 10~15mg was prepared using aluminum pan.
Modulation method based on ASTM E2716, setting heat rate at 2C/min, 100s modulation
period, 1€ amplitude, and ramping from 25€ to 230€C. Then record the normalized
modulated heat floweurve and using derivative of modulated temperature curve, thus we

have the amplitude of heat flow (W/g) and amplitude of heat rate (C/min).

Heat capacity of PP fibers is measure as control, and calcium carbonate raw powder was
measure as 100% 6fler, and PP with different amount of calcium carbonate filler (5~30%)

was measured and compared with the values caldubateed on the Rule of Mixture

6 , O pITMTQ 6 Q (5)

Where0  is the specific hat capacity of PRontainingwith k% of wt.% of calcium
carbonate fillero is the specific heat capacity of PP fiber, @nd is the heat

capacity of calcium carbonate powder.
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6.3. RESULTS

6.3.1.  Bicomponent Fiber Structures

In tri-co melt extrusio two materialform into the bicomponentfiber. Sheathcore volume

ratio is50:50in whole fiberswith clear interphase boundary shown in Figure-8. Packing

of 10% GCC fillers inside of fiber include somdiscontinuousvoids in the core. In the
Figure6-3.b specifically incorporated 10%lér in sheath satterback all light beam transmit
through the fiberKeep increasing sheath loading fraction, as shown in Figirdileer
distribute in sheath compactly and scatter light intensely. By observimdpitdilaments, the
filler dispersion condition is revealed as involved in Figu#4. @he diameter of filament
reflects a deformation spinneret capillary down to the positioaldaygationaldeformation

As we discussed in previous chaptérrwas four fiber diameter for moroomponent fibers
spun at 500 mpm and 1250 mpm show an increasing CV(%) with higher loading
concentration of CaCgXillers, but at 2000 mpm the CV(%) normally keeps constantly no
matter filled with CaC® or not. From Table B8, the standard deviation of draw fibers
were not significantly influenced by filler loading concentration, however, we find that when
loading in sheath component theslightly decrease with concentration increase from 10% to
30%. Although the draw fibersashown in Figure -6 did not fiow as clear sheath/core
interface as free fall filaments, it is mainly because of filskasneter is much finer with
21~2%m so that CaC®with particle size larger tharebh may have a high probability to
protrude out of sheh boundary. From the free fall fiber cresection, particlearedispersd
uniformly within certain components, so thatllowedthe drawnfiber can maintain fillers

in position. But as fiber crossection area is apparently decreased, the dimensiibeo
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sheath and core narrowed apparently (Tabl®),6herefore make the particles protrude
inward to core and outwaxh thefiber surface. Such transfer across boundary is mainly due
to the large particle size but not related with polymer diffusion. Such denser fiber coated with
GCC particulate fillers also influence fiber surface roughness, higher concentration resulted
into closer packing of particles and make the light scatter intensely as shown in optical

microscopy and SEM picture in Fig:76

Bico-Cal0-Core Bico-Cal0-Sheath

Figure 6-3: Single bicomponent fibers filled with 10% of fillers imre componenta)
and sheath componer)
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Bico-Ca20-Core
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[Bico-Ca30-Sheath
\ 50 pm
.\
>

: |
‘ .

N

Figure 6-4. Crosssection of free fall flaments with 20% of additive in core (BCa20
core) and 30% of filler in sheath (Bic@a30Sheath).

10%-Sheath
FiberLink
GCC

Figure 6-5: Fiber crosssection vary from 10% to 30% of FiberLink CaCOg3 filler loaded in
the sheath component of fibers.
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Table6-3: Diameter of Bicomponent Fibers andhiznsion of Core Component kibers:

Bico Fiber Fiber Diameter Core Diameter Sheath
Sample ID (em) (e€m) Thickness
(em)
PP control 20.8 ( =1.6) - -
Bico-Cal0Core 219(¢ pPY) 158(, p8 3.1
Bico-CalGBSheath 229(, ¢®) 145(, p¥) 4.2
Homo-Ca5% 206 ( =1.4) - -
Bico-Ca2G@Core 224(, PP 158(, T 3.3
Bico-Ca20Sheath 214 (¢ p&) 151(, p&) 3.2
Homo-Cal0% 21.2( 1) - -
Bico-Ca3G@Core 23.0(, p8) 158(, pP) 3.6
Bico-Ca30Sheath 21.0(, T 153G, p®) 2.8
Homo-Cal5% 229 ( T - -
Homo-Ca 20% 21.8(, T
Homo-Ca 30% 229( p®

From Table 63, dameter of bicomponent fibers larger than PP control fiberslso
correlated withfiller loading concentration anthe configuration If load particles in core,
increase of concentration resulted into continuously increasing in fiber diamgversely,
loading particle in sheath has a negative correlation with loading concentritimsy
diameter should be constaait sane volumetric throughyt and bedrawn underthe same

draw ratio. As we specifically loading one of bicomponent with particulate fillers, the
thermal property of the material will affect the real volume in the component. Increases in
fiber diameter with calcium carbonate fillersveal that it may actually affect spinaw
process if part of fibers is modified with inorganic fillers. One possible influence is on the

friction coefficient between fiber and godet rolls that the slippery on the draw rollers
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decreases the actual dragispeed and resulted into larger fiber diameter level. As increase
from 10% to 30%, filler loading in the sheath component changed fiber surface condition, as
illustrated in SEM surface morphology in Figuréé 6With such surface condition it will
changedynamic friction of multiflaments to spin godet, adjusted with spiiraw ratio to be

approximately get close to the theoretical value (950/1900/1950/2000 mpm).

6.3.1.1  Fiber Surface Roughness

Increasing concentration in fiber core, expéty that fiber suface issmooth with covering

of pure polypropylene, which one hand avaruptly transfering to expose onto the
surface, one other hand maintain the lusteringpagpropylenefiber does Remove from
sheath into core component is supposed to thideurevenness on surface which make the
spin finishlikely to be applicable durinfiber drawing procesdn fiber formation, polymers

apart from center withstand a large shear stress and earlier row nuclei developed in the
surface layer. Agglomeration of file may affect the unexpected transferring from core
component to fiber perimeter, as shown in Figu@a6With loading concentration increase
above 15~20%, voids at filler particle interface appear in the fiber. From FigBaetlte
distribution of fillers shows us unevenness formed from clusters of GCC particles within the
fiber core. It was surprising to find that in the fiber loaded with 10% in core, the cooling of
fibers may not form a uniform shell on fibers, there seems to be local protruded panticle

the sheath rather than wrapping beneath the polypropylene. This is also coincidence as sheath

thickness at this case is rather smaller compared to 20% and 30% of loading {3able 6
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With filler concentration increase up to 30%, fiber morphologyeaéviiber surface
unevennesss apparently covered underthick polymer sheath, beneath which inorganic
fillers mix up with polymer incorecomponentWe think the probalklmechanism to change
surface smoothness is from the consistency in decreasingidimetdr of the core that
polypropylene shell will have sufficient volume to wrap around the &vewn inFigure 6-

6a and &b there were some wrinkled area come up there on the surface which could be a
resultof inner hot melt that crush the top layertbé fiber The smooth surfackelp with
stabilizemelt spinning processspecially at higher filler loading concentration, as roughness
on fiber surface cause difficult in taking up spin finish. As surface are roughened with filler
particles, contact swa€e bear friction and may influence the yarn quality when winding
tension is highbecause of largdriction force 2. Incorporate filler inside of core is
meaningful in controlling spin finish adhesion onto fiber surface and keep a hydrodynamic
lubricantboundary at winding godet. While filler in sheath not always make the case worse,
as shown in Fig. ®d that replacing GCC witthé high aspect ratio EMforce fibsurface

becomdess rough since all long axis tend to align in parallel with polymerijettibn.
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FiberLink 10%-Core

FiberLink 20%-Core

_‘a‘ b C

20pm ‘000\

o 2500k

EM10%Sheath | € | FLD%Sheath

Figure6-6: Fibersurfacemorphologyat varying of loading froni0~30%with FiberLink in
core(a~c) and EMforce with 10% in sheath compare to FL with 20% in sheath

6.3.1.2  Skin-Core Crystalline Structure

Fibers melt spun at high spinning velocity will form distinctive skin and core birefringence.
The skinrcore effect represents temperatdependent and shear stress induced crystalline
structure wheré¢he birefringenceof sheathvalue is above the core. This is because polymer
jet has higher sheath temperature than core at the extrusiomrgpjrhile quenching first

cool down the polymer at the outskirt sheaththen graduallysolidify the core polymer
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