ABSTRACT

KIM, EUNYOUNG. Fuzz Formation in Nonwovens. (Under the direction of Dr. Behnam
Pourdeyhimi and Dr. Treva. Little).

Fuzz formation in spunbond thermally bonded nonwovens depends on their processing
conditions, polymeproperties, and fiber céigurations. In past research, those affecting factors
have been investigated mainly in relation teamanical properties and the perception of softness,
including the impact of calender temperature, bond patterns, additivesh@ncoinfigurations.
Correlations and interpretation of fuzz formation have been assessed only to a very limited extent
due to shortcomings with the standard methods of evaluating fuzz, which lacks an objective
measurement system.

This research first devagbs the methodology to gatify the volume of fuzz, which is a
noncontact based threimensional image analysis using confocal laser microscopy. On this
basis, the following findings and mechanisms in fuzz formation were made. Bonding
temperatures contrtthe degree of bondingfwe t h er ibto nidse dédu nodbeora e d B ) o v
which in turn impacts fuzz formation by adjusting the siter ber sdé mobi | i ty. How
negligible effect when no structural changes occur as different configuratiomnsefostfuctures)
are compred. Bond geometry, including bond area, bond shapes;tbdimhd distance, and
whether it has bonttee paths, correlates to the fuzz formation. The overall percentage of the
bond area does not effectively control fuzz formatfonhas bondfree patls. As such, a smaller
bond area (7 %) forms a lower amount of fuzz than a larger bond area (14.6 %). The types of
additives play a key role in fuzz control, even if they do not change the degree of bonding. This
depends on whethéney are eligible to be igrated into the polymer matrix as well as if they

can improve elasticity of the fibers. In bicomponent configurations, the ratio between two



components, such as the core/sheath in this research, contributes to fuzz contrdingreven
sheath peebffs tha can make the bond easily disintegrate, and once broken, fuzz can develop
quickly. The developed test methodology can be used further for finding a balance between the

mechanical properties, perception of softness, and fuzz fimmmat
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Chapter 1. Fuzz in Spunbondthermally bonded Nonwovens

Fuzz is formed as a result of abrasion and is characterized by a hairy appearance due to
protruding fibers or filaments as defined by the American Society for Tadtteyial (Latifi,

Kim, & Pourdeyhimi, 2001ASTM International. D3990 Fuzz has been widely understood as
the initial stage of pilling formation that follows pill entanglement, growth, and-a#46Gintis

& Mead, 1959. Since the 1950s up to theesent, pilig on woven or knit fabrics have been
studied in various ways to understand the influence of fibers and yarns on pilling, to develop
measurement methods, and to make prediction modeliagjdri, Esfandiari, Dabiryan, &

Gharbi, S. H. Mosawour, 2009; Wiag, & Wang, 2007Mazzuchetti & Vineis, 2005G6ktepe,
2002; Alston, 1994; Cooke & Arthur, 198T}his can be attributed to the advent of synthetic
fibers which exhibit higher abrasion resistance compared to natural (ffrvared & Bohmfalk,

1967). Accordingly, experiments have been set to increase abrasion load, pressure, or number of
cycles to test the maximum threshold of pilling formation and to make correlations between
properties of yarns or fiber&intis & Mead, 1959 Most research Isafocused onhte adverse
perspective of pilling for consumer satisfaction regarding that can affect the appearance, hand
feel, texture, and service life of a garment.

On the contrary, the research about fuzz in nonwovens pales in comparison with pilling
formation on woen or knit fabric. However, much more attention needs to be given to fuzz
formation for nonwovens; particularly for the applications of hygiene or medical products that
accounts for the largest share of nonwoven demand (Das & Pourdeyhin)i, 204z causkby
lower levels of abrasion can hamper he intended performance and customer satisfaction, in that
these products are used for a relatively short period of time. Moreover, structural properties of

these nonwovens primarily determined by @imation andonding conditions should be



distinctly correlated to study fuzz formation. To be specific, low basis weight materials of around
10-30 g/nt are used for hygiene products such as the cover stock of diapers and incontinence
products, which areommonly spunbnd nonwovens typically followed by thermal bonding
(Chapman2010). However, far less research has been devoted to illustrating fuzz itself and in
making a correlation between the process and properties for lightweight spunbond thermally
bonded nonwovens

Meanwhile, efforts have been made to study the influence of structural variables on
mechanical properties and softness due to atemg industry trend to improve softness without
sacrificingmechanical strengtfiPatel, MartinClaasen& Allgeuer, 2017. With this regard,
structureprocessproperty relationships need to be thorougimylerstood®ourdeyhimi, Maze,
Farukh, & Silberschmidt, 20190t has been reported that the bonding conditions, such as
temperature, pressure, and bondingrgetry, deternmes the final properties of thermal bonded
nonwovens, and generally causes traffe between softness and stren@Russell,2007;Kim,
Pourdeyhimi, Desai, & Abhiraman, 200IMany studies interpret fuzz as a kind of
interpretation of meamical propeits, describing it as abrasion resistariethippiaet al,
2007).

In terms of testing, the visual rating system along with the Martindale abrasion tester
specified in ASTM 4970 are routinely used to determine the fuzz or pilling tendeBaMA
D4970, 2086). Thanks to the advancement of image analysis, the subjective nature of evaluation
has become more objective, hence reducing the confusion led by different researchers. When it
comes to the quantifying fuzz or pilling of materials, sigmatpssing endés us to calculate the

pilling area or density in a numerical way. A myriad of image processing techniques are well



established for woven or knit fabrics, where the principles focus on strengthening contrast
between the featured area and stheurfaclTe c hni kovsg§, Tun8k, & Jang]| e

In contrast to traditional textiles, image processing for nonwovens, typically point
bonded fabrics, are less well developed, which stems from the fundamental research. For
patterned fabric, it has been reported thakimg distinctions between pills ang@ooth surface
is laboriouq'Yao, Yu, Xu, & Xu, 2008) For that reason, there have been attempts to solve these
problems without imaging, for example, measuring mass of protruded fibers by detaching it from
the surfae (Leucker, Amtmann, & Schubert, 2018)evertheless, it is inevitable to yield errors
not just because it can contain additional fibers from abradant materials in the case of textiles. It
also makes direct contact to the surface, which can possibly ithgagtirface, which in turn
restrict s from making clear correlations and interrelationships between properties and structural
variables. Likewise, the lack of understanding fuzz based on the relationships between process
and property largely contribute timitations of objective and reliadbimeasurement methods.
Therefore, a better fuzz measurement system must first be developed which can describe the
initial formation of fuzz and its progress to get entangled in a numerical way, so that it can define
critical factors and investigate causalaffect between them and fuzz formation. By doing so,
the balance among mechanical properties, softness, and fuzz formation can be found.

The goal of this research is to develop an objective measurement methoz afdiuto
investigate the influence dbnding conditions such, as temperature and area, including the roles
of various components and additives on fuzz formation. The degree of bonding resulted from
varying component additives on web formation and theha@sms of fuzz formation are also

investigated. A review of the relevant literature is included in the next chapter.



Chapter 2. Literature Review

Nonwovens

The definition of nonwoven fabrics has had a long historyramderous definitions have
been suggested evthe yearas summarized chronologity by Batra and Pourdeyhir(iBatra
& Pourdeyhimi, 2012)Even though nonwovens have been defined in various ways each time by
author and organization, the following description by ISO 9092 has been widely accepted
worldwide (Mao &Russell 2015; Das, 204):
Nonwovens are structures of textile materials, such as fibres, continuous filaments, or chopped
yarnsof any nature or origin, that have been formed into webs by any means, and bonded
together by anyneans, excludg the interlacing of yarns as in wavébric, knitted fabric,

laces, braided fabricor tufted fabric.

The commerci al pr oduéeftiibeer onfo ntweoxvteinl ense besfo fbfo ma
meters in the United States was followed by the advent ofdadrgrand pilot scale production

of nonwovens in the 193(08atra & Pourdeyhimi, 202 Xr| ma 1971). One ofthe primary

advantages that enables further advancement of nonwoven production is the continuously linked
process in which raw materials are finsade into a web and then irftoished fabric Gillies &

MT, 1979; Smith & Russell, 2000Compared to conventional fabrication systems such as
weaving and knitting, this process naturally reduces the labor costs in manufacturing, so there is
a high degreef automation. Most importalyt nonwoven fabrics address performance
requirements in a multitude of differempplications, governed by different price points, supply
chain structures, and regulatory framewo&mith & Russe). The nonwoven industry ba

expanded to markets in apgtions of hygiene products, medical use, geotextiles, protective

clothing, wipesegtc., inwhich products are diversérom less than 10 g-fiklaminate to highly



durable over 1000 g-figeotextiles (Ashik, 2017; Batra & Pourdemi, 2012; Morman,
Kupelian,& Sudduth, 2005; Russell, 2007). A wide range of applications of nonwoven
materials, summarized ifable2.1, was enabled by advances in raw mater@iscessing
technologies, and fai product design. Albreclet al.(2003) and later Ugbolue (2017) pointed
outthat the following characteristics are adjustable in terms of physical propsutibsas
weight, strength, handle, drape, surface area, bplxgarance, and price (Albrechtichs, &
Kittelmann, 2003; Ugbolue, 2017). Specifically, Backer and Pettestsonthat the range of
nonwovens includestructureghatare stiff, dense, twdimensional, and papdéke as well as
materialghatare thick,highly extensible, and highly pous Backer & Petterson, 1950

The versatility 6 nonwoven fabrics isainly determined by interactions between two
factors: (1) the preparation of a web consisting of a sheet of fibers or filaments, and (2) the
bonding of this web to make coherent falsticictures Ericson & Baxter, 1973 Throughout
various way®of web formation and bonding processwhich result in particular characteristics
of final products, the main web forming processes are traditionally referreditglas (carding
and airlaid, wetlaid andspunmel{spunbond and meltblown), and the bondingcpsses as
mechanicalhydroentangling, needlepunching, and stitchbondithgymal andchemical(Smith

& Russell, 200D

Table2.1. List of nonwoverapplicationsn different products (Das, Pradhan, Cha#tdhyay, &

Singh, 2012)
Field of applications Products
. Surgical gowns, face masks, caps, bandages, tapes, wound dressings, pads,
Medical : X
cover stocks, sterile packaging, heatls
Hygiene Baby diapers, feminine sanitary napkins, athdbntinence pads, tampons
Wipes Dry and moist wipes, cosmetic wipes, mops
Filtration HVAC filter, HEPA filter, ULPA filter, oil filter, respiratory filter, teabags, vacuu
cleaner filter baggjry and liquid aerosol filter, odor contralctivated carbon filter
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Table 2.1.(continued)
Side, front, and back liner; floor mat, sheet cover, wheelhouse cover, oil filtg

Automobiles . o i
engine air filter, sound absorbing panel
Agriculture Root bagsweed control fabric, water retentifabric, crop cover or seed protecto
9 soil separation, capillary mat, containers
Geotextiles Pond and river liner for erosion control, soil stabilization, roadbed, drainag

Construction and

. ; . Insulatian nonwoven, pipe wrap, insulation lbegs or false ceilings, house wra
civil engineering PIp p toeg 9 p

Cushion covers, blankets, bed sheets, quilt back, pillow covers, curtains, enve

Household aprons, dust cloth, CD case, wallpaper, carpet backings, bags
. Interlinings,pads, disposable underwear, shoet, &#etl bag components, labels,
Clothing ,
handkerchiefs, towels, dust removal cloths
. Fire protection fabrics, gas and chemical protection fabrics, thermal insulati
Protection s
gloves, lab coats, ballistic armor, bullet proof vest
Transportation Air bag, sunshadeabrics, car roof, silencer
Electronics Cable insulation, semiconductor polishing pad, insulating tape
. Absorbent, lubricating pads, papermaking felts, conveyor belts, packaging, art
Industrial .
leathers, battergeparator, abrasives
SpunbondProcess

Spunbond web production, which is classified as a pohaaérsystem, involves
extrusion of continuous filaments from polymer raw material, drawing of filaments, and
depositing them as a web; it is continuously fekal by a bonding prose as shown in the
Figure2.1 (Lim, 2010; Midha & Dakuri, 2017). Using a oéep process from polymer to fabric,
it increases production rate and reduces cost (DWR@#8). Also, most properties of spunbond
thermally bonded nonwovens are determined by the characteristics of fibers in the web and
bonding process; hence, comprehensive efforts have been made to understand how these are
governed by polymer selection, wiglsmation, and the nature of bonding (Mielsen,
Pourdeyhimi, & Desai, 2005; Erel & Warner, 2001; Ericson & Baxter, 1973).

Both spunbond and meltblowing processes consist of the following steps: polymer melting,
extrusion, filtration, quenching, drawinggposition, collecting, bonding, and wing (Russell,

2007). The difference between the spunbond and meltblowing processes is the existence of hot



air with extrusion and a significant amount of ambient air to produce fine microfiber (Tan et al.,
2010). On the other hand, the spunbond procesely uses a smaller volume of air close to
ambient temperature to apply the attenuation force, resulting in fibers havingectissal

diametersintherange ofil®5 e m i n gener al ( K,&&IMidhag2013)2 0 1 6 ; Mi
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Figure2.1 Schematic diagram afie spunbond process (Lim, 2010).

Winder

Calendar

Webformation

The unique physical and chemical properties of polymers, and corresponding processing
conditions, primarily affect spunbond technold§cCrum, Budkley, Bucknall, & Bucknall,
1997) This is because the web formation process includes the fiber spinnirggras follows:
(Ziabicki, 1976); 1) Preparation of polymer and spinning fluid (polymerization and chemical
modification, polymer melt or solutipn2) Spinning (extrusion, solidification, and deformation
of spinning line or filament), 3) Drawing (duehaher linear speed at takg roll than that at
die, drawing is used to increase the degree of molecular orientation and improve the tensile

strergth, modulus of elasticity, and elongation of fibers).



Rawmaterialshave been developed to reduce manufagjucost by producing more
nonwoven fabrics on the same machine with faster processing. Basloalphytsicakchemical
properties of the raw matials determined by the chemical structure and processing conditions
of the mel, are responsible f@rocessing variables such as minimum temperature, thermal
stress in the molten statar flow behavior of the melt (Albrecht, 2003). To be specfiimers are
formed between the extrusion temperature and the glass transition or crystallization temperature
of the polymer (Tan, Zhou, Efon, Kumar, Macosko, Bates 2010). With that, it is important to
account for affecting parameters of molecular weightemdar weight distribution, and melting
properties of polymer.

First, molecular weightM, has a crucial impact dhe rheological propertiest low
molecular weight, that is, below sormetical molecular weightNlc), chain polymero depends
for flexibility onM, and orM to the 3.4 power abowd. (Bower, 2002)

d® M (M<My)
d® M 3'4(M > M)
To assess differences in processability, measuring a certain rheobsheaior of polymeric
fluid, the melt flow rate (MFRin thepast MFI: mé flow index), can indicatep ol y mer 6 s f | o
behavior according to the German D8R735 which canprovide a tool when most standard
methods fail (Baird & Collias, 2014Ibrecht, 2003; DIN 53735, 1988practically, MFR is the
amount of molten polymer igrams passing per 10 min through a fixegillaryunder constant
pressure and at certaintemperature, e.g. 23€ (Cheng& Permentier, 1999). Since one of the
primary requirements of a nonwoven resin is thapolymer should be capable of producing
fine denier fiber at high spinning speed, the MFR of the polymer is relativelf@iging &

Permentier, 2000). The highitre MFR, the lower the melt viscosity and the easier it is to draw
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the material into a finer deniezpnversely, lower MFR resin mag lused when higher fiber
strength is preferred. For the spunbond process, the BIFRRommended typically in a range
between 20 and 40 (Che&gPermentier, 2000; Reng& Permentier, 1999).

Second, the distribution of molarasses, or chain lengths, caavéa profound influence
on the physical properties of the polymer (Bower, 2002hé polymekrlaid process, in which
the polymer melt is stretched and subsequently crystallized, narrow molecular weight
distribution (MWD =Mw/ My) is required, particully less than 3.5 or preferably less than 3
(Kaarto, Crown, Tau, &laasen2017) This is because more rapid decomposition of the stress
in the fibers enables higher spinning speedmoduces finer fibers (Maier, 2001). Conyréo
this, broad MWD inceases melt elasticity and melt strength, which prohibit fiber drawing and
therefore, a broad MWD resin is likely to produce fiber brehlesto draw resonance (melt
instability) phenomena (Russell, 2007, p. 147).

Third, because tby have low melting pots, all thermoplastic polymers can be used for
production of nonwovenss shown in th@able2.2 (Brandrup, Immergut, Grulke, Abe, &
Bloch, 199). Young and Lovell demonstrated several factors that determine melting, psints
follows: the stiffness of the main polymer chatine polar groups, the type and size of any side

groups present on the polymer backbone, and copolymerization (Young &, 1®84).

Table2.2. Physical propeigs of the most important manade polymers (Albrecht, 2003, p. 90)

Polymer tgrlr?;:rggj r;zit(i?g) Melting point (°C) Moisture take-up (%) Specific heat(Jg-1K-1)
PET 80-110 250260 0.2-0.5 1.1-1.4
PAG 80-85 215220 3.545 1.52.0
PA6.6 90-95 255260 3.545
PAC 30-75 >250 1-2 1.215
PP -10 160175 0 1.62.0
PE -35 125135 0 1.42.0




With this regard, Polyolefirageneric name of polypropylene (PP) and polyethylene
(PE) as defined in ISO 2706,tlsee most widely usednaterialin polymerlaid nonwovens
(Kotek, Afshari, Avci, & Najafi, 2017). It is cost effective and easy to use compared to other
polymers like polyandes and polyestewhichrequire drying due to tlrehygroscopic
properties Chen, Ghosa, Yarin & Pourdeyhimi, 2020). Margbrtantly, therelatively lower
melting point due to the wealkteractiondetween polymer chasrbased orvanderWaals
forcesis beneficial in processing (Chum & Swogger, 2008; Albrecht 2p092. The use of
isotactic PP, having methyl groups alwaythe same configuration on the polymer backbone,
resulsin arelatively high degree of crystallinity, ranging from-40%according to the
conditions (Cheng & Permentier, 2000; Maat896). Fiber grade PP resins are mainly isotactic
homopolymers. Sirethe presence of crystals in a polymer has a profound effectiisp
mechanical behavior and thermal properties, the higher tacticity of PP causes greater fiber
strength andequireshigher bonding temperature (Cheng & Permentier, 2000; Young & Lovell,
1991).When drawn or oriented, PP homopolymer gives a materillimproved tensile,
stiffness, and tear strength, as well as clarity, due to the alignment of polymers during the
orientationstep.In case of PE, &elet al, shoved thathelower flexuralrigidity and coefficient
of friction, andthe abrasion resistaye of PE due tds lower crystallinity than that of BP
consequently contribute tts better softness than that of PP (2017). There are tywes of PE:
PE: HDPE (High Density Polyethylendé.LDPE (Linear LowDensity PolyethylenegndLDPE
(Low Densiyy Polyethylene) (Mlkan,2017).The fibergrade PE resins are mainly HDPE and
LLDPE, andLLDPE has been widely used inpsinlaid processsbecausenedium to high melt
flow rate LLDPE resins anesed to produce continuous fine denier flamé¢Rtgel, Martin,

Claasen, & Allgeuer, 2017)
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Figure2.2 Schematic of different types of PE (Malkan, 2017, p.303).

With the advance of metallocene catalyased polymerization technologies in the early
1990s, besides properties determined by the chemical structure, polyolefin resins can have a
narrow MWD resn directly from the reactor, and pasetallocene technology is even available
today to bbomkiuntegs éoménomex(©hon & Swbggey, 2008; Cheng &
Permentier, 2000). For example, Maier presenteddifvem metallocene polypropylenesat
form a more pronounced spinline profile aedult in thinner filaments thahose of
conventionapolypropylene fibersas shown in thélustration inFigure2.3 (Maier, 2001). The
narrow molar mass distributidavors molecular orientation during stretchimdnich lead€o
enhanced tenéy of fibers (Maier, 2001).

In fuzzformation and finding a balance or interrelation between mechanical properties,
there can be difficulties in selecting a single polymer between PP and PE. To be specific, PP is
effectively used to increase mechanical properties so that it carergguzzz formation and
increase strength; however, there is an inevitable lack of softnesise ©ther handPE retains
softness, but the mechanical properties are weaker than those of products made of PP. Thus,
there have been many studies to enhaneeprgerty that the other lacks by designing

processing conditions and composition.
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Process variables in extrusion and drawing can change filament properties; for example,
decreases in throughput and primary air temperature lead to decreases in tliamest,
accompanied by increases in crystallinity, birefringence, tensile strength, initial modulus thermal
stability, anddensity (Zhang, D., Bhat, Malkan, & Wadsworth, 1997; Zhang, Dong, Bhat, Sanijiv,
& Wadsworth, 1998). Ugolue(2017) showed thahcreasingthe mass throughput per spinneret
hole at constant takep speed produddarger filament diameter and lovestthe stras in the
spinling which can decrease molecular orientation dressinduced crystallization; however,
the reduction of the @ading rate can increase crystallinity and density due to the greater available
time for crystallization (Ugbolue, 2017). This study indicates thatfitlaé crystallinity results
from a balance between spinline stress and cooling pragksh depends othe chaacteristics

of the polymer and the nature of the cooling process

(a) (b)

Figure2.3 Predicted spinline profiles offPs (melt flow index = 12 dg minspinning
temperature = 180 °C) obtained fr@a) ZieglerNatta catalysis antb) metallocene catalysis
(Maier, 2001).

Nanjundappa and Bhat (2005) also showed changes of morphology and properties in PP
filaments in accordance with throughput rate, with variations in basis weight as well. In this

study, basis weght was increased by increasing calender pressure and abstiblew basis
12



weight (17 g/m) was not produced at higher throughputs (0.35, 0.42 g/hole/min) due to the
speed limitation of the collector béNanjundappa & Bhat, 2005AIso, fiber diametersf

samples remained the same with increases of throughpavedtby adjusting draw force
determined by air rate for each throughput. The results showed that higher draw ratio leads to
different stages of development of filament morphology, causingasesan strength and
reduction in extension of filaments withanges of molecular orientation as a result of the

drawing stress.

Table2.3. Properties ofilament befordbonding(Nanjundappa & Bhat, 2005)

Throughput F!Iament Birefringene Peak Pealf Crystallinity Crystallite
(g/hole/min) diameter (109) stress | extension by DSC (%) size (A)
(10 m) (g/texy (%)
21.3 376
0.15 19.3 16.6 (13.4) (14.0) 42.3 43
24.0 312
0.25 17.4 22.3 (19.1) (13.1) 43.6 65
23.7 297
0.35 17.7 23.0 (16.7) (13.9) 43.6 66
25.2 296
0.43 18.4 22.0 (12.6) (13.1) 43.9 86

aPercentage coefficiesdf variablesaregiven in parenthesis.

As mentionecearlier, it is known thatie wayfilaments are arranged in the welsha
significant mpact on the properties of a nonwovens as well (Michielsen, Pourdeyhimi, & Desai,
2005; Ericson & Baxter, 1973). Ligt al. (2003) showed@nisotropic behavior in deformation
according to tensile and tear strength in spunbond thermally boodetdvens, makg
comparison between randomly arranged webs and unidirectional arrangements. However, later
research fronGautieret al. (2007)claimed that advancements of production technology were
makingnonwoven fabris moreisotroptc so that they exhit almost thesame properties in all
directions; in other words, there is preferential orientatio(Gautier, Kocher, & Drean, 20Q7)

In conjunction with that, experimental results from Ketral, originally performed to
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investigate the anisotropy, stised that thewechanical properties are primarily governed by
bonding conditions such as area and temperature within a typical window of processing
conditions(Kim, Pourdeyhimi, Desai, & Abhiraman, 2001

Therefore, parameters that determine fabric sire¢ specifially the degree of bonding,
can be regarded as more decisive factors than elements at the level of polymer, single fiber, or
arrangement of fibers in web formatidkndreasseet al.alsoobserved that the tensile
properties of nonwoven falog seemed toebgoverned by the bonding properties of the
constituent fibers and nbly the fiber tensile properties (Andreassen, MyHierjchsen, Braathen,
& Grgstad, 1995)The degree of bonding can also determine porosity, flexibslitfifness, and

density (loft aad thickness)besides fabric mechanigadopertiegRussell, 2007, p9).

Thermal bonding

Thermal bonding is a critical step in the spunbongiragess, providing structural
integrity and drape characteristics to the finalduct (Malkan, 2017)t alsooffers high
production rate and energy conservation because no chemical or water needs to be evaporated
after bonding\\varner, 1983 In spite of a variety of other hot bonding process available, such
as aredbond calenderingqoint-bond calenering, thraugh air bondingultrasonic bondingand
radiant bonding, poiAbonding is the mostidely used technique (Dharmadhikary, Gilmore,
Davis, & Batra, 1995). Ithe point-bonding process, as presented schematicafygure2.4,
websare passed through heated calender rolfsttiallymelt the crystalline regionand newly
released chains segment across fitl®r interface tacause resolidification and trap the
diffusedchain segmentsvhich form bond points (Faruldt al, 2015 Fedorova, Verenich, &
Pourdeyhimi, 200)¢ Depending on the size and densityr@fbond points and the conditiong

temperature, pressure, and residence time in the nip, point bgmdiriges nonwoven webs
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with a wide range of properties from thin anidf $o bulky and elastic, or soft. For that reason, it
is beneficial for lightweight, i.e. 230 g/nf spunbond nonwovens to control the mechanical
propertiedor applications of medicar personal hygiene producBi{armadhikary, Gilmore,

Davis, & Batra,1995)

b : »
Preferential 5% s
b Fiber .
Direction

Figure2.4 Schematic diagram @thermal poinrtbonding process in which (aweb of fibrous
material is passed through (b)bed calender roll with nips. The nips melt and weld fibers
togetherforming (c) discrete bond points (Wijeratne, 2017).

To investigate factors affecting degree of bonding and their impabeonechanical
properties, many efforts have been made in the physics of bonding, particularly looking at
pressure and temperaturédnal is becausednding is achieved by fusing filamsnn the web at
their crossover points through direct action of heat and pressure on contact points between
calender rolls (Warner, 1989).okever, the effect of pressure is observed to be less saymtifi
than that of either calender speed or tempegdeAngelis,DiGioacchino,& Olivieri, 1979).
This wasexperimentallyconfirmedby Michielsenet al, as shown in thEigure2.5, which
indicates that only minimal pseure is equired at the nip to bring about fiberfiber contact

(Michielsen, Pourdeyhimi, & Desai, 2005
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Figure2.5 Angular mechanical properties afunction of nip pressure. Nothatthe behavior
remains thesame, indicating that, for these webs, the minimum pressure of 30 psi was adequate
to achieve good bonding (Michielsen, Pourdeyhimi, & Desai, 2005).

Instead of pressure, the literature has indicated two major factors as crucially impacting
the mechanicaproperties of poinbonded nonwovens: bonding temperature and bond area.
First, bonding temperature changes the morphology of fibers at bond points, which leads to
different failure mechanisms. This has been investigated from a physics appraabtulbaing
the thermal conduction at the bonding sites. DeAnge¢li&. showed the impact of bonding
temperature on breaking strength for polypropylene calender bonded nonwovens. The results
shown inFigure2.6 indicate that breakingngth reaches amaximum at a critical bonding
temperature for a given nipe pressure (as cited in Dharmadhikary, Gilmore, Davis, & Batra,
1995 DeAngelis, DiGioacchmo, & Olivieri, 1979. Also, the critical temperature was found to
be a function of the ¢endering speed when the nip pressure is constant. Meaniiley
described that a sharp increase of strength in the machine direction was observed as the bonding

temperature approached the fiber melfagnt (Muller, 1989). When the temperature exceed
16



the melting temperature, poor load transfer betwieebonding pointand the bondree area

will greatly reduce the maxium strength (Imachi, 1986).

ALR,

m . \ Ts
- — "‘ —

Figure2.6 Schematic diagram of breaking lengticinoss direction (LRt) vs. steel roll
temperature (Ts) & slower calender spe€d:) andfaster calender spe€d>) (DeAngelis,
DiGioacching & Olivieri, 1979).

More recent experimental research also confirthatisatisfactory bonds can be made up
to apoint, whichmeanghatthere are optimum conditionasin Bhat et al. and Kim et al., show
in Figure2.7 andFigure 2.8, respectively These resultsdicatethat, for a given set of
processing condititg there is an acceptable bongtemperaturevindow for optimalbonding.
Temperatures below this window will lead to untéended structures and temperatures above
this limit yield overbonded, stiff structuregMichielsen, Pourdeyhimi, &esai, 2005)The
optimal point is characteridemainly by the strength, appearance, and extensibility
characteristics of the bonded fabri@harmadhikary, Gilmore, Davis, & Batra, 1995yom the
stressstrain curve®f most pointbonded fabrics, it can be noted thaluige mechanisms are
different for undetbonded, ovebonded, and optimuhonded nonwoven@anjundappa &

Bhat, 200%. Also, & temperatures above the maximum optimal bonding temperédiuee
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occurs by fiber breakage at the bond peripHegying bondsites almost as thayere

(Pourdeyhimi, Mazek-arukh & Silberschmidt2019)

6 e ....__._-_!
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Figure2.7 Stressstrain curves of samples analyzed for mechanism of rupture (Bhat &
Nanjundappa, 2013; Nanjundappa & Bha2)0

To examine theefree of bonding, SEM photographs prepared at different aalend
temperatures can be used to indiggges offailure modefor example iffis due to
disintegration of bond sites for specimens bonded specifically at lower tempsrgiiand,
Bhat, Spriell, & Malkan, 2002). However, there have been attempts to anfayaee mode in
more physical ways. Given variables that can determine the final properties of thermally bonded
nonwovens, including bonding temperature, bonding pressoll speed, rolliameter, engraved
roll patterns, and kind of polymer used to produce fibers, there have been attempts to analyze the
degree of bondinffom theperspective of heat conduction (Smith, Ogale, Maugans, Walsh, &

Patel, 2003).
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Figure2.8 Typical tensile loagextension curves alortge machine direction for a series of
different bonding temperaturésim, Pourdeyhimi, Desai, 8Abhiraman, 2001)

Based on literature in the paper science, spent in the nipd) can be calculated

according to the analysis of Kerekes (1979) in terms of thermal conduction:
o 06 TYTw

where'Y = radius of calender roll,
W= speed in m/s,
0 = initial thickness in m,
A= 6 6 18 T+ 06 o6 T8 T,
0 = thickness in the nip,
0 =final thickness.

Michielsenet al.simplified this equation and deduced the equation of maximum
temperature at the fabric center in the iy (), assumindghat the thickness is just the basis

weight divided by the densityf solid polymer Michielsen, Pourdeyhimi, & Desai, 2005

Y'Y p& x 0¥ Y oQ T
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where”Y = temperature of mighlane of web at time,

“Y = calender roll surface temperature,

Y = initial temperature,

0 = half thickness of nip,

| ="Cr' 6 , thermal diffusivity, (see, e.gor PP,"Q~ 0.12 W/mK,” ~ 0.9g/cmi, 6 ~ 1.9J/gK,
consequently, ~7.0 10%m/s(Warner 1989)

‘Grthermalconductivity,

" . polymer density,

0 : specific heat, and

1.2733: constant (seeducementincropera, Lavine, Bergman, & DeWitt, 2007)

Consideringhe midplane temperature, ovondirg and undebonding can be
predicted tasome extent. The temperature of the 4pl@he in the nip reaches the roll
temperature, except at the highest speed, because the time needed to reach this temperature
decreases as the roll speed increases (Michidtsrmgdeyhimi, & Desai, 2005). In this casee
mid-plane temperature is differefrom the average, or surfatemperature of the roll, and the
web is likelyto become undebonded. However, the author claimed that the roll temperature
must be kept belowhe melting point of the fibers or the web will fuse to the rojldrs
eventally defines the maximum roll temperature and accolgitige maximum speed
(Michielsen, Pourdeyhimi, & Desai, 2005).

However, based on an understanding of heat transfecfstal changes due to the
bonding temperature seem not to be fully explainearn&t (1989) showed that the melting
temperatures of bonded and unbounded areas are not significantly differenttbgharehan
themelting point ofthe polymer used, enablg bonded fibrous integritio bepreservedKigure
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2.9). Also, as shown iffable2.4, there might be other kinds of hésnsfer reflected by the fact
thatthe crystallinty of theunbonded area also increased,awtn orthebonded aredhere

appear to be few crystallinity differences betwsamples bonded at various temperature
(Nanjundappa & Bhat, 2005). Includingaherset ofexperimental resultis Table2.5, it is

hard to use€hange in crgtallinity to illustrate changes in the entire fabric because the results
seem not to hae a constant trend in this temperature series. Accordingly, rather than a physical
approach led by the chemicatsture of polymer, structural variables also need to be

considered for further understanding of failure mechanisms.
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Figure2.9 Results of differential scanning calorimetry on (a) bonded and (b) unbaneizs of
polypropylene fabric (Warner, 1989).

Table2.4. Crystalline sizes and crystalligibf selected fabrics (Nanjundappa & Bhat, 2005)

L Lo
Bonding temperature Crystallite size (A) Crystallinity (%)
(°C) Unbonded area off Bonded area of | Unbonded area off Bonded area of
fabric fabric fabric fabric
120 121 164 41.6 46.0
131 120 168 43.6 47.4
140 135 169 43.8 47.3
149 114 169 42.1 47.4
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Table2.5. Bonding tenperatureeffecton crystal size (Bhat, Jangala, & Spruiell, 2004)

Bonding temperature (*C) U nﬁéﬁiti‘c'ffresf gff(aAgric) (Bféﬁseté‘ Igias Iczn? fgl'&t;)ric)
144 106 156
148 107 171
156 106 170
160 102 171
168 110 163
172 108 179

Bonding geometry is another significant variable such as bond pattern, bond area, and
bond size and shape. It is knotrat these properties can contribute to the stiffness and
mechanical properties of nonwoven fabrics, since bond spots are ugydlBhat, Jangala, &
Spruiell, 2004). However, the author also showed that changes of crystal size indicate that bond
areadoes not affect morphological changes, as showWrie2.6. For this reason, increasing
the overall bad area of a bonded fibrous web's bond pattern can improvegperfes such as
tensile strength, neckdown modulus, web modulus, toughness, tear resistance, etc., with
sacrifices of properties such as flexibility, pliability, extensibility, softnes&l-flandling,
and/or caliper etc. (LU, Isele, Turner, LOONEY, &1@sh, 2011; Kim, Pourdeyhimi, Desai, &
Abhiraman, 2001). In attempts to design efficient patterns to reduce fuzz while maintaining
desirable attributes such as softness, flexibility, intggaibd coseffectiveness, many patents
have registered differebbnd patterns and aredsdure2.10). For example, US 9993369B2
(assigned to Procter and Gamble Co.) and US 5964742A (assigned to Kimberly Clark
Worldwide Inc.) dislose nonwovens with extended sigmoid bonding configurations of 13 % and
about 15 % to 20 %, respectively (Xu et al., 2018; McCormack, Fuqua, & Smith, 1997). Another
bond shape that US2017/0151101A1 (assigned to Procter and Gamble Co.) claimed is an oval

shgpe but oriented in different directions, having 17 % to about 8d B6nd area
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Table2.6. Bond areaffecton the morphological parameters of spunbond fabrics (Bhat, Jangala,

& Spruiell, 2004)

Bond are Crystal size Crystal size
(%) Fiber di amef{ Birefringence (A°) (A°)
(unbonded) (bonded)
10.8 20.2 0.021 107 162
15.2 20.1 0.020 112 162
23.5 19.9 0.019 118 162

However, although these findings reveal the relationship betweergleonaetry and
mechanical properties such asftness, further understanding of these mechanisms is required to
understand why these factors influence the properties and which parameters are the most critical.
It is important to see how they developed, ost pecause thdyighlighttradeoffs between
softness andhechanical properties in nonwovens, regardlessegfrocessing systenbut

because most lack any investigation of fuzz formafiumar Midha, 2011; Brauat al, 1988).
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Figure2.10 Bond patterns developed to improve strength and soft(@s<uet al, 2018) (b)
(McCormack, Fuqua, & Smith, 19971%F) (Isele, Kearney, & Reichardt, 2017).
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Bicomponentand additives

Bicomponent systems and additives have beed as effective ways to deal with
conflicting properties of mechanical strength and softness. Bicomponent fiber is defined as a
manufactured fiber having a combination or mixture of two chemically and/or physic
different componets combined at or prido the time of extrusion (Collier, Bide, & Tortora,
2009; Pizzuto, 1974)nlike fibers of polymer blergl bicomponent fibers ar@omposed of two
constituent polymers separately arranged in a certain pakbegpthe fiber length thisallows
websto beeasily tailored fobettermechanical, chemical, and thermal properties (Li, Liu, Zhou,
Mao, & Sun, 2018Peng, Jiang, Seul3, Fery, Lang, Scheibel, & Agarwal; R&léomponent
fibers are commonly classified liyeir arrangement of different polymers witherosssectional
area; categories includeore/sheath, segmepie, and sideby-side as shown irFigure2.11

(Dasdemir, Maze, Anantharamaiah, & Pourdeyhimi, 2012

OV

(a) (b) (c)

Figure2.11 Schematic view othebi component f i berds cb)oss secH
segmented pie, (c) sid®y side.

In spunbond thermal bonded nonwovdrispmponent fibesare extensively used to
incorporate the advantages of different melting temperature éetime® polymersthis ismostly
done incore and sheattonfiguration(Bhat & Malkan, 2002; Kim, Ito, Kikutani, & Okui, 1997).
The polymetthat constitutes the sheath prowdbaracteristics such as appearance and chemical

and thermatesistance propersethat of the core provides tensile properties such as modulus
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and strength or cost effectiveness by incorporation ofdost resin (Krishnaswamy & Baird,
2001, p. 403). Notably for current research, tive inelting temperature of &sath surrounding
ahigher melt temperature cocan improve strength arsftness at the same tir(férinivasan &
Kathirvelu, 2006).

Although there are several combinations availéneore/sheattiormation Dasdemiret
al. showed the most improved meaizl strength o PP/ PE core/sheath bicomponent,
compared to fibers produced using poly(ethylene terephthalate)/polyethylene (PET/RE), poly
amide 6/polyethylene (PA6/PBhdpolyamide 6/polypropylene (PA6/PHs seenn Figure
2.12, there are seval experimental works using PP/PE bicomponent structures. The good
mechanical strengtivas attributedo the bettermiscibility between PP and PE polymeis
determined by aculation of solubility parameters under spinning conditions at 241 °C
(DasdemirMaze, Anantharamaiah, & Pourdeyhimi, 2012)r the PP homocomponelYang
et al.reported a better flexibility dPP/PE core/sheath bicomponent during fracture after
examiningfailure mechanisms of 55, 68nd65 g/nt pointbondedspunbond fabrics during
deformation in terms of micrstructural changes at the bepdint (Wang, Jin, Mao, & Russell,
2010).Patelet al, also showedhat softness and drapeability of PP/PE core/sheath bicomponent
is likely to the result o§punbond polyethylene, while the abion and tensile strength are
similar to those ofspunbond polypropylene (Patel, Martin, Claasen, & Allgeuer, 20117774).
There has been further investigation of PP/PE core/sheath bicomponent in terms of filtration
efficiency.Liu et al, examined th@npact of processing parameters such as quenching air
temperature, drawing air pressure, and bonding method on E&Y&Eheathicomponents for

air filtration with dust holding capaciiLiu et al, 2017).For fuzz formation, howevethere

25



remain concars about the poor mixability of PP and PE, which will have adverse impacts on

fuzz formation and processibilitAbed, Roettger, & Webb, 2008)

(a) (b)
Figure2.12 Scanning electron micrograph thie core/sheath P/PE bicomponent filament

crosssection; (a) (Dasdemir, Maze, Anantharamaiah, & Pourdeyhimi, 2012), (b) (Wang, Jin,
Mao, & Russell, 2010) (c) (Liu et al., 2017).

Another way to enhance the performance of spunbond nonwovens is to employeadditi
because @mnomic advantages can be achieved by dilution of resins witkdstyolymers, and
potentially by recycling of industrial scrdldrishnaswamy & Baird, 2001Additives were
originally used for a wide variety of purpesnd may be classifieas filters antioxidants,
stabilizers, plasticizers, fire retardants, pigmeatsl lubricants (Bower, 2002, p. 2R).the use
of additives tastrengthen mechanical properties with adequate softness and fuzziness for
spunbond fabrics, thermodynamic inatibility need to be critically considerelliost of the
time, different polymers are thermodynamically immiscible, which is definitely the case for PP
and PE because the Gibbs free energy of the system is positive, resulting in the creation of an
interface and weakenaninterfacial adhesion betwe#retwo polymerqGraziano, Jaffer, &

Sain, 2019)

With polypropylene, elastomeric random copolymers including propylene with-a low
level comonomer (e.g. ethylene or a higher alghefin ranging from @to Cx) can be
incorporated into the backbonklécl et al, 2018 Chand, Bhat, Spruiell, & Malkan, 2002)

Other types of propylene copolymer, containing at least two different types of monomer units,
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one of which is propylene, can be used as well; however,misoibility between PP and
copolymer with different contents of olefin should be carefully considered when selecting
modifiers Klaskaet al, 2019) Detailed examples of compositions of PP and additives are
summarized imMake 2.7. Additionally, to maximize the safiessof polyethylene and to broaden
thebondingwindow of polyethylene, it is observed that ethylene/olefin copolymers or
blockcopolymer can be used. McNaéy al. (2002)showedhat ethyleneoctene copolymer
(EOC) in particular praides a higher toughening contributighan either ethylenpropylene or
ethylenebutene copolyme(McNally, McShane, Nally, Murphy, Cook, & Miltie2002).Also, in
the case of block copolymetheblocky architecture imparts a substantially higher crijz¢dion
rate and higher melting temperature, while maintaining a lower glass transition temperature
(Chum & Swogger, 2008). Patetl al. showed hat blends of hPP with Pfased additives,
resulted in improved drapeability and softness while maintainegéired spinnability,
abrasion resistance, and tensile streigttel, Martin Claasen, & Allgeuer, 2017).
Experimental results from the litétae confirmed complementary effecof additives based on
substitutingone polymer foarother one, among Pdhd PEas seen imesults from a handle-
meter, which measures the force necessary tofabsic of a given size, abrasion resistance,
softness ratingand stresstrain curve (Wabhit, Hassan, Mohd Ishak, & Czigany, 2009; Srinivas,

Cheng, Dharmarajan, Racine, 2005).

Tabe 2.7. Examples of additives used for spunbond nonwovens

Nonwoven Web formation and Composites

No Additives Reference
Resins (Product #) Softness Enhancer (trade name)
0, 0, 0,
1 82 wt % 16 wt% (Random PP | 2 wt% (CESA PPA0050079 fror (Xu et al, 2014)
(PP) olefin copolymer) Clariant)

(Kpelian, Huang,
Conrad, Krueger, &
Sterling, D17)

88 wt % 5 wt % (Random PP 5 wt % (L-MODUTM S400 from
(PP) olefin copolymer) Idemitsu),2 wt % (Erucamide)
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Limitations of correlation and interpretatiorwith fuzz formation

Earlier studies have largely focused on the effects of polymers, bonding conditions,
configurations, and additives on mechanical properties to indicate impact on softizess. F
formation cannot be fully explained by the mechanical properties, including the bending rigidity
and tensile strength, which is usually represented as the-str@sscurve or the maximum
strength or elongation at break. Some experimental publisaidtdresse role of tensile
strength in fuzz formation, but most of them describe fuzz as a result of variables in the
mechanical properties, depending on morphological changes in fibers, or the structural rigidity
caused by bonding conditions. For exaian of fuzz, it does not seem that the intention is to
observe the progress in fuzz development. In one instance, Patel et al. assessed the amount of
fuzz formed for spunbond samples of PP, PE, and PP/PE core/sheath bicomponents, and blends
of PE and Pkbased addies, measuring the weight of protruded or broken fibers. As another
example, Kpelian et al. graded the appearance of fuzz to investigate the impact of additives for
spunbond PP (Kpelian, Huang, Conrad, Krueger, & Sterling, 2017). There havstbdiesd
analyze the unique structural properties of nonwovens to examine fuzz in nonwovens; it will be
challenging to make correlations between these studies without proper measurement and
experimental methods to indicate its growth (Kawabata, Niwa/a8ag, 1994Harada, Saito, &
Matsuo, 1971). Therefore, a better understanding of fuzz formation requires description of its
mechanism, how fuzz is formed and developed in accordance with factors that affect the

mechanical properties and exact illustrasiaf theirappearance.
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Fuzz Characterization

I nterrelationshipwith softness andmechanicalproperties

Compared to the abundant research on structural variables and their roles in mechanical
properties in nonwovens, limited studies can be found when it cantles fuzz formation. If a
researchesd subject i s the nAf uz z caimamdalelopamabjectiney en s o,
measuremennethod Instead of assessing fuzz itself, there has been research to interpret fuzz
resistance from tensile properties anftreess is discussed in the same way. This also implies
that there are correlated properties betwsteength, fuzz formation, and softness reflecting the
long-standing interest in spunbond thermally bonded nonwovens that reduce fuzz but increase
mechanichproperties and softnesBdtel, MartinClaasen& Allgeuer, 2017)

Even though softness édescriptive and subjective term that hunsaran detect in fabric
guality, measures are avali lireabnore quanttatidearsdc r i be t
reproducible scale (Dawes & Owen, 1971; Hoffman & Beste, 1951; Luca, 201ihbjective
measurerants of mechanical properties that correspond to the fundasehdabndi a
subjective assessment of a textile obtained from the sense of(Brexth, 188), or softnesgan
bet racked back to the early 1930s (Piegce,RI3@.r ce d s
In physics and engineering, the most basicmeasemd s t he materi al 6s sti ff
ratio of the force applied to the objectdahe amount of resulting deformation in the direction of
the applied forceThisis equivalent tdhe spring constant of a linear spring, which is usually
indicated by the symbdl(Tiest & Kappers, 2014):

"0 QYth
whereF is the force andd is the change in length. Thisrelatdbiipi s known as Hookedé
and the unit of stiffness is N/m (Luca, 2014, p.3). Thus, softness can be assessed in an objective
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way based on a set of parameters obtained frommé@surements of certain mechanical and
surface properties of fabrics (Shisho60Q).

Furthermoreit is known that intefiber friction and bending stiffness of fibers can be
attributed to the fuzz formation (LatiiKim, & Pourdeyhimi2001). To be spéitc, owing to
slight differences in the surface or the asymmetry during rubbiragges may easily be
generated by inteiber contact between apparently identical fibers (Hearle & Morton, 2008).
For that reason, fuzz formation can be correlated watsihgle fiber strength and consequent
fabric strengthincluding the measuremeot tensile strength (Neton & Ashraf, 2017;
Ramaratnanet al, 2017; Pateét al, 2017; Kaarteet al, 2017), tear strengifisoda et al, 2018)
flexural rigidity (Pateket d., 2017), and coefficient of friction (COF) (Xiaoxat al, 2017; Patel
et al, 2017) as well as physical properties such as weight (Isoala 2018; Ashraf & Rasch,
2019) and thickness (Inokuma, Matsuo, & Yoshida, 2018). In regards to the weighindwn
that heavier fabrics will generally have higher fuzz lewath everythng else being equal
because they tend to have higher values for tenacity and flexural rigidity and lower values for
softness (Peng;laasenDun, & Allgeuer, 2009). Howevethere is still uncertaintgue toone
experimenthat foundthe oppositdWang, Gong, Dong, & Porat, 2007). On the other hand,
there was an attempt to relate the results from subjective hand panel tests to mechanical

properties (Patedt al, 2017; PengClaasenDun, & Allgeuer, 2009).

Necessityto developreliabletestmethods offuzzformation

Fuzz have been generally described as the abrasion resistance of the fabric. Brock and
Meitnerstated that theurface of materials does not tend to get fuzhgmithey exhibit good
abrasion resistance (Brock & Meitner, 1977). Acaagdo the ASTM standard test methods,

abrasion resistance can be evaluatbdnapplying 12 kilopascals (kPaj pressurgwhich is
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relatively higher tham pilling test (ASTM D496612, 2016; Everhart, Fischer, Radwangki
Skoog, 1994). However, as ASTDHI966 12 demonstratedabrasion resistance is more likely to
be related to durability (2016)ndeed, d objects that are rigid and stiff can be defined as
havinggood abrasion resiance, but the terms cannot be used interchangeablyhetdgndency
to form fuzz For a better understanding of fuzz, the mechanisms of fuzz development should be
depicted, detecting even a single protruded or broken fiber resulttimgaimuch lower foce of
abrasion
In fact,Kim, Latifi, andPourdeyhimi{2000)showed an experiment to investigate the
mechanisms of fuzz formation in nonwovens with a low basis weight, i.e. 2Zq2060). In this
study, the growth of fuzz formation wabserved by hawvg of up to 300 abrasion cycles every
20 increments, which is a smaller range and less increments in comparisearigthand even
current research. Since staple fibers were used for this work, a higher number of abrasion cycles
must ke set up to be spbond for further experiments. However, research with smaller
increments to find the mechanisms of fuzz formation can barely be found outside of this work.
Moreover, the role of structural variables on fuzz formation has not been fdiyveired
mainly dwe to the lack of suitable measurement mettiodink correlations and interpretations
of those parameters directly to fuzz formation in nonwoverssumably, this might be the
reason why there & greater number of studies in the depehent of measureent methods,

rather than the examination of variables on fuzz formation as simolable2.8.

Table2.8. Literature on fuzz fomation in nonwovens

Author and Testing Methods

No Title Year a) Fuzz generationb) Fuzz evaluation

a) Multiple instruments; ICI pilling box, the

(Eldessouki, | Martindale tester, and the random tumble pilling
2018) tester

b) Image analysis

Evaluation of fabric pilling as an
1 | enduse quality and a performanc
measure for thé&abrics
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Table 2.8. (continued)

Physical properties of nonwover
and woven felted fabrics

(Kistamah,
Hes, &
Rajmun, 2017)

a) ASTMD3512, Two Box Tumble Pilling Tester|
b) Subjective rating with a set of photographic
standards

Adaptiveneurcefuzzy system for
quantitative evaluation of woven
fabricso6 pild!l

(Eldessouki &
Hassan, 2015)

b) EMPA (SN 19825); rating grayscale levels of
that image with the Weries of photographs

An integrated method of feature| (Deng, Wang, | b) Images analysis based on mugktale twe

extraction anabjective evaluation & Wang, dimensional duatee complex wavelet transform
of fabric pilling 2011) (CWT)
Obiective pilling evaluation of (Zhang, Wang, b) image aalysis based on twdimensional dual
) PIing . & Palmer, tree complex wavelet transform (2DDTCWT) an
nonwoven fabrics . e
2010) supervised classification
Characterizing Fabric Pilling Dug (Latifi & Kim, sg :mgleés:rl];brs?ss[[oon dtgssé(:ilb dlioic area and
to Fabricto-Fabric Abrasion 2001) 9 y pg

density

As a matter of facia wide array of testing methods was standardized by organizations

such as the International Standards Organization (ISO) and the American Society for Testing and
Materials (ASTM) to qualify fuzziness. HoweveiQ matter hovstandardized, those methods

rely on subjective visual assessment with reference images as shigare2.13, which can

result in controversial within results (Yao, Yu, Xu, & Xu, 2008). Thereforerder to control

the fuzz formation in nonwovencomprehensive understanding of parameters that affect to the
mechanical properties of nonwovens along with the development of measurement methods are
required to identify and determine mechanisms and ibomitng parameters.

Standard Pictures

Grade 3

Grade 4

Grade 5

Figure2.13 Standard picture for evaluating fuzz or pilling (Xiaoinal, 2017).
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Currently availabletestmethodsof fuzz

For laboratory testing, fuzz is intentionally generatsidg abrasion testers. Various
instrumentsare used in accordance with appropriate standards totesther fuzz or pilling, as
summarized iMable2.9. Even under the same testing instruments and conditased on the
standads the results can be differedepending othe sample preparation, suchtlastesting
side of the fabric, number of abrasion cycksading time and speed, abradant, abrasion
motion, and/or pressumn the sample For example, betwedahe Martindaleabrasion tester and
Sutherland rub testeF{gure2.14), the Martindale abrasion tester provides dynamic movement
paths; abrasion (big lissajous), pilling (small lissajous) and rubbing (liFrEAI$EKAWAN,

2020 retrieved)The deired movement ph variation can be selected by a simple shift of the
drive pivot position, as shown on the panel graphic scherfgure2.14(c), and it is also useful

for explainingthe differences betweethe pilling test andabrasion test under ASTM standards.

Table2.9. Instruments for abrasion, fuzz, or pilling st the literature

Instruments Standard Related reference
Brush Pilling Tester 1 ASTM D3511 (Ramaratnam, Pz"‘gi";’)“& Zajaczkowski,
T ASTM D3512
Random Tumble Pilling Tester | 1 DIN 53867 (Kistamah, Hes, & Rajmun, 2017)
1 JISIL 1076
Fastness friction tester of JSPS (Jap ¢ 55 849 (Inokuma, Matsuo, & Yoshida, 2017)

Society for thePromotion of Science)

(Patel, Martin, Claasen, & Allgeuer,
Sandpaper 1 ISOPOR 01 106 2017 Bonaboglia, Cordublas, Claasen
Larios, & Ruiz, 2015)

AATCC TM 135
ASTM D351205
ASTMD388401
ASTM D496698
ASTM D497605
ISO 4287: 1997

Wear test

=A =4 =4 A a9
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Table 2.9. (continued)

1 ASTM D4966

T ASTM 129471 Neton & Ashraf, 2017; Technikova,
Martindalugds {9 ENISO129451 Tung8k, & Jangl ek,

T ENISO 12948 Stempien, 2014

(Ashraf & Rasch, 20g; Patelet al,

T ASTM D-5264 2017; Kaarto, Crown, Tau, &laasen
Sutherland rulbbester T ISO POR 01 106 2017; Bonaboglia, Cordublas,&@lsen,

T WO 2011/088106 Larios, &; Ruiz, 2015Chestet al, 2015;

Lu, Newkirk, & Turner, 2014)
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(a) (b) (©)
Figure2.14 Abrasion Testes, (a) Martindale Abrasion Testéride Center, n.d,)(b) Sutherland

Rub TesterDanilee Co., LC, n.d), and (c) Three types of test/movement paths
(PT.SEKAWAN, n.d).

However, sincstandardnethods camotinclude all types of materials and their
corresponding changes in appearaegperimental details need to be geiperly foreach
material ad their eneuse (Izabela & Stempien, 2014%Yith that, esearcherbave designed
their own experimental method based on &8t methodand instruments useBor example,
Chesteet al.descibed the accumulation of fuzziness witte Sutherland Ink Ruliiest Method
by measuring botthebonding side and the smooth side of the fal€iogsteret al, 2015.
Bonaboglieet al, used the Sutherland 2000 Rub Tester to determine the fuzz level and
sandpaper for abrasion resistance both in 20 and 42 agdesding to thelSO POR 01106
with anonwoven specimen size df1.0 cmx4.0 cniBonaboglia, Cordublas, Claasen, Larios, &
Ruiz, 2015) In terms of pressure on abrasi¥imoxin et al.described the fuzz level usitige

Martindale Abrasia tester onto sample$ 8mm in diameter under 1.3 Psi to see the fuzz
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formation. Wanget al.used 9 kP§Wang, Gong, Dong, & Porat, 200ahdLeukeret al.
demonstrated the effects of pressure and abradant on measuring fuzz, ¥&R@m@ kPa, and
12 kPa (Leucker, Amtmann& Schubert, 2018Xiaoxin et al, 2017. In addition, abradant can
be wool felt, siliconLeucker, Amtmann, & Schubert, 2018hd stainlessteel platd Ashraf &
Rasch, 2019as suggested in many standards. According to the abradant material, abrasion
cycles can be adjusted to control the force of abrasisin Bresee, & Annis, 1998Thus, to
capture the initial stage of fibergirusion, or fuzz, testing conditions need to be properly
designed to specifically ensure the lower force of abrasicampaison with standard photos.
The scales cabein the range from three to six: the higher the numtibermore fuzon the

surface Examples of classifications are summarizediable2.10.

Table2.10. Fuzz pilling grading scalexamples

No Scale Reference
5 Excellent; very low to zero pilling/ fuzz
4 Very good; slight pilling/ fuzz
(Ramaratnam, Parsons, &
1 3 Fair; moderate fuzz/piltig, medium levels of fibers Zajaczkowski, 2017; Deng
Wang, & Wang, 2011)
2 Poor; severe fuzz/pilling, high levels of loose strings
1 Very poor; very severe fuzz/pilling
Grade 4 No fuzz was observed
Grade 3.5 A pill was not observed but fuzz was obsat.
, Grade 3 A small pill was observed. (Inokuma, Matsuo, &
Grade 2.5 A large pill was clearly observed, Yoshida, 2017)
Grade 2 Fibers were ripped off to a significant extent of thinning
Gradel Fibers were ripped off to an extent of damaging the te{
piece.
S No fuzz (Isodaet al, 2018; Isele,
. Kearney, & Reichardt,
3 Little fuzz 2017; Xiaoxinet al, 2017)
X Observable fuzz.
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Subjective and objectivassessment

After the materials are abraded to generate fuzz, it can be evaluated subjectively or
guantfied in more objective ways. First, algective assessmenttise most typical way, recited
in almost all standard methqdand iscommonly used in the industry for convenience.
Generally the abraded materials are visually observed and compared tg@pdiic standards
in order to beanked in different levels. For itace, photographic standards are provided
Figure2.15. It can also be graded just by visual assessment alone.

However,since ot all experimentand testerbave the same criteridor theirgrading
system results from different tests can yield confusion aftenbecomecontentious due to the
subjective nature based wvisual comparisoifWang, Ouyang, Gao, & Xu, 201 Due to this,

many researchers agreed oe tieessity to develop a more objective measurement method

(Behera & Madan Mohan, 2005)

Figure2.15 Photographicstandardef ASATM 3512for pilling evaluation (Kim & Park, 2006).
Gravimetric analysis

In a more empirical measurement system agimeuntof fuzz accumulated on the fabric
can be weighed for evaluating the level of fafter fuzz generation (Patel, 2017; Ashraf &
Rasch, 209; Kaarto, Crown, Tau, &laasen2017; Bonaboglia, Cordublas, Claasearjos, &
Ruiz, 2015; Jasinska & Stempien, 2014; Deng, Wang, & Wang, 2Bdidyonvenience in
practice, glethoraof researcland patenthaveemployedthistechniqueln operation, the

sample was weighed before and after fuzz removal using tapesssBbhszotch tapagure
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2.16) or fiber removal tape (Ashraf & Rasch, 2)1to determine theveight loss. This weight

loss divided by the surface area was used to represent the abrasion resistance or fuzz level of the
specimen (Alraf & Rasch, 209). It seems relatively objective and feasible, but possible
deformation that might deform the fabstucture is inevitable, at least on the surface upon
contacting for detachment, which can hamper further investigation on the relgtibasheen

structural variables and fuzz formation.

3M Scotch tape

g

| 4 | | | Detach
d
| | ‘jel;gh

Figure2.16 Schlematic diagram athe gravimetrical measurement of fuzz.

Image analysis

To overcomehe problems caused by direct contadhi fabric,image analysis has been
developed and advanced. Typicaltyproceeds witHour steps as Hst al. summarizedHsi,
Bresee, & Annis, 1998)

1) Surface Digitization: converting the fabric surface to a digital form,

2) Detection and Segmentation: separathgdurface fuzz from the fabric background,

3) Fuzz Quantization: extracting fuzz features for numerical represantati

4) Classification and rating: using the extracted set of features as inputs to generate the

final rating of the image.
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The image is acquiredith various instruments with different lightirsgpurces and

creating shadows can be considered the main idéssahithod. It is assumed that thensity

of pills must be great enough for light not to pass through stethatthey cast shadows (Hsi,

Bresee, & Annis, 1998)ITo manipulate the image, lighting can be directed from two or four

directions, or even recty, threedimensional (3D) lighting systems are us€ken the

shadows of the object represent changékebrightness of pixels in an aajt image while

processingwhich is called as thgradient field method Tec hni kov§, Tun8k, & J
The fabric surface digitization from image acquisition is carried out by converting the

fabric surface to a digital form that can be processed on computer systems. As sRigurein

2.17andTable2.11, many insruments along with the lighting systems are used; a digital scanner

(Yun, Kim, & Park, 2013; Semnani & Ghayoor, 2009; Kimkang, 2005; Palmer, Joud, &

Wang, 2005; Palmer & Wang, 2003), a camera (Behera & Md&@05; Xin, Hu, & Yan, 2002;

Hsi, Bresee, &8Annis, 1998; Torres & Navarro, 1998), a light projectetb@camera (Chen &

Huang, 2004), a camera attached to a microsco

topographic reconstruction of the fabricfaige (De Oliveira Mendes, Fiadeiro, & Migu2010,

2011; De Oliveira Mendes, Fiadeiro, Miguel, & Lucas, 20@ laser line projected on the

surface of the fabric specimekifn & Park, 2009, or a stereovision surface reconstructiath

CCD camerasHatelet al, 2017, Neton & Ashraf, 2017; Eldeaski & Hassan, 201%ang,

Chg, & Kim, 2004) the duaichargecoupled device CCD camera (Jasinska & Stempien, 2014),

and3-D surface measurement (Sul, Hong, Shim, & Kang, 2006).
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Figure2.17 Various image @quisition systems: (& f a burfacediisization usingCCD
camera (Eldessouki, 2018), @@hematic of the cylindrical lighting setup (Latifi & Kim, 2001),
(c) threedimensional surface measurement system (Sul, Hong, Shim, & Kang, 2006), (d)
diagram and practical use of thed3measurement system (Kim & Pag&006), (e)aser
scanningsystem (Yao, Yu, Xu, & Xu, 2008gnd(f) diagram of the CCD camera position for
fuzz evaluation (Jasinska & Stempien, 2014)
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Table2.11. Lighting source and instruments usednrage acquisition

Light source

Description

Reference:

1 Single direction (parallel to the light)
1 A height threshold was applied to theofile to identify
Laser light fibers (pills) elevated above the base fabric. .
scattering 1 Hard to find in low dengy pilling (Kim & Park 2006)
1 Special device to get crosectional images of the fabric
sample with the pills
1 Measured with laser probe, whiscans pill depth
information from a moving fabric, and a computer then (Deng, Wang, &
Collimated light generates the fabrimage War?, 201%’)
1 Slower than direct image capture with a digital camera af 9
not show the true fabric surface characteristics.
1 Toilluminate fabrics from all sidgsurrounding samples)
CircularFluorescent so that objects eleved above the badabric surface such a (Hsi, Bresee&
light fuzz and pills appeared bright and were differentiated fro Annis, 1998
the base fabric by simple grégvel thresholding.
91 Cylindrical reflector illuminates the sample (Bonaboglia,
g 1 by transmitting a narrow band of light at the desired Cordublas, Claase
Cyllncisgc;?(la#]ghtlng f angle. The light angle and its distribution can be easily | Larios, & Ruiz, 2015;
adjusted by changing the radius of the mgftical reflector Latifi, Kim, &
and/or the distance of the ring light to the sample. Pourdeyhimi, 2001
1 CCD camera can capture color images and the direction (Jasinska &
CCD camera intensity of illuminationcan be adjusted to enhance the | Stempien2014; Kim
contrast between pills and background fabric. & Park, 2006
. . . (Ramaratnam,
Optcal microscope | 1 OPICAeroscope wilh suace enogrepy measuremel parsons, &
P q ' Zajaczkowski, 2017)
1 Digital camera om t.)ase. in cﬁstance of 7in from_ the lens (Technikova, Tunak,
- was used witliour sidedighting sources placed itO cm )
Digital camera & Janglek
from the edge of the samp@d2 cm over the base at an .
: o Jasinska, 2009)
angle of approximately 45°.
Topography 1 Topography of a surface can be represented by a datase (Hutchings &
measurement contains the cardinates of points which lie on tiserface. Shipway, 201y
3Dimagingfrom | T By Trigonometric calculation and stereovision techniqueg (Kang, Cho, & Kim,
laser light were performed to reconstruct the fabric shape in 3D 2004
3D surface 1 By two sideby-side imags of a fabric with pills captured b] (Xu, Yu, & Wang
reconstruction regular cameras without spatlighting 2011
1 3D Orthogonal projection images of the fabrics are obtai

3D Orthogonal
projection

through the reconstruction of the topography of the real
textile falrics, using dual scanning optical system

(triangulation system).

(Mendes, Fiadeiro%
Miguel, 201
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Regardless of hothe images are taken, whether in 2D or 3D, the key technology to
extract fuzz iranumerical value is the way to separate the feature from the fabric background by
signal processing after digitizatiofypical stepsfor signal processing are -a@ising, eveling,

and thresholding abe example ifrigure2.18 shows

(a) Original Image —) QO
: Q
(b) Noise Removal —> O 7
L
(c) Image Converting —
oy~ s P~

.

(d) Black & White Image —>

(e) Baseline Removal
Final Image for Analysis = M

Figure2.18 Image acquisition process. (Bhe mage is capturedb) unnecessary pixels are
erased, (c) surface contour is acquiledithegray-level image is converted intoblack and
white image an@) pixels ofthebaseline of the fabric are erased #mgffinal image for
calculating fiber aggregate length is argd (Kim, Yoo, & Kim, 2005).

%

Although a plethora of signal processing technologies can be adopted as summarized in
Table2.12, all aremeantto enhancehecontrast between fuzzy and smooth regions, which is
typically enabled byaving binary image®ven for 3D images. For example, image conversion
to the binary is shown iRigure2.19, so that it can quantify fuzz amilling area shape, height,
andvolume as presented Trable2.13, enabled by the extraction of pilling informationFigure

2.20.
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Table2.12. Technologies for signal processing (Guan, Shi, & Qu, 2017)

Techniques Description and types
1 Traditionaltechniqueaffected by noise and texture as fabric pilling of small area,
.| T Support vectomachine (SVM) data miningpol; depending on human experience
In the Spatial . : o ) .
domain 1 Two-dimensional Gaussian fit theory to calate grades; depending on template
1 Stereovisionto evaluate fabripilling; not suitable hard and fine fabric because the surfg

floating point and uneven of hard and fine fabric are mistaken for pilling defect

1 Spectrum analyis method using Fourier transform; a global method without@egtion
information of spatiatiomain

1 Wavelet transform, having the ability of denoting local signal characteristics in the tim
frequency domain, suitable for mutationrsadjdetection

Tanntsrf]grm 1 Two—d?mens?onal discrete wavelgainsforms . . _
domain i Two—(_jl_me_nsmna_ll duatree complex wavelet transform image reconstruction and nonlin
classification using a neural network
1 Wavelet transform and the local pattern
1 Wavelet: cannot suppress thagilar signalnformation of normal texture that may affect

the accuracy of the final evaluation

Figure2.19 (a) Pilling images of uneven illumination; (b) pilling segmentation effect of FTM,;
(c) pilling segmentatioeffect of TPM (Guan, Li, Wang, & Lei, 2018)
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Table2.13. Summary of pill

characteristics

2017)
Pill Characteristics Value
Number of pillsN [-] 188
Average area of pills A[mn?| 0.92
Standard deviation of area of pills [F{m 0.46
Total area of pills A[mm?] 172.05
Average perimeter of pillsAHmm] 3.38
Standard deviation of perimeter of pills [mm] 1.06
Density of pills D [1/mm?] 0.041
Subjective pilling grade 1-2
Objective pilling grade 2

R4

Figure 2.20 Fabric's
pilling evaluation
(Eldessouki &
Hassan, 2015).

and

Yet, many more studies have the ultimate goal of this whole process, which is usually to

find a suitable classification method, where a successful rating of images validates thte metho

and suggests its possibility to replace the available subjective @n@ygn, Shi, & Qi, 2017).

This can also apply to nonwovens as showhahle2.14 andFigure2.21. Also, dassification

models us¢he extracted set of features as inputs that can be used to generate the final rating of

the imagelt may alsamplement empirical and statistical methpsisch as the multivariable

linear regressiaror may implement artificial intelligent methgdsichas the application of

different types of the artificial neural networks (ANNSs) (Xu, Yu, & Wang, 2011)

Table2.14. Image analysis of nonwoven fabrics witifferent pilling grades (Deng, Wang, &

Wang, 2011)
Image Process
Original Texture Pilling Binary
Fabric
Nonwoven,
Grade =3
Nonwoven,

Grade = 1.5

p i



When it comes to poidtonded nonwovens, however, a problem occurs regardless of
evaluation method, whether it is quantified or daféhis is because fuzz on the patterned fabric
cannot be detected based on these sysféats Yu, Xu, &Xu, 200§. Since tizz detection
relies on the contrast between fuzzy and smooth regions, bonding points deteriorate in
identifying fuzz and separatirtgem fromthe fabric surface. Highly textured fabric surfaces
exhibit shadows that cannot be easily distinguished fronshpgitiows, and more errors are
observed (Hsi, Bresee, & Annis, 1998). Thus, more suitable measurement nmetistioks

developed to @hinate the restriction from the bond sites.

Degree 2 Degree 3 Degree 4 Degree 5

Figure2.21 Pilling test images of 512 x 512 pixels wdldifferencein grading (Zhang, Wang,
& Palmer, 2007).

Summary of Findings

Fuzz formation in spunbortiermally bonded nonwovens can be discussed in
overlapping areas of meatiaal properties and softness. In order to find a balance and
interrelations between those properties, a quantification method must first be developed. Even
though there have beerf@ts to measure the amount of fuzz in objective ways, there is
currentlyinadequée test methods and experimental setups. A better measurement method needs
to be developed in order to: 1) capture initial stages of fuzz formations, 2) depict the growth of
fuzz formation, 3) understand the mechanisms regarding the structurailt@spand 4)

eliminate the hindrance caused by bonding sites on the nonwovens in terms of image analysis.
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Once it is established, the factors that highly affect the mechanog@nties can be
evaluated and correlated to find the most crucial candegz formation. Questions from the
literature include:

1. Establish methods for measurement of fuzz

2. Investigate the role of structure and prod@ssluding bondingpn fuzz
formation

3. Investigate the role of composition, particularly the role of chemdaditiaes, on

the formation of fuzz. ldentify controls to manageedue fuzz
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Chapter 3. Research Proposal

Development of Test Methods

There will be two concurrent approaches. The firditlvei based on some earlier work
involving image analysis and the secont lae based on mechanical tests to determine the
availability and the amount of fuzz on the surface.

The image analysis system will require the use sihglepoint laser confoal
microscopeKeyence VKX1100, which obtains images with a large depfhield that are in
focus across the entire screen and detects the finest details in the sample shape data, and is
utilized for developing a fuzz measurement system. Inspired bjopeemeasurement systems, |
believe aradvanced procedure can be develapedugh3D scanned images.

Samples will be abraded byMartindale abrasion tester muttirectionally to form
surface fuzzTo determine the fuzzing mechanism, the abrasion cyglelse varied from 0 to

300 at 20 cycle incrementisut it can reach out to a thousand to find the thresholds.

Role of Structure, Bonding and Materials on Fuzz Formation

To create a portfolio of structures with varying softness and mechanical progerties
and PP/PE spunbond will be produced in varwaghts, followed by bonding with different
patterns and conditions such as temperatures. These samples will be subjected to various levels
of abrasion and then evaluated by the methods developed a¢W@up phase.

The samples will also be examined®ganning Electron Microscopy to establish the

mechanism responsible for fuzz formation.
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Investigating the Role of Composition on theFormation of Fuzz andldentification of

M ethods to reducd~uzz Formation

The impact of composition on the formation loe fpotential for the formation of fuzz will
be investigated. The use of soft additilike polyolefin copolymers or combinations sifich in
polypropylene is growing in spunmelt nonwovens. Softoasalso be improveavith
bicomponenstructure such aBP/PE core/sheathThe representative compositions for additives
in PP and representative compatibilizer for PE to PP will be selected for §pdgbond will
be produced with selected compositiongd{fide + PP, compatibilizers witRE bicomponent) in
various weights and levels of additives or compatibiliz€ren, hese will be bonded by using a
standard bongattern anavill be subjected to various levels of abrasion and then evaluated by
the methdsdevelopedefore.

Recommendations will be made with respect methods for evaluating fuzz and also for

ways to reduce fuzz formation.
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Chapter 4. Development of a Test Method of Fuzz for Spunbond Thermally

Point-bonded Nonwovens

Abstract

Quantitative evaluationfduzz in nonwovens isf significant interest as nonwoven products are
typically subjected to abrasion during service. In this work, the initial level of fuzz and its growth were
quantified for 11.75, 15, and 20 ¢fpolypropylene (PP) spunbond thermallgintbonded nonwovens
We use a noncontact confocal laser microscopy coupled withdimesmnsional image analysis to
guantify the volume of fuzz. Fuzz data generated by using this novel tegt weis verified by statistical

analysis, resulting in repgable and reproduciblresults.

Introduction

Fuzz is formed as a result of abrasion and is characterized by a hairy appearance due to
protruding fibers or filaments as defined by the American Society for Testing Material (ASTM
D3990, 2016). Fuzz has bewidely understood as the initial stage ofipdl formation that
follows pill entanglement, growth, and weaff (Latifi, Kim, & Pourdeyhimi, 2001Gintis &

Mead, 1959Since the 1950s up to the present, piling on woven or knit fabrics have been studied
in various ways to understand the influencelzéiis and yarns on pilling, to develop

measurement methods, and to make prediction modelling (Guan, Shi, & Qui, 2017; Hajilari,
Esfandiari, Dabiryan, & Mosavi Pour Gharbi, 2009; Cooke & Arthur, 1981). Thibea

attributed to the advent of synthetic fis@vhich exhibit higher abrasion resistance compared to
natural fibers (Brand & Bohmfalk, 1967). Accordingly, experiments have been set to increase
abrasion load, pressure, or number of cycles to test thermaxthreshold of pilling formation

and to makearrelations between properties of yarns or fibers. Most research has focused on the

adverse perspective of pilling for consumer satisfaction regarding that can affect the appearance,
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hand feel, texture, an@wvice life of a garment. However, this is mgstie case of conventional
textiles; in contrast to them, much more attention needs to be given to fuzz formation for
nonwovens. Because lightweight nonwovens are used for a much shorter period of time, these
will be significantly impacted even by a lowlerel of abrasion, resulting in fuzz formation. It

can not only have negative effects on hand feel, but also impair the intended performance in
terms of strength with structures in the lightweight nonwovéstsrted.

Moreover, structural properties ofetse nonwovens primarily determined by web
formation and bonding conditions should be distinctly correlated to study fuzz formation. In such
applications that requires a lightweight disposable fabric, spurthenahally pointbonded
nonwovens are widely ud€Das & Pourdeyhimi, 2014). It involves extrusion of continuous
filaments from polymer raw materials, drawing of filaments, and depositing them as a web,
followed by a bonding process (Pourdeyhimi, Fedor&/&harp, 2011). As the needs for softer
materids have grown, considerable efforts have been made to improve softness while
maintaining desirable mechanical properties, (Patel, Martin, Claasen, & Allgeuer, 2017). It has
been reported that there are tradis between those softness and strength inkspnohthermally
bonded nonwovens because bond spots usually rigid (Bhat, Jangala, & Spruiell, 2004). Based on
that, fuzz has been understood in terms of the mechanical properties, interchangeably called
abrasbn resistanceln general, it has been believédt the surface of materials does not tend to
get fuzzy when they exhibit good abrasion resistance (Brock & Meitner, 1977). Although it is
likely to be true, abrasion is closer to durability in its meaamthe standard methods have
pointed out (ASTM @966, 2007).Therefore, independent investigation of fuzz is required not
just to understand it but also to find the interrelationships between the structure variables with

related properties.
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Although thee have been attempts to study fuzz in nonwovanjective measurement
methods to quantify fuzz in poHsionded nonwovens have been limited up to date. A wide array
of testing methods was standardized by organizations such as ISO and ASTM, mostlyanrelies
subjective visual assessment (Yao, Yu, XuX& 2008). Thanks to the advancement of image
analysis, more objective measurement methods have been proposed, which reduce possible
confusions due to different experimental environments (Technikova, T&nakl an 8| ek, 20 1°
This is mostly in case of pilg tests, which a circular shape of pills enables them to measure
areas, numbers, or density of pills (Eldessouki & Hassan, 2015). Furthermore, in most common
signal processing techniques, the working prilesave been primarily developed in a way to
strengthen the contrast between protruded fibers and smooth fabric structures, creating binary
images not just for a twdimensional (2D) system but even for thddmensional (3D) analysis
(Guan, Li, Wang, & ki, 2018). In these systems, however, pbmtded structures are strikingly
unfavorable to extract fuzz from the original surface not just because of their randomness in
appearance but also because it has an additional feature, which is the bonding points

For this reason, Indiriealtést ntethad has beemuaes fordpoid r gr a
bonded nonwovens for objective measurements of fuzz. The sample was weighed before and
after fuzz removal, using stationery tapes to determine the weight logkéceAmtmann, &
Schubert, 2018; Ashraf & Ras@0)19). Despite the convenience of the test, it inevitably causes
errors because it can contain some irrelevant fibers from abradant fabrics, and sensitive detection
of fuzz from very lightweight nonwovens between small increments of abrasion cycleshinig
be restricted. Furthermore, direct contact somehow deforms the original structure, so further

investigation on structural changes might not be reliable.
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Likewise, an accurate measurement of fuzz formrethe lightweight poinrbonded
nonwovens has resined a challenging task over the years. For a better understanding of fuzz
formation, measurement methods need to be developed to capture the initial stages of fuzz
formations, depict the hairiness with ti@wth of fuzz formation, and understand the
medanisms in regard to the structural properties, which eliminates the hindrance caused by the
bonding sites on nonwovens during image analysis.

On this basis, the research in this paper proposes a measunegtieod for quantifying
fuzz on lightweight pait-bonded nonwovens. A set of quantification techniques were developed
to (1) acquire suitable images without making contact with the surface, using a confocal laser
scanning microscope, (2) detect initiages of fuzz formation and capture its growtkthwi
threedimensional (3D) image processing, eliminating the disruption caused by the bonding sites,
and (3) make better correlations and interpretations with other properties such as the mechanical

propertiesand perception of softness.

Experimental

Materials

PP spunbonds of 11, 15, and 20 giwere prepared in the Nonwovens Institute at North
Carolina State University (NC State University, Raleigh, NC, USA) with the Pilot Spunbond
line. The melt flow index (W) of the PP (PP 3155, ExxonMobil)was 36 gido n ( 2 3 0 ,
2.16 kg). Materials were consolidated @m@nded) in some manner immediately as they were
produced, and then, finally, thermal point bonding proceeded with a diamond bond pattern with

146%ofhe bond area at 138 vingtamtCAFiIi ber Vi sions,
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Fuzz Quantification

Laboratoryfuzz formation

The fuzz was generated according to ASTM D4970 using the Martindale 2000 Abrasion Tester
(ASTM D4970, 2016). Specimens 38.0 mm in diameter wiaxeed on the sample holder, and

the facesides were abraded multidirectionally onto the standard felt abradant. To evaluate the
mechanisms, the test was conducted for a given number of cycles of 20, 100, 200, 500, and 1000

under controlled weight and presse at standard atmosphere conditions

Image acquisition

A singlepoint laser confocal microscope, the KeyenceXKL00, which obtains images
with a large depth of field that are in focus across the entire screen and detects the finest details
in the samfe shape data, was utilizeddoquire the images and develop a new fuzz
measurement system through the MEite Analyzer software. The sensor uses a violet
semiconductor laser as a light source with a wavelength of 404 nm, and no light other than that
passes through the focal poietiching the photoreceptor (KEYENCE CORPORATION OF
AMERI CA). The vertical resolution of the sens
were acquired both from a conventional optimal system and from the laser scéomivigch
the light emitted fom the laser source was focused onto the sample, and the area was scanned
within the field of view (3 mm x 3 mm). By dividing this field into 1024 x 768 pixels (in total,
786,432 data points), the photoreceptor detects the reflected light at each gixleérarthe
device reads the intensity of each Z position for each pixel to determine the maximum intensity
shown inFigure4.1. In this way, three tygs of image data are constructed including a deep
field coloredimage, a laser intensity image, and a height profile. Two sets of results were

obtained to determine the repeatability and reproducibility. Under the repeatability condition,
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five independentesults were acquired with the same method on the same imaggseating
the entire test procedure. Under the reproducibility conditions, measurements were obtained
utilizing the same process but on five different spots, taking independent imagesgtitthe

upper, left upper, left bottom, and right bottom of esgpbcimen.

Laser light

1024 x 768 pixels
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Figure4.1 Schematic view ofhedata acquisition process using 3D laser confocal microscopy:

1) laser light from a semiconductiaser first scans with a horizontal scanner, 2) the light then
scans with a vertical scanner, 3) the laser light that reflects off of the sample passes through a
polarized beam splitter, 4) light that has passed through the focusing lens and is fothesed at

pinhole only passes through the pinhole, 5) the elecsigahl is transformed into an image, 6)

once image area scanning has completed, the lens moves one step in the Z direction, where one
step is equal to the pitch, and repeats the scan. (KEYEEBICRPORATION 2018, p.15).
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Image processing and fuzz deieat

New image processing for quantifying the fuzz goes through two simple steps: (1)
leveling and reference plane €gt and (2) volume measurement above the thresholding plane.
First, byconnecting the height of each bonding point in the acquired integegference plane
is setup, and possible contortions that may come from an uneven surface at the bottom are
flattened. This is the most important point that compensates for the shogaoinpiointbonded
nonwovens in image analysis. Rather, it uses t¢imel Isites to have a constant thresholding plane
throughout the specimens having different abrasion numbers. Then, the volume of each fiber
above the thresholding plane is calculated feaheaasting sample, averaging volume of fuzz of
five s pot.F@makemeisual nooenpasson, a flatbed scanner was also used to observe

the overall changes in the appearance of each specimen.

S e SIS
e D < < » -
[ A WD cena S R, .. A, A
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Figure4.2 Schematic view ofthefuzz measurment process usa8D laser sanning
microscopyi(a) original image, (b) levelled image, (c) volumeasurement afterea
thresholding

Physical, mechanical, and optical properties
Mass per unit area was measuaedording to ASTM D 3776M9a, the Standard Test

Method for Mass pednit Area (Weight) of Fabric, Option C, Small Swatch of Fabric.

Measurements were taken for five randomly selected samples (ASTM D3776, 2017).
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Tensile tests were performed using the MJi8erion both in the machine direction
(MD) and cross direction (Cbaccording to ASTM D 5035 (ASTAM D5035, 2015). Sample
strips 25 = 1 mm in width were prepared and tested at a gauge length of 75 + 1 mm and at 300 +
1 mm/min, and five specimens were &eksper sample. The strain at the failure was measured as
percent elagation, and the tensile strength was recorded, and the maximum force was
normalized by the actual basis weight for each one.

The HandleO-Meter is a commercially available apparatus fittvn ThwingAlbert
Company. The Handl®-Met er me a s ur elsconBitess the dorabinéd effebts of
stiffness or bendability and surface friction of sheeted materials like nonwovens (Degroot et al.,
2018). Conditions for the evaluation was accordmg§$TM D682802: a single piece of
sample 4 inch by 4 inch was evatad using a 100 g beam assembly and a 5 mm slot width
(ASTM D6828, 2015). The fabric is pushed into
resistance that the fabric exerts onltkam as it is pushed into the slot. Lower handle values
indicate safer and more drapable fabrics.

Scanning electron microscopy (SEM) with the Phenom Pro X was used to look at
bonding sites and to measure the fiber diameter, averaging values from dvffenint fibers of

each nonwoven.

StatisticalAnalysis

A two-way analysis of variance (ANOVA) was performed to investigate the relations
between the dependent variable (volume of fuzz) with the independent variables (basis weight
and abrasion cycles). Two groups of data resulted under the repeatable cqratitiche
reproducible conditions were prepared and assessed, respectively, by the followingagy two

ANOVA model (Narayanan, Tekbudak, Caydamli, Dong, & Krause, 2017)
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where® is the'®@h volume of the fuzz for the combination of ttie level of the basis weights
and the@ number of the abrasiondgs;¢ is the size of each factor combinationis the
overall mean; represents the main effeof the'@h level of the basis weights (with the
assumptiorB | m; & represents the main effect of i abrasion cycles; 6 is the
interaction effect, and are the random errors assumed to be independently and identically
distibuted Q @Qrh,

Besides, theoefficient of variation (CV) of the measure obtained from the proposed

methods waslso calculated to describe the variations within a group of data in detail.

Results and Discussions
Volume of fuzameasured by the proposed method

Representative images of fuzz formation and its growth for 28 after 100, 500, and
1000 abrasion cycleereshown in Figure 3 as (a), (b), and, [@spectivelyWith that, three
types of views are presented frdine flatbed scanned images (i), corresponding 3D images
acquired fronthe confocal lasescanning microscope ke 3D laser view (ii) ané colored
map (iii). Asseen in thdlatbed scanned imagdbge loation of thefuzz formation and its shape
at the lower level of abrasion cyclaevery random. Thisvascompared to the pilling test

which recommendthat fabric samples should be discardguiliing is not uniform, mostly ira
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circular shape (Hsi, Bsee, & Annis, 1998). For spunbond nonwovens, it can Aasgular

round shape as well when the abrasion cycles are increased over 1000 and has enough fibers with
ahigher basis weight, which meass thefuzz by gravimetrical analysid_gucker, Amtmann, &
Schubert, 2018 As mentioned earlier, however, investigating the initial level of fuzz is more

crucial in describing and understanding fuzz formation in lighter weight spunbond nonwovens to
seehow it develops. Therefore, it is clearly necessary to nsdtarnative measurement method

to include the randomness and irregular forms of fuzz, which are especially encountered during

the initial level of abrasion.

1000pm

Figure4.3 Images of 20 g/dnonwovens after abrasion: (i) the flatbed scanned, (ii) the laser
confocal microscope, (iii) coledmap, with abrasion number of (a) 100, (b) 500, and (3).1000

From this point of view, a 3D view and color mapre/ used to observe the shape and

formationof the fuzz. In a qualitative manner, first, we noted that there are three distinct regions
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in fuzz formation that were commonly observed throughout all the samplesfreenggions.
In pointbonded nonwovenghere are slight differences in the surféuekness caused by
pressure on the nip, which in turn are expected to result in fuzz formatmmndfree area,
somewhat thicker than bond sites, is primarily exposed to abrgsnarang moreinter-fiber
contact between fibersAnd then, fibers loated at the periphery of the bond sitestangled,
reaching out to the inside of the bond as the abrasion cycles are increased.

This growth of fuzz is well quantified by the proposed measurement syst@am n
Figure4.4. As expected, it presents the average volume of the fuzz as a function of each abrasion
cycle, which gradually, as the abrasion numbers, are increased. In fact, one of the difficulties
from the conventional measurememtthods was that the fuzz at the lowabrasion cycles is
barely detected. The proposed method, however, can detect and quantify those insignificant
differences of fuzz at the lower abrasion numbers such as 20, 100, or 200. These increments
between 20 an#@l00 or 100 and 200 are relativébyver than that for other current experimental
desigrsto test fuzz in the literaturdoreover, in terms of the effect tife basis weight, the
largest amount of fuzz meen aR0 g/nf and500 abrasion cycles, but mdras been foundith
basis weight of 11and 15 g/m It might be perceived as confusion, but opposite trends
depending otthe basis weights have been reported already in the literature. One work stated that
heavier fabrics will generatehigher amount ofuzz when everything elss equal becase they
will tend to have higher values for tenacity and flexural rigidity and lower values for softness
(Peng, Claasen, Van Dun, & Allgeuer, 2008)contrast, another studyreported the opposite
conclwsion(Wang,Gong, Dong, & Porat, 2007). Thus, itrsasonable to have conflicting results
in this work and these quantified values from the proposed method will help, in turn, other

detailed investigations on how fuzz develops according to the physical properties.
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Figure4.4 Volume of fuzz for each sample of 11 g/ri5 g/n%, and 20 g/rh

Most importantly, this method overcomes the critical shortcoming otliwensional
(2D) image analysis in poiitonded nonwoven#®\s mentioned earliegxtracting fuzz or pilling
from a smooth original surface has been strikingly restricted in-pomied materials, but with
this novel methodology, those bonding points are turned into key factors making a thresholding
plane by conecting them. It enablekfferent independent specimens to have a constant baseline
within the same sample, which is beneficial to reliably examine repetitions and reproductions of
data. In addition, because no complex signal processing is requirdtegordtcedures are very
simple, it reduces the time that was required for-thrmensional image processing but retains

the advantage of gravimetric analysis for testing convenience.
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Statistical validity of the proposed measurement methods

Because the meared and experimentalbalculated results by this proposed test method
stem from alternative concepts of existing measurement methodologies, immediate comparison
cannot be made with them. Accordingly, validation tests were carried out through statistical
analysis using twavay ANOVA. The purpose of ANOVA was to ensure the statistical
significance of the average volume of fuzz from the data acquired both under the repeatable and
reproducible conditions. Basis weights and abrasion cycles are the moshappaables that
affectfuzz formation, for which thebservations are expected to be independent from each
other, rejectindghe null hypothesisThe results are shown ireble 4.1. For the lasis weight
effect,anF-value of 307.256 undetherepeatable condition withp-value < 0.0001 and
3.6957 undethereproducible condition witl p-value of 0.0314 ahe5 % level of significance
indicateghat the null hypothesi® ¢~ * A AA O A E A Wédartherefore infer that at
least one level of the basis weightdifferent from each other. In the same way, for the abrasion
cycle effect, arF-value of 2778.308 under the repeatable conditidh ap-value < 00001 and
98.8352 under theeproduciblecondition with gp-value < 0.0001 indicates that the null
hypothesisO ,  can be rejected at the 5 % level of significance. Thus, there is enough
evidence to claim that the variability betweble tibra®mn numbers is found to be statistically
significant. In other words, it is obvious that this developed measurement system can identify
fuzz reliably even with the lower abrasion cycles (i.e., 20 and100), quantifying fuzz in a more
precise fashion.

On theother hand, the interaction hasfwvalue of 309.1499 under the repeatable
condition and 1.7943 under the reproducible condition, correspondingvalae < 0.0001 for

the former only at the 5%vel of significance It can be attributed to the randoass of the fuzz
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formation under the lower abrasion cycles as observed from the flatbed scanned images. Percent
Coefficient of Variation (CV %), which is the ratio of the standard deviation to the mean,
complements howhefuzz formation is scattered by iakg the extent ofhevariability into

account (Everitt, 1998). As shownTble4.2, thevolume of fuzavasaveragedor each grop

of abrasion numbers for each basis weight, shoamgch higher CV % under the reproducible
condtions in a range from 8% to 63%. It indicates htmeasurement methods clearly depict

the fuzz exactly inhesame way it is as presented in the flatssahned images iRigure4.3.

Yet, in the repeated valué®m the same image, the CV% ranged frbfb to 14 % still proving

the credibility of the measurement methtids the same for all the samples; thus, the overall

tendency to increase or decrease is not affected significantly.

Table4.1. ANOVA results of overall dat

. . Different images
Same image (Repeatable condition) (Reproducible condition)
Source DF Sum of F Ratio Prob>F | DF Sum of F Ratio | Prob > F
Squares Squares
Basisweight 2 | 1.964609| 307.4256| <.000L* 2 | 0.611027| 3.6957 | 0.0314*
Abrasion number 4 | 35.50966 | 2778.308 | <.0001* 4 | 32.68212| 98.8352 | <.0001*
. —— .
Basis welgnUADrasion| g | 7.902513 | 300.1499 | <.0001* | 8 |1.186678| 1.7943 | 0.0989
Error 60 | 0.191716| 0.0032 53 | 4.381415| 0.08267
Corrected Total 74 | 45.%85 67 | 40.27432

*The test is statistically significant at the significance level of 5%.

Table4.2. Mean and Coefficients of &fiation forfive Imagesndependently acquired

Number
of Same imaggRepeatable condition) Different images (Reproducible condition)
Abrasion
11 g/n? 15 g/n? 20 g/n? 11 g/n? 15 g/n? 20 g/n?
Mean| CV | Mean| CV | Mean| CV | Mean| CV | Mean| CV | Mean| CV
20 012 | 4% | 0.26 | 4% 0.26 | 9% 015 | 47% | 0.19 | 28% | 0.22 | 8%
100 018 | 2% | 0.30 | 4% 0.22 | 5% 0.28 | 63% | 0.31 | 26% | 0.38 | 59%
200 0.46 | 13% | 0.60 | 5% 040 | 14% | 042 | 10% | 0.63 | 14% | 0.65 | 37%
500 096 | 7% 1.40 | 4% 1.16 | 6% 084 | 19% | 115 | 17% | 1.23 | 17%
1000 145 | 4% 147 | 1% 312 | 5% 172 | 19% | 1.79 | 16% | 2.54 | 26%
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Finding a balance between properties

A possible extension of thistudy would be to assess the optimal properties and
corresponding processing conditions. As mentioned above, increasing strength has negative
impacts on improving softness in the peanding process. With this proposed measwent
method of fuzz, it cacorrelate fuzz as well, which can help to optimize the process to better
understand the driving mechanisms. For instaficeire4.5 plotsthe tensile strength #te
break, the average stiffness value frim@HandleO-Meter, aml the volume of fuzz after 500
abrasion cycles that was measungtth ournovel test method. It is obvious to expect that
materialswith ahigher basis weight will guire more force tbreak and bend and those will
form more fuzz due to more availabledis under the same conditions. As expected, it
demonstrates an increase as the areal weight is increased. In this way, the driving mechanisms
depending on the bonditgmperatures, or the bond geometry can be specifically investigated in

terms of those ppeerties including the fuzz.

®  Volume of Fuzz, #500 abrasion cycle(snm3)

A Maximum Stress, MD (kPa)

1.5~ ® Handle-O-Meter (g) 110.04 220
1.4] o 7957200
1.3F 49.0 71180
1.2} 185 119
11l 18.0 1 140
Lol . 17,5 71120
0.9 % {70 17
0.8+ le5 180
160
0.7T f-o 7
0.0/ — : - - oo Io
11.75 15 20
Basis Weight(g/m?)

Figure4.5 Volume of fuzz after 500 abrasion cyclésnsile strength in MD, and Hanel@
Meter value of 1I75g/m?, 15 g/nt, and 20 g/rh
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Conclusions

Experimental and statisal investigations for quantifying the fuzz in pelmtnded
nonwovens were carried ousing a confocal laser microscope with 3D image analysis. Three
stages of fuzz formation were identified from the higbolution 3D images, and it was
concluded thatiber pullout initiatedirst atthe bridging fibers and then expands to the bond sites
due to the slight difference in thickness from the calendering process.

An alternative 3D image processing system was developed and used, which avoids the
unfavorable dterioration of the bonding points in conventional 2D image processing.
Furthermore, it @arly identifies the lower level of fuzz, its growth, and randomness of shape in
the fuzz at the lower level of abrasion. Statistical analyses were then carriedvenityt its
reliability, showing statistical significance in the data acquired from akelriest method for the
variables basis weight and abrasion numbers.

It would be desirable to study the correlations between the strength, softness, and
tendency tdorm fuzz, including the driving mechanism that accompanies the processing
conditions, sah as the bonding temperature and bond geometry.

The proposed 3D measurement setup was shown to be a reliable test method and thus,
should be introduced as a methddjoantifying fuzz measurements of low basis weight point

bonded nonwovens.
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Chapter 5. Effect of Bonding Temperature on Fuzz Formationin Spunbond

Thermally Point-bonded Nonwovens

Abstract

The influence of calender temperature on fuzz formation of lightweight spdnb
thermallybonded nonwovens has been studied with a polypropylenén@@iycomponent and a
polypropylene/polyethylene (PP/PE) core/sheath bicomponent. Fuzz formation tendency was
found to be associated with the structural integration led by bondingtatuge due to the
degree of polymer melt at the bond regions. Bondingé&sature was found to have a negligible
effect when no structural changes occur. The applicability of-tfirmensional image analysis
showed that the effect of calender temperaburenechanical strength and perception of softness

gave a reasonably goodtdrmination to find a balance with experimental fuzz data.

Introduction

Spunbond thermally bonded nonwovens are widely used in the personal care or hygiene
industry for applicationsuch as cover stock in feminine care or diapers with low areal weight
(i.e. less than 30 gh) consisting of the largest share of demand (Das & Pourdeyhimi, 2014). A
good understanding of mechanisms involved in fuzz formation is of great significance for
interpreting the mechanical properties and perception of softness tigatehe needs for softer
but durable materials has grown. Fuzz is defined as hairy fibers that is pulled out from the fabric
surfaces (ASATM D3990, 2016). It has been widely know/itha initial stage of pilling
formation (Latifi, Kim, & Pourdeyhimi, 2001 which indicates that the understanding of fuzz
has been in the context of pilling formation. Since the advent of synthetic fibers, an experimental
method to evaluate pilling hagén designed to increase the level of abrasion due to their higher

abrasim resistance than that of natural fibers (Brand & Bohmfalk, 1967). This is mostly the case
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of conventional textiles; contrarily, lightweight nonwovens that are used for a muchr shorte
period of time will be significantly impacted by a lower level of almasresulting in fuzz
formation. This not only has negative effects on hand feel, but also impairs the intended
performance in terms of strength, having distorted structures. Howesearch about fuzz itself
on nonwovens pales in comparison with thaiwlpilling on woven or knit fabrics.

Meanwhile, considerable efforts have been made to study mechanical properties and
softness in nonwovens, relating it to the process (PourdeyMiaze, Farukh, & Silberschmidt,
2019). For thermal poirtonded nonwoves) it has been reported that the bonding conditions,
such as temperature and pressure and bonding geometry, determines the final properties of
thermal bonded nonwove(Russell, 2007Kim, Pourdeyhimi, Desai, & Abhiraman, 2001).
However, the tradeffs betveen strength and softness have been widely observed in point
bonded nonwovens, because the bond spots are usuallfBingitj Jangala, & Spruiell, 20R4
Experimental results shothat bonding temperature primarily affects the final properties, while
there is no significant impact of pressure. This is especially true for the low basis weight in that
minimal pressure at the nip to bring about fiteefiber contact is enough (Michmn,

Pourdeyhimi, & Desai, 2005). In general thermal bonding passes thtiougg steps: 1) heating

the web to partially meet the crystalline regions, 2) diffusion of chain segments across the fiber
fiber interface, and 3) subsequent cooling of the welm@aMichielsen, 2002). There are

optimal bonding temperature windows fogiven set of processing conditions. Temperatures
below this window will lead to an undéonded structure, while temperatures above yield-over
bonded, stiff nonwovens (Bhat & Namdiappa, 2013). The optimal point is characterized mainly
by the strengthgppearance, and extensibility characteristics of the bonded fabric

(Dharmadhikary, Gilmore, Davis, & Batra, 1995).
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In addition, bicomponent fibers are extensively used to incomptinatadvantages of
different melting temperatures between two polymersstiy as core and sheath (Bhat &

Malkan, 2002; Kim, Ito, Kikutani, & Okui, 1997). The polymer that constitutes the sheath can
provide characteristics such as appearance and chandt#hermal resistance properties, while
that of the core can provide tdiegproperties such as modulus and strength orsashgs via
incorporation of a lowcost resin (Krishnaswamy & Baird, 2001, p. 403). Notably, if a low
melting temperature sheathreounds a higher melt temperature core, it can improve strength
and softess at the same time (Srinivasan & Kathirvelu, 2006).

Nevertheless, correlations and interpretation to fuzz formation have not been fully
discovered yet. Even though there have lstmpts to study fuzz in nonwovens, an accurate
measurement of fuzz forrden the lightweight poiAbonded nonwovens has remained a
challenging task over the years. This is because of their randomness in appearance compared to
regular round shaped pillirmnd the existence of bonding points that hamper precise extraction
of fuzz information from the surface of fabrics. Previously, we reported the-dimreensional
(3D) image processing system that quantifies fuzz reliably with images acquired from akonfoc
laser scanning microscope. In this study, the same measurement systeeeh applied to

evaluate the impact of calender fgenature on fuzz formation.

Experimental

Materials

For this experiment, polypropylene (PP 3155, ExxonMobil) and polyethylene
(ASPUNTM 6850A, Dow Chemical Company) were used. Some of the basic fedrthese

polymers are listed ifiable5.1.
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Table5.1. Properties and suppliers of polymers

Polymer Trade Name/ Supblier '\gilitr':g Melt Flow Rate Density
(Abbr eviation) Grade bp 0) (g/10min) 2 (glcm?) @
po'y‘zg’FE’)y lene PP3155 ExxonMobil | 140170 | 36 (230°C/2.16kg) |  0.900
polyethylene | Aspun 6850A| Dow Chemical | 131 | 30 (190°C/2.16kg) | 0.955

(PE)

aValues werenbtained from corresponding polymer data sheets supplied by the producer.

Web Formation and Thermal Bonding Process

A bicomponent core/sheath (90/10) PP/PE spunbond and polypropylene (PP)
homocomponent spunbond of 11.75 ¢/t g/nt, and 20 g/rhwere prepared at the Nonwovens
Institute at North Carolina State University (NC State University, Raleigh, NC, USA) with the
Pilot Spunbond line. Overall, throughput was adjusted to 180 kg/hr both for the PP
homocomponent and the bicomponent. Fibers \aemched with quenchers on either side, and
the quench air temperature was°B0Screw pressures ftwoth extruders were adjigsl to 7.6
MPa. Processing temperatures for elacmedwebsare listed inTable5.2. Wels were
consolidated (prdonded) in some manner immediately as they were produced. Then, finally,
thermal point bonding proceeded at the Fiber Visions, Inc. (Covington, CA). A diamond bond
patern was used, having 24.5 % of the bond area at differenetatnpe ranges from 13C to
142°C for the homocomponent and 122 °C to 134 °C for the bicomponent.

The sample abbreviation in the Result section will be followed by the bond pattern name
ard bond temperature. For example, a 20°dilomocomponent bonded 134 °C will be shown

as 6bHL2304 6 .
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Table5.2. Processing conditions for the production of nonwoven samples

Target Polymer C/S Ratio Processing and Bonding Conditions
Web | Basis . Initial Final
No ) . Throughput| Line . .
ID Weight Core | Sheathl core | Sheath Target Cabin total Speed Bonding | Bonding
(g/md) Pressure (Pa) (kg/hn) (m/min.) temp temp
' G G
1 | H11 | 1175 | PP - 100 | - 2000 180 240 110 130,
2 H15 15 PP - 100 - 2000 180 188 110 gg
3 | H20| 20 PP - 100 | - 2000 180 141 110 142
4 | B11 | 1175 | PP | PE | 90 | 10 2000 180 220 110 122,
5 B15 15 PP PE 90 10 2000 180 186 110 1%8
6 | B20 | 20 PP | PE | 90 10 2000 180 143 110 134

Fuzzquantification

Laboratory fuzz formatiariFuzz was generated according to ASDMI970 using a
Martindale 2000 Abrasion Tester (ASTM D4970, 2016). Specimens with a 38.0mm diameter
were placed on a sample holder, and the face sides were abraltiditectionally onto the
standard felt abradant. To evaluate the mechanisms, the testneagted for a given number
of cycles (20, 100, 200, 500, and 1000) under a controlled weight and pressure at standard
atmosphere conditions of 21 £ 1 °C and 65% RH.

Image acquisitionA single-point laser confocal microscope, Keyence-XK100, was
utilized to acquire the images and to develop a new fuzz measurement system with tkéléulti
Analyzer software. This microscope obtains images with a large defigd that is in focus
across the entire screen and detects the finest details in thke sfrape data. Images were
acquired from both a conventional optimal system and from laser scanning, in which light
emitted from the laser source is focused ah&osample and scans the area within the field of
view (3 mm x 3 mm). By dividing this fielohto 1024 x 768 pixels (786,432 data points in total),
the photoreceptor detects the reflected light at each pixel. Then, the device reads the intensity of

each Zposition for each of them to determine the maximum intensity. Five independent images
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of theright upper, left upper, left bottom, and right bottom were acquired utilizing the same
process for each specimen.

Image processing and fuzz detectibhe newimage processing for quantifying the fuzz
consists of two simple steps: (1) leveling and refeegplane setip and (2) volume
measurement above the thresholding pking, by connecting the height of each bonding point
in the acquired image, the refecerplane is setup, and possible contortions that may come from
an uneven surface at the bottane flattened. This is the most important point that compensates
for the shortcoming of poidtonded nonwovens itheimage analysis. Rather, it uses the bond
sites to have a constant thresholding plane throughout the speciutiedsferent abrasion
numkers.Then, the volume of each fiber above the thresholding plane is calculated for each test
sample, averaging the volume of fieam five spots on each specimdo make a visual
comparison, a flatbed scanner was also used to observe the overall changegppearance of

each specimen.

Physical, mechanical, and optical properties

The mass per unit area was measured according to ASTM D 309&8Ma standares$t
method for mass per unit area (weight) of fabric, option C, using a small swatch of fabric.
Measurements were taken for five randomly selected samples (ASTM D 3776, 2017).

Tensile tests were performed using MTS criterion both in the machine dir@di®n
and cross direction (CD) according to the ASTM D 5035 (ASTAM D5035, 2015). Sample strips
of 25 + 1 mm width were prepared and tested at a gauge length of 75+ 1 mm and at 300 + 1
mm/min and five specimens were tested per sample. The strain at\feakiraeasured as
percent elongation, the tensile strength was recorded, and the maximum e malized by

the actual basis weight for each one.
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The HandleO-Meter is a commercially available apparatus from the Thudiiogrt
Company. The Handl®-Meterme asur es fhandl edo which consider
stiffness or bendability and surfaftestion of sheeted materials like nonwovens (Degroot et al.,
2018). Conditions for evaluation were according to the ASTM D 6828a single piece 4 inch
by 4inch sample was evaluated using a 100 g beam assembly and a 5 mm slot width (ASTM D
6828,201». The fabric is pushed into the slot by
the fabric exerts on the beam as it is pushed into the slot. Lowdebamadlies indicate softer
and more drapable fabrics.

Scanning electron microscopy (SEM), Rbm Pro X, was used to look at bonding sites,
averaging values from twenty different fibers of each nonwoven. Also, confocal laser

microscopy was used to findeliracture point after tensile tests.

Results and Discussion

Volume of fuzz

The measured and parimentally determined amount of fuzz for the PP homocomponent
are presented iRigure5.1. The volume of fuzz for each abrasion number is plotted as a function
of bonding temperature, and each bar in different shades presesgketive abrasion cycles
within the same bonding temperature. Regardless of basis weight, tmeumaamount of fuzz
at 1000 abrasion cycles is the greatest at the lowest temperature, 130 °C, which decreases as the
bonding temperature increases. At thést temperature, the most rapid increase rate is also
observed reaching out to 1000 abrasioneyajradually decreasing as bonding temperatures
increase. These trends correspond visually well with the scanned imagdsab.3, showing

representative images 20 g/nf nonwovens.
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Figure5.1 Volume of fuzz on a PP homocomponent for (a) 14/M%, (b) 15 g/m?, and(c) 20
g/m?, showing an increase as the abrasion numbers in@edsedecrease as thending

temperature increases.

Table5.3. Flatbed scanneithages after abrasion numbers of 100, 200 500, and 1000 for 20
g/m? PP homocomponent bonded at 130 °C #$280), 134 °C (H2®134), 138 °C (H20

b138), and142 °C (H126b142).

Abrasion No.

Sample ID

H20-b130

H20-b134

H20-b138

H20-b142

100

200

500

1000
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For thecomposite of the PP/PE bicomponent, the volume of fuzz from the novel test

methodand representative accompanied flatbed scanned images are shoguré®.2 and

Table5.4.
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Figure5.2 Volume of fuzz on a PPEbicomponent ford) 11.7 g/n?, (b) 15 g/m?, and(c) 20

g/m?P.

Table5.4. Flatbed scanned images afédarasion cycles of 100, 200 500, and 1000 for 2¢ g/m
PP/PE bicomponent bonded at 122 °C (#2@2), 126 °C (B2®126), 130 °GB20-b130), and

134 °C (B26b134).

AbrasionNo

Sample ID

B20-b122

B20-b126

B20-b130

B20-b134

100

200

500 1000
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Contrary to the PP homocomponent, no significant differences were observed either
depending on bondingrtgeratures or abrasion cycles. Modume of fuzz of the bicomponent
structures are somewhat greater compared with that of PP homocomponent. For example, the
average value of fuzz of 11.75 ¢fat 130 °C for the PP homocomponent is approximately 50 %
large than that of the PP/PE bicompohbonded at 122 °C. This is likely because of stiffness
that can reduce intdiber friction and bending rigidity, resulting in an increased tendency to

form fuzz (Latifi & Kim, 2001).

Handle-O-Meter values

The averagstiffness values in gramesultingfrom the HandleD-Meter tests are
presented ifrigure5.3, which implies the perception of softness. Even though softness is a
descriptive and subjective term that huts&an detect in fabric glityy, measures are available
to describe the material s softness it in a m
Il n physics and engineering, the most basic me
of the force applied to thebgect and the amount of resulting deformation in the direction of the
applied force (Tiest & Kappers, 2014). In both cases of the PP homocomponent and PP/PE
bicomponent in this experiment, overall stiffness values graduallyaiseras presentedkingure
5.3. A reduction in fuzz values in the PP homocomponent versus the constant high level of fuzz
in the PP/PE bicomponent in turn requires further explanation for mechanisms of fuzz formation

sinceboth reveal the same behavior iiffsess.
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Bond Area 24.5 %
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Figure5.3 Aaverage stiffness valuesults from thédandle O-Meter test fothe PP
homocomponent (solid line), and PP/PE bicomponent (dotted line).

The under-bonded vs. well/ovelbonded structues

Stressstrain curves and SEM images provide valuable information about the structural
changes led by bonding temperature, which plays a critical role in determining théoanded
or the well/oveibonded. Firs from 130 °C to 134 °CHigureb5.4), the load transfer of the PP
homocomponent continuously takes place after the maximum strength, which indicates an under
bonded sticture (Michielsen, Pourdeyhimi, & Desai, 2005). Beyond this, the clear breaking

point is observed fror38 °C to 142 °C, indicating no further load transfer is made through

fibers after breakage.
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Bond area 24.5 %
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Figure5.4 Stressstrain curvan machine directioior PP homocomponent bonded at four
different temperature¢a) 11g/n?, (b) 15g/n?, (c) 20g/n?, and (d) maximum stress in machine
direction for 11, 15, and 2§/n?.

Moreover, fracture points after tensile tests were captured using a confocal laser scanning
microscope, which confirms the degree of bonding as/sho Figure5.5 with the
representative image of a 15 glhomocomponent. In the case of fabrics bonded at 130 °C,
disintegration of bond sites occurs inside the individual bond spots due to a lackgthstmen
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the bond area. Qe contrary, if the nonwovens are well bonded, more strength will be required
to break the bond sites. Consequently, fractures happen throughout bridging fibers, or clear
breakage is observed when the bond spots are engagedatitutieerather than fier separation

on the bond area. These well visualized phenomena corresponded to many experimental results

(Chand, Bhat, Spruiell, & Malkan, 2002).

2N

U S 8
= ' 300pm
™S "

Figure5.5 SEM images of brockesip e c i me n 0 s pointsanarked in eed diter tentsile
test for a 15 g/fPP homocomponent bonded at (a) 130 °C and at (b) 142 °C.

Finally, SEM results complement these findings concerning the status of bonding to see if
there is enough polymer melh the bond sites. Whehe webs are bonded at lower than optimal
temperature conditions, fiber edges remain obvious due to insufficient polymer melt between the
fibers, while the wetbonded structure shows more integrated ddge fibers at the borbint
(Warner, 1989). Repsentative bond areas for PP fabric are shbigare5.6, which confirms
underbonding at 130 °C and well/oweonding at 142C. Likewise, the degree of fibeo-fiber
fusion in the bonding spots determine the fstaéngth of the bond and ultimate properties of the

fabric.
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Figure5.6 SEM images of bond spots for a 15 §Phomocomponent bonded at (a) 130 °C
and at (b) 142 °C

On the contrary, upon incorporatiagPE sheath, no significant changes in tensile
strength and failure behaviors are observed for those PP/PE biocompamfenirations
(Figureb.7). Although, still a hypothesis, such results observed in our 10 wt % of PE sheath
sanples point out that the lack of polymer melt plays a key role in making integration on the
bond spots compared to those reported in the literature. A PE sheath is elktessigenot only
to improve softness, but also to incorporate the advantageifevédt melting temperatures, but
it is found to have about 30 %, or more than 50 % (Wang, Jin, Mao, & Russell, 2010). Therefore,
although the nonwoven structures are ggtstiffer, it cannot be directly linked to fuzz
formation. Instead, the degree tbanding has been changed can reasonably provide us with

more explanation to understand the tendency to form fuzz.
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Figure5.7 Stressstrain curveof PP/PE bicomponent ithe machine direction(a) 11g/m?, (b)
15g/n?, (c) 20g/n?, and (d) maximum stress in machine direction of 11, 15/89
bicomponen

It is obvious that a PP homocomponent is largely affected by thgiogaralender
temperatures, which plays role in their status of bonding. Givethghatgions where the
debonding occurs can infer structural property, two distinctive mechanisms depending on the
bonding temperature can also be found to graph fuzz fmmd&epresentative images from the
confocal laser microscope of PP 20 §bondedat 130 °C and 142 °C after abrasion are shown

in Figure 10. Nonwovens, being undmnded, exhibited disintegration on bond sites even after
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200 cycles of abrasiofrigure5.8a). Severe fiber pulbuts across the surface, removihg

boundary between individual bond sites, are observed. Based on the degree of bonding, this rapid
pullout offibers is attributed to the weak integration on bond spots, having a lack of ability to

hold the nonwoven structure and endure against abra$tovever, no critical structural

deformation is observed at 142 °Eldure5.8b). As abrasion numbers increase up to a 1000, the
tight integration of fibers is preserved at the bond sites despite the fiber entanglements. In this
case, fibers are pulled out from the bridging fibers and accumulated, which also are confirmed by

the sepration in the bondree area.

abrasion #200 abrasion #1000

g

" 500 pm

Figure5.8 Confocal laser scanned images of 200, 1000 abrasion é¢gcle0 g/m PP
homocomponent bonded at (a) 130 °C and at (b) 142 °C.

Two points need to be made here: firstly, the welhded structure typically hinders fuzz
formation and, secondly, one of the key driving forces for successful control of fuzz farisatio
to achieve suitable structures with proper processing conditi@esdlender temperature.
Optimal bonding temperature makes the nonwoven structuresomelfdonded which in turn

is expected to result in enhanced fiber adhesion and reduce hraten. Furthermore, as far
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as the PP/PE bicomponent in this papes,dffective control of structures should be preceded.
To maximize the advantage of PE for softness, bonding temperature needs to be carefully

considered.

Finding a balance between pperties

From the understanding of fuzz formation in a quantitative erawrth the driving
mechanism depending on the structural changes, a balance between other properties such as
softness and strength can be found. To be specific, unlike theomttbled fuzz formation for
a PP homocomponent at 142 °C, the maximum dtineaigoreak is lower than that of 138 °C as
presented in thEigure5.4. This not only emphasizes that the simple correlations between
properties need to be aded, bu also points out the significance of finding optimal conditions
to achieve required performance. For instance, proper bonding conditions to improve softness
and retain mechanical strength, while minimizing fuzz, can be determined to be 138si@goy u

thegraph inFigure5.9.
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Figure5.9 Volume of fuzz after 500 abrasion cycléssile strength in MD, and Hanel@
Meter value of 1smas a function of bonding temperatimea range from 130 °C to 142 °C.
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Conclusion

PP homocomponent and PP/PE (90/10, c/s) bicomponent spunbond webs followed by
thermally pointbonded nonwovens wepgepared. Fuzz formation and growth in the lightweight
nonwovens were quantified using a cargblaser scanning microscope with 3D image analysis
setup, and its mechanisms are verified with further understanding of the structure dominantly
determined byhe bonding process. Average amount of fuzz of a PP homocomponent was found
to be reduced ab¢ structures are well/oveonded, while that of the bicomponent composite
nonwovens were found to be insignificant for having no structural changes caubked by t
bonding process. This result was further confirmed by the tensile properties, obsened by th
failure mode and polymer melt at the bond spot.

The tendency to form fuzz for lightweight spunbond thermally ploamded nonwovens
is determined by the striwral integration achieved by the bonding conditions of temperature in
this paper. Although, thdegree of bonding affects other properties such as mechanical strength
and softness, those properties cannot be used to explain fuzz formation. Moreoger, if th
composition is not favorable to be optimally bonded, the control of fuzz formation woube not
possible, as seen in the case of the 90/10 core/sheath PP/PE bicomponent in this report.

It would be desirable to study the impact of bond geometry, suabnasarea and bond
pattern, using the proposed measurement methods. From our observatiomaiftapiding
temperature and composite, we could expect to improve the control of fuzz formation, breaking

strength, and softness.
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Chapter 6. Effect of Bond Patterns onFuzz Formation in Spunbond

Thermally Point-bonded Nonwovens

Abstract

The influence of bond piern on fuzZormation of lightweight spunbond thermally
bonded nonwovens has been studied with a polypropylene (PP) homocomponent and a
polypropylene/polyethgne (PP/PE) core/sheath bicomponent. Engraved calender patterns
varied in percent bond area,nabpoint concentration, and their shape and pattern. The fuzz
formation tendency was found to be more associated with the arrangement of single bond
patterns rdter than the overall surface bond area. In the 90/10 PP/PE core/sheath bicomponent,
the calendepattern was found to have a negligible effect becausatigfactory bond is
achieved. The applicability of threkmensional image analysis showed that fifiece of
calender patterns on the mechanical strength and perception of softness gave blyegsutha

determination to find a balance with experimental fuzz data.

Introduction

Fuzz is defined as tangled fiber ends that protrude from the surface ofa yaioric
(ASATM D485Q 2017). Because it is regarded as the prelimirgage of pilling formation
(Latifi, Kim, & Pourdeyhimi, 2001)fuzz initiates from the lower abrasion level including the
number of rotations and applied forces. In spunbond therinafided nonwovens, which are the
most widely used in the personal care or hygiene industapfolications such as cover stock in
feminine care or diapers representing the largest share -afsen@ good understanding of the
mechanisms involved in fuZermation is of great importance for interpreting the mechanical

properties and perception afffness.
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Because the need for a softer hand feel has been driving down the weight of the
nonwovenso structur e, oldotdednitisvdl establishédrithatthet e nd s
thermal bonding process can control the degree of strength andsstifapending on the degree
of bonding.For thermal poinrbonded nonwovens, it has been reported that the bonding
conditions, such as the temperature and presand the bonding geometry determines the final
properties of thermal bonded nonwovens (RUis2807; Kim, Pourdeyhimi, Desai, &

Abhiraman, 2001)However, the tradeffs between strength and softness have been widely
observed in poirbonded nonwovensecause the bond spots are usually riBigat, Jangala, &
Spruiell, 2004.

Bond patterns arexpected to contribute to conflicting properties between softness,
strength, and fuzz formation since the baitdsare usually rigid. Although some attempts/ba
been made to address the impact of bond patterns, many works in the literature haveofocused
the overall bond area as a major factor. Also, many studies addressed the effect of bond area on
the mechanical properties such as breaking stress, elongaboeak, and/or flexural rigidity
(Smith, Ogale, Maugans, Walsh, & Patel, 2003). Howeverenstahding the effect of bond
areas is crucial not only for the ascertaining the mechanical properties but also for the fuzz
formation. Our previous work revedléwo key findings, as shown in thkégure6.1: 1) fuzz
initiates on lhe bondfree area due to the height difference between the bond sites and the bond
free area, and 2nce individual bond sites are brokérgccelerates. This is due the height
difference caused by the poindbnding process. As seenkigure6.2, when the unbonded webs
are passed through the engraved calender pattern, bonditg preissurized the webs, making

the bond area much thinner than the béred area even at micrdavel scale
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(a) bond area (b) bond-free area

Figure6.1 Schematic crossection of spunbond poHsionded nonwovenspecifying (a) bond
area and (b) bonftee area. (1) Fuzz initiates on the bdrek area and (2) it expands to the
region between the bond and befnee areas, (3) whichrfally gets inside the bond sites.

Sample ID: H20 b138

Figure6.2 Height differences between bond area and Hoeel areas.

Therefore, a better understanding of bond patterns with more detailed parameters such as
bond iape and size is required to correlate and interpret how they affect fuzz formation. In this
study, he same measurement system has been applied to evaluate the impact of bonapatterns

fuzz formation which is related to the mechanical properties aifftiass value.
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Experimental

Materials

For this experiment, polypropylene (PP 3155, ExxonMobil) @wigethylene
(ASPUNTM 6850A, Dow Chemical Company) were used. Some of the basic properties of these

polymers are listed imable6.1.

Table6.1. Properties and suppliers of polymased

Polymer Trade Name/ Subplier '\gilitr':g Melt Flow Rate Density
(Abbreviation) Grade PP 0) (g/10min) 2 (glcm?) @
po'y‘zg’g,’)y lene PP3155 ExxonMobil | 140170 | 36 (230°C/2.16kg) |  0.900

po'y(’al:fg'e”e ASPUN 6850A| Dow Chemical 131 30 (190°C/2.16kg) 0.955

aValues were obtained from corresponding polymer data sheets supplied by the producer.

Web Formation

A bicomponent core/sheath (90/10) PP&pEnbond angolypropylene (PP)
homocomponent spunbond of 11.75 §/tb g/nt, and 20 g/rhwere prepared at the Nonwovens
Institute at North Carolina State University (NC State University, Raleigh, NC, USA) with the
Pilot Spunbond line. Overall, throughtpivas adjustto 180 kg/hr both for the PP

homocomponent and the bicomponent.

Thermal Bonding Process

Thermal point bonding proceeded under controlled temperature and pressure at the Fiber
Visions, Inc. (Covington, CA) with four different bond areass@®mmarizedn Table6.2. Under
the pressure of 27 N/m and speed of 13 m/imamding temperatas were set as 138 and 130

°C for homocomponent and bicomponent, respectively.
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The sample abbreviation in the Result section velfdilowed by the bond pattern name
and bond temperature. For example, a 20 gdomocomponent bonded at 134 °C will be shown

a s 6bHL23Mrdcessing maperatures for each formed webs are listeBable6.3.

Table6.2. Characteristics of bond patterased

Bond Patterns

Bond Pattern Abbreviation a b c d

cD

o

% bond area 28.7 24.5 14.6 7
Shape Diamond Diamond Diamond Circular
Number of Protrusions per sqg.cm 57 134 58 32

Table6.3. Processing conditions for the productiomohwoven samples

Polymer C/S Ratio Processing and Bonding Conditions
Target
Basis i
No YI\DIEb Weight Ezrgi?t Line Initial Bgrl1nd?rl1 Bond
(g/m Core | Sheath| Core | Sheath = Speed Bonding 9
2) ressure (m/min) | temp (°C) temp Pattern
(Pa) C)
1 | H11 11.75 PP - 100 - 2000 240 110
2 | H15 15 PP - 100 - 2000 188 110 138
3 | H20 20 PP - 100 - 2000 141 110 E’
4 | B11 11.75 PP PE 90 10 2000 220 110 3
5 | B15 15 PP PE 90 10 2000 186 110 130
6 | B20 20 PP PE 90 10 2000 143 110

Fuzz quantification

Laboratory fuzz formatiariFuzz was generated according to ASTM D4970 using a

Martindale 2000 Abrasion Tester (ASTM D4970, 2016). Specimens with em88dlameter

were placed on a sample holder, &melface sides were abraded multidirectionally onto the
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standard felt abradant. To evaluate the mechanisms, the test was conducted for a given number
of cycles (20, 100, 200, 500, and 1000) under a contraleght and pressure at standard
atmosphere catitions of 21 + 1 °C and 65 + 2 % RH.

Image acquisitionA single-point laser confocal microscope, Keyence-XK100, was
utilized to acquire the images and to develop a new fuzz measurement system withtitir@dVul
Analyzer software. This microscope obgimages with a large depth of field that is in focus
across the entire screen and detects the finest details in the sample shape data. Images were
acquired from both a conventional optimal system and fem®rlscanning, in which light
emitted from theaser source is focused onto the sample and scans the area within the field of
view (3 mm x 3 mm). By dividing this field into 1024 x 768 pixels (786,432 data points in total),
the photoreceptor detects théaeted light at each pixel. Then, the devieads the intensity of
each Z position for each of them to determine the maximum intensity. Five independent images
of the right upper, left upper, left bottom, and right bottom were acquired utilizing tlee sam
process for each specimen.

Image processingral fuzz detectiorThe new image processing for quantifying the fuzz
consists of two simple steps: (1) leveling and reference plangpsatd (2) volume
measurement above the thresholding pking, by conecting the height of each bonding point
in theacquired image, the reference plane is setup, and possible contortions that may come from
an uneven surface at the bottom are flattened. This is the most important point that compensates
for the shortcoming gbointbonded nonwovens iieimage analysisRather, it uses the bond
sites to have a constant thresholding plane throughout the speeutiedgferent abrasion
numbersThen, the volume of each fiber above the thresholding plane is calculated feestach

sample, averaging the volume of fuieam five spots on each specimédro make a visual
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comparison, a flatbed scanner was also used to observe the overall changes in the appearance of

each specimen.

Physical, mechanical, and optical properties

The mass per unit area was measured according tavAB3776M-09a, a standard test
method for mass per unit area (weight) of fabric, option C, using a small swatch of fabric.
Measurements were taken for five randomly selected samples (ASTM D3776, 2017).

Tensiletests were performed using MTS criterion bioithe machine direction (MD)
and cross direction (CD) according to the ASTM D 5035 (ASTAM D5035, 2015). Sample strips
of 25 £ 1 mm width were prepared and tested at a gauge length of 75+ 1 mm and at 300 £ 1
mm/min and five specimens were tested per sanipie strain at failure was measured as
percent elongation, the tensile strength was recorded, and the maximum force was normalized by
the actual basis weight for each one.

The HandleO-Meter is a commerciaflavailable apparatus from the ThwiAdpert
Company. The Handi®-Met er measures fAhandl ed which consi
stiffness or bendability and surface friction of sheeted materials like nonwovens (Degroot et al.,
2018). Conditions for evaation were according to the ASTM D 68ZR: asingle piece 4 inch
by 4 inch sample was evaluated using a 100 g beam assembly and a 5 mm slot width (ASTM D
6828, 2015). The fabric is pushed into the sl
the fabric exerts on the beam as it is pusheathe slot. Lower handles values indicate softer
and more drapable fabrics.

Scanning electron microscopy (SEM), Phenom Pro X, was used to look at bonding sites,
averaging values from twenty different fiseof each nonwoven. Also, confocal laser

microscopy was used toeasure the borid-bond distance.
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Results andDiscussion

Effect of Bond Areaon fuzz formation

The measured and experimentally determined amounts of fuzz for the PP
homocomponent are presed inFigure6.3. The voume of fuzz for each abrasion number is
plotted as a function of bonding area, or pattern, and each bar in different shades presents the
respective abrasion cycles within the same bonding temperaturediRRegaf basis weight,
samples bonded with pattesrshowed the largest amount of fuzz at 1000 abrasion cycles as well
as the rapidest fuzz growth rate. That was even higher than pattern d, which has the smallest
bond area. On the other hand, we found foed pattern b f all basis weights most effedyive
controlled the fuzz formation both in terms of the maximum amount of fuzz and the fuzz growth
rate. The results showed better fuzz resistance than that of paiféesa.trends correspond
visually wel with the scanned imag@s Figure6.4, showing representative images ofg&in

nonwovens.
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Figure6.3 Volume of fuzz on a PP homocomponent for (a) 11.75 gsm, (b) 15ay&h{c) P
gsm, grouped by bond area.
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a pattern (28.7 %) b pattern (24.5 %)

Abrasion #500 | Ab RRE¥T000

Figure6.4 Flatbed scanned images after abrasion cycles of 500 and 1000 for the 20 gsm PP
homocomponenwith bond pattern of a, b, ¢, and d.

In fact,nonwovens having highéond area were expected to form the least amount of
fuzz when other processing conditionseened the samé&his is becausd is known that the
fabric strength is determined Hyet extenbdf fiber diffusion on the bond sites. When more fibers
arephysially entangledhrough the calendering, the fabric strength is increased and,
accordingly, faz levels can be reduced. These mechanisms were confirmed from our previous
work exploring the impact of bonding temperature.

However, the finding thatthelalgg b ond area O6ad series (28.
a greater amount of fuzz thanthatofbd pattern o6bdé (24.5 %) was ¢cC
addition, stiffness value of pattern a was also approximated to have the highest results, but
pattern bexhibits higher values in HOM for 15 gsm and 20 gsm, as showigume6.5. More
intriguingly, although pattern d (7 % bond area) has a somewhat smaller stiffness value than that

of pattern ¢ (14.7 %), it restricts fuzz formatioetterthan pattern c. Thus, better
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understanding of the bond patterns with proper parameters besides the percentage ®nd area

required to address their impact on fuzz formation and related properties.

Bond temp. 138 °C
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Figure6.5 HandleO-Meter (HOM) values of homocomponent samples

Based on previous works that correlate the fuzz formation and the degree of bonding, we
assumed that whether the structure is whderded or well/ovebonded can givas a clue to
undestand underlying mechanisms. Although this assumption turns out to be valid for the
bonding temperature, this may not be the case with the bond pattern. To be specific, from the
stressstrain curves shown iRigure6.6, H11-c138, H26c138, and H2@l138 are regarded as the
underbonded, showing a long tail in the stregsisain curve. Except for those four casebeo
samples were found twe all well/overbonded. Accordingly, the tensile behavior does not show

a clea trend to understand the fuzz formation with bond patterns.

91



e H1 1 2138MD e H15 2138 MDY e H20 2138 M1}

14 s H11 b138 MD 14+ s H15 b 138 MD 14+ s H20 b 138 MDD

—H20 c138 MID)
s H20 A 138 MD

— 11 138 VD — 15 138 VD
2r  H11 d138 MD 2 e H1S 138 MD 1

Stress (kPa)
Stress (kPa)
Stress (kPa)

o 20 a0 60 80 100 o 20 a0 60 80 100 o 20 40 60 80 100
Strain (%) Strain (%) Strain (%)

() (b) (c)

Figure6.6 Stressstrain curves for PP homocomponent sampbdsl1.75, (b) 15, and (c) 20
gsm

Focusing on how the fuzz is formed, an impotfaarameter to take into account is the
fiber-fiber friction, which primarily occurs on the bofficce area, as discussed earlier. In terms of
where the abrasion is first apgdi upon fuzz formation, a more detailed description of bond
patterns was made sAar as we know, no previous research has investigated thedsbodd

distance in detail, and we tried to consider all possible parameters to elaborate those areas.

Distancebetween individual bondites

Table6.4 summarizes th measured specifications for each bond area. Using images
acquired from SEM and laser confocal scanning microscopy, the distance between individual
bond spots has been measurechult-d i r ect i ons. We observe that b
distance betwee each bond spot in every direction con
bondfree area accelerates the fuzz formation, allowing the fibers to have enough space to abrade
each other, which leads to the largest amount of fuzz at the highest abnadies Elowever, we
may not be able to explain how bond pattern 0
formation. For example, the centercenter distance islongerinmatt n 6 d6 t han i n p:

which might provide more space to be abraded, pse cul at ed i n bond patter

92



Table6.4. Measured bondo-bond distance of four patterns

Bond Pattern
a b c d
Measured Values
cD
MD|
Schematic view of bond sites
% bond area 28.7 24.5 14.6 7
Shape Diamond Diamond Diamond Circular
Number of protrusions per sq.cm 57 134 58 32
Protrusion greatest measurable length L in mm 0.7 0.53 0.45 0.7
Protrusion greatestmeasurable width W in mm 1.18 0.53 0.92 0.7
Area of individual bond (mm?) 0.41 0.14 0.21 0.38
MD, center-to-center distance (mm) 1.28 1.18 2.18 2.59
CD, centerto-center distance (mm) 1.91 1.16 1.52 2.53
Nelghborlng, centefto—center distance, 1.5 0.84 133 181
diagonal right (mm)
Nelghborlng, centerto-center distance, 1.5 0.80 132 182
diagonal left (mm)

6Bofhdee tunnel so

This phenomenon cannot be simply interpreted using the distance between two bond

spots. In addition to the distance between single bond sites, it would be important to examine

how effectivelythose bondgrevent fuzz formation in the nonwovens at the falevel. From

this point of view, it is suspected that this may be due to the arrangement of bond patterns.

|l nspired by the fi

shown in the stresstrain curve, we found thatdividual bond pattern b is the most effectively

ndi ng

t hat

O0bod

patt em@m

packed in the CD. Given that the abrasion applied to the fuzz formation has no preferred

directions between the MD and CD, the finding that bond patteamtsols fuzz formation very

effectively can alsodattributed to it having the most condenaadngement of the bond

pattern in line with the CD. Bond pattern d also has &agbond site arrangement, which

could contribute to fuzz control even witthaving the lowest bond area.
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On the contrary, ashown inFigure6.7, complete bondree paths were found in bond
patterngaband@d i n | i ne with the CD.-fredmnnelsewhelraret o t he
exposed to thaonbond area across a particular direction. This open space was found for pattern
6cd with wider area, followed by patteten 06ad.
bond distance, whet he rfreedtimee | bsodn alosignditasttte rcns hav e

contribute to the fuzz formation.

I” (bond-free paths)

vond-free paths)

Figure6.7 Conf oc al | aser microscopy I mages Wwith me
present-Er ae 6 b o nepaths)whitheantdbdes to a higher amount of fuzz
compared to pattern 0cd6 and 06do6, re
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Balance between mechanical properties and HOM values

From the understanding of fuzz formation in a quantitative manner with the underlying
mechanism depending d¢ime bond areand the arrangements of bond spots, the balance among
other properties such as softness and strength can be examiRiggire6.8, the volume of fuzz
at 100 abrasion cycles, the maximum stress in the machine direction, and ‘@akidieer
(HOM) values are denoted with black square symbols, red triangles, and blue round shapes,
respectively. To be specific, the PP homocompowghtpattern kcan be a goodption,
showing welcontrolled fuzz formation and the highest tensile stitengowever, considering
the stiffness value, which is higher than others, bond pattermpatternd, can be possible
options as well. This not only emphasizes that simpleladions between properties should be
avoided, but also points out the siggance of finding optimal conditions to achieve intended

performance.

~-m-- Volume of Fuzz, #100 (mm?®) 20 gsm, Bond temp. 138 °C
-4 Maximum Stress, MD (kPa)

4 - @ Handle-O-Meter (g) -14 5220
115 1200
s 1 4180
&‘ By 110 |
2t o % { 4160
""" | P
4 140
s ‘ 16 4120
o ! |
1 1 1 - 1 - 100
a (28.7) b (24.5) ¢ (14.6) d(7)

Bond Pattern (% area)

Figure6.8 Volume of fuzz afted00 abrasion cyclesensile strength in MD, and Hanel&
Meter(HOM) value of20gsmas a function bfour different bond patterns and area.
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Bicomponent

For the composite of th@0/10core/sheat?P/PE bicomponent, the volume of fuzz from

the novel tesinethodof three basisveightsareshown inFigure6.9. Contrary to the PP

homocomponent, no significant differences were observed either dependingdpatterns and

abrasion cycle Regardless of basigeightsand bond patterst can be attributed tow ratio of

PE Enough bonding strength has not beemievedwith the conposition of 90 PP and 10 RE

observed from the stressrain curvein Figure6.9. In the same manner of opreviouswork

(Chapter %, it needs to increase the ratibPE sheath that involves in paher diffusion to

achieveproperbonding.
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Conclusion

Our study of the impacts of various calender patterns on fuzz formation demonstrates that
the measured fuzz amount on the nonwovens is affected by various factors. The average amount
of fuzz d a PP homocomponent was found to be reducezhwitne bond patterns are well
organized without entire borfdee paths, having minimum botto-bond distance and proper
bond area. Although the degree of bonding, which is reflected by the maximum stresdk at br
and the stresstrain curves, is known tdgy a key role in fuzz resistanae general, a more
thorough investigation is required to understand the role of bond patterns in fuzz formation.

From the calculated amount of fuzz, we could also expeatdoofptimum processing

conditions, balanced amgriuzz formation, breaking strength, and softness.

97



Chapter 7. The Effect of Additives on Fuzz Formation and Bonding Quality

of Spunbond Thermally Pointbonded Nonwovens

Abstract

The influence of the softener tempeirat on the fuzz formation of lightweight spumioo
thermallybonded nonwovens was investigated with a polypropylene (PP) homocomponent: a
blend of PP with propylerethylene random copolymers (RCPs) and polyalphaolefin (PAO).
The tendency for fuzz formatiomas found to be associated with the elastioftthe fibers from
the RCP content. Despite the higher breaking strength of PAO modified nonwovens which
implies a better polymer melt on the bond spot, the degree of bonding was found to have a
negligible efect when no covalent bonds with the matrix possible. Threglimensional image
analysis to calculate the volume of fuzz gave a reasonably good determination to help find a

balance between fuzz, mechanical strength, and perception of softness.

Introducti on

Fuzz is defined as tangled fiber ends thratnmde from the surface of a yarn or fabric
(ASATM D485Q 2017). Because it is regarded as the prelimirgtage of pilling formation
(Latifi, Kim, & Pourdeyhimi, 2001)fuzz initiates from the lower abrasitevel including the
number of rotations and plied forces. In spunbond thermally bonded nonwovens, which are the
most widely used in the personal care or hygiene industry for applications such as cover stock in
feminine care or diapers representing Hrgést share of engse, a good understandinfitioe
mechanisms involved in fuzz formation is of great importance for interpreting the mechanical
properties and perception of softness.

Because the need for a softer hand feel has been ddewgthe weight of the

nonwovers Structure, often the falaritends to be unddronded. It is well established that the
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thermal bonding process can control the degree of strength and stiffness depending on the degree
of bonding.For thermal poinbonded nonwoveng, has been reported that the bonding
conditions, sch as the temperature and pressure, and the bonding geometry determines the final
properties of thermal bonded nonwovens (Russell, 2007; Kim, Pourdeyhimi, Desai, &
Abhiraman, 2001)However, the tradeffs between strength and softness have been widely
observed in poirbonded nonwovens, because the bond spots are usuall{Bigit] Jangala, &
Spruiell, 2004.

The use of soft additives including polyolefin copolymers or the combinations of such in
polypropylene has increased to overcome the confliginogertiesConsidering that
polypropylene comprises a substantial portion of the resins used for spurdmane of its
good mechanical properties and spinnability, its low drapability, stiffness, arneldagation
rate are in opposition to the demand $oftnessRatel, MartinClaasen& Allgeuer, 2017).
Thus, there have been several previous attempts to blend PP with the proper additives. One of the
common approachestis lower the polymer crystaliity by theaddition of comonomer
containing PP, ahanother way is tblendPP withsofter polymers such anorphous
elastomergLi, Tse, lyer, & Chapman, 2009)

However, previous research typically only investigated the impact of additives on the
strendh or drapability, and there is a lackaufrrelatons and interpretati@for themechanisms
of fuzz formation Even though there have been attempts to study fuzz in nonwemens,
accurate measurement of fuzz formed on lightweight gaantdednonwovens has remained a
challenging task over the yealisis mainly because of the shortcomings with the standard
methods to evaluate fuzz, which lack an objective quantification system. However, an alternative

method has been introduced to overcomartherent subjective nature of the standard methods.
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In our pevious work, we proposed a measurement system to calculate the volume of fuzz using
3D confocal laser scanning microscophe developed methodology, which is a noncontact
based threglimensionhimage analysis using confocal laser microscopy, was adtpted
guantify the volume of fuz4n this study, the same measurement systasused to address
how modifiers affect fuzz formation with increasing softness while maintaining comparable
mechanichproperties at the same time.

This study investigated the pact of additives on fuzz formation and bonding quality
using the most representative modifiers intended to improve softness while maintaining strength
of PP spunbondOne was the propylerethylene random copolymer (RCP) elastomers, and

polyalphaolefi(PAO) oil was the other.

Experimental

Materials

For this experiment, polypropylene (PP 3155, ExxonMppidpyleneethylene random
copolymer (RCP), and polyalphaolefin (PAO) witre used. Soenof the basic properties of

these polymers are listed Trable7.1.

Table7.1. Properties of the polymer resins used

Polymer Trade Name/ Subplier Meltina Point Melt Flow Rate @ Density
(abbreviation) Grade PP 9 (g/10min) (g/cmd)

polypropylene . 158 (onset) R
(PP) PP3155 ExxonMobil 163 (peak) 36 (230°C/2.16kqg) 0.900
propyleneethylene .
random copolymer V;%tggngéx ExxonMobil - 9 (190°C/2.16kg) 0.863
(RCP)
polyalphaolefin . i i
(PAO) SpectraSyn 10| ExxonMobil 0.835

aValues were obtaineddm the corresponding polymer data sheets supplied byn#weufacturer
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Web formation and Thermal bonding

The polypropylendhomocomponent and the modified in melt compound with either the
RCP or PAO additive were respectively spun under the same processditons with the Pilot
Spunbond linen the Nonwovens Institute at North Carolina State University (NC State
University, Raleigh, NC, USA)The ratio of the modifiers ranged from 2 % to 10 % for the RCP
with 98% to 90% of PP and that of the PAO was fidih®6 to 20 % with 90% to 80 % of PP.
Overall thethroughput was adjusted 180kg/hr, and the ibers were quencheat 20 °C.

Webswerethermally pointbondedimmediatelybecause¢hey were producedn the same
line. The thermal bonding embossed calendé had an 18.1% bond area with 49.9 bond
figures per crhof the ellipse pattern. Both the engraved and smooth rolls were heated up at 130
°C, and the nip pressure was maintained at 60 N/mm for all webs. In addition, to explore the
impact of the bondingemperature, the samples with 10 % RCP and PAO were bonded at two
additional temperaturésone lower (127 °C) and one higher (135 “C3ble7.2 summarizes the

sample ID and corresponding composite, processing conditions, adicidpéeamperatures.

Table7.2. Processing conditions for the production of nonwosamples

Sample ID Basis Polymer Amount of polymer (wt. %) | Bonding

Weight temp
No | Abbreviation (gsm) Additive Resins Additive Core (°C)
1 | PP 20 - PP - 100 130
2 | PRRCP2 20 RCP PP 2 98 130
3 | PRRCP4 20 RCP PP 4 96 130
4 | PRRCP10OL 20 RCP PP 10 90 127
5 | PRRCP10 20 RCP PP 10 90 130
6 | PRRCP1GH 20 RCP PP 10 90 135
7 | PRPAO10OL 20 PAO PP 10 90 127
8 | PRPAO10 20 PAO PP 10 90 130
9 | PRPAO1GH 20 PAO PP 10 90 135
10 | PRPAO15 20 PAO PP 15 85 130
11 | PRPAO20 20 PAO PP 20 80 130
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Fuzz quantification

Laboratory fuzz formatiarFuzz was generated according to ASTM D4970 using a
Martindale 2000 Abrasion Tester (ASTM D492016). Specimens with a 38.0mm diameter
were placed on a samglelder, and the face sides were abraded multidirectionally onto the
standard felt abradant. To evaluate the mechanisms, the test was conducted for a given number
of cycles (20, 100, 200, B0and 1000) under a controlled weight and pressure at standard
atmosphere conditions of 21 + 1 °C and 65 £+ 2 % RH.

Image acquisitionA single-point laser confocal microscope, Keyence-XK100, was
utilized to acquire the images and to develop a newrheasurement system with the MiHiie
Analyzer software. This mioscope obtains images with a large depth of field that is in focus
across the entire screen and detects the finest details in the sample shape data. Images were
acquired from both a convenmmnal optimal system and from laser scanning, in which light
emitted from the laser source is focused onto the sample and scans the area within the field of
view (3 mm x 3 mm). By dividing this field into 1024 x 768 pixels (786,432 data points in total),
the photoreceptor detects the reflected light at each pixel. THeedetice reads the intensity of
each Z position for each of them to determine the maximum intensity. Five independent images
of the right upper, left upper, left bottom, and right botteere acquired utilizing the same
process for each specimen.

Image pocessing and fuzz detectidrhe new image processing for quantifying the fuzz
consists of two simple steps: (1) leveling and reference plangpsatd (2) volume
measurement above thedbholding plan€&irst, by connecting the height of each bondinmpo
in the acquired image, the reference plane is setup, and possible contortions that may come from

an uneven surface at the bottom are flattened. This is the most important point {hen sates
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for the shortcoming of poidtonded nonwovens itheimageanalysis. Rather, it uses the bond

sites to have a constant thresholding plane throughout the speeiittedgferent abrasion
numbersThen, the volume of each fiber above the threshglgiane is calculated for each test
sample, averaging the volumgfozz from five spots on each specimdmm make a visual

comparison, a flatbed scanner was also used to observe the overall changes in the appearance of

each specimen.

Physical, mechanicaland optical properties

The mass per unit area was measured according to ASTV1BM-09a,a dandardest
method forthe mass peunit area (veight) ofa fabric,option C,using asmall swatch ofthe
fabric. Measurements were taken for five randomlgciet samples (ASTM D 3776, 201
Tensile tests were performed usthge MTS criterion both in the machine direction (MD)
and cross direction (CD) according to ASTM D 5035 (ASTAM D5035, 2(8&hple strips 25
+ 1 mmin width were prepared and testaith gauge length of 75 £ 1 mm aatd300 + 1
mm/min, and five specimens were tested per sample. The strain at failure was measured as
percent elongatiaThe tensile strength was recorgdadd thdoadstrain data points of all the
specimens under the sanargle were averaged to form tlead-strain curve for each sample.
The HandleO-Meter is a commercially available apparatus from the Thudiliogrt
Company. The Handil®-Met er measures fAhandl ed which consi
stiffness or bendabijtand surface friction of shexst materials like nonwoveriPegrootet al,
2018. It measures the force that is required to fold a fabric of a given size. It is known that the
lower the forcethe softer and more drapalthe fabric(Srinivas, Cheng, Dharanajan, &

Racine, 2005)Conditions forthe evaluatiorwereaccording to e ASTM D 68282: a single
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pieceof thesample 4 in by 4 iwasevaluated using a 1@Pbeam assembly and a 5 mm slot
width (ASTM D 6828, 2015).

Scanning electron microscopy (SENPhenom X, wasusedto look at the bonding sites,
averaging values fromventydifferentfibers of each nonwoverMoreover, confocal laser

microscopy was used to find the fracture point after the tensile tests.

Results and Discussion

Volume of Fuzz: PP ad PP with additives

Figure7.1 shows the glumes of fuzzfor 20 gsm homocomponent spunbond nonwovens
made fronthe blend of PP with RCP (98/2, 96/4 and 90/10 blend ratios) and PP with PAO
(90/10, 85/15 and 80/20 blend ratios). Waumes of fuzz are illustrated as bar graphs in which
the different brightnesses represents different abrasion numbers of 20, 100, 200, 500, and 1000.
These bars are grouped by each sample ID. In contrast to thé fmargrowth rate from 20 to
1000 en in the PP homocomponent group, the modified samples control the fuzz formation in a
more relieved manner, showing a gradual increase of fuzz in general.

A closer look athe maximum amount of fuzz revealed that the 4 wt % and 10 wt % of
RCP effective} reduced the fuzz formation. Although it seems that th€ R® blends had the
highest amount of fuzz at 100 cycles, the fuzz at an abrasion number of 5@Dkshoahsidered
for PP and PARRCP2. The highest values for PP andAREP2 were found at an abi@s number
of 500 not at 1000, which gimarily due to the pressure after it already reached the maximum
fiber pull-outs in the structure. Taking those bebawviinto account, the blends of PP with PAO
also achieved a better fuzz resistance than thaed?P homocomponent. In addition, the RCP

content causes the structure to form fuzz at a more gradual rate. For exaripeR®Ras the
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most linear growth ratof fuzz when the abrasion cycles were increased, aiiRIFA.0 showed

the least amount of fuz an abrasion number of 500 compared to all the other samples. When it
comes to the PAO modified nonwovens, although these seem to be susceptible afteasiOO abr
cycles forming a higher amount of fuzz compared to the others, tRARPRO and PRPAO15

had less variations in the fuzz amount after 100, 200, and 500 abrasion cycles. These trends

correspond visually well with the scanned imaigeEable7.3.
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Figure7.1 Volume of fuz, maximum load in the machine direction (MD), and Hai@HK&leter
values for the 20 gsm PP homocomponentRERP, a PRPAO blends.
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Table7.3. Flatbed scanned images after abrasion cycles of 100, 20Cars®@000 for the 20
gsm PP homocomponent and blends of PP with RCP or PAO
Abrasion No.

20 100 200 500 1000

Sample ID

PP

PRRCRO2

PRRCRO4

PRRCP10

PRPAO10

PRPAO15

PRPAO20

Blends of PP with RCP

The god fuzz resistance of FRCP4 and PARCP10 can be presumably attributed to the
better structural integrity based on our previous works. Prior works showed that the fuzz
formation can be accelerated when the structure is tbadeted, making the striuce easily

disintegrated and coiled due to the fracture of the bond sites. Whether the structure is under
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bonded or wellor overabounded is usually examined by the maximum load, elongation rate,
and/or the loagtrain curve (Mithielsen, Pourdeyhimi, & &sai,2005) Figure7.1 shows the
maximum loads denoted by the triangle symbols. The peak in the plot of the blends with RCP
shows that satisfactory bonds can be made up to a point, which means there is an optimum
amount for the modifies. In the PP homocomponent, this behavior corresponded to the change
in bonding quality. For example, when the bonding temperature was decreased below the
optimal point €ading to an unddsonded structure, long tails appeared in tdaetbktrain curves
indicating a continuous load transfer. In contrast, bonding temperatures abopértrepoint

make the structure owonded, which shows clear breaking points from the fractures of the
bond sites (Bhat & Nanjundappa, 20kK3n, Pourdghimi, Desai, &Abhiraman, 2001

Accordingly, well or overbonded nonwoven structures are more resistant to fuzz formation
because it will require more force than that applied to the abrasion to break the bond area.
However, all the observed tensile beloas of the PFRCPgroup was found more likely to be
underbonded like the PP contr(figure7.2), and there were no significant changes because the
ratio of the RCP @ntent is increased despite the increased maximum stress compared to the PP
homocanponent. This is surprising given that the wadhtrolled fuzz formation was possibly
attributed to the welbonded structural integrity.

The major advantage of the propydeethylene random copolymer is a slower
crystallization rate and reduced crystaty. The ethylene units this copolymegrct as
disturbanceshat hinders therystal growth an@énforceschain folding(Gahleitner et al., 2005)

The stereoregularity @ RCP, thus, will decrease the melting point and crystalline temperature
(lyer, 2@6), which might act as the counter effect in bonding, reducing the bonding window.

Moreover, because of the slower crystallization rate of the RCP compared to that of the PP
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homopolymer, webs can have more integrity via more fiber fusion during the eatgnthan
that of the fabric made from the PP homopolymer (Srinivas, Citdraymarajan& Racine,
2005). Thus, theropyleneethylene random copolymshowed a better maxum load than that

of the PP but remained undesonded.

20
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Z 14
O 12t
25 10+
& sf
9 ef
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Figure7.2 Loadextensiorcurves of PP, RRCP2, PFRCP4, and PIRCP10.

Nevertheless, such modificatioan improve the extensibility @ongation rate of RCP
modified filaments Autran & Arora, 2007)which accordingly improvese overall toughness
of the materials. Possibly due to the better toughness at the fiber level, fuzz formation is
effectively controlled.

When examining the ra#ts of different bond temperatures, this behavior is relatively
consistent throughout the FFRCP10 bonded at 127 °C and 135 °C, showing marginal changes in
strength and overall undéonded behavior but with efficient fuzz contrBiqure7.3, Figure
7.4).
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Figure7.3 Load-extensiorcurves of PP, PPRCP10L, PRRCP10, and PIRCP10H.
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Figure7.4 Volume of fuzz, maximum loadn the machine direction, and HandleMeter
(HOM) values of thé°P composés with 10 % RCP and PAO, bonded at 127, 130, and 135 °C.
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Blends of PP with PAO oil

Compared to the blends of PP with RCP, an interesting pattern emerged when

investigating the results of the FAO group. Because a higher fuzz amount atriagimum

numker of abrasions is observed when the ratio of PAO is increased asishéiguare7.1, the

underbonded behavior in the loadrain curves was expectelrprisingly, thetensilebehavior

shown in the loadtrain curves demonstratéhat there is a noticealductural change due to

the PAO contentRigure7.5). In terns of the maximum load at the break, it has the peak same

as in the PARCP group, indicating there is an optimal bonding window based dtAtBe

content. However, this higher strength is highly dependent on the structural changes, which are

associated to thwelltbonded behavior.
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Figure7.5 Loadexntensiorcurves of § PP, PPPAO10, PPPAO15 PRPAO20; b) PP, PP
PAO10L, PRPAOL10, and PRPAOL10H.

Modification by noncrystalline PAO enables the compositepreserve the crystalline

regions makingthe polymer crystallinity nearly constanthis isadvantageous upon calender

bondingaccordngtot h e

0bondi msynmariged bytPatet alifidhée t t er

t her mal

bonding can be achieved by resins exhibiting 1) slower crystallization rates and 2) a broader
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mel t i ng dRateloMatireCiaasen& Allgeuer, 2017) Through the amorphous riegs,

more fiberfiber fusions can be available, and isuéts in a better bonding statlis.the same

manner, when the bonding temperature is increased with 10 wt % of PAOQ, it improves the peak
loads shown ifrigure 7.4, and accordingly, the bonding quality becomeswefided Figure

7.5).

The major difficulty with use of PAO oil could be the surface migration becausedfAO
is not covalently bonded to the matrix polymer (PP). Thus,pbssible that the PAO could
migrate from the PP matriReddy Mohan, Varaprasad, Ravindra, Vimala, & Raju, 2010
Although there was no correlation found between the sunfageation and the PAO content, it
is assumed to have different fracture modase fibers depending on where the modifiars
located Figure7.6 shows some example$ breaking points after tensile tests. In blends of PAO
with PP inFigure7.6 (d) andFigure7.6 (e), the outer side of the fibers are first broken, making
the fractured fiber crossection shrink inside towards the center of the fibers. In contrast,
however, in the case of the /P blends in (b) and (c), the fiber itself seems tstistche
from the core part, and this led to more stretchiness in tHREHL0 compared to the FCP2,
and the PRRCP2 had a better stretchiness than that of the PP. In {RE€PPit looks more to
spew out from the core. These failure modes can sufifoptosibilities of the elasticity of RCP

and the surface migration of PAO.

(a) (b) (c) (d) (©)

Figure7.6 Scanning electron microscope (SEM) images that show the fracture point of the
spunbond fibers of (a) PP, (b) /P2, (c) PP-RCP10, (d) PAPAOL10, and (e) RPAO15
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Balance between fuzz formation, maximum load, and HOM

HandleO-Meter (HOM) is one of the tests commercially available for qualitative
comparison of fabric softness. It measures the force thequsred to folda fabric of a given
size. It is known that the lower the force is, the softer and more drahalfricis. Figure7.1
andFigure7.4 show comparable or slightly higher HOM values under a certain @ioges
condition. It might be regarded that at 130 °C, PP is the most drapable and therefore, desirable
material. Howeer, one thing to note is that the PP homocomponent in this sample set has the
lowest strength and the highest fuzz formatkenom the undestanding of fuzz formation in a
guantitative manner with the driving mechanism depending on the structural cteahgks)ce

between other properties such as the softness and strength can be considered.

Conclusion

PP homocomponent and blends with R@& BAO spunbond webs followed by
thermally-point bonded nonwovens were preparaalzz formation and growth in the lightweight
nonwovens were quantified using a confocal laser scanning microscope with 3D image analysis,
and its mechanismgereexploredwith the content of additives along with the relevant
properties such as the mechanical properties and perception of softnesserabge amount of
fuzz ofthe PP homocomponent was found to be redwekeenthe additives either of RCP or
PAO, were added. THeP blends with RCP wereund to bemore effective to control fuzz
formation. Although the PAO modified spunbond exhibited better mechanical properties
presumabl y bedaonde dettér mechaaical ppartiedarebecause of the
elasticityof the fibers that are modified by the ethylene content and the better miscibility in the

matrix due to the propylene base. The bonding behavior was observed abarabst
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confirmed by the tensile propertigbe observed failure mode arithe polymer mel at the bond
spot.In conclusion, mechanisms under fuzz formation can be affected by different factors
simultaneously. Therefore, to control the fuzz formation, a highly extensible nonwoven from
modified PP with propgnebased elastomers with increaseétrsess and drapability while
maintaining its mechanical properties for which the tensile strength is critical.

It would be desirable to study teagle fiber properties to clearly show if these factors
are responsible for the fuzz resistance and to extant. Additionally, broader investigation of
the surface friction like surface roughness or thefficient of friction (COF)would be helpful
to better understand the relationship between the nonwoven surface properties and fuzz

formation.
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Chapter 8. The Effed of Bicomponent on Fuzz Formation and Degree of

Bonding of Spunbond Thermally Pointbonded Nonwovens

Abstract

In this study, the influence of askheath type bicomponent on fuzz formation of
lightweight spunbond thermaHlyonded nonwovens has been gpatl. Theses fibers were
produced using polypropylene/polyethylene (PP/PE) polymer configurations at varying
compositions. Fuzz formation tendenggs found to be associated with the ratio of the PE
sheath that leads to an improved degree of bonding cechpathat of a single component fiber
and hinders the PE sheafif. Despite the marginal differences of tensile behavior shown in load
strain cures, fuzz is well controlled as the PE ratio is increased and the Hardkter value
shows the optimal poinh stiffness. The applicability of thredimensional image analysis to
calculate the volume of fuzz gave a reasonably good determination tolftaree between

fuzz, mechanical strength, and perception of softness.

Introduction

Fuzz is defined as taregl fiber ends that protrude from the surface of yarn or fabric
(ASATM D485Q 2017). As it is regarded as the preliminatage of pilling formatiorfLatifi,
Kim, & Pourdeyhimi, 2001)fuzz initiates from the lower abrasion level such as number of
rotationand applied forces. In spunbond thermally bonded nonwovens, which is the most widely
used in the personal care and hygiene industry for applisatioch as cover stock in feminine
care or diapers, a good understanding of mechanisms involved in fuzziéormaif great
importance for interpreting the mechanical properties and perception of softness.
As the need for softdérard feelhasbeendrivigp down t he wei ght of th

structure, often the fabric tends to be uAdended. It is well establed that the thermal
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bonding process can control the degree of strength and stiffness depending on the degree of
bonding.For thermal poinbondednonwovens, it has been reported that bonding conditions,
such as temperature and pressure and bonding ggonhetiErmine the final properties of
thermal bonded nonwovens (Russell, 2007; Kim, Pourdeyhimi, Desai, & Abhiraman, 2001)
However, tradeoffs between strength and softness have been widely observed irbpoidéd
nonwovens, since the bond spots are Uguigiid (Bhat, Jangala, & Spruiell, 20D4

The use of a softicomponent systenincorporating the advantage of havitifferent
melting temperaftres between two polymers, has increased to deal with these conflicting
propertiegdBhat & Malkan, 2002; Kimito, Kikutani, & Okui, 1997) This system incorporates
the advantages of different melting temperatures between two polymers, mostly as the core and
sheath(Bhat & Malkan, 2002; Kim, Ito, Kikutani, & Okui, 1997)he polymer that constitutes
the sheatltan provide characteristics suels appearance and chemical and thermal resistance
properties, while that of the core could provide tensile properties such as modulus and strength or
cost effectivenesérishnaswamy & Baird, 2001, p. 403h a single fiberconsidering that
polypropylenecomprises a substantial portion of the resins used for spunbond because of its
good mechanical properties and spinnability, its low drapability, stiffness, and low elongation
rate are in opposition to the demand for softriBssel, MartinClaasen& All geuer, 2017).
With that, there have been several attempts to utilize PP as a core material, incorporating with
other polyolefin as a sheathlthough there are several combinations avail&neore/sheath
combinationsPasdmir et al. showed the most immpved mechanical strength aPP/ PE
core/sheath bicomponent, compared to fibers produced using poly(ethylene
terephthalate)/polyethylene (PET/PE), palyide 6/polyethylene (PA6/PE) polyamide

6/polypropylene (PA6/PRR012) In addition, Pateét al, emphasized that the PE sheath layer
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imparts the desired softness, hand feel, and improved elongation, while the PP core helped the
structure to retain its physical properties such as tensile strength and abrasion resistance

The previous research typilyaonly investigated the impact of additives on the strength
or drapability and there is a lack @drrelations and interpretation ttiee mechanisms défizz
formation Even though there have been attempts to study fuzzwvawensan accurate
measurement of fuzz formed on the lightweight pbiomded nonwovens has remained a
challenging task over the yeafis is mainly due to shortcomings with the standard methods of
evaluating fuzz, which lacks an objective quantifizatsystemHowever an alternative method
has been introduced to overcome some of the inherent subjective nature of standard methods. In
the previous workwe proposed a measurement system to calculate the volume of fuzz using 3D
confocal laser scanning anoscopy.The developd methodology, which is a noncontact based
threedimensional image analysis using confocal laser microscopy, was adopted to quantify the
volume of fuzzin this study, the same measurement system has been dapmdress how the
core/sheath PP/PRicormponent configurationaffect fuzz formationn relationswith increasing

softness while maintaining comparable mechanical properties at the same time.

Experimental

Materials

For this experiment,@ypropyleng(PP 3155ExxonMobil) andpolyethylene (ASBN™
6850A,Dow ChemicalCompany)were used. Some of the basic properties of these polymers are

listed inTable8.1.
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Table8.1. Properties and suppliers of poters used

Polymer Trade . Density 2 Melting a
(abbreviation) Name Supp“er (g/CfT'F) Temperature?, (OC) Melt Mass-Flow Rate
PO'V?E,%")y'e”e PP3155 | ExxonMobil | 0.900 140170 369/ 10m'r|lg()230 C/2.18
Polyethylene ASPUN Dow 0.955 131 30g/10min (190°C/ 2.16

(PE) 6850A Chemical ' kg)

aValues were obtained from corresponding polymer data sheets supplied by the producer.

Web formation and Thermal bonding

Preliminary trial. As a preliminary trialabicomponent core/sheath (90/10) PP/PE
spunbond andPhomocanponent spunbond of 2fsm (grams per square met@gre prepared
at the Nonwovens Institute at North Carolina State University (NC State University, Raleigh,
NC, USA) with the Pilot Spunbond lin®verall throughput was adjusted to 180 kg/hr and the
cabinpressure waadjusted to 2000 Pa. Webs were consolidatedipneled) in some manner
immediately as they were produced. Then, finally, thermal point bonding procaeeiber
Visions, Inc. (Covington, CA). A diamond bond pattarm me dvastused, havin24.5 % of
the bond area at different temperattaeges from 130C to 142 °C for the homocomponent and
122 °C to 134 °C for the bicomponemtable8.2 summarizes the sample ID and corresponding
composite, processing conditioasd bonding temperaturéghe sample abbreviation in the
Result section wil | ondt&tsmderaturé. Bowexample,a20tg¢me o6 b 6 an
homocomponent bonded at -bl13344 6AC awid |12 Ob eg ssnn obwinc ©

bonded at 1220122 6wi ll be 6B20

Table8.2. Descriptionof thePP/PE 90/1@amplewith processing conditions

Polymer C/S Ratio Processing and Bonding Conditions
Web 1|'3arg_et
; asis Target Line Initial Final
No | Abbrevi- . . . X
. Weight Sheat | Cor | Sheat | Cabin Throughpu Speed | Bondin | Bondin
ation Core t total ;
(gsm) h e h Pressur (ka/hr) (m/min. | gtemp | gtemp
e (Pa) ) (W9 (C)
1 H11 11.75 PP - 100 - 2000 180 240 110 122
2 | HI5 15 PP - |10 - 2000 180 188 | 110 | oo
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Table 8.2. ¢ontinued).

3 H20 20 PP - 100 - 2000 180 141 110

4 B11 11.75 PP PE 90 10 2000 180 220 110 122
126:

5 B15 15 PP PE 90 10 2000 180 186 110 130
134

6 B20 20 PP PE 90 10 2000 180 143 110

PP homocomponent, PP/PE20, PP/PE30, PP/PE40 bicompdhértomponent
core/steath PHPE spunbond and PP homocomponent spunbond cni2@vgre prepared at the
Nonwovens Institute at North Carolina State University (NC State University, Raleigh, NC,
USA) with the Pilot Spunbond line. Overall, throughput was adjusted to 180 kg/hiobttie
PP homocomponent and the bicomponent. A bicomponent structura Rftbore and PE
sheath was chosen with a core/sheath ratio of 80/20, 70/30, andBdveb structuresere
thermally pointbondedimmediately as they were producedh an elipse pattern, having

18.1% of the bond arext 130°C.

Table8.3. Description of the PP, PP/PE20, PP/PE30, and PP/PE40 samples with processing and

conditions
Sample ID Target Polymer Amount of(;olymer Bonding
Basis (wt. %)
Weight Cabin | Throughput
No | Abbreviation (gsm) PP Core | PE Sheath Pressure Total T((Eg)p ,?(;e)a
(Pa) (kg/hr) °
1 PP 20 100 - 2000 180 130 18.1
2 PP/PE20 20 80 20 2000 180 130 18.1
3 PP/PE30 20 70 30 2000 180 130 18.1
4 PP/PEQ 20 60 40 2000 180 130 18.1

The thermal bonding embossealender roll had an 18.1% surface bond area with 49.9
bond figures per cAof an ellipse pattern. Both engraved and smooth rolls were heated up to the

same temperature, and the nip pressure wagaiged at 60 N/mm for all resin§able8.3
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summarizes the sample ID and corresponding composite, processing conditions, and bonding
temperatures. The sample abbreviation in the Result section will be PP, PRFPEIEZ0,

PP/PEB®, and PP/PE40, of which the numbers present each ratio of PE content in the sheath.

Laboratory Fuzz formation

Fuzz is generated according to the ASTM D4970 using a Martindale 2000 Abrasion
Tester (ASTM D4970, 2016). Specimens with a 38.0dimmeter are lpced on the sample
holder and the face sides were abraded multidirectionally onto the standard felt abradant. To
evaluate the mechanisms, the test was conducted for a given number of cycles of 20, 100, 200,
500, and 1000 under controllediglet and presge at standard atmosphere conditions of 21 + 1

°C and 65 + 2 % RH.

Fuzzquantification

Image acquisitionA single-point laser confocal microscope, Keyence-XK100, is
utilized to acquire images and develop a new fuzz measurement systaghtMultiFile
Analyzer software. This microscope obtains images with a large depth of field that are in focus
across the entire screen and detects the finest details in the sample shape data. Images were
acquired from both a conventional optimal systew fiom laser canning, where light emitted
from the laser source is focused onto the sample and scans the area within the field of view (3
mm x 3 mm). By dividing this field into 1024 x 768 pixels (786,432 data points in total), the
photoreceptor detectke reflectedight at each pixel. Then the device reads the intensity of each
Z position for each pixel to determine the maximum intensity. Five independent images of the
right upper, left upper, left bottom, and right bottom are acquired utilizingathe process per

each specimen.
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Image processing and fuzz detectidew image processing for quantifying fuzz passes
through two simple steps: (1) leveling and reference plangps€R) volume measurement
above the thresholding plarférst, by connectig the height okach bonding point in the
acquired image, the reference plane is setup, and possible contortions that may come from an
uneven surface at the bottom are flattened. This is the most important point that compensates for
the shortcoming of potrbonded nonwaoens in image analysis. Rather, it uses the bondtsites
have a constant thresholding plane throughout the specthmansavealifferent abrasion
numbers. Then, the volume of each fiber above the thresholding plane is calculated for each
teging sample, asragingthevolume of fuzzArom fives spot of each speciméro make a visual
comparison, a flatbed scanner was also used to observe the overall changes in the appearance of

each specimen.

Physical, mechanical, and optical properties

The mess per unit a@was measured according to ASTM3D/6M-09a,a dandardest
method formass peunit area (veight) offabric,using (otion Cto test asmall swatch offabric.
Measurements were taken for five randomly selected samples (ASTM D 3776, 2017).

Tensile testsvere performed using MT&iterion both in the machine direction (MD)
and cross direction (CD) according to the ASTM D 5035 (ASTAM D5035, 2&a8)ple strips
of 25 £ 1 mm width were prepared and tesied gauge length of 75 + 1 mm an@®@0 + 1
mm/min, and five specimens were tested per sample. The strain at failure was measured as
percent elongatiqrihe tensile strength was recordadd thdoad-strain data points of all
specimens under the same sample were averaged to theoddwstrain curve foeach sample.

The HandleO-Meter is a commercially available apparatus from the Thudiiogrt

Company. The Handl®-Met er measures fAdhandl eo which consi
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stiffness or bendabilitand surface friction of sheetenaterials like nonavens(Degrootet al,
2018. It measures the force that is required to fold the fabric of a given size. It is known that the
lower the force, the softer and more drapdbéefabric(Srinivas, Cheng, Dharmarajan, &
Racine, 2005)Condtions for evaluatiorwereaccording to the ASTM D 68282: a single piece
of 4 inch by 4 inch samplasevaluated using a 1@Pbeam assembly and a 5 mm slot width
(ASTM D 6828, 2015).

A scanning electron microscopy (SEMPhenom X, wasusedto look at bonding sites,
averging values fromwienty differentfibersof each nonwoverAlso, a confocal laser

microscopy was used to find the fracture point after tensile tests.

Results and Discussion

Preliminary results: PP homocomponent and PP/PE10 bigmonent

The measured andjgerimentally determined amount of fuzz and the maximum stress for

the PP homocomponent are presemtdeigure8.1.

: 0,
10—, H 20 gsm, Bond Area: 24.5 /f6 =

-A- Maximum Stress o
Abrasion Cycle of 114 X

o ot g

[ 200
6 - mm 500
== 1000

4 /

X
3
2 J |
0 —/p= L | N = - S |

130 134 138 142
Bonding Temperature (°C)

(o9}
[ERN
o

®
Maximum Stress, M

Volume of Fuzz(mm3)

1
o N ESN »

Figure8.1 Volume of fuzz and the maximum stress of Bi& honocomponent.
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The volume of fuzz is illustrated as bar graphs of which different brightness presents
different abrasion numbers of 20, 100, 200, 500, Hd00. These bars are grouped by each
bonding temperature. Also, the maximum stress at break is piottieel same figure in the solid
line. In the homocomponent, the overall fuzz growth rate from 20 to 1000 is substantially
decreased as the bond tempa@mis increased. The maximum amount of fuzz at 100 abrasion
numbers is also reaching a minimum at 1¢2

As discussed in our previoabapter this is contributed to the change of structural
integrity led by the proper bonding temperatinezz is forned with pulled out fibers that were
originally integrated through a calendering process. When thewstustundebonded,
disintegration occurs very easily, which accelarates fuzz formation. To be spheifidtimate
fracture point of the unddyondel structure is found inside the bond spots, which is shown with
a continuous load transfer in the strefi®in curvesKigure8.2).

The same mechanisms were found during fuzz formation as shdvigume8.2, right.

As fuzz initiatesit starts separating, comprising fibers on the individual bond spot dbe to
weakness of bond strength, which | ooks 1I|ike
1000, the disintegration of bond spots intensifies, which results in the comligiegeembling of

each bond spot, of which constituting fibers are invoinddrther fuzz formationKigure8.3).
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Figure8.2 Stressstrain curve in the machine direction and SEM image of a broken specimen
after a tensile test for H1E30
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Figure8.3 The change of appearance upon fuzz formation forbil3D.

Comparatively, as shown in tiégure8.4 when the nonwoven structures are well
bonding, which typically presents a cleaeéking point in the stresgtrain curve, aracture

occurs on the bridging fibers because each bond spot is too durable to break. Accordingly, these
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bonding sites remain solid, even when the fuzz is formed, which distotisdengfibers

when the abrsion number is reaching closer to 106@y(ire8.5).
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Figure8.4 Stressstrain curve and SEM image of a broken specimen after a tensile test for H15
b142 inmachine direction
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Figure8.5 The change of appearance upon fuzz formation for 2.

On the contrary, in the case of the 90/10 PP/PE bicomponent, no reliable pattern of

behavior was found. As those strassin curves irrigure8.6 show, this composidn seems
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unfavorable to be optimally bonded. Because of this insignificant change in bonding status as
well as the maximum stress, fuzz was not able to be controlled. This was true, even when these

arebonded in different bond patterns as previously regdChapter 6.
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Figure8.6 (a) Volume of fuzzand (b) stresstrain curvegor a20 gsm PP/PE 90/10 core/sheath
bicomporent bonded at four different bonding temperatures; 122, 126, 130, and 134 °C.

Previously, as a hypothesis, such observed resalts presumably attributed to the lack
of polymer melt that plays a crucial role in nrakintegration on the bond sites. Talagss
whet her this is due to the | ack of sheath rat
fiber-fiber fusion, fracture mechanisms are explored with the SEM images. As sh&wguiia
8.7 andFigure8.8. In Figure8.8 (a): StressStrain curve of B2@134 in the machine direction,
(b) and (c): SEM images of the fracture point after tensile tests febB20Figure8.8, SEM
images of 90/10 bicomponent samples bonded at 122 °C and 134 °C accentuate the unique
failure mode. Regardless of calender temperature, it was discovered that PE sheath peels off,

especially onto and around ¢fbond spots.
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Figure8.7 (a): StressStrain curve of B2@122 in the machine direction, (b) and (c): SEM
images of the fracture point after tensile tests for-B2P2.
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Figure8.8 (a): StressStrain curve of B24b134 in the machine direction, (b) and (c): SEM
images of the fracture point after tensile tests for-B284.

Moreover, in the crossectional view the broken fiber Figure 8.9, the outer sheath is
shown to be rolled into the center of the fiber after the fracture, which also supports the weakness
of sheath materials. This behavior is opposite to what happened in the PP homocomponent,
where theentire fiber matrix is satched out from the core to the maximum until it is broken.
Interestingly, these underlying mechanisms are consistent with what have been involved
in fuzz formation. From images acquired by the laser confocal microssiogny fiberends are
observed thadre broken and detached from the fiber matrix. In other words, even the abrasion

force that causes local tensile force at the fiber lesgipeeloff PE sheath, expediting fuzz
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formation. Therefore, it raises the needricrease the ratio of polyethykenit is inevitable to
have poor tensile strength and severe fuzz formation due todcffear the same 10 wt % of the

PE sheath even when it has different processing conditions, unless it incorporates a higher

amount & PE ratio improve bonding.

(a) (b)

Figure 8.9 Fiber fracture behavior of the (a) PP homocomponent and (b) PP/PE 90/10
bicomponent after tensile test of fabrics.

Figure8.10 Confocal laser scanrgmmicroscopy imageafter fuzz formation at 500 abrasion
cyclesof 11 gsm90/10 PP/PEare'sheathbicomponenbonded at (a) 122C and (b) 134C that
have peebffs of PE sheath
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