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ABSTRACT

On the basis of ín vivo performance, a knitted tube of Oacron@

po1-y(ethylene terephËhalaËe) (PET) multifilament yarn has been con-

sídered a reliable vascular prosthesis. Recently reports ín the medi-

cal literature have revealed íncidents r,n¡here these knitted grafts have

failed. These failures have been attributed to (i) alËeration of the

prostheses during manufacture, steriTization and/or ímplanËation, (ii-¡

defects in the original polymer, and/or (iii) defeeËs ín the knit con-

struction. This sËudy examined the physical and chemical effects of

the compaction and crimping Èreatments during manufacture, and of gas

steriTization on the PET yarns. The chemícal and thermal condíËions

of the compaction and crimping processes vlere reproduced in the labora-

Ëory by following the commercial pat,ents. As we1l, the PET yarns \¡/ere

exposed to ethylene oxide under controlled conditions in a hospítal

sterílization unit. Yarns unravelled from a cornmercially treated re-

ference graft were also compared to the experimentally compacted and

crimped yarns. Molecular weighË determinations, measurements of yarn

geometry, density analysis, differenËial scanning calorímetry, infrared

specËroscopy, birefríngence and tensj-le behavior vlere used to character-

ize tlne chemical and physícal changes in the PET yarns.

The results indícated that significant changes occurred to the

structure and properties of PET yarn duríng the compacËion and crimping

stages of manufacËure and during gas sterílízaËíon. Compaction,

crimping and steri LizatLon of PET yarns resulted in changes in micro-

sÈructure, surface porosiÈy and polymer chemistry Ëhat influence the



susceptibility of PET to degradation after implantatíon. IË is con-

cluded that the manufacturing and sterilization conditions of the PET

yarns may have a significanË effect on the ín vivo performance of a

graft, in partícular its patency, its rate of healing and the liklihood

of faílure.
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Chapter 1

]NTRODUCT]ON

The basic healing pattern of vascular prostheses involves

several sËeps. Upon ímplantaÈion of the graft the interstices of the

fabric are sealed and the surfaces are coated by an absorbed protein

Layer of whole-blood thrombus (coagulated blood). Next the whole-blood

thrombus is converted to fíbrin which decreases the thrombogenicity of

t,he surface. After approxíma tely 24 hours an Ínner and outer layer of

fíbrin forrns around the prosthesis. During the first ferv r¿eeks after

implantation Ëhe outer fibrin layer ís organized by granulation tissue.

An outer encapsulating sheath of fibrous tissue is formed which gives

ríse to díscrete tufts thaË grow between the yarn bundles and organíze

the inner layer of fibrin (i^lesolowskí, 1968: 328). The ultimate aím

ís to promote the development of a good fibrin lining that is moderateiy

resístant to whole-blood thrombus and does not slough off to cause em-

bolizatíon. This conditíon is Èo be distinguished from the desirable

initial sÈate of forming a thin r.rhole-blood thrombus layer. Researchers

have identified some important facËors involved ín the healing of vas-

cular prostheses or vascular grafts, but there are sËíl1 a number of

gaps in understanding the in vivo interaclíon with synthetic materÍals

(I'lesolowski, 1968; Bruck, 1978; and Sauvage et a1., L974).

SaÈisfactory performance of a maËerial ís dependent on whether

íËs properties ensure its function in a specific environmenË. In par-

ticular, fibers which comprise surgical ímplanÈs should be selected to

give optímum performance ín Èhe body environment. Thís is especíally



Ërue for vascular prostheses, which must remain viable while in the

circulatory system.

A knitted tube made of poly(ethylene Ëerephthalate) (PET) yarn

has been adopted as the preferred vascular prosthesís, in the majoriËy

of applications (Golaskí, 1968; Sauvage et al. , L976; and Guidoin et al.,

L977). Specifically, poly(ethylene terephthalate) yarn has been desíred

for its overall performance, good handling properties and availabilíty.

The knitted constructíon was chosen for: (í) ease ín handling; (ii)

non-frayíng property; (íii) good elongation; (ív) good elastíc reeovery;

and (v) flexíbilíty. In addiËion, the porosity and performance char-

acteristícs of the knítted tube have been ímproved by compactíng and

crímping teehniques (See Appendíx A for a definition of these terms)

(Smittr, L974; and Jeckel, 1967). Nevertheless, wíËh longer term ím-

plantatíon of Ëhe prostheses, some prevíously unforeseen problems have

arísen (Guídoin et al. , f978).

In Ëhe past few years, íncídents of the failure of knitted

arËeria1 grafËs have been reported ín the medical literature (Yashar

et al., L978; Blumenberg and Gelfand, L977; Perry,1975; Hayward and

Korompal, L976; and Hussey, 7976). Some of these failures have been

thoughË Êo be due to alËeration of the prostheses during manufacture,

sËerílization or implantation. Others have been attributed to defects

in the original polymer andfot kniË construeLion. A number of surgeons

and researchers working with vascular prosËheses have indicated that

there is a gap in Èhe knowledge of how the manufacturing process and

si'erÍ'LizaLÍon of these products affect their lífe within the body

(euidoin et al. , L977; King and L¡rman, 1975; Blumenberg and Gelfand,

L977; and Hayrvard and Korompal 
'1976).



Researchers did not be1íeve that the PET graf.t was vulnerable

Ëo degradation in the body. This belief was reflected ín the approach

of previous sËudíes which have focussed on the effect of the fabric

construction of the grafts upon Ëhe body (I.rlesolowski, Fries and Sa\,¡yer,

L96L; Guidoin et al. , 1977; and King and Lyman, 7975). I^Iesolowskí,

Tries and Sawyer (1961) suggested that Ëhe porous wall, rather than the

chemical reactívity, governed thè faÈe of the graft. Almost no eonsid-

eration has been gíven to the hisËory of the graÍt prior to its implanta-

Ëion, or to horv Ëhe PET fíbers might change duríng manufacture and/or

sterílization (King and Lyman, l-975). Consequently there has been ample

jusÈífication for this exploraEory study which has examined the poly(eth-

ylene terephthalaËe) yarn structure and propertíes before and after the

compaction and crimping stages of manufacture, and before and after

sterilization.

OBJECTIVES

1. The main objective of this study was to ana:-.yze the relation-

ships between the ehernical and physical properties of the yarn samples

to determíne r+hether measurable differences existed between the untreated,

the treated and Ëhe cornmercíally treated samples. If differences did

exist betr,¡een the untreaËed and Lreated samples then it was intended:

(í) To characteríze the changes ín fiber structure during com-

paction by comparing the chemical and physical properties of the untreated

sample before and after compactíon.

(ii) To characterize the changes in fiber structure during crimping

by comparing the chemical and physical properties of the compacted sample

before and after crírnping.



(íii) To characterize the changes in fiber structure duríng

sÈerí1ízatÍon by comparíng the chemícal and physical propertíes of the

compacËed, crimped samples before and after sterilizaËion.

Further objectives \.vere :

2. To characterize the fiber structure, and suggest possible

manufacËuring condítions for Ëhe commercial reference (uillif.ni$ graft

by comparing the chemical and physical properties of the commercíal re-

ference sample rvith Èhose of the compacted and crímped yarn samples,and

3. To compare Ëhe chemícal and physical propertíes of Ëhe com-

pacËed, crimped and steriLízed samples to Ëhe untreated sample.

ASSUMPTIONS

1. There vras no difference between the three experimentally

prepared baËches of compacted yarn.

2. The selected chemical and physical tests were sufficiently

sensitive to measure the structural changes that occurred in the yarn

during processing and sterilizatíon.

3. The informaËion given in United StaËes PatenËs 3,853,462

(Snrith, L974) and 3,337,673 (JeckeL, L967), which descríbe the compac-

tion and crimping processes respectively approximate the actual manu-

facturÍng conditions for Millikni9 vascular prostheses.

4. The conditions for Ëreatment of the yarn in Ëhe study were

Ëhe same as those outlined ín Uníted States PatenË 318531462 (SmÍth,

1974) for the compaction process, and United States PaËent 3,337,673

(Jeckel, L967) for Ëhe crimping process.

5. Vascular prosËheses are manufactured from yarn símilar to

that used in this study.



SCOPE AND LIMITATIONS

Due to the exploratory nature of this study, the sample size

was sma1l in that the treated and untreated yarn \^Ias selected from with-

ín a single bobbin and the commercial reference yarn vras unravelled frorn

tv/o prosËheses. Therefore, consideration of inherent differences be-

Ëween indívidual filaments and lack of uniformity ín the yarns were not

included in the analysís



Chapter 2

REVIEI,Ì OF LITERATURE

This chapter describes the elements in the design of poly(eth-

ylene terephthalate) (PET) grafts, and the recently reported failures

experienced wiËh theír use. Chemical, microstructural, and biological

degradation of PET are then revÍewed.

ELEMENTS ]N THE DESIGN OF POLY(ET'TIYLENE TEREPHTHAIATE) GRAFTS

A knitted vascular prosthesis has been developed from poly(eth-

ylene terephthalaËe) (PET) yarn (Golaskí, 1968; Sauvage eË al., L976;

and Guidoin et a1., L977). This graft, with various refinements in

strucËure, has been adopted by the majoríty of surgeons. The basic de-

sign consists of three major elements: (1) the PET polymer; (2) the

\,üarp or v¡eft knitted Ëube of contínuous multifilament yarns; and

(3) the crimped tube.

An important desígn críteria has been that the PET polymer

should be suitable for implantation in the body environment. It has

been generally accepted that PET reÈains its tensile strength in fhe

body and experiences neglígible degradation (Guidoin et al. , I977 z

Lyman, 1968; and Skelton, 1-974). IL has possessed good handling prop-

erties durÍng manufacture and for the surgeon (Guidoín eË a1. , I97l).

Tn addítion, PET yarn has been avaílable in a wide range of types and

constructions (Golaski, 1968).

A knitted consËruction with multifilament yarns has enabled the



porosiËy required for vascular ítnplanLatíon to be achieved. Laboratory

and in vivo experimental tríals have shown Ëhat porosity or permeabílity

of knitted arterial grafts ís an ímportant factor in their performance

in the body envíronment. The porosity has been measured in terms of

the number of cubic centj-meters of vlater rvhích pass Ëhrough one square

centímeter of graft fabric per minuÈe at. 720 * Hg pressure. The po-

rosity shoul.d be high enough Ëo promote tíssue ingrowth and long-term

healing and low enough to prevent undue hemorrhaging at implantaËion

(Golaski , 1968; Sauvage et al. , L976; and Guidoin et al. , L977).

Multifílament yarns with little or no twist a1low openings between fi1-

aments, which increase the porosity (Golaski, 1968). The kniËted struc-

ture has contributed ínterstiËial spaces between yarns. Chemical and

thermal processing techniques are used during manufacture to shrink the

yarn longiËudína1ly, which swells Ëhe yarn laterally, and hence compacts

the knit structure to the desíred porosity (Golaski, 1968; SmíÈh, 7974;

and JeckeI, L976).

The knitted eonstruction has had several other useful desígn

features. The knitted prostheses have been desíred for Ëheir non-

ravelling characterístics, ease of handling and flexíbi1íty. It has

been ímportant Ëo the surgeon that the grafts do not fray rvhen cut to

the required length for implantation. The elongation, elastic recovery

and crease resistance of the knitted fabric have contribuËed to ease

in handling of the prosËheses. The flexibility of the Èube has allo¡¡ed

it to be twisted to help prevent kinking during surgical ínsertion

(Golaski, L96B; and Guídoin et al., L977).

In 1955 Sterlíng Edrvards suggested that crÍmping vascular pros-

theses along their length rvould ímprove their performance rvíthin the



body. Specífíca11y, corrugations provide non-collapsib1e grafts and

have helped to elíminate occlusÍon caused by kinking (Takebayaski,

1975). The accordion-líke pleats have also contríbuted the necessary

elasticity and extensibility of normal blood vessels (Go1aski, 1968).

The Ëubíng has been uniformly crimped by a heat setting process (Jeckel,

1967) .

FAILURE OF POLY(ETHYLENE TEREPHTIIALATE) GRAFTS

Descriptions of the faíled PET grafËs revealed that they have

"deËeriorated" (Perry, L975: 320), "are very fragilerr and can be "easily

pu11ed apart" (Hayward and Korompal, L9762 582). Blumenberg and Gelfand

(L977: 495) considered the problem may be one of "manufacture, material,

or both.t' Guidoin et a1. (1977: 201), nho studÍed a number of brands

of PET vascular prostheses, concluded that: "as far as the prosthesis

is concerned, íË might be not only a problem in the design of the pros-

thesis but also in the catalysts and chemicals employed to manufacËure

them." Perry (f975) stated thaË the manufacturers could not determine

the cause of the faílure of the weakened grafts. Liker,¡ise independent

laboraÈories have been unable to establísh why knitted PET grafts lose

tensile strength (Hayward and Korompal, I976). Clearly, chemical and

physical analysís of the polymer matería1 could contríbute to a betÈer

understanding of the performance of the graft.

Sauvage et al. (L976) have outlined three stages in the life

of a graft. The first sËage involves Ëextí1e processing necessary to

produce the "fíber frameworkr" which the surgeon ímplanËs in stage two,

and which the body utilízes ín stage three to form a fu1ly healed graft.

King and Lyman (1975) have also outlíned the envíronments to whích the



graft is exposed: processing, storage, sterilizatíon, and implantatíon

¡^ríËhin the body. Each environmenË has the pciential to affect the per-

formance of the prosthesís in all subsequent environments. Sawyer et

al. (I978: 2I8) after studying seven different chemícal compacËing meth-

ods, for a number of evaluation criteria, concluded from the fÍndíngs

that: "...it is imperative for t,he vascular surgeon to have some ídea

of the various modificaËions introduced into the manufacture of a

dacron þ."rorP]prosthetíc grafË íf one expects similar performance

characteristícs among the grafts following implantation." Thus, it

would be unrealísËic to consider the bÍochemical or biomechanical in

vivo behavior wíthout havíng regard for the previous history of the

material.

DEGRADATION OF POLY(ETHYLENE TEREPHTHALATE)

Chemical Degradation

Environmental condiËíons over a períod of time can lead to

degradation of the exposed polymer. Degradation of polyrners has been

considered "any type of modificatíon of a polymer chain involvíng the

main-chain backbone or síde groups or both" (ReÍch and Stivala, L97L:

xiv). This modificaÈíon has ofËen been of a chemícal nature where prÍ-

mary or secondary valency bonds are broken v¡ithin or between chains.

itrhen the varíous polymer properties such as crystalliniÈy, molecular

weight and mechanical properÈíes have been affected the polymer ís said

Èo have "degraded." The degradation of polyesters can be inítiated by

any of the following mechanisms; thermal, oxidative, radíative, mechani-

cal, chemical or biological (King and Lyman, 1975; and Reich and Stivala,

197L). I^7iÈh reference to the manufacturíng process and sterilization of
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PET vascular prostheses,

chemical and/ or thermal

The repeat unit

the relevant mechanisms are expected to be

in nature.

of PET is;

-o-cHz _c1z-o-Í-c_ç_
oo

molecular weight 192.

The high molecular weíght, and the configuratíon of the chains, have

made ít difficult to sËudy the degradation of the PET polymer dÍrectly.

Studíes of a number of simpler model systems representing specific seg-

menLs of the PET chaín have allowed identíficatíon of the probable sites

prone Ëo degradatíon (Buxbaum, f96B). Possible degradation mechanisms

in the manufacturing process and sterilization of vascular prostheses

are: (1) the chemícal reactions involved in compaction; (2) the effecË

of heat due to crimping; and (3) the chemical reactíons or effect of

heat upon sterilization.

Since an acidÍc solvent is used in the compaction process, ít

is possíble Ëhat PET ís subject Ëo hydrolysis. AlËhough PET is known

to resist attack by water, acids and bases due to its aromatic nature

and tight packing of chaíns (Buxbaum, 1968), hydrolysis in neutral or

acid media can occur as outlined below:

OHo
ë-o-R'R- + Ho = --å-o-R'
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(Buxbaum, L96B: 189)

Moreover, the PET is exposed to three heat treatments during

manufacËure and sterílization: (t) during dryíng afËer compaction;

(2) during crímping; and (3) during gas or steam sterílization. Ther-

mal degradation of PET ínvolves random chain scíssion at Èhe ester

links (Buxbaum, 1968; and Pohl, 1951). The main Ëhermal reactíon has

been summarízed as follows:

- c6H4-CO-o -e Hz-cH z-o^oc-ce H+-

^ c6H L-Co-O-cH= cHZ + HoOe -C6H+-

(Buxbaum, 1968: 185) .
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This reactíon occurs especially aË temperatures greater than 2000C

(Buxbaum, 1968; and Carter, I}TL). Accordíng to Carter (Ig7L: 134) at

100oC , 4.0 x 10-8 esËer links are broken per day per rO6 g of polymer

while at 282oC, 3.1 * I0-2 ester links are broken per day per 106 g of

polymer.

Plester (1970) indicated that PET is suitable for gas steriTiza-

Eion treatment, while King and LSrman (Lg75) pointed out that the effects

of sterí1i'zatíon on polymeric materials are very seldom given proper

aËtention. Bruck. (1971) suggesËed that above room temperature polyesters

can react wíth ethylene oxj-de. The three membered ring of ethylene oxide

is highly strained and opens readily (Roberts, Stewart and Caserio, L977).

Evídence from the literature indicates that macromolecules, such as PET,

contaÍníng hydroxyl and carboxyl grouoings may react with erhylene oxlde

to form crosslínks or pendant chains (Battaered and Tregear, l-967 z 41).

In addition, ethylene oxide can react with carboxyl and hydroxyl end-

groups of PET (Stevens, 1975; Bruck, L97I; and Roberts, Stewart and

Caserio, I97L). The reaction mechanisms are outlined belor^¡:

(1) carboxyl endgroup additíon

cïr- cl, + HoocR + CHzOHCHZOOCR\o/
(adapted from Bruck, I97L: f51).

(2) hydroxyl endgroup addition

''Ç;u' + HOR + HOCHzCH'CR

(Adapted from Roberts, Ste\^rart and Caserio, 1977: 266).
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Changes in Microstructure

An r¡nderstandíng of the chemícal and thermal effects which oc-

cur during the manufacture and steriLízation of PET grafts requires some

knowledge of the mícrosËructure of the fibers. UnforËunaËely, none of

Ëhe currenÈ models for fiber structure explain all the fiber properËies

(l^ialczek, L977). In spite of this fact some representative models have

been used Ëo examine the microstructure of fibers. The following de-

scriptions explain how specífic models apply to PET fibers and ¡,¡hat mi-

crostructural changes may take place during the compaction, crimpíng and

sterilization treaËments.

A general view presented by Morton and Hearle (L975: 33) in-

cluded the following elemenËs: (í) the "degree of ordertr; (ii) the

"degree of localization of order"; (iii) the ttlength/width ratio of

localízed L¡nitsrt; (iv) the 'tdegree of orientation"; and (v) the "sÍze

of localized uníts.tr The Èerm ttordertt refers to the correlation of

neighbouring chaÍns in direction, distance êpart, and relative posi-

tíon (Hearle and Greer, 19702 2). In most textile fibers there is a

wíde range of degrees of order from a highl¡r ordered (perfectly crystal-

line) to a wholly random (amorphous). ttoríentation ís the extent to

which the chain direction ís correlated over the whole fiber" (Hearle

and Greer, L970t 2). This is usually expressed relative to the fiber

axís.

Drav¡n PET fibers generally exhibit a high degree of order, and

the chains are predominently oriented in the longitudinal direction of

the fiber. From previous studies of PET, iË has been suspecËed Ehat

the dravm fibers ". . . behave as if they contain tr¿o conterminous

types of structural organizatLon, crystalline and amorphous" (Goodman
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and Rhys , L965: 38). Recently researchers have suggested a three phase

model in which drav¡n PET fibers also contain an íntermediate (oriented

amorphous) phase of nearly extended molecular chains along the fiber

axís (Prevorsek et al. , L974; and Gupta and Kumar, L978). For the pur-

pose of this study a Ëhree phase model is utilized. Therefore, drav,rn

PET ís referred to as a semicrystalline, oriented fiber with crysËalline,

intermediate. and amorphous phases.

I^Ihen drar^¡n PET is exposed Ëo certain chemicals, or to tempera-

tures in excess of its glass transitlon temperature, a.decrease in length

is observed. It has been suggested that t.his longitudinal shrinkage is

caused by localízed disruptíon of the van der Waals forces, thereby a1-

1owíng an increase in the rnobiliËy of the chaj-n segments (Ribnick,

I{eigmann, and Rebenfeld , 1973) .

According to l^lílson (I974), thermally induced shrinkage is a

Ëwo sËage process. It ínvolves a rapid initial stage assocíated with

disorientatj-on in the amorphous zones. Contractíon occurs when thermal

energy frees the intermolecular bonds between neighbouring extended

chaíns (Ribnick, 1969: 748). Prevorsek et a1. (1974) explained this

stage of contractÍon by reference Ëo the intermediate phase where chaíns

within the phase teorgar-ize themselves Ëo minimum energy positions.

This increases the amount of the intermediate phase (Deopura, Sinha

and Varma, 1977). The second stage, described by l^Iílson (1974), in-

volves chaín foldÍng and an íncrease in the amount of crysËallization.

At relatívely 1ow temperatures drar^rn PET chains are freed from inter-

molecular bonds, and so can cont,racË from an extended to a folded con-

figuraÈíon. At hígher temperatures these nucleating regÍons grow into

larger folded crystallites rn'hich eventually replace the extended chain
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configuratíon (Ríbníck, L969). rn terms of the two phase model, peters

(1963), explained that those segments of the molecular chain which

possess suffícient energy wí11 break away from the amorphous regions.

Thus the size of the crystallíne regíons grorÁ/s at the expense of the

amorphous regíons. Eventually an entangled state is produced in the

amorphous regions whÍch resisËs random thermal motion. A dynamic equili-

brium ís thereby established since further grorvËh of Ëhe crystalliÈes

is límíted by the lack of available molecules in the amorphous regions.

At'Èhe same time the void space ín the fiber ís íncreasing due to Ëhe

breakage of intermolecular bonds (Statton, I97I)

In chemically induced shrinkage il ís thought that the solvent

swells Ëhe polyester structure and disrupts the van der l,Iaals forces

between the PET chains (inleígmann et a1 ., L977). Accordíng Ëo trIeigmann

et al. (1977), a high degree of shrinkage occurs, because the solvent

disorientates the inLermedíate phase.

Disorientation due to chemically índuced shrinkage is simí1ar

to that experienced by heat induced shrinkage, sÍnce in both instances

the random thermal motion of the chaíns leads to lateral swellíng and

the formation of crysta11ítes. I^lith the heat induced shrinkage, however,

larger crystallíËes are formed. I^leigrnann et a1. (L977: 753) have con-

cluded Ëhat rrat the same 1evel of dísorientatíon obËained by heat or

solvent treaËment, the structure produced by the solvent treatment ís

much more accessible to the dyestuff. " It ís suspected thaË this Ís

caused by the formation of voids ín the solvenË treated structure

(lnleígrnann et al., f977).

Only a few studÍes have considered the effect of solvenË Ëreat-

ment on PET follor¡ed by heaL. I,ieigmann, ScotË and Ribnick (L977) found
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that Ëhe voíd structure in solvent treated PET partially collapsed on

subsequent heating. The degree of collapse Tras dependent on the heating

temperature. They concluded thaË:

Thermal treatments aË Ëemperatures beyond the temperature of
the thermal stability of the solvent-induced crystallj_tes com-
pletely eliminates any memory of the prior solvent treatment and
results in a fíber structure essentially identical with that pro-
duced by heat treatmenË alone (tr^Ieigmann, Scott and Ribnick, 19772
770).

IMPL]CATIONS FOR DEGRADATION IN THE BODY ENVIRONMENT

Chemical and microstructural changes occurring during manufac-

Ëure and sterilízation are expected to affect the likelihood of polymer

degradation, as well as the rate of healing and the mechaníca1 perfor-

mance of the implanËed graft. Surface and ínternal chemical degrada-

Ëion of the polymer weakens the grafts and alters their mechanical per-

formance. Chemícal changes to Lhe PET chain, involvíng chaín scission,

cross-línkíng or addition reactions are 1ike1y Ëo change the susceptí-

bi1íty of the polymer to degradaËion in the body as well as effect the

healing process. Furthermore, changes ín the crystalline, intermediate,

and amorphous phases, and the creation of void spaces, wí11 affect the

chemical reactívity and hence the healing propertÍes of the material.

Untí1 recenÈly, neither the condítíons that promote biological degrada-

tion, nor those that affect healing of the PET graft, have received much

attentíon ín the literature.

Reed, Gilding and Wilson (L977), in studying the biodegradability

of elasËomeric bíomaterials, concluded that extracellular enzymes wíLh

knov,¡n est.er cleavage abílity, such as esËerase and leucine amino pepti-

dase, could degrade PET. Chemical hydrolysis has been found to be the
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maín mechanism in causing degradation when either of these t\^ro enzymes

have been present in high concentrations. Potts (L9782 645) sËated

that, "although aromatic polyesËers are generally consídered to be

resistant to biologícal degradation, there have been no published

studíes on theír 1evel of bioresistance." Furthermore, 1ítËle is knor¿n

about the blood/polymer interface. According to Merrill (7977: 15):

- Since Ëhe sequence of moíetíes on the protein are rarely known,
one is nearly completely ignorant of how to design Ëhe polymer sur-
face to thwart activaËion of activatable proteins that arrive on
Ëhe surface. One does know Ehat polymerÍc substances become coaÈed
wiËh proteín molecules after exposure to blood in vívo and that in
some instances a stable layer of protein ís finally achieved t,hat
renders the polymer passive.

Sar,ryer et al . (1,978) have evaluated the patency, handling char-

acEerisËics, long-term function, pathologv, complications and accepta-

bilíty to the host of the PET grafts after seven different chemical

rnodification treatments duríng manufacture. Two of the main points they

presented in their díscussíon \^7ere that the ". crímpÍng and compac-

tion of a dacron þ""ror9]prosthesis appears to affect long-term func-

Ëíon of Ëhese prostheses following implantationr" and that chemical

Ëreatment along wíÈh porosity and consËruction deËermine the nature of

the inner fibrous capsule formaËion (Sawyer et al., 79782 218). The

character of this capsule determines Ëhe success or failure of the

pros theses .



ChapËer 3

METHOD

The research desígn and procedures are presented in this chap-

Ëer in the followíng sequence: the selectíon and description of samples,

the compaction, crimpíng and stetíLízatíon procedures, the evaluatíon

procedures, and the analysis of data. SÍx measures are included in the

evaluaËion procedure: viscometry, yarn geometry, thermal analysís, in-

frared specËroscopy, birefringence, and Ëensile properties. yarn geom-

eËry includes shrinkage, fílament diameËer, línear densiËy and density.

The Ëensile properties of int,erest are tenaciËy, breakíng toughness and

ínitial modulus.

SELECTION AND DESCRIPTION OF SAMPLES

Seven samples of polyester yarn rvere selecËed for the study.

They each represenËed a different stage in the manufacture and st.erili-

zation of PET vascular grafts. samples one Ëo six were 4.4 tex/27 fila-

menÈ Type 56 lacror9 y"rr, loDr"ror9- registered United StaËes Trade-

mark for pol-y(ethylene terephthalate) from E.I. du Pont de Nemours and

Company Inc.) (plate 1 and Table 1). Sample seven was 11.L tex/54 fíla-

ment Type 57 oacror9 yarn unravelled from a r"ríllikni9 graf t (ot"titti-

f.ni9- regísËered UniËed. StaËes Trademark for knitËed. vascular pros-

theses from Golaski Laboratoríes Inc. ) (Plate 1 and Table 1). Two

strands of the lr".or9 yarn from the bobbin rnrere wound togeËher so

18
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comparíson could be made with the commercíal reference yarn unravelled

from the vascular grafts. AlËhough the tex values \¡/ere different, the

yarns were comparable because the Millílcni9 graft contaíned. yarn shrunk

by 25% during compaction. Tt is be1íeved that Type 56 and Type 57 are

boËh normal Ëenacíty filament lacror9. They differ in that Type 56 ís

semi-du11, and Type 57 is dul1 (Burlingron IndusËries Inc., 1970:34).

The filaments ín the dul1 yarn conËain more TiO, which is used as a

delusËerant.

Table 1. Description of Samples

Sample Descríption

One Untreated yarn, 4.4 tex f.27 tO Da"ror9polyester.
:T\¿o Sample one compacted.

Three Sample rwo crimped ar g4oc (ZOOor).

Four Sample rwo crimped ar 154oC (:OOor).

Five Sample three sterilízed.

Six Sample four sterilized.

Seven Comrygrcíal reference sample - unravelft:rl from the Milli-
kniú9grafts, 11.1 tex f54 tO Dacror\9polyester.

COMPACTION, CRIMPING AND STERILIZATION PROCEDURES

Compactíon Process

A brass compaction apparatus vras consËructed to restrain the

yarn and thereby control the amount of shrinkage duríng compactíon

(plate 2). A specíal windíng insËrument was built to wind two strands
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of yarn onto the compaction apparatus (Plate 3). After winding the

samples at controlled speed and tension, the apparatus was used to

restrain the yarn bundle at 25"/, of its original length. This was done

in accordance with UníLed States Patent 3,853,462 (Sniith, I974) r¡hich

specified thaL 70 denier tubing shrinks 33% in the wale direction during

chemical treatment. This corresponds to a 25% Iength reduction in the

yarn (Hearle, Grosberg, and Backer, 1969; and Munden, 1959).

The compaction process was performed on three batches of yarn 
.

whích were later dÍvíded j-nto síx 4.0 t 0.2 g samples (Smíth, L974:

example III). Ã 67. hexafluoro-2-propanol and 947. methvlene chloride

compaetion solution \^7as prepared. Each yarn batch \^¡as treated for 5

min ín a 250 m1 cylinder in a controlled temperature bath at 20.0 1

0.loc using a 25:1 solution: sample ratj-o (Plate 4). The yarn was

then washed in a 1Z solution of Triton X-100, to remove surface chemi-

ca1s, and rinsed in ¡¿p \^rater for 5 min (Smíth, 1974; example I). Fo1-

lowing washing, the samples were dríed sti11 wrapped on the apparatus

at 100oC t 2oC for 5 mín ín a hoË aÍr oven.

Crimping Process

The crimping process \.{as simulatecl by heating four compacted

yarn samples for I hour in an unrestaíned state Ín a hot aír oven. Two

¡vere heated to 94oC and the other two were heated to 154oC. These

temperatures are the two extremes recommended in Ëhe patent (Jeckel,

L967: section 15, page 2) . One hour was chosen because accordíng to

Ribnick (1969) most of the shrinkage that would take place at these

temperaËures would occur within t hour.
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Sterilization

Two of the four compacted and crimped yarn samples were heat

sealed into polyethylene and paper steríIízation pouches, and sterílized

in a casËle Gas sterilizer: w:_tln I2"/" ethylene oxide and 8BZ freon at

56oC for 5 hours utilizing 10 lb.pressure anð. 40% relatíve huniidiËy

(Ernst, 1973). This was followed by 3 hours aeration.

EVALUATION PROCEDURE

Each of the seven samples r,rere tested by the procedures de-

scribed below. The tests were performed in the standard testing at-

mosphere (6s t 2% R.H. and 2l ! 1oc) unless otherwise stated. yarns

were randomly selected from each sample for testíng.

Viscomet ry

The viscosity average molecular weight (IÍrr) was determíned by

a method adapted from ASTM (1977) Designarionl. D2857-70. specímens

T¡lere ground ín a Wiley Mi11 using a lll-;0 mesh, dried at 110oC for 3 hours,

and then dissolve<l for 3 hours ín purífíed o-chlorophenol at 95oc. The

specimen solution concentratÍon was .00500 t .00002 g/ml (.I25 g in 25

ml of o-chlorophenol). After fíltratíon Ëhe rates of florv through a

Cannon 150K300 llbbelohde dilution víscometer !üere tímed. The viscometer

was kept aË a controlled temperature by immersing it in a constant

temperature bath maintained al 25.0 t 0.loc. A series of solutions wíth

different polymer concentrations r¡rere prepared and timed by adding Lrrrl-12

and 5 ml aliquoËs of polymer soluÈion to the solvent. The viscosÍËy

average molecular weight for o-chlorophenol at 25oC was calculated from

Ëhe intrinsic viscosíty by the fol-lowing equaËíon:
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(Moore and Sanderson, 1968).

Yarn Geometr.v

Shrinkage. The lengths of selected yarns from each sample were

measured with a ruler before and after the compactíon, crimping and

sterilization treaËments. The average length was calculated from twenËy-

fíve specimens, and the percentage shrínkage vras computed according to

Ëhe for¡nuIa:

, _ Initial_lgngtþ : Fin_al lengrh X 100" IníËial length

Filament diameLer.

magnificat.ion, an Olympus

Mícrometer (0.01 mrn) were

menËs selected from each

1957; and Schwarz, L934).

(I^Iilson, L974: 278).

An 0lympus Bínocular Mícroscope aË 400 tirnes

Eyepiece Fíber l{icrometer, and an Olympus Stage

used to measure Ëhe diameter of thirty fí1a-

yarn sample (Heyn, L954; Barron, 1965; Stoves,

Glycerol mount.íng media was used.

Linear density. The línear density in tex (g/1000 m) was deËer-

mined according to ASTl,f (1977) Designation: D1059-76. A shirley crimp

TesËer r,ras used to measure the length of f if teen 25.4 cm specimens aË

3 g applied load. The specimens \4rere weighed on a Sartoríus Balance

to five decimal places of a gram.

Density. DensíËy is the mass per uniË volume (Morton and Hearle,

L9752 L54). There are limiËs to its use in assessing the degree of
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crystalliníty of polymers because iË must be assumed that the structure

consists solely of two completely defíned, díscrete phases; amorphous

and crystallíne. Farrow and l^Iard (1960) have concluded Ëhat the measure-

ment of crystalliniËy by density is unreliable because Ëhe densíty of

the non-crystallíne materíal cannot be assumed to be constanË. There

has also been a problem v¡ith measuring Ëhe density of solvent treated

fibers because the heavier component of the density gradÍent column may

díffuse preferenËial1y into the fiber structure and exchange wiÈh the

residual solvent, thereby causing abnormally high densíty values

(I^Ieígmann, Scott and Ribníck, 1978). Yet, density has been used ín

conjuncËíon wiËh other tests to measure overall changes in the level

of order. l,Iilson Q974) used densíËy to sËudy the overall sËrucÈural

change in PET yarn due to thermal shrinkage. trIeígmann, Scott and Ribnick

(L977) measured the changes in fiber sËrucËure due to solvent and/or

heat treatmenË. Both studies found that density increased after treat-

ment (I^Iilson, L974; and I^ieígmann, ScoËt and Ribniek, 1977).

Values for nominal and hydrostatic density \^rere obtained for

the yarn samples. Hydrostatíc densíties were measured in a calibrated

densÍty column contaíníng a mixture of xylene and carbon tetrachloride

(Morton and Hearle, 1975; PresËon and Nimkar, 1950; and Hall, 1976).

SËandardized glass beads were used t.o calibrate the column over a range

of densities from 1.340 to 1.430 g/cm3. The column was immersed in a

consËant temperature r^7ater baËh held at 23.0 t 0.loc. After the yarn

samples were inserÈed the column was allowed to stabí1ize for 24 hours

before Ëhe readíngs r¡rere taken.

The nominal density of
?

g/cm- using the data obtaíned

as follows:

indívídual filarnents was calculated ín

for linear densíty and filamenË diameter
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Nominal density = -l"l-2^"Ílt {-

where, 100,000M
L = average linear densíty of an

indÍvidual fílament in tex.

2x = average filament diameËer in cm.

Thermal Analysis

Polymeric materials undergo physical changes when heated or

cooled through theír transiËíon t.emperaËures. These changes are ac-

companíed by the absorption or release of energy in the form of heaË.

In dífferential seanning calorirnetry (DSC) the sample and Ëhe reference

material are subjected to a closely controlled temperature program.

Thermal energy is added to or subtracËed from Ëhe sample or reference

materíal in order Ëo maintain both aË Ëhe same temperature (perkin -

Ermer, 1967). The thermogram produced yields a direct calorimeËric

measurement of the transitíon energy. Thus strucËural variations ín

the materíal can be observed through measurement of the t.emperature of

transition, the energy of Ëransitíon, and the slope of the transíËion

curve.

There are tv/o Eransition peaks of interest for Ëhe purposes of

Ëhís study; Èhe melt peak, and Ëhe premelË endotherm peak (pEp). "Melting

is a first-order crystalline-amorphous transition; the transition temper-

ature and the accompanying heat effect defíne the chemícal compositíon

and crystallinity of the polyester" (Ke, L96z: 624). solvent and heat

treatments lead to secondary crystallÍzation in pET polymers. Thís is

observed by the presence of a PEP at temperatures below the melting point.

The area under a thermogram peak is proportional to the amount of heat

accompanying the Ëransition, so the heaË of transition can be measured
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directly by calibration with a reference materíal (Perkín-Elmer,. 196l;

and Ke, 1962). The sum of the integraËed area of the pEp (the heat of

premelt crystallizai-j-on (^H')) and the integrated area of. the melË peak

(the heat of fusion (AH")) gives the overall heat of fusion (AH). i^Ihen

this value ís dívided by the heat of fusion of an ideal pET crystal the

apparent degree of crystallíníty (I,üc (d. s. c. ) ) ís determined. This mea-

sure rePresents Ëhe volume fraction of the erystalline phase within the

polymer (Fakirorv et al. , L977 z LL22) ,

Weigmann, ScoËÈ and Ribnick (1978) have examined premelt endo-

therm peaks Èo study the number and size distribution of crystallites

of PET exposed to heat and solvent Ëreatments. A distinct peak sug-

gests a relatívely narrow disÈributíon of crystallite síze. inlhereas

a broad and diffuse PEP suggests fewer crystallítes with a wider range

of crystallite dízes. Measurements of these characteristics before and.

after heat and solvent treatments help Ëo identífy changes in crystalline

sÈrucÈure of PET f ibers (trrleigmann, Scott and Ribniek, 1978).

A Perkin-Elmer differentíal scanning calorimeËer rnodel DSC - 18

was used Ëo measure the Ëhermal behavíor of the seven samples. Each

yarn specímen was cut to 6.5 rnm in lengËh and packed inËo an aluminium

sample pan. A¡ alurniniun lid was crímped on each. The specímen weight

was recorded. To prevent oxidation of Ëhe PET at high temperaÈures an

N, purge \¡ras connected to generate a 20 ce/mín flow of gas. A Fisher

Recordall Seríes 5000 was used Ëo record the Ëhermograms.

For the assessment of the melt peak the calorimeËer was run from

22Loc (494oK) to 281oc (554oK) at a scan speed of 10oc/urín and. range r.

The melting poinÈs of the samples were indícaËed by the peak tempera-

tures (Manche and Carroll, L972). The heaËs of fusion (AH") were computed
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from the area under the curves which were calibrated against the heat

of fusion of a known weíght of indium. The premelt endotherm peaks

(PEP) \¡rere run from 12oC (285oK) ro 281oC (554oK) aË a scan speed of

2OoClmín and range 1. The PEP temperatures r¡rere read from the therrno-

gram peaks. The heat of premelt crystallization (AI1') was computed from

the heat of fusíon of a known weight of indium. The characteristics of

Ëhe PEPts were described in terms of their shape, height and positíon.

From Ëhe overall heaË of fusíon (ÀH) an apparenË degree of crysËallinity

I^lc(d. s. c. ) was deËermined accordíng to:

I.I (d. s. c. ) - AII
c. 

^Ho

where, AH = AH" + AHI

AHo = 24.3 kJ/rlole (The heat of fusj.on of an
ideal PET crystal).

Infrared SpecËroscopy

fnfrared spectroscopy has been used to deËermine the molecular

structure of PET. t'rË is based upon the concept Ëhat if a material is

subjected Ëo radíation of the same frequency as the víbrat,íons experí-

enced by the atoms wiËhin the r:naterial then the result of such moËion

would be some form of int.eracÈíon wíth the incident radiaËion" (Hearle

and Greer, 1970: 139) . The recorded spectrum is a ploË of the percent-

age Ëransmíttance of radíation from the sample versus the frequency of

the vravelength of incídent radiation. The spectrum obtained from a

range of Ëransmission frequencies j-s a charact.erístic of the chemical

structure of the material.

l{ore recenË1y an infrared technique called attenuaËed Èota1

reflectance (ATR) has been used Èo obtain ínformation about the
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surface chemistry of fibers (carlsson, suprunchuk and l^liles, L97o).

"The ATR specËra of organic molecules corresponds closely to the con-

ventÍonal transmission infrared spectrarr (Carlsson, Suprunchuk and Wiles,

L9702 73). This techníque ís particularly suited for srudying changes

in surface chemistry of vascular grafts, since as MerrilL (L977: 15)

concluded ". it ís the material in the first few hundred angstrom

units belor+ a blood interface that govern what blood will do . . ."

The surface chemístry and sËructural characteristics of the

samples were analyzed by the atËenuat.ed Ëotal reflecËance method (ATR)

(Carlsson, Suprunchuk and l^iíles , L970; Manning, L970; Wilks and Iszard,

1964; and Sibili-a, I975). A Beckman 184 Infrared Spectrophorometer

was used with a I^lilks Moclel 9 ATR attachment. The yarn samples were

wrapped around resilient rubber pads and mounËed on each side of the

KRS-5 crystal. The assembly was held together by screws tightened to

3 inch lb with a constant torque wrench. Four 20 mín scans \¡rere run

for each sample. The ínítía1 percentage transmission vüas set to 501l

Ëo facilítat.e sample comparison. A polystyrene film \¡/as scanned in

transmitËed light as a calibration reference for each sample. The

ïdavenumber ranged. from 41000 to 600 cn-l.

For the purpose of the present investigatíon there rüere three

importanË aspects of the fiber structure whích \trere considered using

the infrared spectra: endgroups, crystallinity and chain foldíng.

Generally, infrared specËra have been used to deËermine the acíd end-

groups present in PET. If degradation causes chaín scissíon Ëhen shorter

molecules are formed and the number of acíd endgroups usually increases.

Polyester may have both hydroxyl and carboxyl endgroups. The amount

of each is dependenË on the conditions of polymerization. PatËerson
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and inlard (f957) attríbuted the absorption band at 3535 "r 
I to alcoholic

hydroxyl endgroups of PET. Day and I^liles (1972) have connected rhe

broad absorptíon band at approximately 3290 cm-l vrith the presence of

carboxyl endgroups withín the polymer. The concentratíon of such end-

groups can be quantified by measuring the íntensíty of these bands

(Addleman and Tisl-Ly, Lg72) .

The baseline techníque was used to measure the level of absor-

bance of the 3290 em-1 and 3535 
"*-1 

f."ouency bands corresponding to

Ëhe carboxyl and hydroxyl endgroups respecËively (Kenda11, L966; and

Clark and Hickie, L975: 245). These absorptioris correspond to theír

respective endgroup concentrations.

There are several bands in the infrared spectrum of PET which

change their intensit.ies as the crystalliníty of the sample changes.

It has been establíshed that those near L470, L337r 973 and 845 cm-l

increase ín íntensity during cr-rrstallization whíle at the same Ëime,

tirose near 1453 , 7370, 1040 and 895 
"*-1 

d.""tease in inËensity (Bahl,

Cornell and Boerio, I974). The accepted explanation for this comes from

Míyake (1959), who believes that rotational ísomerísm ín the ethylene

glycol segments of the PET rnolecules controls Ëhese changes. He studíed

the spectral changes caused by an íncrease ín crystallization on heating

PET at Z3Oo C for 5 min and found. the bands relating to the trans con-

figuration (L470, i-337, g73 and 845 cm-1) increased in intensiËy, while

Èhose relating to the gauche configuration (14531 1370,1040 and 895

-'r _1cm') decreased ín inËensity. The bands L470, L337, 973 ar.d 845 cm

have been related to the trans ethylene glycol segment.s or Ëhe Ërans

confíguration of Ëhe crystalline and the intermediate phases. The bands

near 1453, L370, 1040 and 895 
"*-1 

hr.r. been assigned to gauche ethylene
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glycol segments as found in Ëhe amorphous phase. An alternatíve ex-

planation by Liang and Krimm (f959) relates these spectral changes to

syrunetry and resonance characteristics of the substituted benzenoid

ring framework. This explanation has not yet been widely accepËed.

The baseline technique was also used to measure the level of

absorbance of the trans configuration frequency bands at L470, L337,

973 anð' 845 cm-1 and the gauche configurarion bands at 1453 , L370, 1040
_1

and 895 cm - (Kendall, L966; and Clark and Hickie, Ig75). The peak ar
_1

794 cm' which corresponds to the aromatic hydrogen-carbon inplane vi-

brations was used as a standard (l"fiyake, r95g). rt \^ras assumed th.at

the absorption level of this peak rvould rernain unchanged by the chemi-

cal and thermal treatments in this study.

The absorptÍon at 988 "*-1 ,rl the spectra of PET has been as-

signed to chain foldíng (In/ilson, L974). Some researchers have reported

thaË thermal contraction leads to an increase in the intensity of the
-.19BB cm - band (h7ilson,7974; and Prevorsek et al., 1974). In fact,

hiilson (7974) evaluated the intensity íncrease for various treatment

temPeratures. Prevorsek et al. (7974) calculaËed an absorptivity ratío

of the 988 cm-l to 973 c*-1 barlds to quantify the increase in the de-

gree of chain folding. In this investigation it was found that the fre-

quency band relating to chain folding, 988 "r-1, could not be clearly

disËínguished usíng the ATR techníque.

Bírefringence

Birefríngence is the difference between the refractive indices

the longitudinal and the transverse directions of a fiber (n, ¡-n1).
ís regarded as a measure of the mean molecular orientation in the

l_n

IÈ
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crystallÍne' intermedíate and amorphous phases (Morton and Hearle, l-975).

Thus birefringence wíll be highest when the molecules a1l 1ie parallel

to the fiber axis, and it wíIl be lowest when they are randomly directed.

commercially dravm PET fibers have hígh birefringence due to the high

degree of molecular orientation that ís possíble, and the presence of

the benzene ring in the main chain (Morton and Hearle, L975). Prevorsek

et al . (1974.) observed that thermal contraction leads to a decrease in

birefríngence. \,lílson (Lg74) also found a fall in birefringence due to

heat induced shrinkage. At temperatures up to l00oc a fall in bire-

fringence was noted, but beyond this temperature any furÈher fa1l in

birefringence r,Jas offset by a rise accompanving cri;stallization. Some

researchers have suggestecl that the inítial decrease in birefrÍngence

is ín part due to dísorientaÈion Ín the intermedíate phase (i^lilson, 1974;

Prevorsek eË al., 1974, Deopura, Sinha and Varma, Ig77; and Goodman and

Rhys, 1965).

An Olympus PolarizÍng Microscope at 400 tímes magnification and

a Leítz irlet.zler Berek Compensator v¡ere used to measure the bÍrefringence

of twenty-five filaments from each yarn sample (The Textile InstiËute,

L975; Leitz-i^letzler, 1960; Heyn, ]-954; Barron , 1965: Sroves , Ig57; and

Schwarz, 1934). Glycerol was used as the mountíng media.

Tensile Properties

Tenacity. The tenacity of a fíber ís the tensile stress at the

poínt of failure expressed as force per unit linear density of the un-

strained specimen (ASTM, 1977: D2256). lfolecular weight, type of crys-

tallinity (crystalline, intermediate or amorphous phases), degree of

íntermolecular enËanglements and degree of molecular orientation are
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important factors whích affecË fiber tenacity. rt was found thaE by

increasing the number average molecular weight of pET from 8,000 to

30'000 large íncreases ín fíber tenacity are obËained (i^lalezak, 1977:

269). Intermolecular entanglemenËs in the form of linked molecules may

increase the mechanical strength of the structure.

The following researchers have found losses ín the tenacíty of

drawn PET fibers due to thermally and chemícally induced shrinkage.

Ribnick, Weígmann and Rebenfel-d (L972) found Ëhat shrinkage induced by

methylene chloride treatment resulted Ín decreased tenacÍËy. Prevorsek

eË a1. (1974) found ËhaË the decrease ín tenacity upon thermal con-

traction l,las accompanied by a decrease in molecular orientation. Statton

(L97L) explaíned Ëhat a thermally induced decrease in tenacity is lÍkely

caused by Ëhe relatively few molecules passing through the fÍber struc-

ture due to chain foldíng.

Yarn tenacity was determined by the single-strand method adapËed

from ASTM (L977) Designationz D2256-75. An Instron Tester was used rvith

a 13 cm gauge length and a crosshead speed of r2.5 cm/min. Thirty yarn

specímens I^/ere tested from each sample. The specimens vrere centrally

mounted ín rubber faced, pneumatic jaws, pretensioned wiËh a 3.1 g weight,

and strained until the fírst fílanent breakage, which r¿as observed as a

discontínuíty on the load/elongation curve. The average yarn tenacity

was then calculaËed in nN/tex.

Breakíng toughness. Brealcíng toughness is Ëhe energy required

to break a material (Nielsen, L962: l-02). The Ëoughest materials have

high tenacíties aceompaníed by hígh elongations to break. The average

breaking toughness of thírty yarn specímens was calculaËed ín mN.m/tex.m

from Èhe area under Ëhe load/elongatíon curves obtaíned by Èhe single-strand
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method described above as directed ín ASTM (1977) Designation: D2:.0I-72.

The areas vrere measured by a Gelman planimeter.

Initial modulus. Initial modulus ís the slope of the initial

straíght-line portion of a stress-sÈrain curve. The modulus is the

ratío of the change in stress to the change in strain (ASTM, 1977:D2L0I) .

rt depends on the degree of crystatlinity, the degree of oríentation,

and on the proportion and distributíon of the intermediate and amorphous

phases. Thís has been emphasized by I.Iarczak who stated Lhat't . . the

type of transi-tíon beËween crystalline and amorphous areas is suspecËed

to have a very important influence in Ëhe overall effectrr (I^Ialczak, L977:

264). Initial modulus also depends on chain confíguration. i^Ihen pET

has fu11y extended chains (trans eonfiguratíons) it requires a greater

force to produce unit extensÍon than when the chaíns are less fully ex-

tended (hralczak, 1977). Thus polymer erystallítes mav be treaËed as

undeformable in comparíson with the a.morphous regions of the polymer

(Meares, 1965).

Ríbnick, I,.leigmann and Rebenfeld (1972) have reported that pET

yarn has a rower initial modulus after methylene chloride induced

shrínkage. Inlílson (L974) has found similar results for Ëhermally in-

duced shrinkage. These findings are "consistent rn'ith the viel that.

initial modulus is determined by elements in the amorphous regions, the

progressive disorientatíon of which produces both increasing shrinkage

and decreasing modulus" (vlilson, L974¡282).

The average initial modulus of thirËy specimens I'as calculated

in N/tex for each sample as directed ín ASTM (1977) Designaríon: D2101-

72. The load required to produce 82 elongation \{as measured from each

of the single-strand, load/elongation curves.
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STATTSTICAL ANAIYSIS

Parametric and non-parametric one-lray analyses of variance \^rere

used to assess whether there were signíficant dífferences between the

untreated, the five Ëreated and Èhe cor¡unercially treated samples. In

the parametric analysis of variance Ëhe fixed effect model was used to

deËermíne whether significant differences existed between the observed

means of the follor,ring measures; fílamenü diameter, linear density, bire-

fringence, tenacíty, breaking t.oughness and inítíal modulus (snedecor

and cochran, 1967: 258). The non-parametric Kruskal-tr.iallís test \.,¡as

also performed (Gibbons , L}TI: 198). rn ít no assumption is made about

Èhe parent populaÈions except for contínuity. The parametric Scheffé

test on rnultiple comparisons \,vas used in five separate analvses Ëo con-

sider Ëhe effects of compaction, crimping and sterilizaËíon, the compari-

son of Ëhe commercíal reference sample r^'íth the compacted and crimped

samples, and Lhe effect of compactíon, crímping and sterilization.

The fixed effect model for one-way analysis of varíance, ís

described as follorn,s:

Y-, =U+cx_. +E_., í=Lr2, . ar-J r_ - r_J

j = 1, 2, . n

where, Y,. = ith observation for Ëhe ith treatment.'aJ
U = overall mean.

ct, = the effect of Èhe íth treatment such that
l_

01 + CI,2 + o" = 0.

8.,'s are independent normal random varíables with mean
-LJ

)0 and variance o-.

0
a

The null hypothesís of inËerest is, Ho (o,, = o, =o)
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The alËernative hypothesis is, H" (o, + cl, for some í # j = 1,

" 
a)'

An analysis of variance table was used to summarize the quanti-

Ëíes involved in the computation of the Ëest sËaËistíc (See Table 2).

Table 2. Analysis of Variance (ANOVA) table

Source of
VariatÍon

Degree of
Freedom

Sum of
Squares

Mean
Square

Bet\,üeen Sample

Error

Total

a-1

a(n-1)

an-1

S¡

sn

&
st

lf

ll

S,

r-1
c"n

;G-it

&"The 
Æ{OVA has used the usual defínition of the sums of squares due to

the dífferenL components of variation.

TotestHs (s-, =d. . s- =0) theFratioF=þ wasusedwithd.egreesL¿a"E
of freedom a-1, a(n-l) as the test sËaËistíc.

The next step in studying the results \^ras to examíne the treat-

ment means and the sízes of dífferences among thern by usíng the techni-

que of multíple comparisons. .ALy linear combination, L = À., i., + ff, +
klr

. Àk\, where the À's are fixed numbers wiÈh X - Ài = 0, is ca1led
l-=l

a comparÍson of treatment means, where k f a (Snedecor and Cochran, 1967:

269). The estimated standard error (Sr) of the comparíson L is
,......-
Jrl'("s/,/"), when n ís the number of observations in each sample

Schefférs test L/S, is declared significanÈ at the.O5 level íf

rnerically exceeds r("-l-E* r¿here Fo.os is rhe .05 level of

degrees of freedo* f1 = a-I, fr= a(n-l) (Snedecor and Cochran,

. For

it nu-

F for

L967: 27L).
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For the non_parametric Kruskal_hrallis one_\,,/ay ANOVA test iË is
assumed thaË there are "attindependenË sets of observations, one from

each of "a" continuous populatíons Fr(x), Fr(x), ., Fa(x), where

the iËh random sample is of size n., i = l, z, . a, and. where there

are a total of ; n-=N observations (Gíbbons , rg./L: r94). The nu11
i=l r-

hypothesis is, % Er{") = Fr(x) = r"(x) for all !. The atterna-

tive hypoËhesis is, H" Er{") + F.(x) for some i* j and for aË leasr

one fl.
For the test statistic the N observations are arranged in ord.er

of magnÍ.tude and R. is denoted as the actual sum of ranks assigned t.o

the elements of the ith sample in this combined arrangement. In case of

a tie the ¡nidrank method was used (Gibbons, Lg71: 97). The test statistíc

M due Ëo Kruskal and itlallis ís def ined by:

r^ r R.2
M =---Y- t 1 - 3(N+1)

N (N+1) ilf ri - J \rìTr/r

rf no n. ís small Ëhen under the null hypothesis M ís distributed ap-

proximately as the chí square random variable wiËh a-| degrees of free-

dom. The rejection region of thís test is 14 , X:, -_r corresponding toct' a-l
a leve1 of signifícance 0,.

An olivetti table compuLer P602 was used Ëo perform the parametric

one-r47ay analysis of variance. The oËher analyses were calculated manually.
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RESULTS AND DISCUSSION

This chapËer reports the results of the chemical and physical

measurements on the PET yarn before and after compaction, crimpíng and

sterilization. These results are used t.o indicate the changes ËhaÈ oc-

curred in the PET fiber sËructure. rn additíon the líkely manufac-

turíng conditíons of the commercial reference sample are discussed.

The properËíes of the sterílized samples are compared to Ëhose for the

control sample, and. prediet,ions are made about Ëheir future in vÍvo

performance.

The average resulÉs for the chemical and physical measures of

Ëhe ËreatmenËs and comparisons are summarízed in Tables 3 'to 11 and some

are presented graphically in Fígures 1 to 15, Appendix D. The DSC

Ëherrnograms, ínfrared spectra, and stress-sËraín curves are presented in

Figures 16 to 51, Appendix D. The indívidual data for Ëhe seven samples

are to be found in Tables L2 ,to 27, Appendix B.

The mean values of the filanent diameËer, linear density, bire-

fringence, tenacity, breaking toughness and inítial modulus measuremenLs

for all seven samples lrere compared using the one-r4ray analysis of varíanee,

the fixed effect model, and Ëhe Kruskal-I,iallis one-\¡ray ANOVA test. Both

statístícal techniques found thàt signíficant differences (at the .01

level) existed between all the untreaËed, treaËed and commercially

Èreated samples (tables 28 and 29,,Appendix C). The crítícal values for

the rnulËíple comparisons are found in Table 30, Appendix C.

40
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EFFECT OF COMPACTION

To anaLyze the effect of compacËíon the untreated sample (number

one) was compared to the compacted sample (number two) (Table 3).

The visosíty average molecular weíght of the untreated PET was

3L'200. The value of 22r200 obtained for sample two was substantially

lower than the origínal value. This indicated thaË chain scissíon oc-

curred during the compacËion process. rt is proposed thaË the 1, 1, l,

3, 3, 3 hexafluoro - 2 - propanol solvent initiated these chain scís-

sÍon reactions by the followíng acid hydrolysis mechanism:

OH

ú,o-
I

cFs- 1-cr,
H

PET 1 , 1 , 1 , 3, 3, 3 Hexafluoro-2-propanol

Step 1

OH

(/,o- cFs -

J +HzO
Step 2

o
ll
C-O- CHz-CH 2,-,',

O
ll
c- +

OOH
ill
c-e> -q-o -cH z-cïz-

o-
I

Ç 
-cFt

H

+
@

o
ll

c-
OH

I

-ç-o- cHz-cHr,n
HOH

@

nQ-



Table 3.

Measure

Effect of Compaction on the PET Yarn

Molecular Weíght
Carboxyl Endgroup
Hydroxyl Endgroup
Length
Filament Diameter
Linear Denslty
Hydrostatic Density
Nominal Densíty
DSC AHI (PEP)
DSC AHrr (uelr Peak)
DSC AH=AH'+AH''
DSC Degree of Crystallínity
DSC PEP Temperature
DSC l"lelt Peak Ternperature
I.R. Trans Bands
ï.R. Gauche Bands
Birefringence
Tenacity
Breakíng Toughness
Initial Modulus

Uníts

absorbance
absorbance

cm

um
tex^,5g/ cmô
,J

8/ cm
caL/g
caL/g
cal/g
oc
oc

absorbance
absorbanee

rnN/tex
mN. m/tex. m

N/tex

Untreated(Sample One)

31,200
0.030
0. 010
25.40
t2.6
8.7

L.369
L.293
None
L2,0
L2.0
0.49

None
260

Appendíx
Appendix

0. 190
290
L75
7 .86

s

&J-

Compacted.(Sample Two) Ch"r,g.n* % Change

Slgnificantly
Denoted tsame

different at the .05 level.
I íf not signifícantly diffeïent ar the

22,200
0. 000
0. 000
19 .05
L4.2 .

11. 8
r.397
1. 389
8.6

11. 0
19. 6
0. 81
L46
260

and 23
and 23 o

0.161
18s.x7ot
3. 16

B,
B,

Surn"
Same

+
+
+
+

Appears
Same

+
+

Appears
Same

Same
Tables 22
TabLes 22

25
11
26

05 level; othervrlse * íncrease, - decrease.

B6
36
60
60

.Èr
N)
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Rearrangement

J

J

o
ll
C-OH

o
il
c

o oH ,,
lt ¡H

ØO-C-O-ç-a-@
o'H 'cH z-Cu z*

Step 3
Chain Scission

ooH
llr

,nO-C-O-C@
I

+ HO- CHz-CÅ2ø

OH

u,o- +H@
(adapted from Buxbaum, 1968:lB9).

The water necessary to proceed from step one to step Ëwo would have been

present inside the fibers themselves, or from the aqueous rinse baths.

The infrared spectra for samples one and two showed simí1ar

l-evels of absorbance for boËh hydroxyl and carboxyl endgroups. Any in-

creases in the 1evels of absorbance due Ëo hydrolytic chain scíssion

vnere not detected by the ATR technique. This can be explained by the

fact that Èhis technique vras not capable of dlstinguishing betwe'en ab-

sorbances of less than I2%, whereas the change in molecular weight cor-

responded to íncreases in endgroup content from about 0.3 to 0.5%.
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Yarn Geometrv

The apparatus used during compaction limiËed the longítudinal

yarn shrinkage to 25%. Consequently sample two had a greater filament

di-ameter than sample one r,¡hích was sígnificant at the .05 level. That

is, laÉeral swelling occurred during compactíon. The 26% increase in

linear density vras also signifieant at the .05 level. The hydrostaËic

density increased from 1.369 to L.397 g/cn

density íncreased from 1.293 to 1.389 g/cm

. Similarly, Ëhe nominal

. These increases vrere con-

J

3

sistent with the findíngs of l{eígmann eË al. (L977:75I). They deËected

an increase in hydrostatic density from 7.3775 to 1.3837 g/cn3 rh"r,

drawn PET was shrunk 1-9.5% in urethylene chloríde. In this research an

íncrease in densíty r¡ras found despite the increase in fílament díamet,er.

These resulËs suggesËed Ehat in addition to forming a more compact struc-

Èure, residual solvent. remained in Ëhe compaeted yarns. The density of

methylene chloríde ís 1.333 g/cm3.

Microstructure

The results of the thermal analysís \¡rere used to suggesË changes

in mícrostructure during compaction. The DSC thermogram for sample one

did not show a premelt endotherm peak (pEp), as can be seen in Fígure

16. The thermogram for sample ËT^ro had a broad and diffuse pEp(Att') of

8.6 caL/g at 146oC. This was consistant with the temperaËure range of

L25 - 180oc for the crystallization endotherm of pET, as reported by

Carter (L97L: 131). The appearance of this peak demonstrated that se-

condary crystal1ízatíon occurred during compacÈion. The shape of the

PEP suggested that a wide range in crystallíte size was formed. The

síze and placement of the PEP indícated that the secondary crystallites

formed were fe¡¿er in number, smaller and less perfecË than the primary
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crysËallites of the melt..

The melting point for both samples was 260oC (Figure 17). This

fal1s withín the range 255-2600c as reporred by Ludewig (Lg7L: 373) for

polyesters. The heat of fusion (AH") for sample two was simílar Ëo

that obtained for sample one, lI.0 eaL/g and 12.O caL/g respectively.

These values fal1 withÍn the range 9 to 16 caL/g reported by Goodman

and Rhys (L965: 47) for the heat of fusion of PET. The overall heat

of fusion (AH) was L2.0 caL/g for sample one, and increased Ëo 19.6

caL/g for sample tr^Io. The DSC degree of crysËallinity was therefore

higher for sample tr{o (0.81) compared to sample one (0.49), indicating

that the volume fraction of crysËalline material increased upon com-

paction. The íncrease was due to the formaËion of secondary crystallítes.

The infrared bands relating to crystatliníËy showed a decrease

in absorbance for the trans bands L470, 1337 and 845 cm-l (Fígure 18) .

This loss in trans absorption suggested thaË Ëhe number of extended

chaíns decreased. This could mean that the amount of crystalline re-

gions decreased and/or the degree of crysËalline perfection decreased

(Morton and Hearle, 1975: 604). But having observed that the DSC volume

fractíon of crysËa1line maËerial increased, the loss of trans absorpËion

suggesËed that the compaction t,reatmenË was responsíble for reducing

the degree of crystalline perfection.

.The overall orient.atíon as measured by birefringence shovred a

decrease of 867. which was signifícant at t.he .05 level. Morton and

Hearle (L9752 577) reported that PET has a birefringence of 0.188,

which is simílar to Ëhe value of 0.190 obtaíned for sample one. The

decrease in orientation duríng compaction $ras due Ëo the longítudinal

shrinkage and lateral swellíng within Lhe fiber. I^Ieigmann et a1.



46

(1977 | 753) explaíned that in solvent induced shrínkage ". . . more

extensive shrinkage eoincides with the disoríentation of the more

nofi-crystalline regions . . " This loss in orienËatÍon may be

associated with the decrease in crystallíne perfection discussed

earlier.

Tensile Properties

sample tr'¡o had a lower tenacity (367.), breaking toughness (60%)

and inítial modulus (60%) Ëhan sample one. These differences !,rere

significant at the.05 level (Figure t9). The radical change in the

shape of the stress/sÈrain curve indicates that the PET polymer has been

plastícized. The solvent was presumably responsíble for this change.

chaín scíssion, longit,udinal shrinkage, lateral swelling, and loss of

orienÈation would explaín this ínferíor Ëensile behavior. similar

trends have been observed by Ribnick, weigmann and Rebenfeld (19722

722) w]no reported a decrease ín the tenaciËy and initíal modulus of

PET yarn afÈer being shrunk longiËudínally L6.9% in rneËhylene chloríde.

Summary

The compaction process produced a considerable deterioratÍon

in the tensile properEies of Ëhe PET yarn. Thís was due to chaín scis-

síon, longitudinal shrínkage, lateral swellíng, and possibly the pre-

sence of residual solvenË. compactÍ.on also provided an opportuniÈy

for the growËh of secondary crystallites, and resulted in the formation

of a denser, more compact, though less perfecË crystalline microstructure.

EFFECT OF CRTMPING

ïn order to discuss the effect of the crirnping process, the
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compacted sample (number Ëwo) was compared with samples Lhree and

four Ëhat had been compacted and crimped at 94oC anð, 154oC respectively

(Tables 4 and 5).

Molecular LÏeight and Endgroup Analysis

The viscosity average molecular r+eight of 22,2oo for sample

t\^ro \^/as simílar to the values or 221100 and zr,900 obtaíned for samples

Ëhree and four respectively. Any margínal loss rn frr, was probably due

to Lhermally índuced chain scissÍon reacËíons (Buxbaum, 196g; and

carter, 1971). The infrared spectra did not indícaËe any sÍgnifícant

changes in hydroxyl or carboxyl endgroup content.

Yarn Geometry

Folloraing compaction, crimping did not result in significant

additional longitudinal shrínkage. The filament diameters for both

samples showed no change at the .05 significance level. The linear

density of sample four was 4% Lower Ëhan that of sample trnzo. Thís díf-

ference was significant at the .05 1evel. This may have been due to

a greater loss of residual solvenË at the hígher crimping temperature.

The measured values for hydrostaËic densíËy rüere r.3g7 g/"*3 for the

compacÈed sample and 1.395 g/en3 after both crimpíng treatments. Thís

difference vlas noË consÍdered sígnífícanË. Samples three and four had

hígher nominal densities (L.448 and 1.429 g/cn3 respecrively) Ëhan thar
ô

of 1.389 g/cm" for sample t\,ro. The increase in the nominal densities,

as compared to no change in the hydrostatíc densiti-es, reflected a

reduction in porosíty. This was consistent with the finding of i^leigmann,

Scott and Ribníck (1977) who reported that the void strucËure in solvent

Ëreated PET collapses during subsequent heat treatment. The higher



Table 4.

Measure

Effect of Crírnplng at 94oC on the pET yarn

Molecular hleight
Carboxyl Endgroup
Hydroxyl Endgroup
Length
Filament Diameter
Linear Density
HydrosÈatic DensÍty
Nominal Density
DSC AH' (PEP)
DSC 

^H" 
(Melt Peak)

DSC AH=AHI+AH''
DSC Degree of Crystallinity
DSC PEP Temperature
DSC Melt Peak Ternperature
I.R. Trans Bands
I.R. Gauche Bands
Birefringence
Tenaeity
Breaking Toughness
Inítial Modulus

Unit

absorbance
absorbance

cm

Um
tex^
,J

8/ cmc
'JEl cm

caL/g
caL/g
eaL/g

oc
oc

absorbance
absorbance

mN/ tex
mN.rn/tex.m

N/tex

Compacted (Sarnple Two)

22,200
0. 000
0. 000

19.05
14.2
11. B

L.397
1.389
8.6

11. 0
L9.6
0. B1

146
260
Appendix
1çpendix

0. 163
185

70
3.16

¿
Significantly
Denoted tsamet

Compacted, Crirnped

94oc (sample Three) chrrrg"n* % change

dif,ferent at the .05 level.
if not slgníficantly different at the

22,LOO
0. 035
0. 000

18. 55
L3.7
11. 5
l_.395
L.448
3.3

LL.2
L4.s
0. 60

L57
260

and 23
ar,d 23

0. 171
203.x
Bo*

2.58

B,
B,

Tables 22
TabLes 22

Same
Same
Same
Same
Same
Same
Same
+

Þame

;
Same
+

Same
+

Same
+

05 leve1; otherwise * increase, - decrease.

5

13
18

+-
@



Table 5. Effect of Crimping at t54oC on the PET yarn

Measure

Molecular l^leight
Carboxyl Endgroup
Hydroxyl Endgroup
Length
Filament Diameter
Linear DensiÈy
Hydrostatic Density
Nominal Densíty
DSC AHI (PEP)
DSC AH" (uelr peak)
DSC AH=ÂH r+^Ht?

DSC Degree of Crystallinity
DSC PEP Temperature
DSC Melt Peak Temperature
I.R. Trans Bands
I.R. Gauche Bands
Birefringence
Tenacíty
Breakíng Toughness
Initial Modulus

Unit

absorbance
absorbance

cm

um
tex,
¡Jg/ cm"
'JEl cm

cal/g
eaL/g
ca1-/g

oc
oc

absorbance
absorbance

mN/tex
mN.m/tex.m

N/tex

Compacted (Sample Two)

22,200
0. 000
0.000

19.05
L4.2
11. B

r.397
1.389
8.6

11. 0
L9.6
0. 81

r46
260
Appendix
Appendíx
0.163

185
70

3.16

*
S ignífícantly

¿ù
Denoted t same

Compacted, Crimped

154oC (Sample Four)

different at the .05 level.
I if not signíficantly different at the

2L,900
0.000
0. 000

19. 05
13.6.
11. 3
1.395
L.429
2.3
9.4

LL.7
0.48

]-72
260

and 23
and 23

0.L77
2t4*'

J

92^ .

3. s6

Change % Change

B,
B,

TabLes 22
Tables 22

Same
Same
Same
Same
Same

Same

l
:
+

Same
+

Same
+
+
+
+

05 level; oËherwise * increase, - decrease.

B

T4
24
11

.$-.
\o
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nomínal densiÈy

been related to

sample three.

MícrosËructure

for sample Ëhree as compared to sample four may have

E.he presence of a greater amount of residual solvent in

Previously it was mentioned that the DSC thermogram for sample

two exhibited a broad and díffuse pEp of 8.6 caL/g at r46oc. sample

three produced a sma1ler, but símilar broad shaped pEp of 3.3 car/g at

L57oc (Figure 20). sample four revealed a smalrer pEp, than either

samples t\,üo or three, of 2,3 caL/g at L72oC, whích was skewed to the

right (Fígure 22). Both samples showed peak sizes and distributions

ÈhaË índicated a large proporËion of the secondary crysta1lites, parti-

cularly the smaller ones, \dere lost during crirnping. Thus, the effect

of crímping was to reduce Ëhe number of secondary crystallítes in the

PET yarn.

The heat of fusíon (AH") was similar for samples two and three

(11.0 eal/g and 11,2 caL/g respectively) but was lower for sample four

(9.4 cal/Ð (Fígure 27 and 23). This difference in thermal behavior

supports the earlíer suggestion that the compacted yarn (sample two)

contains residual solvent. }lry such solvent would be more effecËive1y

removed by erimpíng at a higher Ëemperature. Consequently sample four

¡¿ould have experienced more exËensive rearrangement of chains Ëhan

sample three, which accounts for its lower AH" value. Both crimped

samples had lower overall heats of fusÍon (AH) than the compactdd sample.

Thus Ëhe DSC degree of crystalliníty raËios were lower for the crimped

samples (0.48 and 0.60) than for sample Ëwo (0.81).

The infrared spectra for both samples Ëhree and four shov¡ed an
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_1íncrease ín the trans 1337 and 845 cm - bands (Figures 24 anð. 25) whích

corresponds to a larger proportion of the eËhylene g1yco1 units being

in the extended chain configuration. These results r^/ere not ínconsistent

with the decrease in the overall heat of fusion (AH) mentioned previously,

since the volume fraction of crysËalline matería1 could have decreased

while íts leve1 of perfection, i_ncreased.

samples three and four l.'ad 5% and 8"1 higher bírefringence re-

spectively than sample two. These increases were significant at the .05

level. The higher the temperature of crirnping, the greater was the in-

crease in oríentation, sínce cri.mping is accompanied by a collapse

the void structure, and an increase in Ëhe degree of crystallíne

perfection.

Tensile Propertíes

Crimpíng at both temperatures produced some sÍgnificant changes

in tensile properties (Figures 26 and 27). sample four revealed in-

creases in tenacity (L4%), breakíng toughness (247[) and initíal modulus

(lL"/.) which were significant aË the .05 level. Figures 26 and 27 aLso

show Ëhat the yield point íncreases and the degree of plastícízation

decreases at hígher crírnping Ëemperatures. These observations can be

explaíned by the collapsed surface pores, Ëhe increases in the degree

of orientatíon and the degree of crystalline perfection, as well as

removal of residual solvent. Sample three shor+ed less predominant,

but símilar trends, excepÈ for initial modulus. Tt ís proposed that

the l-oss ín íniËíal modulus was due Ëo the presence of small, ísolated

pockets of residual solvent within the mícrostrucËure r¿hich acted

Ioca1ly as plast.icízers at low sËresses (Meares , 1965: 233).
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Summary

The crimped yarns (samples Ëhree and four) generally had superior

tensile properties to those of the compacted sample (sample two). This

was attributed to the fact that crimpíng collapsed the surface pores,

increased the orientation and increased the degree of crystalline per-

fecËion, as røe11 as drivj-ng off some or all the residual solvent. The

one exceptj-on was a decrease ín the inítial modulus of the 94oC crimped

sample (sample three). This was explaíned by the conËinued presence of

resÍdua1 solvent withín the fíbers, which had a plasticízíng effecË on

the polyrner at 1or,¡ stresses. At, 154oc (sample four), it is thought

that most, íf not all of the solvent had been removed. ReducËions in

residual solvent caused increases in orientatíon and hydrostatic

density, and losses in surface porosity. The effect of crimping at

both ternperaËures was to increase the crysËalline perfection and to

reduce the volume fractíon of crystalline material, whích partly re-

sulted from a loss of secondary crystallÍ-tes. some of the property

changes that occurred during compactíon were partially reversed during

crimping.
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EFFECT OF STERILIZATION

To anaLyze the effect of sËerilízatíon, the properties of the

compacted, crimped and sterirized samples (numbers five and six) were

compared to those of the compacËed and crimped samples (numbers three

and four) (Tables 6 and 7).

Sterílizatíon increased the viscosity average molecular weight

of both samples: sample three increased from 22,100 to 2g,300, and

sample four increased rrom 2L,900 to 25,800. This could be explained

by the ethylene oxide servíng as a crosslinkíng agenË betr¿een neigh-

bouring chains. ApproxímaÈely two chains out of every five or six

would have to crosslink in order Ëo give Ëhis íncrease ín the M . The

more extensive crosslinking Ín the sample crimped at 94oc (sample five)

might have indicated that the structure had greater free space than

the sample crimped at 154oc (sample six). This may suggesÈ that sample

three contained more residual solvent than sample four. Some increase

i" lt,, could have occurred through endgroup addítíon reactíons betweenv

the ethylene oxíde and the pET as outlined below¡

(f) carboxyl endgroup additíon

cHe- cH, +\o/ HOOCR -+ CH zOHCgzOOCR

(adapted from Bruck, L}TL: 151).



Table 6. Effect of sterilízation on the pET yarn crimped at 94oc

l{easure

Molecular i^/eight
Carboxyl Endgroup
Hydroxyl Endgroup
Length
Filament Diameter
Linear Density
Hydrostatic Density
Nomínal Density
DSC AHI (PEP)
DSC AH" (Me1r peak)
DSc AH=AH'+AH"
DSC Degree of Crystalliníty
DSC PEP Temperature
DSC Melt Peak Temperature
I.R. Trans Bands
I.R. Gauche Bands
Biref rin¡¡ence
Tenacity
Breaking Toughness
Initial Modulus

Unit

absorbance
absorbance

cm

um
texc

8/cni
tJ

B/ cm

caI/g
cal/g
caI/g

oc
oc

absorbance
absorbance

mN/tex
mN.m/tex.m

.N/ tex

Compaeted, ^
Crimped 94"C (Sample Three)

22,l-00
0. 035
0.000

18. 55
13.7
11. 5
1. 395
L,448
')a

IT.2
L4.5
0. 60

L57
260
Appendix
Appendix
0.171

203
80

2.58

Signifícant 1y

Denoted t same t

Compacted, _

Crimped 94uC,
Sterilized
(Sample Five)

different at the .05 level.
if not significanrly different ar the

28,300
0. 000
0. 000

18. 55
13.8.
L2.3
L.396
L.523
4.7
9.7

L4 .4
0. 59

L48
260
and 23
ar.d 23
0. 169

19s
77o

3.7 3

ú-L

Change % Change

B,
B,

+
Same
Same
Same
Same
+

Same
+
+

Þame
Same

Þame

S"*.
Same
Same
Same
+

Tables 22
TabLes 22

05 1evel; otherwise * increase, - decrease.

31

(¡
à.



Table 7. Effect of Sterilization on the PET yarn Crimped at 154oC

Measure

Molecular I^/eight
Carboxyl Endgroup
Hydroxyl Endgroup
Length
Filament Díameter
Linear Density
HydrostaËic Density
Nominal Densíty
DSC AH' (PEP)
DSC AH'r (i'lelr Peak)
DSC AH=ÂHt+AlI"
DSC Degree of Crystallinity
DSC PEP Temperature
DSC Melt Peak Temperature
I.R. Trans Bands
I.R. Gauche Bands
Birefringence
Tenacity
Breakíng Toughness
Inítíal Modulus

Unít
Compacted, _

Crírnped 154oC (Sample Four)

absorbance
absorbance

cm

um
tex"

e/ crr.i
'J8/ cm

caL/g
caL/g
eaI/g

oc
oc

absorbance
absorbance

mN/tex
mN.m/tex.m

N/tex

2r,g0o
0.000
0. 000

19.05
13.6
11.3

1. 395
L.429
2"3
9.4

TT.7
0.48

L72
260
Appendix
Appendix
0.I77

214
92

3. s6

*
Signíficantly
Denoted I same t

Compacted, -
Crímped 154'C,
S terilized
(Sarnple Six)

different at the .05 level.
if not sígnifícantly different at the

25, 800
0.000
0.000

19.05
]-3.2
11.3
L.396
L.543
4.L

10. 6

L4.7
0. 60

L74
260
and 23
and 23.
0. 182

191'k
85*

2.89

JJ

Change 7" Change

B,
B,

+
Same
Same
Same
Same
Same
Same
+
+
+
+
+

Same
Same

Same
+

Same

TabLes 22
TabLes 22

.05 level; otherwise * increase, - decrease.

3
11

l9

(¡(¡
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(2) hydroxyl endgroup addirion

cl]z- 9u, + FtoR + Ho cHzcHzCR\o/
(adapted from noberts, Stev/art and CaserÍo, I97L: 266).

Alternatively the ethylene oxide rnight have formed pendant chains from

the PET. These mechanisms might have caused changes in carboxyl and

hydroxyl endgroup, concentrations, but such changes \^7ere not observed

by ínfrared spectroscopy, because Èhe ATp. technique used was not suf-

ficíently sensitÍve.

Yarn Geometry

No shrinkage v/as detected after sterílizatíon of the crimped

samples. The filament díameters did not change sígnificantly at the

.05 1eve1. The hydrostatic densities for samples five and six were

similar before and after sterilizaËion (1.395 and L.396 g/cm3 respec-

tively). Sample five had a 7ä higt.er lÍnear density than sample three.

Thís difference was significanE aÈ the .05 level. The nominal density

of both samples íncreased (from sample three at r.448 g/cr-3 to sample

five at 7.523 g/"*3, and from sample four at 1. 429 g/cn3 to sample

six at r.543 s/cm3¡. Thís indicated that rhe surface porosiÈy of the

fibers in both samples decreased upon steïilizatíon. The greater de-

crease occurred in the sample that had been crÍmped aÈ the higher tem-

perature (sample four)

Micros tructure

Both samples five and six produced larger pEpts on the DSC
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Ëhermogram indicatíng net gains in the amount of secondary crysË a11íza-

tion after sterilizatíon (Figures 28 and 30). The pEp for sample three

increased from 3.3 eaL/g at L57oC to 4.7 caL/g at 14BoC, while that for

sample four increased from 2.3 caL/g at L72oC to 4.L caL/g at I74oC.

The Èwo samples however experienced different mechanisms for crystallite
growth. The distributíon of the sample five curve indícated that more

smaller secondary crysËal1iËes had forrned compared with sample six where

the increase T/üas maínly due to the formation of larger secondary crys-

tallites.

The heat of fusíon (AH") for sample Ëhree decreased from 11.2

caL/g to 9.7 caL/g afËer sterilization whereas the heat of fusion (AH")

for sample four íncreased from 9.4 caL/g Lo 10.6 caL/g (Figures 29 anð,

31). The toËa1 heaÈ of fusion (AH) and the DSC degree of crysralliniry

ratío were not significantly different for samples three and five be-

cause although the secondary crystalLízation íncreased during steríliza-

tíon the primary crysËal1izatíon decreased. The DSC degree of crys-

talliníty ratios were 0.60 for sample three and 0.59 for sample five.

The increases ín the toËal heat of fusion (AH) and the DSC degree of

crystallinÍty raËio for sarnple six (0.60) compared to sampre four (0.48)

were due to increases in the number of both secondary and primary crys-

ÈalliËes. Thís suggested that Ëo produce the structure ín sample six

the primary crystallítes in sample four were not undergoing much change

due to the sterilization condit,íons. For sample five a rearrangemenÈ vras

occurring afËer the removal of the resídual solvenË; sirnilar Èo Ëhat which

occurred afËer crimping at l54oc.

The trans bands 1337 and 845

during sterilization (Figures 32 and

-1
cm

33) ,

decreased for both samples

which indicates a decrease
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in the amount of crystallinity andfor ín the degree of crystalline per-

fectíon. Since the DSC results for sample five showed that its volume

fraction of crystalline materíal remained the same, the degree of crys-

Ëallíne perfection must have decreased. similarly, since the DSC re-

sults showed an increase ín Ëhe volume fraction of crystalline maËerial

for sample six, the degree of crysËalline perfection must have decreased

to obtain a decrease ín Lhe absorption of the trans configuration bands.

There vlas an increase in birefringence during the steríLization

of sample Lour (3"A) but no increase for sample three that was signifi-

cant at Ëhe .05 level. For sample sÍx this suggesËed thaË the growËh

in prímary and secondary crystallites was predominantly oríenËed. Any

effecË due to the growth of secondary crystallíËes ín sample five how-

ever Þras offset by the loss of oríented primary crystallites.

Tensile Properties

Except for the ínitial modulus of sample fíve there appears to

be a general trend towards inferíor tensí1e behavior following sËeriliza-

tíon despite Í.ncreases ín crysËalliníty, bírefringence and molecular

weight (Figures 34 and 35). Thus, there must have been an overrídíng

effect due to the sËerilization environment which masked trends due to

changes in microstructure. A clue to the explanation may be for¡nd in

sample three whose ínitíal modulus increased significantly at the . 05

leve1 by over 302 during sterilizatíon. rt is suggested that during

sterilization much of the residual methylene chloride was replaced by

ethylene oxide which then crosslinked Ëhe PET and íncreased the inítial

modulus. rn sample síx with a smaller free volume, crosslínkíng was

less exËensive and more eÈhylene oxide endgroup or pendant chaín addi-

tion reactions may have occurred. These would have decreased



59

ínËermolecular cohesion and could have conËríbuted to sma1l reductíons

in tenacity (LLY") and ínítial rnodulus (I97.).

Summary

The trend Ëoward Ínferior mechanical properties for the steril-

ized PET yarn (sample five and síx) could not be explained in terms of

Ëhe structural changes that were measured. It ís Ëherefore concluded

that these unexpected trends v¡ere due to additíon and crosslinking re-

actíons with ethylene oxíde, and due to the furËher loss of resid.ual

solvent from the sample crimped at 94oC (sample three) during steriliza-

tíon. For both samples the decrease ín surface porosity and the in-

crease ín secondary erystal-1-izai-ion r¡rere accompanied by a decrease in

the degree of crysËa11íne perfection. some of the property changes

that had been observed during crimping, such as tenacity, breaking

toughness and bírefringence, r.,zere reversed duríng sterilízatíon.

CO}O4ERCÏAI REFERENCE COMPARISON

sample seven was obtained by unravelling the yarn from a com-

mercial Millikni9graft. In order to characterize the fíber sËrucrure,

and suggest possíble manufacÈuring conditíons for the MilliLrri9grafË,
the chemícal and physical properties of thís reference yarn lüere com-

pared to those of the compacted and crimped samples (numbers three and.

four) (Tables 8 and 9). This comparison involved samples three and

four because the Millikní@ graft was not sterilized.

The viscosity average molecular weight of 20,7OO for the refer-

ence sample was lower Ëhan the values of 221100 and 2L,9OO obtained for



Table B.

Measure

commercial Reference comparison to the pET yarn crimped at 940c

Molecular Inleight
Carboxyl Endgroup
Hydroxyl Endgroup
Filament Diameter
Linear Densit.y
HydrosËatic Density
Nominal Density
DSC AHr (PEP)
DSC AH'r (Uelr Peak)
DSC AH=AH I fAH'?
DSC Degree of Crystallinity
DSC PEP Temperature
DSC Melt Peak Temperature
I.R. Trans Bands
I.R. Gauche Bands
Bírefríngence
Tenacity
Breaking Toughness
Initial Modulus

Unít

absorbance
absorbance

um
tex.
'JB/ cm"
¡J

8/ cm
caL/g
ea1-/g
caL/ g

oc
oc

absorbance
absorbance

mN/ tex
mN. m/ tex. m

i\/ tex

Compacted, _

Crimped 94oC
(Sample Three)

22,L00
0.035
0.000

L3.7
11. 5

1. 395
r.448
3.3

LL.2
14.5
0. 60

L57
260
Appendix
Appendix

O.L7L
203

BO

2 .58

&
Signifícantly

s¿
Denoted t same

Commercial
Reference
(Sample Seven)

20,700
0. 000
0. 000

13.9
LL.2
L.379
1.341

None
L2,4
12.4
0.51

None
260

Tables 22 and 23
Tables 22 and 23

0.159*&
2t+

&̂5"*
.894

dífferent at the .05 level.
I íf not signíficantly dífferent at

.LJ

Difference

D,
B,

Sr*"
Same
Same
Same

t:"

s]r.
+

Same

Z DÍfference

Ehe .05 level; othenvise * increase, - decrease.

7

8B
94
65

o\o



Table 9.

Measure

commercíal Reference comparíson to the pET yarn crimped at 154oc

Molecular hÏeíght
Carboxyl Endgroup
Hydroxyl Endgroup
Filament DiameËer
Linear Density
Hydrostatic Density
Nominal DensÍty
DSC AHI (PEP)
DSC AHtt (uelr peak)
DSC AH=AHI IAHI'
DSC Degree of Crystallinity
DSC PEP Temperature
DSC Melt Peak Temperature
T.R. Trans Bands
ï.R. Gauche Bands
Birefríngence
Tenacity
Breakíng Toughness
Initíal I'lodulus

Unit

absorbance
absorbance

um
texa
'J8/ cm"
,J

B/ cm
cal/g
cal/g
cal/g
oc
oc

absorbance
absorbance

mN/tex
mN.rn/tex.m

N/tex

Compacted,
Crimped t54oc
(Sample Four)

2L,g0o
0. 000
0. 000

13. 6
11.3
1.395
r.429
aa

9.4
IL,7
0.48

L72
260
Appendix
Appendíx
0.L77

2L4
92

3.56

+
Significantly

&J-

Denoted tsame

Commercial
Reference
(Sarnple Seven)

20,700
0. 000
0. 000

13. 9
IT.2
L.379
L.34L

None
L2.4
L2.4
0. 51

None
260

Tables 22 and 23
Tables 22 and 23

0.159*
24ù̂tr,r)
. gg4"

different at the .05 level.
' if not signíficantly dífferent at the .05

.L¿

Dífference

B,
B,

Sr*.
Same
Same
Same

;
+

Same

Same

bame

% Difference

level; otherwise * increase, - decrease.

10
B9

95
75

o\
F
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samples three and four respectively. since the greatest loss in M'

oecurred during compactíon, this suggests that the commercial reference

sample rnight have been compacted under more severe conditions than

those used in this study. No significant difference \,ras observed be-

tvúeen the concentratíons of carboxyl and hydroxyl endgroups of sample

seven and those of samples three and four.

Yarn Geometry

Neither the filament diameter nor the línear density of the

commercial reference sample (sarnple seven) were signíficantly different

from the compacted and crimped samples (samples three and four) at Ëhe

.05 level. Samples Ëhree and four had hígher hydrostatic densities

than sample seven (1.395 g/c*3 and 1.395 e/cm3 "ornnrt"d v¡Írh L.37g
?1

B/cm-), and higher nominal densities than sample seven (r.448 g/cmj and
1ar,429 g/cm" compared wiËh 1.34r g/cn"). This suggesËs that sample seven

may have been compacted under less severe conditions than the samples

ín this study.

Micros Ëructure

The DSC Ëhermograms índícate major differences between sample

seven and the compacted and crimped samples (samples three and four).

Sample seven produced an endotherm peak of .B cal/g at 229oC (Figures

36 and 38), which fell outside the usual temperature range of 125-1B0oC

for PEPs (carter, r97L: 131). For examplè, samples three and four had

PEPts at r57 anð, r72oc respectívely. rt is therefore suggested Èhat

this sma1l distinct peak rras not a pEp, but corresponds to the heaË of

fusíon of low molecular weight oligomers present in the commercial- re-

ference sample. This suggestíon is consístent with the 1ow molecular
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vreight results and supPorts the earlier conclusion that the commercial

reference sample experienced more extensive chain scíssion than either

of the experimentally compacted and crímped samples. This might have

been due to more severe compaction, the knitting process and,/or post-

crimping finishing treatments.

The heaE of fusion (AH") for sample seven (r2.4 caL/g) was higher

than that for both samples three and four (IL.2 and 9.4 ea7/g respectíve1y)

(Figures 37 and 39). However, rhe total heat of fusion (aH) and rhe

DSC crystallinity ratío were sími1ar for samples seven and four (DSC

crystallinity ratios: 0.51 and 0.48 respectively) because sample four

contained more secondary crystallítes, while sample seven contaíned

more primarJ/ crystallj-tes. Both these sets of values were 1ov¡er than

those for sample Ëhree (lsc crystallinity rario: 0.60). This DSC be-

havior suggests that a more extreme crímping time or tenperature vrere

used to manufacture sample seven than to prepare samples three and four

experimentally.

The levels of the trans ínfrared absorba,nces for sample seven

were higher than those for sample three, yet lower than those for sample

four, which suggests Ëhat the commercial reference sample had an ínter-

mediate degree of crystalline perfection (Figures 40 and 41). rt is

therefore concluded that sample seven could have been crimped under less

severe conditions than sample four because crimping caused an increase

ín the trans band absorbanees. Alternatíve1y, sample seven could have

been compacEed under more severe condítions than sample four because

compaction caused a decrease in the absorbances of the trans bands.

The commercial reference sample (sample seven) shorved less

birefringence at the.05 sígnificance level- than samples three and four
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(7% and 102 less respectively). This may mean rhar the

ditíons for compaction v/ere more severe than those used

in this study.

commercial con-

experimentally

Tensí1e ProperËies

sample seven had considerably lower tenacity, breakíng tough-

ness and initial modulus than both samples three and four (Figures 42

and 43). The differences 1ay between 65 and 95%, and. all were signi-
fícant at the .05 1eve1. The iníËia1 porËion of the sÈress/strain

curve of sample seven r^zas concave rather than convex as found for the

other six samples. These inferior Èensí1e properties could have re-

sulted from the commercíal compaction and crirnping conditíons being more

severe than those used ín Ëhis study and/or the damage that was in-

evitably caused by the knitËing process.

Summary

The majority of the propertíes measured, such as the reducËÍon

ín molecular weíght, the DSC results, the lower amounË of bírefríngence

and the inferíor tensíle propertíes were evidence that Èhe commercial

reference sample (sample seven) r/,ras compacted and/or erimped under more

severe condítíons than those used ín Ëhís study. The density results

suggested that sample seven might have been compacted und.er less severe

conditions. The presence of two mert peaks, and the very low molecurar

weight índicating extensive chaín scissíon suggests evidence for oligomers

in sample seven.

EFFECT OF COMPACTION, CRIMPING AND STERILIZATION

The chemical and physical propertíes of the compacted, crimped
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and sËeriLízed samples (numbers fíve and síx) were compared. to those

of the untreaLed sample (number one) in order Ëo assess the overall
changes that occurred to the oríginal yarn during compaction, crimping

and sterilizarion (Tables lO and 11).

Molecular l^Ieight and Endgroup Analysis

The viscosity average molecular weights for samples five and six
(28r300 and 25r800 respectively) were lower t,han that for sample one

(31'200). These reductíons reflect the oven¡helming importance of chaín

scission reactions during compaction despite the occurrence of cross-

linking and/or addiËions to Èhe chain during sterilization. The con-

cenËrations of carboxyl and hydroxyr endgroups, as measured by the in-
frared spectra, vTere not found to change sígnificantly beËween the un-

treated (sample one) and the sterirízed samples (samples five and six).
This is because the infrared spectral analysís were not sufficíently

sensitive to measure the changes in endgroup concentrations that accom-

panied the experimentally measured changes ín molecular weighÈ.

Yarn Geometrv

The overall longitudinal shrinkage of. 20-30% duríng compaction,

crimping and sterilizatíon \,/as accompaníed by lateral srvelling in sample

fíve (9%) and increases ín linear density for samples fÍve (2g7Ð and

six (23%). The hydrostatic densíÈy íncreased from L.36g g/"*3 for sample

one Èo 1.396 g/cm3 for samples fíve and six, while the nominal densÍty

íncreased from 1.293 g/cm3 (sample one) ro 1.523 g/cn3 and 1.543 e/cn3
for samples five and six respecÈively. These resulËs confírm thaË a

more comPact structure \,/as produced by the processing and sterílization

treatments.



Tabl-e 10. Comparison of PET Yarn Compacted, Crímped at 94oC and sterílized to

Measure

Molecular I^Ieight
Carboxyl Endgroup
Hydroxyl Endgroup
Length
Filament Díameter
Linear DensiËy
Hydrostatic Density
Nominal Densíty
DSC AH' (PEP)
DSC AH'r (l¿elr peak)
DSC AH=AH'+AHII
DSC Degree of Crystallinity
DSC PEP Temperature
DSC Melt Peak Temperature
I.R. Trans Bands
I.R. Gauche Bands
Bírefringence
Tenacíty
Breaking Toughness
Inítial Modulus

Unít

absorbance
absorbance

cm

um
tex .

,Jg/ cmc
,J

B/ cm
caL/g
caL/g
caL/g

oc
oc

absorbance
absorbance

mN/tex
mN.m/tex.m

N/tex

Untreated
(Sample One)

31 ,200
0.030
0. 010

25.40
L2.6
8.7
r.369
I.293

None
12.O
12.0

0 .49
None
260
Appendfx
Appendix

0. 190
290
L75
7 .86

Compacted, ^
Crimped 94"C,
Sterilized
(Sample Five)

*S ignificantly
tç*

Denoted fsame

Ehe Untreated pET yarn

29,300
0.000
0. 000

lB. ss
13. 8I
L2.3
L.396
L.523
4.7
9.7

L4.4
0. 59

148
260

Tables 22 arrd 23
Tables 22 and 23

0.169*
resT
77 n

3.7 3

dífferent at the .05 level.
' if not significantly differenË at the

*t(
Change

Sr*"
Same

+
+
+
+

Appears

+
+

Appears
Same

bame

D,
B,

"/. Change

27
o

29

05 1evel; otherwise * increase, - decrease.

11
JJ

56
53

o\
o\



Tabl-e 1l-. comparison of PET Yarn cornpacted, crimped at 154oc and sÈerilized to

Measure

Molecular l^leight
Carboxyl Endgroup
I{ydroxyl Endgroup
Length
Filament Diameter
Linear Density
Hydrostatic Densíty
Nominal Density
DSC AHr (PEP)
DSC AH" (Melr Peak)
DSC AH=ÂH'+AH"
DSC Degree of Crystalliníty
DSC PEP Temperature
DSC Melt Peak Temperature
I. R.. Trans Bands
I.R. Gauche Bands
Bírefringence
Tenacity
Breakíng Toughness
Initial Modulus

Unit

absorbance
absorbance

cm
rrmts

tex.
e/c^i

'J8/ cm
caL/g
caL/g
caL/ g

oc
oc

absorbance
absorbance

mN/tex
mN. m/ tex. m

N/tex

Untreated
(Sarnple One)

3l-,200
0. 030
0.010

2s.40
12.6
8.7
L.369
L.293

None
72.0
12.O
0.49

None
260
Appendíx
Appendix

0. 190
290
l-75
7 .86

J

Sígnificantly
)t ?t

Denoted tsame

Compacted, _

Crimped l54uC,
Sterilízed
(Sample Six)

the Untreated pET yarn

25 ,800
0. 000
0. 000

19.05
73.2.
11.3
I.396
L.543
4.L

10. 6
L4.7
0. 60

L74
260
22 and 23
22 and 23
0. 182*

191 "s
85^ *

2.89

different at the .05 level.
I if not signíficantly different at the

J..L

Change

+
Same
Same

Þame
+
+
+

Appears

+
+

Appears
Same

bame

B,
B,

% Clnange

Tables
TabIes

25

23

05 level; otherwíse * increase, - decrease.

4
34
51
63

o\
!
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Microstructure

Compaction, crimping and steriJ'izaLíon produced secondary crys-

taIlízatíon and caused loss of some primary crystallites. PEP's appeared

ax I48 and L74oC ín the DSC scans for samples five and six respectively

(Figures 44 and 46). At the same time the heats of fusion (AH") decreased

from 12.0 car/g for sample one to 9.7 and 70,6 car/g for samples five

and six respectively (rigures 45 and 47). The net effect vTas an Ín-.

crease in the degree of crystallínity r,¡hich was in line with the ob-

served increase in density. The DSC crystalliníty ratio increased from

0.49 for sample one to 0.59 and 0.60 for samples five and six respective-

ly. The overall loss Ín Èhe 1eve1 of Ínfrared trans absorptíon suggests

less crystalline perfection \das present in the sterilized samples (Figures

48 and 49).

. The birefringence decreased overall. The losses of LL7. for sample

five, and 4%, for sample síx, were sígnifícant at the .05 level. Such

losses in orientatíon point to the overriding importance of longitudinal

shrinkage and lateral swe11íng duríng compaction, which out weíghed any

subsequent improvements ín orientation during crimpíng andfor

sterj-l-izatÍon.

Tensile Properties

The overall effect of compactíon, crÍmping and sterilj-zation

l^/as to produce lower tenacities, reductions ín breaking toughness and

lower initial moduli. These losses ranged between 33 and 637" and aJ'I

were significant aË the .05 1evel (Fígures 50 and 51). The importanr

factors that influence this deterioratíon ín tensile behavior during

compaction, crimping and sterilization appear to be the chain scíssion

reactions, the longitudínal shrinkage and loss of orientation, and the
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addition of ethylene oxide to form pendant chains. These factors out

weighed the opposing trends such as the formation of a denser, more

compact structure, and the crosslinking of Ëhe PET wíth ethylene oxíde.

I}æLICATIONS FOR I},PLANTATION OF MANUFACTURED AND STERILIZED
POLY(ETHYLENE TEREPHTHAIATE) YARN

Inítíal ínteraction between the PET yarn and the chemical species

in the body is eíther adsorpËion onËo the surface, or absorption into
Êhe fiber. Interaction wÍËh proteins from the blood aË the polymer sur-

face and subsequenË ehanges that occur in the adsorbed proteÍ.ns 'r .

are influenced by several factors, including surface smoothness, sur-

face-free energy, chemical struct.ure, electrícal properËies, enzymatíc

influences, species-related hemaËologícal properties of test animals,

and hemorheological factors" (Bruck, L97B: 70). rn thís study the na-

ture of the surface smoothness, rvas considered. ín Ëerms of surface po-

rosiËy, and Ëhe chemical structure and microsËructure r¡rere examined.

The inítial steps in healíng are crucíal because in the short

term they affect Ëhrombus formation, and in the long term they affect

the formation of the inner fibrín capsule. over Ëíme a sÊable layer

v¡hích renders the polymer passíve is mosË desírabIe. It is not knov¿n

how Ëhe mícrosËructure effects this process (Merrill, Lg77), but sur-

face porosity has been related to thrombus formation. A decrease in

surface porosíËy was obÈained after manufacËure and sterilízation.

Merrill (L977: 7) reporËed that a smooÊh surface (with fewer pores)

wíll avoid excessive clotÈlng and so prevent excessive Ëhrombus devel-

oPmenË. This means that the manufactured and sterílized prosËheses

may be less likely to generaËe thrombi r¿hich, if produced, might block

the lumen of the graft and cause early graft failure.
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The other factor to consider is surface chemistry. This may

influence r¿hich species in the blood are absorbed and thus whether

Ëhrombi are formed (MerrilL, L977: r4). The reduction in average

molecular weight by chaín scission reacËions, and Ëhe additions Èo

the chains r¿i11 have provided rnore available endgroups and possibly

alter the sites for chemícal interaction. Also residual chemicals

from processing may affect the long-term in vivo function of the grafts
(Sawyer et al., L97B: 2LB).

As mentioned previously, the tensile properËies of the pET yarn

were significantly lower after compacËion, crimping and sterílízation

than they were originally. This loss in yarn tenacity and ínitial

modulus may make PET grafts manufacËured by this compactíon process

more susceptible to permanenÈ deformation under conËinuously applied

sËress cycles such as the systolic blood pressure.

Polymer degradation may involve eiËher the surface or the inter-

na1 sËructure of the PET fibers or both. Any alËeration of the surface

chemistry will influence the subsequent chenical inteïactíon rvith the

ínLernal structure. rË ís the non-crystalline areas of the surface

rather than the crystallíne areas which are more permeable to the com-

ponents of the blood and oÈher chemícal species ín the body (Merrill,

1977: 9) . since this study found that the non-crystalline areas de-

creased, iÈ follows Ëhat Ëhe permeability may also have decreased. fn

addition, since the surface porosiÈy decreased there would be a de-

creased area for surface adsorptíon. On the other hand, chain scission,

Ëhe growth of branched chains, and Ëhe alteration of available end-

groups may have increased the reactivity of the PET surface. Such an

íncrease míght change the type of chemícal species absorbed and so alter

the mechanísm of ínternal pET degradatíon.



Chapter 5

CONCLUSIONS

In answering the objectives of this study the relationships be-

tvreen the chemical and physícal properties of the pET yarn before and

afÈer compactíon, crimping and sËeriLízatíon have been anaLyzeð.. The main

objective was to identify differences in properÈies betr¿een the un-

treated yarn and the treated yarn samples. The second objective ín-

volved an assessment of the structural characËeristícs of the commercíal

reference sample and an attempt has been made to suggesË how thís com-

mercial product was manufactured. The third objectíve examined the

overall effect of processing and sterilizatí.on. rmplications for ím-

plantation of the sterílízed grafts have been considered, and areas for

further research have been defined.

CHANGES IN YAXN PROPERTIES AND STRUCTURE

This study found that signíficant changes occurred ín the

structure and properties of PET multifilament yarns (i) during Ëhe com-

pactíon and (ii) criurping st.ages of manufacËure inËo vascular prostheses

and (iíí) during sterilization ín ethylene oxide. These three sets of

changes díd not all proceed ín the same direction. In general, similar

Lrends ¡,¡ere observed during compaction and sterilization, but these were

partially reversed durÍng crímping.

Of partícular conceri \^ras the overall loss of approxímately 33%

in yarn tenacity, which r¡as due mainly to Ëhe loss of orientatíon and

Ëo the chaín scission reactíons that occurred during chemical compaction.

7L
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The temperature of crimping r'Jas importanË because it conËrolled the

degree of ¡iber recrysËa11izaËíon and the extent Ëo which the compac-

tíon solvent was removed from the yarns. AË 1ow crimping temperatures,

sufficienË quanËiËíes of solvent remained to plasticize the structure.
The iurprovements in tensíle propertíes during crímping could be explained
in terms of the observed changes ín microstructure. The changes in the

structure and properties of Ëhe PET yarn due to sterilization in ethylene

oxide r{ere to some extent dependent on Ëhe thermal history of the yarn.

consequenÈly it was concluded Èhat ethylene oxíde reacËs with pET by

addítion and/ or crosslinkíng mechanisms.

COMMERCTAL REFERENCE COMPARISON

The structure and properËies of Ëhe knitted yarn removed from

the commercial vascular prosËheses díd not correspond with those of the

tü7o experímenÈally compacted and crimped yarns. The commercial reference
yarn \nras consíderably weaker than the experímental yarns. rË was less
oriented, had other inferíor Ëensile properties, and a lor,¡er molecular
weight. These observations suggest that the commercial reference

yarn experienced some damage during knítting, and was compacted

and/or crimped under more severe cond.iËions Ëhan those used in
thís study.

EFFECT OF COMPACTION' CRIMPTNG AND STERILIZATION

ïnferior Ëensíle properties $rere produced when the

crimpíng and sterilízaËion treatments r¡¡ere combined. This

the overall loss ín orientation, longitudinal shrínkage and

síon reactions. This decrease out weighed any íncreases in

compaetion,

was due to

chaín scis-

strength
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that night have been expeeted from a more compact sËructure and/or

crosslinking with ethylene oxide. The overall trends during the manu-

facturing and sterilization procedures showed an Íncrease in the volume

fraction of crystalline material, a gro\rth of secondary crystalliÈes

and a loss in crystalline perfecËion.

I}æLICATIONS FOR I}PLANTATION OF MANUFACTURED AND STERILIZED
POLY (ETHYLENE TEREPHTHALATE) YARN

There appeared to be a decrease in surface porosíty of the

fibers due to manufacturÍng and sterílizatíon r¡hich would be accompanied

by the formation of a smoother surface. Sínce a smooth surface helps

to prevent thrombus developmenË, the manufacturing and steril-ization

ËreatmenËs may help in the prevention of excessive thrombus develop-

ment which contríbute to graft failure. The chemical changes occurríng

withín the PET during manufacturing and sterilization may have altered

the sites for chemical ínteraction. The losses ín yarn tenaciËy and

iniÈial modulus may make these vascular prostheses moïe susceptible Ëo

permanenË deformatÍon. The evidence from this study did not índicate

conclusively that the manufacturing and sterj-lization procedures promote

chemical reactiviËy and polymer degradaËion. The permeability of the

polymer to liquíds would have decreased due to the decrease in non-crys-

talline areas but the chemical ehanges during processíng may have altered

the endgroups of the PET so as Èo increase their chemical- reacËívitv.

Further work is needed Ëo clarify Ëhe relative Ímportance of changes

in microstructure and surface porosíty and to relate these to Èhe ac-

companying chemical changes in order to draw further conclusíons about

the effect of manufacturing and sterilization on the in vivo performance

of PET grafts.
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AR-EAS FOR FURTHER RESEARCH

To clarify the findings of this study further research is needed

in a number of areas. It would be desirable to evaluate al-ternatíve

condítions for compacting, crimping and steriTizing the pET yarn, Ëo

examine the effect of addÍtional manufacturing, and a variety of in

vivo environments r to use other techniques to measure additional- chemi-

ca1 and physical properties of the pET polymer and fibers, and to ex-

plairi Èhe unexpected results concerníng residual methylene chloride and

ethylene oxíde oblained in this study

By considering alternative times, temperatures, and chemicals

for compactíon further insights inËo the fibers structural changes may

be forthcoming. For instance the effect of the other acidÍc solvent,

trichloroacetic aci-d should be evaluated (sinittr , rg74). By exposing

the PET yarn to the compaction chemícals separately, their indívidual

effects will be clarifíed. rt would be of value to consÍder other

compacËion techniques, such as the use of vapor phase halogenated

hydrocarbons (Sarvyer et al. , 1978). The effect of repeated sterilíza-

tion treatments and different Ëypes of s teririzatíon (eg. steam and

gaÏnma radiaËion) should also be evaluated. More information is needed.

about the behavior of PET ín other envj.ronments such as the knítting

process and storage.

OËher techniques such as x-ray diffraction, transmission in-

frared spectroscopy and dye penetration studíes may more clearly describe

the internal phases and void spaces within pET fibers. rn this study

the infrared spectroscopy attenuated total reflectance techníque r/¡as

not sensitive enough to accurately measure the endgroup concentrations

or the amounË of chaj"n folding. Títration techniques or transmission
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infrared spectroscopy might prove to be more sensitive methods for end-

groups analysis (Ludewig, 7971: 133). Future studíes that evaluaËe the

propert.ies of vascular grafts rather than Ëhose of the yarn should in-

clude additional measurements such as the longitudinal stretch and re-

covery' creep and fatigue, the resistance to compression, the flexíbility

or bending propertíes, as well as the bursting strength. Bursting

strength has been used by Guidoín et al. (1978) ro predict ín vívo per-

formance.

Sínce the resulËs of this sLudy indicated that residual solvent

is Iikely to be present Ín the compacted fibers r gâs chromatography

studies would be valuable Ëo determine the amount of resídual solvent

and other compacËion chemicals. rt would be useful to examine the

amount of residual ethylene oxide ËhaË remains after gas sterilízation,

and how thís amount ís affected by an aeratíon cycle. rn Ëhe fuËure

clínícal studíes should use grafts whose manufacturíng and sterilization

histories are knovm in detaí1. This would enable researchers Èo obtain

a clearer understa¡ding of how Ëhe chemical and mechanical changes oc-

curring during manufacture and sterilízaËion influence the paËency and

healing rates of implanted grafts.
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DEFINITION OF TERMS

Compaction process. The chemical treatment used to reduce the

porosity of knitted tubing fabric aceord.ing to United States patenË

3,853,462 (Smirh, Ig74) .

Crimpíng process. The heat treatment used to produce uniformly

crimped prostheses according to united states patent 3,337,673 (Jecke1,

1967) .

Other terms used ín this study follow the definítion of textile
Ëerms in ASTÀ{(1977) Designation: DI23-77.

DSC

^Hr

^Ht'
AH

M

Mv
n

PEP

PET

Wc(d. s. c. )

LIST OF ABBREVIATTONS

DífferenÈial scanning calorímeËry.

Heat. of premelt crystallizatíon.

Heat of fusíon.

Overall heaË of fusion.

Test statistic due Ëo Kruskal and I,Ial_lis.

ViseosiËy average molecular weight.

Intri.nsic víscosíty.

DSC premelt endotherm peak.

poly(ethylene terephthalate) .

DSC apparent degree of crystalliníty.
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Tabre L2. viscosity Measurements; Average Rates of Flow of polyrner
Concentrations ancl Solvent, and IntrÍnsic

Viscosity for Each Sample

Sample
Average Rate
of Flow of Average Rate of Flow of
solvgnt(sec) 

= =p.tvl.r 
c"""."t rnËrÍnsic

2 mr I m1 2 mr 3ffi viscosiry

1

2

J

4

5

6

7

76.7

76.4

77.4

79.9

77.5

7 6.4

75.2

86.7

84 .7

85. 6

87 .6

86.6

85. 1

82 .6

90..2

89.0

90. 0

89.9

90.2

90.0

86.7

93. 0

90. B

92.2

91. B

92 .7

o1 a

88. 7

94. s

94.7

95. 0

94.0

93 .9

94.0

92 .7

97 .7 .8300

97.2 .629r

98.6 .6269

96.3 .6238

96.9 .7665

96.5 .7rr9

94.7 .s747

Table 13. Viscosíty Average Molecular hÏeight for Each sample

Sample

ViscosiËy Average
Molecular tleighr 3L,200 22,200 22,roo 2L,goo 2g,300 25,g00 20,700
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Table 14. rnfrared spectra Endgroup Analysís for Each sample

Absorbance

Sample 1

2

J

4

5

6

7

0.030

0. 000

0.035

0. 000

0. 000

0. 000

0. 000

0. 010

0. 000

0. 000

0. 000

0. 000

0. 000

0. 000

Table 15. Mean Length and Shrinkage for Each Sample

Sample

Mean Length(cm)

Shrínkage (%)

25 .40 19. 05

25

18. 55

2

19. 05

0

18. 55 19. 05

&-L
00

PercenËage of the previous treatment.
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Table 16. Filament Diameter for Each Specimen

Sample 2

Filament Diameter

(Microns)
l-3.2
L4.I
L4.6
13. 3
L2.5
r]-.4
11. I
L2.0
L2.8
L7.7
11. 3

T2.T
12.7
12.3
L4.2
L2,T
13.0
TL.2
72.9
11. B

10. 4
13. 0
13. 5
L4.7
13. 5
L2.6
12.B
L2.4
11. 5
12.6

L4.5
13. 9
L4.7
13. 9
L4.2
14.7
L4.2
74.3
74.6
L4 ,4
14.0
13. 9
14. 3
14.4
14.2
13. 8
13. B

r4.4
r3. 9

14,2
13.6
13. 8
]-4.6
L4,4
l-4.2
13. 9
13. B

13. 8
14.6
14 .6

L2.9
13. 9
14.s
13.6
14.7
13. 5
73.4
13. I
13. 5
73.2
12.9
12.9
L4.3
14. 1
13. 5
13. I
13.5
L4.3
13. B

13. 9

13. 6

]-3.2
L4.3
13. 5
L4.0
l-3.2
13. 6

L4.0
L4.2
14.3

74.3
13.2
13. 6
l-4.2
13.2
14.0
12.8
13.2
13. 9
13. 9
L4.7
13.5
l-3.7
13. 3
L2.9
13. 5
14. 0
14.2
15. s
74.2
l-3.4
12.8
12.6
13. B

12.9
L3,6
L4.4
14. 0
L3.6
13. 0

13. 3
t4.2
14,L
l-4.I
14 .7
12 aLJ. L

L3.2
13. s
13. 8
13. 5
13.7
73.6
14.5
14. 0
13. 1
14.0
L3.2
14.2
L4.7
14 .5
13. 9
14.2
13. B

13.7
13. 9

13. B

12.9
13. 5
L3.7
13. 5

r2.7 13.8
72.9 r4.7
13.1 r4.4
13.2 13.0
13. 5 16. 3
12.6 14.8
L3.2 72.0
14.2 16. 3
L2.B I2.8
]-3.4 13.6
13.1 14.0
13.5 L2.4
73.6 14.4
13. B r3.2
13.1 14.6
12.7 13.0
13.5 L4.0
14.3 L4.s
14.3 13.7
13. 1 L5.4
13.1 13.5
L2.6 14.0
L2.6 L4.6
12.7 13.7
73.2 15.1
13.6 14.1
Lz.B 13. B

L2.4 13.0
L2.5 13. r
r3.4 L2.6

Mean L2.6 L4.2 L3.7 13. 6 13. B L3.2 13. 9

SËandard DeviaËion 1.1 0.3 0.5 0.6 0.5 0.5 1.0
Coefficient of

Variatíon 8.4 )) 3.6 4.5 3.4 3.9 7.4
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Table 17. Linear Density for Each Specimen

Sample

Linear Density
(rex)

8.9

8.4

8.6

8.6

8.4

8.7

8.7

8.7

8.7

8.8

8.8

8.4

8.8

8.7

8.7

12.4

L2.3

12.0

L2.t

11. 6

L2.7

11. 8

11. s

11. 8

11. 5

II.4

1r. 6

11. 6

11. 5

12.2

LL.4

1r. 5

LL.6

LI.7

1r. 6

11. I

J-I.6

11. 3

11. 6

7r,6

II.6

11. 5

11. 5

IL.4

LI.4

11. 3

17.2

11. 3

11. 1

11. 3

11.1

11. 3

7L.4

7r.2

11. 5

11.0

11. 3

11. 3

IL.2

LI.4

12.7

12.2

13.4

12.6

L2.6

72 .6

12.3

12.I

12.7

12.3

12.7

12.0

72.I

11. 9

LI.7

r7.7 Ll..z

11.6 11.1

11.5 IL,2

11. s ]-L.4

11.5 10.9

LL.4 11.0

11.3 I2.0

Lr.4 L2.0

rL.4 10.9

10. 9 11. 0

LI.2 10. 8

Ir.4 11.5

L7.4 11.0

r0. 9 10. B

11.0 11.0

Mean 8.7 11. 8 11. 5 11. 3 12,3 11. 3 IT.2

Stanrlard Deviation 0,2 0.3 0.2 0.1 0.4 0.2 0.4

Coefficient of
Variatíon r.8 2.8 1.3 7.2 J. J 2.r 3.4
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Table 18. Hydrostati-c and Nominal Density for Each sample

Sample

Hydrostatic Density L.369 L.397 1. 395 1.39s r.396 r.396 r.379
3

Nominal Desnity
ô,J

(8/ cm ¡ r,293 1. 389 r.448 L.429 L.523 r.543 1.341

Table 19. DSC PremelÈ Endotherm Results for Each Sample

Sample

Heat of Premelt
CrysËa11izatíon (AH')

eaL/

Premelt Endotherm
Peak Temperature(oC)

None 8.6 n.) 4.7 4.I None

L46 L57 172 148 L74

Table 20. DSC Melt Results for Each Sample

Sample

Heat of Fusion (Att"; L2.0 11.0 IL.2 9.4 9.7 10. 6 L2. ¿+

caL/

Melt Peak ( 
oc)

260 260 260 260 260 260 260
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TabLe 2L. Overall Heat of Fusion and DSC
Each Sample

Degree of Crystallíníty for

Sample

0vera11 Heat of 12.0 L9.6 74.s LI.7 L4. tl 14 .7 L2.4Fusion (ÂH)

DSC Degree of
Crystallínity

0.49 0. 81 0. 60 0. 48 0. 59 0.60 0. sl

Table 22. Infrared SpecËra CrystalliniËy Analysis for Each Sample

Bands Trans Gauche Trans Gauche Trans Gauche Trans Gauche CalibraËion
Standard

Band
Frequency 84s 89s 973 1040 1337 L370 L470 7453 794

-1cm

Absorbance
Sample 1

2

3

4

5

6

7

.450 .070

.060 .000

.2L5 .000

.190 .000

.180 .000

.165 .000

.200 .000

.050 .030

.000 .000

.000 .020

.010 .000

.015 .010

.005 .000

.010 .000

.310 . l_10

.020 .000

.165 .050

.130 .020

.1r0 .030

.100 .000

,r45 .005

.230 .090

.000 .000

.035 .005

.010 .030

.000 .000

.000 .000

.045 .010

.090

. 035

.065

.060

.060

. 050

.040



Table 23. Spectra Changes Due to CrystallizatLon

andCompactíon Crimping _ Ster. lízation Comparison SterilizaËionCrimped Cri

Bands ( cur-l)

Trans 1470

Gauche 1453

Trans 1337

Gauche 1370

Trans 973

Gauche 1040

Trans 845

Gauche 895

t":"i ot::", . ?1"1 .ts4o9 -s4oc ̂  _rs¿åc no., 1s4oc

Crlrnped Crimpe

+

Effect of
Compaction,
Crimpíng

intensity lncrease
intensity decrease

+

of more t]nan .L2.
of more than .12.

+

\o
UJ
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Table 24. Birefríngence for Each Specimen

Sample

Bírefríngence 0. 169 0.L7r
0.174 0.168
0.174 0.168
0.177 0.171
0.177 0. 168
0.L7 4 0. 168
0.177 0.L72
0.178 0.168
0.180 0.168
0.L74 0.173
0.r77 0.168
0.178 0.168
0.r77 0. 168
0.174 0.168
0.L77 0.168
0. 178 0. 171
0.180 0.168
0. 178 0. 168
0.180 0.168
0. 180 0. 168
0. 178 0. 168
0.178 0.168
0. r78 0. 168
0.178 0.168
0.178 0.168

0.181 0.162
0. 181 0. 155
0.184 0.1s9
0. 184 0.1"64
0.181 0.151
0. 184 0. 163
0.184 0.159
0. 184 0. 161
0.l-79 0.157
0. 184 0. 158
0. 181 0. 161
0. 181 0.r44
0. 181 0. 163
0. 184 0. 159
0.184 0.164
0.184 0.158
0.184 0.163
0.779 0.1s8
0.181 0.r57
0. 181 0. 158
0.184 0.161
0.179 0.158
0.L79 0.157
4.r79 0. 159
0. 181 0. 161

0. 189
0. 189
0. 193
0. 189
0.193
0. 189
0. 189
0. 189
0. 189
0.193
0. 189
0. 189
0. 189
0. 189
0. 189
0. 189
0.193
0. 189
0. 189
0. 189
0. 189
0. 189
0. 189
0. 189
0. 189

0. 163
0.166
0. 163
0. 163
0. 163
0.163
0. 163
0. 163
0.162
0.L64
0.l-64
0. 163
0.162
0.162
0. 163
0.162
0.L62
0.L62
0.166
0. 163
0.163
0. 166
0. 166
0. 160
0.762

0.L72
0.r72
0.172
0.772
0.r7 4

0.L72
o.r7 4
0.17 4
0.r72
0.172
0.l-73
0. 169
0. 16,9

o .1.69
0. 169
0.]-69
0.17 4
0. 168
0.r72
0.167
0. 166
0. 168
0. 169
0.r72
0. 169

Mean 0. 190 0.163 O.I7I 0.177 0.169 0. 182 0. 159

Standard Devia- 0.001
tion

0. 001 0. 002 0. 002 0. 002 0.002 0. 004

Coefficient of
Varíatíon

0.789 0 .9r4 T.387 1. 431 0. 898 1. 110 2.709
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Table 25. Tenacity for Each Specimen

Sample

Tenacity
(rntl/tex)

272
297
263
308
305
297
320
294
320
322
337
280
311
334
29L
260
280
255
283
297
277
269
249
283
289
280
283
29r
283
260

193
180
185
153
L70
176
212
L72
2L4
766
L70
191
186
185
l-64
l-43
207
195
L76
176
2L6
180
230
L97
220
r62
l-64
]-97
189
L72

239
239
217
224
186
233
183
27L
275
2]-3
200
207
209
200
220
222
L92
213
203
18r
205
273
2\3
226
l-96
775
168
168
192
L4I

235
2s9
196
238
259
248
227
240
l-96
207
2IB
L77
2L6
I87
227
248
203
220
257
225
209
207
183
185
196
L96
L6T
198
205
l-96

196
232
]-70
220
204
224
200
198
198
174
190
180
186
236
186
218
l-94
180
208
2r4
226
222
rB6
L82
764
180
L76
l-64
L64
192

188 4s
2r0 20
L25 27
II7 29
l-64 38
242 L7
205 14
L64 13
203 28
I92 17
L7I L4
I99 18
223 27
2L4 9

TîL 32
L67 L9
L92 1r
L56 T6
186 25
2T2 T6
227 24
23L 30
186 L4
2L2 28
234 74
L97 39
188 t8
2t2 39
190 34
195 38

Mean 290 185 203 2L4 L95 191 24

Standard Deviation l0312I26222L¿J

Coefficient of Variation 8 4TL611T21111
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TabLe 26. BreakÍng Toughness for Each Specimen

Sample

Breaking Toughness
(nN. m/ tex. m)

754
180
155
20I
184
L82
20L
183
195
208
2L2
764
L97
209
L79
L54
t66
r49
165
L76
763
L57
]-44
L69
L77
L66
L69
L7I
L66
153

67
73
74
69
65
74
69
7I
64
66
7L
80
80
69
69
64
79
72
70
68
74
66
BO

70
76
60
58
70
72
61

93
93
85
B6
77
85
79
84
81
76
B3
B4
84
B7
78
B9

77
B4
84
84
76
77
79
75
B3
67
66
65
75
60

113
6B

742
B6

110
r05

92
95

108
97
91
90
B5

B7

8B
r07

99
103

92
o/,JA

B9

7B

86
B1

90
79
70
80
B1
BO

J

5

7

8

J

2

5

6

4
5

6

J
T2

4
3
J

6

4
4
4
5

2
6

10
4
7

7

7

78 86
93 97
77 73
BB 69
81 81
85 75
78 81
73 88
80 81
83 87
86 98
86 99
74 96
72 92
68 84
88 82
81 103
80 92
79 82
72 92
72 81
70 75
7I 82
90 89
70 88
70 B0
65 78
63 87
6L 78
72 80

857792BOL75 70Ifean

Standard Devíation 15L9

Coeffícient of Varíation 11 4s111610
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Table 27. Initial Modulus for Each Specímen

Sanple

Initial Modulus
(N/tex)

7.59 3.07 2.53
8.28 3.43 2 .77
8.74 3. 05 2.7L
7 .93 2.97 2.47
8.07 2.92 3.00
8.27 3.33 2.47
7.78 3.20 2.66
B.r4 3. 02 2 .7 4
B.2B 3.ls 2.77
B.3s 3.43 2.66
8.49 3.30 2.63
7.59 3.r7 2.7r
7.73 3.40 2.37
8.28 3.28 2.7 4
7.66 3.20 2.79
7.93 3.72 2.45
8.14 2.94 2.ss
7.s9 3.L7 2.74
7.52 3.02 2.29
7 .66 2.94 2 .42
7.3r 3.66 2.s8
7 .7 3 3.48 2 .9s
7 .04 3. sl 2.4s
7.4s 3.33 2.42
7.s9 3.ls 2.27
8.28 3.07 2.66
7.93 2.94 2.42
8.28 2.56 2,32
7.LL 2.94 2.47
7.s9 2.94 2.27

3.77 3.95 2.3s .844
3.8s 4.L4 2.67 .888
3.77 4.04 2.22 .985
4.06 3.99 3.04 .Bsg
3.7L 4.04 2.56 .629
3.50 4.38 2.43 . BO1
3.77 3.9s 2.L9 .866
3.53 3.51 2.22 .660
3.79 3.36 2.94 1.06
3.88 3.80 2.40 .768
3.93 3.99 2.9L r.04
3.26 3.90 2.94 .920
3.82 4.09 2.48 .888
3.01 3.90 2.56 .67L
3.7L 2.92 2.5L 1.13
3.63 3.65 2.22 .801
3.66 3.07 3.07 .844
3.23 3.45 2.48 .725
3.77 3.60 2.5L .899
3. 98 3.99 2.94 .682
3.39 3.70 3.79 1.05
3.90 3.90 3.34 .98s
3.63 3.99 3. 85 .866
4.09 3.7s 3.s5 1.08
3.58 3.90 3.74 1.13
3.07 3.40 3.04 L.07
2.80 3.2L 3.39 .649
2.80 3. sB 3.42 .877
3.01 3.16 3.47 1.13
2.93 3.4s 3. s0 .996

Mean 7.86 3. 16 2.58 3.56 3.7 3 2.89 ,894

Standard Devíation .382 .230 . 195 .37 B .352 \)) .153

CoefficienÈ of VarÍation T71811
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Table 28. One-I^/ay Analysis of Variance for Filament DÍameter
DensíËy, Birefringence, Tenacíty, Breaking

Toughness and IniËial Modulus

, Linear

Source of
Variation

Degrees
Freedom

Sum of
Squares

Mean
Square F Ratio

Critical
Value

F- .01

Filament Diameter
Error

Línear Density
Error

Birefringence
Error

Tenacity
Error

Breaking Toughness
Error

IniËía1 Modulus
Error

6 s1.33
203 98.35

6 T2L.3L
98 7.6r

6 .0L73
168 .0010

6 1148233.5
203 r0397L.6

6 442292.4
203 233L4.L

6 8r463269s.L
203 23L70937.4

8. 56
.48

20.22
0. 08

.0029
.000006

791372.3
5l2.2

73715.4
114.8

135772LL5.9
rL4L42.s

ù¿
17. 83

ùJ-

252.7 5

483.33

s¿
373.63

642.12

J¿

1189. 50

2.90

2.99

2.92

2.90

2.90

2.90

Signífícant aË Ëhe .01 level.
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TabLe 29. Kruskal-Wallis One-I^Iay Analysis of Varíance for Fílamen¡
Diameter, Linear Density, Birefringence,

Tenacity, Breakíng Toughness and
IniËial Modulus

Measure
Degrees
Freedom

Critical Value
2

X. or

FilamenË Diameter

Linear Density

Birefringence

Tenacity

Breaking Toughness

Initial Modulus

6

6

6

6

6

6

&J-

67.383
¿J

80. 358
&J-

165. 386
&J

r42.646
&&

162 .849
¿¿

L77 .O85

16.BLL

16.872

L6,8T2

16.8L2

L6.8r2

L6.BLz

¿J

Significant at the .01 level.



Table 30. Schefférs Test - l'Iu1tip1e Comparisons

Trea

Comparíson

Measure

Fil-ament Diameter

Linear Densíty

Birefringence

Sample 2

1/S

Sample 1

ction

Tenacity

Breakíng Toughness

Initial Modulus

B. 89

31. 00

39.36

l-8.77

Sample
VS

Sample 2

Crí an

2.78

3. 00

11. 66

3. 11

Significanr at the .05 level.

Sample
VS

Sample

38.46

s4.45

4

2

J. JJ

s.00

Sample
VS

Sample

3.66

6.72

S teriliz

20,4r

5.02

8. 06

4.63

.56

B. 00

2.92

1.38

1.10

on
Sample

VS
Sample

6

4

2.22

0. 00

7 .29

3. 9B

2.56

L3.32 7.76

tso



Tabl-e 30. Scheffêrs Test - l{ultiple Comparisons (Cont.)

ct of C1*p"gtir", Crirpir 5"Å Crítícal Valuesample T sa sample oComparison vs vs vs vsSample 3 Sample 4 Sample 1 Sample I

Measure

Fílament
Díameter

Linear
Density

Birefrín-
gence

Tenacity

1. 11

3. 00

Breaking 27 .47*
Toughness

77.49

30.97

7.67

1. 00

Initial 19.53
Modulus

26.24

32.87

:t
31.87

6.67

36. 00

30.61

Sígnificant at the .05 level.

30. 89

:t
16.44

3s. 90

3. 33

26.00

1I.66

17.r3

32.97

s7.5847.85

3.58

3.62

3. 60

3. 58

3. 5B

3. 5B

F
O
N)
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Figure 26. Stress-Strain Curves--EffecÈ of Crirnpíng at 94oC

- 
Yarn compacted (sample two)

--- Yarn eompacted and criurped at 94oC (sample three)
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FÍgure 27. Stress-Straín Curves--Effect of Crimpíng at 1540C

- 
Yarn compacted (sample Lwo)

--- Yarn compacted and crimped at 154oC (sample four)
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Figure 28. DSC Prernelt Endorherm peaks--Effect of sterírizaÈion
on the PET Yarn Crimped at 94oC.
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Figure 29. DSC Melr peaks--EffecÈ of
Yarn Crftnped at 94oC

- 
Yarn compacted and criurped at 94oC

--- Yarn conpacted, críurped at 94oC and

Sterí1ízatÍon on the PET

(sarnple Èhree)
sterilízed (sample five)
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Figure 30. DSC prenelÈ Endothqrm peaks--Effect
on Èhe PET Yarn Crínped at 154oC.
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- 
Yarn cornpacted and crlmped at 154oC (sample four)

--- Yarn compacted, crimped at 154"C and sÈeri1Ízed (sample six)
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Figure 31. DSC Melr peaks--Effect
Yarn Crimped at 154oC
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- 
Yarn cornpacted and crinped at 154oC (sample four)

--- Yarn conpacted, críurped åt 154oC and steiilÍzed (sample síx)
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Figu-re 32' rnfrared specËra--Effecr^of srerrlizaÈion on rhe pet yarn crlmÞed at 94oc

- 
Yam conpacted and crimped at-94oC(sample three) 

-- - -- 'q!¡¡ vrrrxl'
--- Yarn compacted, crinped at 94uC and sterlllzed(sanple ftve)
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Flgure 33. rnfrared spectra--Effect of srerllrzatron on Èhe pET yârn crimped at 154oc

- 
Yarn compacted and crlnped ar ls4oC(sample four)

--- Yarn Conpacted, crlmped at I54oC and stlritized(sample s1x)
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Figure 34. srress-srrair c,rrrr."--i:;å:: ft sterilÍzaríon on rhe pEr yarn
CrÍmped at 94oC

- 
Yarn compacted and crinped at 94oC (saurple three)

--- Yarn compacted, crÍurped at 94uc and sterilized (sample five)
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Fígure 35. srress-strain curves--E:;::.t""i srerilizaríonCrimped at 154"C
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on Ëhe PET yarn

- 
Yarn compacted and. crímped at 154oC (sample four)--- Yarn compacted, erinped at 154oC and'sterílized (sanple six)
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Figure 36. DSC Premelt Endotherm
Comparison to the PET Yarn,,¡Qrtmped

- 
Yarn fro¡n the MilliknÍéSgraft

--- Yarn compacted and crimped at
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Figure 37. DSC MeIt Peak--Cormrercial Reference Comparison to
the PET Yarn Crirnped at 94oJ

- 
Yarn from the MilliknltUgrafr

--- Yarn compacted and crinped at
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Figure 38, DSC premelt Enàothern peak__Comrnercial ReferenceCOmn¡rr'c^- f^ ÈL^ DDT v-- ^ . , --.OComparison to the pET yarnfrÍmped aÈ 154oC

- 
Yarn fron the Mlllikni{Ðpralr ls,--lo -,

- 
yarn fron rhe Millikni{pgrait (satrple seven)--- Yarn compacÈed and crírnpãd er i54oð (sampLe four)
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Flgure 3e. DSC Melr r":;ïl:ä:*::"r::. Rererencethe PET Yarn Crinped at 15fC

- 
Yarn from the MÍll1knié&eraft

- 
Yarn from the Miltlkniëvg

- 
rarn rrom the Ètil-llkniÈvgtaft (sample seven)--- Yarn conpacted and crlnped at 1540ð (saurofe
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Flgure 40. Infrared SPecttra--Comerclal Reference conparlson Èo Èhe pET yam Crlnped at 94oc

-Yam 
from the Mllltknldpgraft(sanple seven)

--- Yam conpacted and crfnped at 94uC(sample three)
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Fígure 42. srress:srrai' c,rr.'."--3:ff::"1., ReferenceYarn Crimped at g4o}

- 
Yarn fron the Míl1íkni@graft (sqnple seven)

--- Yarn compacted .and criurped at 94oC (sarnpJ.e Èhree)
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Figure 43. srress-ÞLraín curves--c.ff:::T"T Reference
Yarn Crimped ar 154oC

- 
Yarn from the Millikni@grafÈ (s¡qrple seven)

--- Yarn compacted and crírnped at 154'C (sample four)
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Figure -44.o DSC-PremelÈ Endotherm peak--Corrparison of Compacted,
Críurped 94"C.and Sterílized yarn ro the Untieated yarn

- 
UnËreated yarn (sample one)--- Yarn compacted, crimped at 94"C and srerilized (sampte five)
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Figure 45. DSC Melt peaks--Comparíson of CompacÈed, Crinped 94oC
and Sterilized Yarn to the Untreated yarn

- 
Untreated yarn (sanple one)

--- Yarn compacÈed, criurped at g4oC and sterilized (sample five)
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Figure 46. 

^DSC 
Premelt Endot.herm Peak--Conparlson of CompacËed,

Crimped 154-C and Sterilized Yarn to the UntreaÈed yarn

- 
Untreated yarn (sample one)

--- Yarn coûìpacted, crimped at 154oC and sterilÍzed (saurple six)
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Flgure 47. DSC MelÈ Peaks--Conparlson of Courpacted, CrÍurped 154oC
and Sterillzed Yarn to the UnÈreated Yarn

- 
Untreated yarn (sanrple one)

-- Yarn compacted, crírnped at 154uC and sterflfzed (saurple síx)
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Figure 50. Stress-Strain Curves--Comparison of Compacted,
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Sterilized yarn to the Untreated yarn
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138

250

S t ress
uN/tex

225

f:::f']l;,1ï"::-l:Ia*ín curve¡--;c";;;;;." or compacred,

30

oSterilized yarn Lo the Untreated yarn

Strain Z
40

Crimped

síx)

50

154oC and

- 
Untreated yarn (sanple one)

--- Yarn conpacted, crínped ax I54oC and sterilízed (sample


