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FOREWORD

This report covers the work performed by the University of Massachusetts,
Amherst, Massachusetts 01003, on "Mechanical Properties versus Morphology of
Ordered Polymers". The work was conducted under contract F33615-78-C-5175 for
the Materials Laboratory. The performance period was from 1 September 1978 to
1 September 1979. This report was submitted in November 1979,

The work was performed in the Polymer Science and Engineering Department
with Dr. Edwin L. Thomas acting as principal investigator. Authors of this
report are E. L. Thomas, S. L. Hsu and R. J. Farris. The assistance of
Drs. E. Roche, P. Shu, T. Takahashi and A. Ku]shreshtha and Messrs. A. Filippov,
S. Allen and J. Minter is gratefully acknowledged. The project engineer was
Captain Michael W. Wellman, AFWAL/MLBP, Materials Laboratory, Wright-Patterson
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SECTION 1: OVERVIEW

The goal of our work this past year has been to use morphological
techniques in conjunction with mechanical testing to determine the relation-
ships between mechanical properties and morphology of a new class of high
strength, high modulus, thermally stable aromatic heterocyciic polymers.
Fibers have been successfully spun at Carnegie-Mellon University and Celanese
Research Corporation using a dry jet-wet spin process from liquid crystal-
line solutions. The polymers studied were poly-p-phenylene benzobisoxazole
(PBO) and predominantly poly-p-phenylene benzobisthiazole (PBT). The micro-
structural studies involved Taser Raman and Fourier transform infrared
spectroscopy, electron diffraction and electron microscopy, wide and small
angle x-ray scattering and birefringence measurements. Mechanical measure-
ments have employed ambient and high temperature mechanical testing as a
function of strain rate and state of stress (uniaxial tension, double loop
bending). |

The effect of processing conditions on fiber morphology and subse-_
quently on mechanical properties has also received considerable attention
with feedback to Celanese to assist in their optimization of processing
conditions for rigid rbd polymers. The overall goal of our work is tb
determine the relationships between mechanical properties of rigid rod
polymer fibers and films with their microstructures. We have undertaken
three general approaches to this end: )

1. Spectroscopic Studies (see Section 2: Dr. S.L. Hsu),'

2. Microstructure Studies (see Section 3: Drs.}E.L. Thomas, R.S.

Stein),




3. Mechanical Studies (see Section 4: Dr. R.J. Farris).
We have been supplied with fiber from Carnegie-Mellon ﬂniversity and Celanese
Research Corporation. Unprocessed polymer has been received from Stanford

Research Institute (see Sample Inventory - Table I).

‘Spectroscopic  Studies

Professor Hsu's state of the art FTIR and laser Ramah equipment has
préviééé'key data on se?gtian’ané'seiid state polymer conformation. ﬁitﬁ the
‘cooperation of Dr. Evers at WFﬁFS the model compound studies are leading to
‘aééitiena} understanding of p%atenation ané‘éegradatian'effects. ‘Ihere is a
good tie-in wiéh Professor Berry'é'wark at Earnegié-ﬁei!sn'University on
‘protonation. Spectroscopic siudies are also of extreme importance with re —
spect to polymer processing because of the prolonged times at elevated tem-
peratures. |

Our spectroscopic studies aré directed towards a better understanding
.of the chain conformation and chain packing associated with these'highlmeﬂ-‘
ulus fibers. Our studies in the past year have raised several interesting
~questi0hs. We feel the answers to these questians‘wi}i,camplement'cther’
characterization techniques to elucidate the structure-property re§atien—
ship fer:thé:high modulus materia. Fruitful research areas we f&fesee include:

1. Protonation Effect | |

2. Chain-Chain Interaction

3. Swivel Polymers

4, Vﬁegraéatian Effects

In the first area of study, as expected, we have evidence showing thé’

polymers in solution exist in the protonated form. Model compounds have



prOvéh to be extremely helpful in this study, beéausevthey'can be diséo]véd”
in non-protonic solvent such as chloroform, or in strong acid such és‘MSA or
CSA. We have qualitatively analyzed the spectra1'¢hangés Which occurred .When
model compounds dissolved in various so]venté. Fof example, we fouﬁd fhe

n+ -
M+ HCH3SO3,___ MHy© 4 n CHgSO3

~ group is not highly protonated for trans or cis PBT model compound. In con-

trast, because of the oxygen, trans or cis PBO model compound is very sensi-
tive to solvent 1nteraction. These changes can be observed in UV-visible -
absorption and Raman spectra. Quantitative assignments for the vibration.
observed and their changes may elucidate the protonation effect for these -
polymers.

The second area of study includes the non—bohded chain-chain interaction
in the solid state. It is known the unit cell associated with the model com-
pounds cannot be directly transferable to the polymer. However, the models
do display explicit eVidence of well defined non-bonded molecular interaction.
There are vibrations which are high]yvsensitiQe to temperature (77°K - 273°K).
These bands occur in the very low frequency region of the Raman spectra.. We
have assigned these particular bands to the rotatory motions of the molecules
in the unit cell. The non-bonded interaction (such as D.E. Williams poten-
tial) can and should be incorporated into our,analysisvof the vibrationa]
spectra. These studies will answer questions regarding the specificity .and
magnitude of the molecular interaction. This type of information directly .
leads to the ideal strength achievable for these PBO or PBT's.

We have developed the mu]tivariant statistical technique to examine the

most minute interactions between the units on the chain that include the PBO




and the swivel linkages. We know the intrinsic viscosity of these polymers

even with very low swivel concentrations is lower than neat PBO's. The

changes in the éntefactions along the chain for pelymers in solution compared =

to the solid state gives a better understanding of chain conformation and
also contributes to a better unde?standing of the degree of cﬁain extension.
In the last area of study, we plan to develop new spectrascc?ic tech- |
niques to follow the thermal degradatien. The UV-visible absorptions have .
shown the pe?ymef in sa?&tién rapidly décampeses to monomer when exposed to -
heat. We wish to cafefﬁliy identify the‘éegraded products. He,'p?an;te con-
struct the external reflectance unit to follow the'degraéatian of the goiymér
in the solid state. As mentioned previously, because of prstanétien, the
degradation mechanisﬁ may be completely different for pe!yméré in‘the solu-

tion versus polymers in the solid state.

Morphological Studies

We have‘made good progress, especially with the aid of mfcraarea elec-
tren}éiffractien in studying the stfucture of c?ysta?iiné‘PST,',Specimen
preparation techniques, a?ways the key to any microscopic study, are now
well estaélishéd and a large number of fibers with different processing hfs-
tories are being examined. A cooperation this past year with Professor L.
Azaroff of the University of Connecticut lead to an initial model for the
structure of PBT fibers. The collaboration of anether visiting scientist,
Dr. E. Roche of Grenoble, France, has lead to an improved haég? of PBT
crystal structure and hopefully with optimally processed and heat treated
fiber a complete structure anaiysfs (xi, yi,‘zi) of PBT can be wc#ked out.

. Dr. Takahashi's dark field microscopy shows a banding along the fiber



axis very similar to that observed in PPTA fibers. His radiation damage
studies 1indicate a fair chance of achieving lattice resolution. This power-
ful technique allows direct visualization of the atomic sca]e.structure of

the PBT crysta]s.v Only Professor Johnson's group at the University of Leeds,
United Kingdom, has achieved Tattice resolution (of PPTA). With the somewhat
better radiation stability of PBT over PPTA, we'may be able to study defects
within the crystals, much as is done with metallic and ceramic materials.

The technique of microarea electron diffraction has enabled us to distinguish
Tocal variation in degree.of'order along andracross fibers. We have recent1y
purchaéed a diamond microtome knife and plan 16ngitud1na1 and transverse
sectioning to examine PBT fibers for the skin-core morphology TndiCated.from
the e]eétron difffaction, mechanical and fracture surface studies.

The measurement ofhfiber birefringence, usually quite straightforward for
melt spun fibers, has been avcha11énge for PBT. We have tried several methods -
and all have thusvfar failed, apparently due to theVEtheme1y high fhdices of
refraction of the fiber. We are now working with véry high index immérsion
1iquids using the Becke line method. The optical properties of the fibers
indicate the likelihood of strong internal field effects.

Finally, we have received approval from Oak Ridge'National Labokafoky :
for a small angle neutron‘scattering studyvdn PBT. Determinations of the
radius of gyration (RG) and of chain Tength (L) [rod scattering theory_gives
the mass per'unit Tength (M/ZL)] will permit actual assessment of the‘rigid-
ity of the molecules in the different samples and will provide a useful =
comparison to Profeséokaerry's éd]ﬁtion Tight scéttéring‘stUdies. In addi-
tion, with a two dimehsionaT position sensitive defector, we will have a

quantitative measure of the fiber orientation which can be compared with our



wide angle x-ray data.

‘Mechanical Studies

~ The surprising ﬁenlinear Stress-strain behavio% of the aé-spun fiber has
“‘been tentativeiy‘interpreted as due to internal stresses fram'fiber spinning.
We plan to pursue the investigation of internal stress 1n the fzber by
annealing as spun fibers wzth and WTthGut f1xed ends and by §eca§ heating ef
the fiber. We still seek to determine strength of ve¥d free fzber The most
*recent results on Celanese heat treated fiber, 1600 gfé medu1us, 16 g/d
tenaCIty, are 1ndeed very prem131n§, hawever, fracture surface stud1es 1nd}-
cate flaws still control f}ber failure and we are not yet realizing the
' Jintrinsic fiber strength - Prompted by initial cbservatzons of defarmat1en
(shear) bands on fibers waund on small dzameter take-up reeis at Earnegze-
- Mellon Universzty, F111ppov deveiopeé fiber benéing tests wh1ch revea¥ 1nfer-
mation on campress1ve strength and sasce§t3b1¥1ty ef the fzber to buck?zng
failure. ‘ ’ 7
A servohydraulic Instron ?estér equipped with an envirﬁnméntaf chamber
and spécééf load transdgcers is used far fiber studieé. The gregraﬁméﬁi}ity

of the anstrument allsws for éetaz?eé defermatien h1stery studies }ﬁt?udang

fat1gue‘stad;es as a fun;t{f af ampT}tuée, frequency and temperature. Pre-

' liminary data indicate that even the hzghéy flawed fibers have excellent
'fatigae gragefties, requiring on the g;der of }06 tayiﬁ? cyc}es,at akhigh
;fractien of ujtimaté étrength to cause failure. The fai}ufe in fatigue is
‘much more fibrillar than that exgerienced’with simple tension te#ts and sug-
 gests akdiffgyent‘faiiure mecha#ism,’perhags an inter?aminér shear type

failure.



Heat treatment data indicates a 1oss 1n plasticity of the f1bers,
perhaps due to the experienced weight loss during heat treatment. . Ident1f1-
cation of ‘the mechan1sm of plasticity would be Jimportant and could shed
considerable Tight on the deformation mechan1sms in these rigid rod mater1als.
The topic of p]ast1c1ty is current]y being 1nvest1gated and because of 1ts
importance will be a topic of research until the mechanlsms are 1dent1f1ed.r' |

This report is organized along the lines of the these three general
experimental program areas. Our ultimate goal is to obtain as detailed as
possible a mechanical and morphologica] picture of the films and fibers,

both as spun and deformed. Some pre11m1nary morpho]ogy property relations
\are evident at th]S stage of the work. and are given in: the appropr1ate
sections. Further in depth studies are required before f1n§1 correlation
and modeling can synthesize an oyere]]‘nnderstanding of the:processing -

microstructure - mechanical property relations for these materials.




TABLE 1.1: PBT FIBER SAMPLES

- Carnegie-Mellon: Samples spun with MSA as solvent.

Samp?e ﬁesignatisn " Polymer Fiber Furnished - Coagulation Conditions |
Series 53 . IV 18 13 sémp?es - '50/50 methana?}salfeiane :
Series 62 V26 18 samples Room Temperature

Ceéaéese: Samples spun from 9?.5% MSA, 2.5% CSA solution.

Sample Designation Polymer Fiber Furnished Coagulation Conditions
 Series 27554-6 v 14 3 samples 25-37.5-50 ﬁSAZiéz)
27558-9 - Iv 18 8 samples | "Room Temperature
27564-24 V18 9 samples - 50/50 MSA/H,0, 23°C; 8°C
27554-27 V.18 only short samples  50/50 MSA/H,0, ~10°C;23°C
] 2?554-33 } IV 18 | 7 Samp§§sy 5ﬂf5ﬂ MS&}Hzﬂ, 24°C; 7°C




SECTION 2: SPECTROSCOPY

2.1 Introduction

Vibrational studies of PBO, PBT, and their model compounds have been
carried out in order to elucidate more fully the features of morpho]ogy‘at the
microstructural level. It.is important to determine the degree of chain ex-
tension, chain rigidity and chain-chain interaction in the solution and solid
states in order to help determine the ultimate strength and modulus associated
with these materials. In addition, we are interested in identifying the mech-
anism of degradation and the degraded products.

The source of information available to vibrational spectroscopy includes
band position, band intensity, band shape and dynamic measurements of their
changes. Experimental studies, in conjunction with normal mode vibrational
calculations, should provide qualitative and quantitative explanations of fea-
tures sensitive to changes in the secondary structure of polymers.

With the exception of poly-p-phenylene térephtha]amide»(PPTA) (Kevlar),
there are relatively few spectroscopic studies directed at the microstrutture

(1)

of high modulus fibers However, there are a number of 1nvestigations

directed at the chain conformation and packing of gonjugated po]ymers(2'4).
These studies may contribute a better estimate of the theoretical modulus and
strength of crystalline polymers, including aromafic po]yamides(sz;

Because of the conjugated backbone structure associated with PBO and PBT,
strong resbnance enhancement is expected in the Raman scatfering intensities
for the vibrational motions coupled to the electronic transitions of the back-
bone. The optical activities of these motions are highly dependent on the

local symmetry properties associated with chain conformation and packing. The

vibrational and absorption spectra, if properly interpreted, may be used to

9




understand the degree of rigiéify (resénaﬁce structure) and the magnitude of
fiber strength (interchain interaction).

We have exémined PBG and PBT in the selid and solution States’ Furthe?-
more, vzbrat1ona¥ spectra of haghly crystalline model cnmpeunés revea?ed strucQ
tural 1nfarmatzan and nenbended chaTn-chaxn znteract1ens in the unit ce1¥ Ih
’ add3t3an a number of camputer prcgrams were written to ana?yze the 1ntramc¥-

ecular and 1ntermeiecu§ar (1att1ce) matzsns.

2.2 Experimental

All of the vihratienal spectrescapic étuéiés were carried eﬁt an‘the
Nicolet Fear%er Infrared Spectrometer ‘and the JGbTﬂ Yvon HG 2§ Raman spectro-
meter In add1t1on we have abtazned uitrav1e¥et (U?) and vlsxbie sgectra an
a Bechﬁan Haéel ¥ spectremeter .

I The resu?ts Gf the UV/V;S?bIe spectrescepy wx?i be part1cu?ar§y pertinent
3n the se]ect1aa of the m1n1mum wave¥en§th of raéxat1en fer resonance Raman
spectrascepy uv v1szb¥e abssrptxan spectra ebtaTneé for PBO ané PBT in solid
and se}ut1en are shown in F?gures 2. i and 2 2 resgectzve]y Methane su§fanzc'
ac1d {MSA) a se}vent for these materiais was d1st11¥eé ander vacuum from a
commercial saurce (Eastman) ?hese abssrpt30n spectra cf PBT display a namber
of sharg e?ectrcnzc transztzens at Z?Z(w), 268(m) 323{w) &26(5) and 44? {s) nm.
PBO sheweé a number ef tr3351t}sns at 246(w) 306(w) SSG(vw) 483(5) ané 428

:(s) nm. ?hese absorptions are character}st}c of the h?gh¥y conjugated groups.

10




Extreme caution was exercised in preventing moistUrevfrom‘enterfng'the sample
solution by obtaining spectra from solution in the sealed preparation volumet-
ric flasks. | o |

As expected for thesefhigh1y conjugated ooiymers, we saw strongvkaman res-
onance enhancement for the v1brat1ona1 mot1ons coup]ed to the e1ectron1c struc-
ture of the backbone. Theopt1ca1 act1v1ty of these se]ect1ve v1brat1ona1 mo-
t1ons are h1gh1y sensitive to the local symmetry | Unexpected]y, substant1a1
d1fferences in band 1ntens1ty and pos1t1on were observed for po]ymers in so1u-
.t1on compared to po]ymers 1n the so]1d form As is true in genera] for these
samples, the fluorescence background is very h1gh A h1gher exc1tat1on fre-
quency (wave]ength 4579 ﬂ)1s used to take advantage of the Raman resonance
enhancement. | | | |

The Spectra associated with PBO and PBT are shown in‘fiéuresMZ.é and 5.4,
respectively. The Raman spectra obtained from cast film (from MSA), spun
fibers, and unprocesSed fibers are essentially identfca] Slnce PBO
.and PBT both absorb strong]y in the 400 nm reg1on, and may therma]]y degrade
in the 1aser beam, Raman spectra were obta1ned by the front surface ref]ect1on
method off a spinning sample with exc1tat1ons by . wave]engths rang1ng from
5145 & to 4579 R (Argon Taser) 8. . |

Infrared data genera]]y have been taken from cast f11m on sa1t»substrate
or pressed KBr pe]]et The latter method 1s favored since 1t was | ,
:difficu]t to'contro1 the th1ckness of the film. In add1t1on, 1nfrared spectra
can be taken w1th the attenuated ‘total ref]ectance techn1que A typical spectra
from PBO is shown 1n_F1gure 2.5. From our exper1ence most of the quan-
titative speCtroscopicstudiesshou]d be carr1ed out us1ng e1ther the 1nterna1

or external reflection technique.
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o cule or polymer chain

'2.3 Data Analysis Computer Programs

During the last year, a'series of six normal vibrational computer pro-
grams have been written to analyze the vibrational spectrum of a finite mole-
(7). ' These programs provide‘the capabi%iﬁy to aﬁa%yze thé
intramolecular vibrational transitions and to incorporate the ﬁahbcnééé inter-’
actions (r-r overlap) between molecules in the unit cell of a three-dimensinal
lattice. These programs are coded injFSRTRAN, requiring at least 32K of memory.
‘In addition, we found the multivariate statistical technique of ana?ysis can
be used to find the number of the independent components associated with a set
of digitizeé vibratiahai sgectréscagic data. This program cén-detect very
~ small re?ative shifts or changes in fnteasity associated wfth the vibrational
transitions. The program used on the FTIR 1180-Nicolet ﬁamputef has been

é(g}‘ ~ =

written and successfully teste This program is coded in BASIC.

2.4 Chain Conformation

| §§ shown in Figures 2.1 and 2.2, the 3bsorptien specfra of PBT dispfay a
number of sharp e?ect?enic traﬁsitions at 212 nm(w), 268(m), 323{m);'&26(s)
 a§é 441(s). PBO showed a numhér of transitions at 246 nm(w), 306(w), 380(vw);
"403(s) and 428(s). The mafﬁ,péaks in the 400 nm region observed for PBO aﬁé
‘?ST‘sgggest these polymers possess fairly highly conjugated groups. The
trabsftien energies’are comparable to the ones observed in peTy(pﬁenyéene‘

- oxide) and poly paraphenylene. The transitions associated for the trans and

- cis isomers- of monomeric model compounds are shown in Table 2.1. The elec-

tronic transitions observed for a PBT "dimer" are 267 nm(w), 338{v§); and 404(5),k
very Simiiar to the ones obtained for the polymer. However, the degree of
charge delocalization is still limited. This conclusion is cenSistent with

the x-ray results showing similar C-C bond length between the benzobisthiazole

12



or benzobisoxazole group. and the phenylene ring. 'This bond length fs measured
‘to be 1.469 R, a value between the 1.54 R and 1.34 R expected for a singie
bond and double C-C bond, respectively.

As shown in F1gures 2.3 and 2.4, we found strong resonance enhancement
assoc1ated with Raman scattering 1ntens1t1es for the v1brat1ona1 motions
coupled to the electronic structure of the backbone. Unexpected]y, we ob-
served substantial differences in the re]ative intensity and positions for
polymers in acid so]dtion (MSA) compared to the polymers in thé»soTid‘fOrn.
For example, the band near the 1600 cm'], assignable to C=C stretching,

-1 to 1605 cm;] from so]utidn to the so]id state | Further-

-1

changes from 1610 cm

more, the band near 1500 cm

en™! to 1481 e, These changes were 1ndependent of po]ymer so]ut1on concen--

ass1gnab1e to C= N stretch1ng changes from 1515

tration (from 0.9 to 14%).
| Such changes are inconsistent with the assumption that the chafn confor-
‘mation remains esSentia11y identical in dilute solution$.4 The étrOngvpossi-
bility exists that'in.strong»acid such as MSA, the po]&merz‘tahe on an eSSen— ,
tia]1y protonated form therefore affecting the e]ectronic and vibrational

transitions.

2.5 ° Protonation Effects

PBT and PBO only dissolve in a few strong acids (MSA, CSA, PPA H 504)
The dissolution is e§sentia11y a’result of protonation of the hetero atoms on
the polymer baékbdne. This causes changes wh1ch affect the 1ntercha1n 1nter—
actions (van der Waa]s) suff1c1ent1y to facilitate the d1spers1on (d1sso]ut1on)
of the polymer packing in the solid (crysta111ne) state. The processtng of these
| polymers involves dissociation in MSA at elevated temperature, spinning of the

dope and then coagulation followed by neutralization and washing. Therefore
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the‘investi§éti§$.$f the pfaﬁgnaﬁfsﬁ éf%ect gnéyheéfing‘effec;s:is yery impor-
tant4ta;the undérﬁtandinésréthe prepegtiesdcf‘#heuge}ymer sgigti§nsés well as
the resuitxng preducts , ’L 4‘; , -

As mentzened ear}1er, the cancentratxen 3ndependent shlft sf €—N stretch-
1ng bané 1n Iaser Raman spectra from 1481 cm -1 (saiié) to }STS cm (1n MS%)
may be a man}festat1an ef the cemp?eteiy pratenated psiymers in ﬁSﬁ The mono-
:merzc mede? cempeunés affard the advantage ef be¥ng so]ab?e in éeth 88613 (a
.ﬁan §rat0n}c polar se?vent) ané MSA, th&s, the posszb1e pretenatian effect for
gelymers in the salut}an state can beznvestzgated by cempa?1ng the 3? v1szb1e
anﬁ §aser Raman spectra of the manomertc model campcunds in the 50116 state

and zn CHC¥ ané MSA sslutxans

3 , : L

Su%stantza? d]fferences are fauné fer beth bané pesztlons and re?at}ve
3RtEQSTt1ES fer thase maée? campeaﬂds 1n the é1fferent soiut1an ané sc13é
states The spectra thazneé are shown in Fzgures 2. 6 2. 8 The observed
‘bands in the §5GS ?600 cm -1 ?EQIGR are 115ted 1n Tabie 2 2 l ﬂ

As 15 shawn in Tah}e 2. 2 and Figure 2 ? PBG madeT cempaunds s1m1¥ar to
the PBO §elymer shaweé suéstant1a§cﬁanges in the 3588 1600 cm -1 regzen {C—
and C=N stretching motions) when dissolved in MSA. 1In centrast ' PBT model :
compounds showed reiatlve%y small changes when dasse?veé in MSA In ad§1£10n,
,spectra ebtazned far PSO aﬂd PST medei cemgaunds 1n CHC]S, a nan gretcnic
§e§ar sa?vent are qu1te sxmiiar ta the se?zd state spectra ‘ we have 3nter-

- preteé these spectrai changes ta be caased by the protonatian effect

The pretenatzen prccess in MSA can be expressed by Equatzan 2. T

,P + nCHaHS0, > Hn?' _+’{_~13§§{73S{.}4 S e (2.1)

where P represents polymers or model compounds and n denotes the number of
protons being associated with P. -
14



The electronegativities of the atoms of the backbone composition are:

0 N C S
"7'3.50 3.07 2.50 2 44

where n equaTs 8 for each repeat un1t(9) v The 0 and N atoms are most T1keTy to
be protonated in the case of PBO in the compTeteTy protonated spec1es mIn
contrast, n = 4 if each N and O 1s protonated on one s1de or shar1ng each H
by two heteroatoms or adJacent cha1ns The eTectronegat1v1ty (or bas1c1ty)
of S (2 44) is Tower compared to 0 (2 50) therefore 1t shoqu be Tess suscep—
tible to protonat1on Therefore n —'4 (protonated on both s1des) and n = 2
(protonated’ on one s1de or shared 1ntermoTecuTarTy) may be the case for PBT
UV-visible spectra of trans-PBO and cis-PBT also show an upward shift in
the absorption maxima (Amax)' The interpretation of these changes is unclear
at the present t1me | | - '-n' u |
The more drast1c change 1nduced by protonat1on on PBO than on PBT seems
to 1nd1cate that the protonated PBO at eTevated temperature (see degradat1onv
sect1on 2. 6) is more prone to degradat1on Th1s effect may be part1cu1ar1y
1mportant for Tong term ag1ng under eTevated temperature for PBO Thus, a
poss1bTe reason for the 1nfer1or mechan1ca1 propert1es of PBO f1bers to that_
of PBT f1bers may be the protonat1on effect dur1ng the process1ng ATT the ;
'wet anaTyt1caT measurements for the MSA (or CSA) dope are reaTTy measur1ng
the propert1es of the protonated poTymers 1nstead of the virgin poTymers '
There is no s1gn1f1cant change found between the spectra of modeT t PBO
or t PBT in CHCT3 and in CHCT /L1CT Th1s coqu resuTt from the rather e
11m1ted solubility of L1CT1n CHCT3 If some su1tabTe soTvent is found to dis-
soTve both the modeT compounds and L1CT cat1on1zat1on (s1m11ar to protona-
t1on effect) and/or 1on1c strength effects shoqu Tead to a better

understand1ng of the res1dua] proton w1th1n the fiber and
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N . ’ ) . - * : . - .
-, possible ﬁa% effect due to the neutralization process. Ultimately, the cations

“may function as interchain cressQIinks and yield favorable Streggtheﬁing of

the mechanicai grﬁperties , , ‘ ,
| Our swel?zng studxestﬂ’PBT fibers in HﬁB3 and H2564 showed a substantial.
drep in mechaaaca% graperties This again could vresult frem protonation,
’gssszh¥y coup?eé thh éegradat1sn' . -

Further stad1es such as degree of prctenatzan, ¥ong term gratenaﬁxen
effect {at elevated temperatures), pcss1b¥e degradatica revers1b1}3ty ef
'§retsnat1an effect upon coagulation, defects induced by residual acxd ete., :

are neeéeé tgyunﬂevgtané the protonation effect on the processing.

2.6 De gradatxsn’ | | |

The 7néxrect heatzng of 14% PBT {2322 ?2) in MSA by a gas-oxygen f}ame
:yie¥§ed a sc?xdw&thﬁmtail?c apPearance which could not be studied with ?aser '
;Raman spectrescépy The heating éf 1% PB? {2122 72) in'MSA sealed in a‘pipét

‘at ?90°€ for 42 heurs did not show ‘any change in 1aser Raman peaks (%515 1 cm -1

"1 and 1608.7 cm ? for

‘ané 3688 4 cm -1 for heateé sampte cempareé ts 3536 7 cm
| ‘saheateé samp%e) ?he same samp?e was agazn heated at 260“8 for foyr days
“and shsweé no substantxa? change spectrasceptca]}y (?538 6 cm -1 and 1610.1 cm )
even the&gh the ce?er darkened teward red from the erxgznat greenxshfyei?aw
calor. | |
~ The same samg?e when heated at 308°C fer foar days, fzrst changed ts

| “brown ;a]ér,and then to a black susgensien A secend sampIe was heated at 253°C

* We have abserveé seme NaH883 or Nazcﬁg (used in neutraixzat1sn) on the PB?

fiber surface hy SEM {(&a) identified by x-ray m1craana1y515 =0 and bonds
by IRI. .
16



and it changed to a brown color after two hours. Both these brown and black
-suspensions cannot be identified by Raman. The UV-visible absorption spectrum
of the above sample showed absorption maxima at 236 (m) and 350 (m) nm. These
values are close to the Amax of monomeric trans-PBT model compqund.' The spec-
trum of the-decomposed product mixture should be analyzed to elucidate the-
degradation mechanism. The study of degradation ofrthese polymers may give

some indication of the stability of the processing dope.

2.7 Articulated Polymers

Four samples of articulated PBO samples were received from Dr. Evers
(AFWAL/MLBP). These polymers (36-292, 58-292, 59-292, 62-292 [see Table 2.3])
contain 3-25% concentration of phenylene oxide "swivel" linkages. From the
intrinsic viscosity measurements, these "swivel" linkages do provide 1ncreésed _
flexibility for the chain. Therefore, it is 1mpoktant to understand more fully
the chain conformation associated with these polymers in the solution and
solid states. |

- The UV-visible spectraof these érticu]ated polymers in the so]ution

state (MSA) show great similarity. A strong doub]ét_isvfound at.approximateTy‘
405 nm, shifted from the 430nm peaks fn'néat PBO. A]thdugh the positioh Qf
this doublet remains constant, the relative intensity'of'the twb combonenté'
changes dramatically with "swivel" confent. Even for polymer containing the.
lTowest concentration of the pheny1ene oxide linkages (3%), the absorption
}_spectra do.not show the electronic spectrum associated with neat PBO. A
protonation effect a]oné cannot explain our obseryation; Possible 1ntéractioﬁ
between the "swivel" and PBO units may sufficiently perturb the structure to
| yield the transitions seen. |

In order to support this hypothesis, we have-dséd the multivariate statis-
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tical techniques of factor anainis;énd;the ratio method te §éé§¥fﬁ§epén§§ﬁt"
~ contributions giving rise ot the inf?ﬁrédﬂgpé¢§;§1§535ciétédlﬁithgé}l:fbur;‘
 Asamp1es.1 That is, we are ihtérestedafnf$eaféhing.énd5charéc£é%izih§ tﬁé PBO
" segments, the "swivel" linkages and their interactions in these articulated
ge%}&e%s.’:¥hi§‘ty#é”cfian§§y3iéhhasjbeén‘effettively used to distinguish
the amount of disordered sackiné f?am'thé'aSﬁaT5dr€horh0mh§¢‘§ackingfaSseci+'
ated with polyethylene(7), |

From these spectra, we found a number of spectral features ésseciate&
with the "swivel" §fnkages only. For example, bands a%”fZEETéhééiéé? cm'§
are4éépéndént”aﬁ;§hé’ﬁéwive}“‘tentent“&né can be assigned to:the asymmetric
streﬁchihgvaééeciaééé‘WTth‘é-0-¢ and ring vibrations; respectively. How--
ever, it should be noted thét these bands are quite localized and insensitive
~ to chain conformation changes.'«Iﬁ‘additién,'wé‘fdund:evideﬂce of an independ-
“"ent contribution to the spectra. These features are assignable to the inter-
‘action terms between the “swivel” linkages and PBO of the articulated poly-
mers. As expected, this component only exists in the spectral region sensi-
tive to changes in chain conformation (400-1008 cm'}).- In’centrast for the
“high frequency region, e.g., CH stretching in the 3000 en) regién, this -
third contribution is not found, since CH stretching vibrations are inde- -
pendent of conformation. These features can be used{ta elucidate the confor-

mation of the "articulated" polymers in the solution state.
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TABLE 2.1: UV-VISIBLE A __ IN nm. - -
. “max -

Model

 Compound in CHC1, in MSA
Trans PBO 231 (w) 248 (w)
| 326 (s) " 337 (m)
341 (vs) 350 (s)
358 (s) 368 (m)
Trans PBT 247 (m) 256 (W)
270 (vw) 266 (s)
334 (s) 350.5 (vs)
348 (s) 362" (m)
" '364.5 (m)
Cis PBT 235 (w) “219 (m)
2995 (s) 261 (m)
340 (m) 294 (s)
360 (w) 350 (vs)
360 (m)
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TABLE 2.2: LASER-RAMAN SPECTRA OF MODEL COMPOUNDS BAND PEAKS IN cm .

1

1 999.6 (W)

in MSA in CHCI, in MSA in CHCT,
1656.9 (V)*  1655.4 (Vi)* |
. 1645.8 (VW) 1594 (S)* 1597.6 (M)*
1637.8 (M)*  1637.2 (VW)*  1524.3 (S)* 1526.0 (W)*
: 1618.5 (5) 1491.1 (W) 1504.8 (S)
1602.0 (S)* 1602 (M)* 1437.3 (VW) 14g2.3 (W)
| | - 1388.6 (VVM)* 1445.1 (W)*
1589.8 (M)*  1584.2 (M)* 1321.9 (W,SH)  1416.1 (W)
B 1562.5 1296.6 (S-M) 1271.- (W)
1577.1 (W) 1205.1 (VS) 1245.0 (W)
| | 1552.5 (V§) 115 (vs) 12141 (W)
1564.3 (sh)  1110.9 (V)

1108.8 (W)*

* Denotes that no substantial change in peak position occurred.
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TABLE 2.3: MODEL COMPOUNDS (ARTICULATED)

Sample No. - - Structure .’_‘jthdUg)(a)
36-292 x =075, y=02 2.34
58-292 x=0.9,y=010 3.18
59-292 %x=0.9,y=005 3.57
- 62-292 x=0.97,y=005  6.75
(a) 25°C,0.2 g/dl, MeSOH <
-oo.
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Figure 2.1: UV Spectra of PBO in MSA.
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Figure 2.2: UV Spectra of PBT in MSA.
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o Figure 2.3: - Laser-Raman Sp'ecti'-a"'nf PBO in MSA. L 4
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Figure 2.4: Laser-Raman Spectra of PBT in MSA.
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Figure 2.5: FTIR Spectra éf PBO.
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Figure 2. 6 Laser Raman Spectra of trans-PBT model

compound.
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Figure 2.7: Laser Raman Spectra of trans-PBO model
- compound. :
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Figure 2.8: "Laser Raman Spectra of cis-PBT model .
' ~ compound. : _
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STy s - GECTION 33 “MICROSTRUCTURE ~ ™= nrm= e e

3.1 Introduction

Our morphological studies have involved PBO and principally PBT and fsri
comparative purposes PPTA (Kevlar) obtained from duPont. The fibers have
various levels eééstructure Optical microscopy and scanning electron micre}"

L3 ) BRI
: sccpy have been used to examine the large scale features. We have found inter—

nai VG?és zn the asi,gua f}bers ané cancius¢ve fracture surface evxdence that g

failure is initiated at these f%aws & & radzaﬁﬁgn damage‘stuﬁy gﬁ ?BGfahd PST
3nd1cates that these polymers are quite radiation resistant (better ‘than PP?R)
permitting h1§h resolution electron microscopy studies and electron d}ffrac-f
tion line breadth analyses. Molecular erieatgtién, a key‘feéture‘for highyj
modulus and strength, has been examined by birefriﬂgence and x-ray and e}ec—é
tron diffraction methods. The fibers are ai} highly ax€a1§y dr€ented but thg

éegree of %atera? ordering of the chains depenés on the fiber processing cen-' f
3 .

dft?@ﬂS Qsmﬁxaed X=ray and electron diffraction ana?ysxs suggests that PBT
i me%ecules can pack zntg‘é§m5;0;{§gzéyénlt ce11 ?hé ca]cu%aﬁed«daﬁszty is |
¢ 1.69 which c¥asely‘matches the observed fiber dens1ty of 1.6 for a-f}ber th#-
'é‘: out macroscopic voids. Less ordered molecular arrangements a}sé accur‘in'th;:;k
: fiber. These regions appear as a "twa-éfmensianaikseTid’nematic pbaseEg hav1§g 
characteristic broad equatorial réfiectians, meridiaﬁai streaks and the ‘g
a%senee of hkT type refiectzons | . | | &

—— = rn e e wabRs et e o e s e R

. Brzght erEd and dark fze?d stud1es of the PBT f]bers ?ﬂdlcate a f}bre&s
) ézbbsn like mzcrestvucture Small e?engated (60 x 3GO ﬁ) crystai¥1tes are
regularly dzstrzbuted along’ the f35¥1]s JIn aédqt}en fibril ribbons sometimes
exhibit a wavy texture. The waviness or bandtng is regu?ar with a periodicity

of about 1200 & as campareé to 5000 & for a similar bandTRg ebserved in ?PT&
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fibers. The dark field results suggest each microfibril ribbon consists of a
succession of narrow crystallites embedded in a somewhat less ordefed matrix.
Whether the banding appears due to sample preparation or is characteristic of
the as spun fibers is not known at present.v The non-linear stress-strain
behavior and the e]ongation at break (see Section 4) suggeﬁt the bands may be
>4shear bands. Whatever their origin, the bands reflect the susceptibility of
the fibrils to transverse kinking or,buck]ing.

Preliminary work on coagulated films of PBO and PBT has shown that in the
ébsence of shear a "grassy'I fibrillar mat is forméd with 200 R.diameter.fibrils.
If the solution is sheared prior to ;oagu]ation, an oriented fibrillar film is
produced. -Such film samples are easily prepared»and allow screening of coag-
ulation-processing conditions. The effect of neutralization on the polymer

has been studied by electron diffraction.

3.2 Optical Microscopy

A series of PBT fibers produced by Celanese has been examined under the
optical microscope using approximately crossed polars and Zeiss-Nomarski dif-
ferential interference illumination. In the "approximately crossed polars”
technique the fiber is at45° to the polarizer with the analyser at 77° to the
polarizer. -This gave improved contrast oVer the. more usua]vtechnique where
the analyser is 90° to the polarizer. Both techniq&es revealed that the fibers
contain three principal types of defects which have been categorized as:

| 1. ‘"contained voids " |
2. -erupted voids
3. circumferential bands.
The Tinear number density of these defects 1s‘given in Table 3.1. The only

significant correlation of the defects with processing history is that the
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largest number of voids (erupted voids) tended to decrease witﬁ inéreasing

percentage of MSA in the’éoagﬁlating bath (i.e., slower coagulation). ?his
is shown in Figure 3.1. The cifc?éS'represent inhefenf viscasity (I?)‘?S :
fpe?ymeé and the squares represent IV 14 polymer. Open §cints‘iﬁdicate that

the fiber was coagulated at room temperature, filled points indicate that

the fiber was coagulated at QGC' and the haEf—fi?iéd point indicates that o

“the fiber was coagulated with a 7°C bath followed by a room temperature
bath (23°C) of identical composition. |
These data suggest that further spinning rans,ygreferahiy on a smé??
scale, will be necéssary to achieve brscess épiimiatian, The spinning
§arémeters such as bath cgmpesitién,,éraw-éewn ratio, residence time in
tﬁe‘bath, bath temperature, polymer inhereht viscosity, and spinnerette

diameter must be varied in a systematic manner.

3.3 Fiber Diameters

Precision measurements of fiber diameter were performed on Celanese

PBT fibers, using the laser light scattering method. For each sample af’
PBT fibers, five segments of fi?aﬁent were mounted parai}ef taleach’ether
‘on a microscopic glass slide (the ends of fi!ameﬁt segment# were fixed eﬁ
the slide by an adhesive). Ten readings at different pcinésya¥sng the
fiher'were ebtaineé, giving a tété? of 50 measurements for caicu}aténg

the éean fiber diameter. The standard deviatien (S D ) of fibér diamEter,
which is a measure of non-uniformity of fiber d1ameter, was also calculated

(see ?ahée 3. 2)
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3.4 Birefringence of Fibers

The optical anisotropy or birefringence provides a convenient measure of
the extent of molecular alignment along the fiber axis. Sometimes fibers are
not uniform in their molecular arrangement and the fiber birefringence varies
over the cross-section. The elucidation of éuch inhomogeneity is of‘éonsider-
able practical importance in relating various physico-chemical properties of
po]ymer'fibers to the nature of tﬁe spinning and drawing operations.

In general, any anisotropic (crystalline) material has three principal
refractive indices. However, fibers exhibit cylindrical symmetry, so that two
refractive indices are sufficient for their characterization, namely n|‘ for
light polarized parallel to the fiber direction and n_L_for light polarized
perpendicularly to the fiber direction. The determination of birefringence,
AN = (n” -y )s usually involves measurement of optical retardation,

§ = (2wd/A)an, andof the fiber diameter, d. The 1ight scattering technique
~gives a good measure of fiber d{ameters of various PBT samples. This technique
involves an analysis of the forward-scattered radiation patterns produced When
the fiber is placed in a collimated laser beam. Preliminary efforts have been
made to measure the optical retardation in PBT fibers using the compensating
techniques (Berek compensator, Babinet compensator).

The Becke-lLine Method was also applied to determine the refractive indices
nl, and nJ_and birefringence an of PBT fibers. In this method, PBT fiber is
placed in a series of immersion liquids of different refractive index and
examined under a polarizing microscope. Under these condition§, a thin band
of Tight (called the Becke Tine) is seen at the edge of the fiber sample.
Under the microscope, the narrow bright band moves toward the medium of higher
refractive index if the focus is lowered. Since the plane of incident 1light
can be adjusted parallel or perpendicular to the stretch direction of fibers,
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it is possible to determine n“ and n_i.separateéy. However, the PBT fibers
examined had both refractive indices greater than the refractive
index of diiodomethane (1.740), which is the highest value know in any single

 1liquid. Special high refractive index liquids (to n = 2.2) are on order.

‘3.5 Theoretical Calculation of PBT Pefractive Index ‘
The refractive index (n) for the isotropic polymer can be calculated

- from group contributions of various chemical bonds, using‘the‘fellawing‘three
different reéatisnships between n and molar refraction R:

(a) the Lorentz-Lorenz Equation

o) 4 , ’; B
Ry = mz=2y 0V | (3.1)
(b) the Gladstone and Dale Re?atian
- _ (3.2)
Rep (n-1)+V
(¢) The formula due to Vogel

Rg =n-M . , - (3.3)
where M is the molecular weight and V is the molar volume of the repeat unit
~ of the polymer (10), |

| Assuming the additivity of grdup céntributions to molar volume and
molar refraction and that the polymer is in an isotropic state; thekrefrac—

tive index of PBT was calculated from the three different relations dis-

~ cussed above.

Calculated
Approach Isotropic Refractive Index
Lorentz-Lorenz 1.865
Gladstone-Dale 1.836
Vogel 1.785

“Calculations of the fiber refractive indices, nll and él_ , and birefringence, An,

were made using the relationship between molecular refraction and polarizability:
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V, where i = || or R (3.4)

where o is the polarizability of the (po1ymer) molecule in the direction

i, P represents thé‘refractive index in the direction i, N is Avogadro's
Number, and p is density. The mo]eéu]ar po1arizabi1ity, a, can be calculated
from the summation of the polarizability contributions of all individual

chemical bonds making'the structural repeat unit:

. 2 2 N
“ szcos 6 + EbLsm ) (3.6)

a) - 12—[2 b sin?e + EbT(l + c0s26)] (3.7)

where 6 1svthe-angle between the bond and the direction in question, bL is
the polarizability along the bond, and bT is the polarizability across the
bond. ) ‘

The calculations give for the highly oriented PBT filaments the fol-

Towing values (with p = 1.6):

n'l = 2.147
nJ_ = 1.679
An = (n|| —‘n.l ) = 0.47
=.1_ =
Nico = 3 (nll t2n, ) =1.83

Note that these estimates do not include any internal field effects, wh%ch

may be significant.



3.6 X-Ray Diffraction of Fibers

Wide-angle x-ray phetégraphs‘af PPTA, PBO and ?B} havg been taken using
the standard Laue techniqae, employing normal film as well as a polaroid
intensifier-cassette. It was found possible fa éut down the‘expaéuFE‘timgs
by a factor of two with use ef the polaroid cassette. ‘However, the polaroid
film was ?aund to be unsuitable for weaker réf?ectiéns énd is theféfcre
use?ﬁ? only for a Quick'screening of polymer samples and not for obtaining
quantitative estimates sf intensities. |

‘Yhe flat-film XRD (x-ray diffraction) phétegrgphé of both PBO and PBT
indicate a high degree of oriéntatien but a general lack Ef‘we¥1—éeffn§é |
reflections located on Tayer lines which generally ﬁhafacter%ze thréé—
dimenéieaa? lattices. Reciproca¥‘¥attice photography has been carried out
uSing a‘Saerger Precéssfen‘x—Ray Camefa. Zero-Tlevel photographs were-ebtaineé
~using two different geometries: (a) fibers parallel to x-ray beam,’and‘(b)

* fibers normal to x-ray beam. o

Initial zero-level precession phetagraﬁhs of PBT fiber {seekag&retS;E)
suggested scattering by parallel arrays of periodic cylinders. The scatterfng
distribution expected from such an array was calculated in cooperation Qith

(11)

Visiting Professor L.V. Azaroff The medéi consists of parallel chains

of period c, free to assume any relative orientation about the chain axis
and any relative displacement éc along the chain axis. Assuming further that
the lengths of the chains (Nc) areiquite large compared to differences in

individual chain lengths, the scattered intensity is given by:
S 3 o
<IS> EeN F 4 .| Je(krmm,) <exp[2wz£(5m Sm.}]>

where Ja(krmmg) is the zero-order Bessel function obtained by averaging
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the interchain vector rm . over all orientations from 0 to =,

m
k is the scattering vector,
Ié is the intensity scattered by a single electron,
F is the structure factor of the repeat units of length c.
Ngte that for £= 0, i.e., in the equatorial p]ane,-<IS> is given by a series
of Bessel functions evaluated for each‘p0531b1e interchain separation and
‘weighted by the number of such pairs. If one further dssumes a hexagona1

array of (7) cylinderically symmetric chains spaced a distance (a) apart,'<IS>

for £= 0 is given by

<I> = IN2F2[7 + 240! (ka) + 12J9(»§§’ ka) +'6J6(2ka)] . (3.9)

Assuming such a hexagonai»paCking of'éyTinderé Teads to a calculated density
of only 0.9 g/éc; Further x-ray and electron'diffréctibn,wérk-hés shbwn the
fibersvcontainnpreordéred‘régions in addition to a solid nematic phase.
Present results indeed in&ﬁcate PBT fibers consist mostly of ordered crys-

talline material with a minor amount of a solid nematic phase.

3.7 Radiation Damage

PBO and PBT exhibit.good electron beam (IOQ KV, rbom temperathfe) :
radiation resistance. A Faraday cup_and Keith]ey e1ectrome£er were emp]oyed
to measure beam currents and the decay of diffraction peaks were estimated |
visually fromrdiffraction patterns. Aé‘is hdrma1¢for %1bers, chain axis
ref]ectiohs(OOZ—type) are more resistant. The most suécept1b1e ref]ections
are those of the smallest dhk1' The dose for decay to 50% of the initial
diffracted intensity fortPBO, PBT and PPTA (Kevlar) is on the order ofv3

cou]/cm2 compared to 1 x 10_2 cou]/cm2 for polyethylene (see Table 3;3).
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3.8 VETectren Diffraction

By placing a fiber in a suitéble high surface tension liquid aﬁé pricking
the fiber with fine neeé?es nnder a stereoviewing mlcrescepe, }sngltué1na¥ ‘
ksectiens of fibers thin enough for transm%sszon eéectrcn m1crescapy may be
obtained by surface ten31on aided microfibril dispersion. The longitudinal
- sections of fibers obtained by splitting were examined by wide aqgie e}e;trqn
diffraction (WAED) 3nd‘bright and dark field images of fibrillar bundles -
{were recorded. | | .

The WAED patterns confirm the génera1 features observed in XRD pétterns
However, unlike XRD patterns the RAES Qatterns vary 3n nature, depending upon
the partzcu?ar region {wh1ch is a fract1an of a micrcn} under examanatzon
The XRS gattern represents an averal? average af fiber structure |

| £§ectran észractzen patterns were ebtaxned frem d}fferent regxens ef
 the f}brzéiar fragments A varzatton in mesamorgh1c iattzce erder from’ one
site to another w%thin the same samp?e was faund (see F}gure 3.3)." The o
~diffraction §atterns abtained shcwed a tr3531t13n fram Elqutd crysta??zné;
order (Figure 3.3A) to three-dimensional order (Figure 3. 38); indicative
of the d}fferent éegrees af order enceantered in a given fzber AnaﬁyéisA“
of the mest erdered patterns was mast 1nstruct1ve In addztzen te'tﬁe“véry
h}gh namber of eqazézstant merquenai streaks (up to 28 orders be}ng sbservab¥e
on the negatlves), whzch cerrespend to a f]ber repeat af 12. 35 ﬁ the
| eqaatcrla¥ ref?ectiens are we?l rese?ved and 1ndzcate the feiiawzng o

‘spaci ngs :

?he }etters fa¥19w13g each ézstance have thE?P &sua} mean1ng for the re?at1ve

ebserved 3ntenszties
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PBT samples 53;46, 53-47, 53-50 and»53-55 (a]](Carnegie—Me]]oh fibers) have
been extensively investigated by electron diffraction and dark fie]d microscopy
techniques.__These four samples give mostly highly ordered (crysta]]ine) dif-
fraction patterns with many (00£) orders on the meridian. From the

observed eight equatorial reflections and the fiber repeat, two probable

unit cells are proposed (see Figure 3.4):

Cell I Monoclinic _ - Cell II Monoclinic
a' = 5.83 R - - a =7.10 R
b =354k  b=6.65R
c' =12.35 R | ¢ = 12.35 &
y = 96° o S Ly =63
z =1 -2

Unit ce]]_I corresponds to a.very simple arrangement of para]]é] sheets

(Figure 3.5) whereas Unit’ce1] iI (same figure) wdu]d allow more possibf1i-

ties. Both unit cells have of course the same calculated dehsity of 1.69, which
c]ose]y matchés the observed density of approximately 1.6 for a fiber withf

out macroscopfc voids.4»The Va]ue of thé fiber repeat corresponds exactly
td_the 1ehgth of‘the fepeat unit(12) Confikmation of the monoclinic pack-

ing, setting angle aﬁd choice bétween the two ce]}s may be possible with more
highly ordered fibers obtained from heat treatment. Nevertheless, the pres-

ent packing already allows a very reasonable interpretation of the different
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electron diffraction patterns.

If we assume a nearly planar molecular conformation , the PBT "crystallite" .

&ay be schematically shown as in Figure 3.5 (an a}}-paraiiel gaCRing is taken
for simplicity). The schematic emphasizes the two-dimensional character of |
this ordering, which explains essentia1‘¥eatures of thé diffraction patterns.
‘Small random translations of the chains along their axes causés the loss of
all non-equatorial ref}ectiané'as observed for example in Figure 3.3A. Such
éisérder may be tyﬁicaT of rigié rod systems. kIt has already been observed
for example, from nematic fibers of po?y-y-benzy§-3-giutamate and certain

~ aramid fibérs(§3)_ As compared to this last case;;the‘trans¥atienai freedam
of PBT molecules is enﬁanced by thé absence of hydregeh bonding. Diffraction -
patterns as in Figure 3.3A can be cénsiﬁered to a?iée fram cr&Sta?fites of |
smaller lateral extent with more comp?ete translational freedom along the
chain axes. The number of meridional streaks is unaffected by the extent

‘af this disorder, as 1t derives from the rigidity ef the molecules.

Application sf the Scherrer equatien to the equatorial electron dif-
fraction reflections would give the average size of the crystallites. Dark
field imaging, which gives thé actﬁai size diStributﬁan; fs preferred.

These electron diffraction data differ from the earlier ﬁexagoﬁa?'c}ése
packing of rods suggested by the nematic Tike x-ray pattern of fiber 53 46,

The better 1nst?umenta? reso}utian of the electron daffractzen patterns -

shows that the broad equataria} spots actua%iy consist of severaé 1ndzv1éua3

* . . ‘ ; o
In the crystal structure of the model cempeand(iz), the angle between the

two moieties of the repeat unit is 23°.

40




reflections*. The calculated unit cell density of 1.69 is now much more in
line with the measured value of approximately 1.6. Further work is necessary
to decide between cell I and cell II and to eventually determine the detailed

molecular structure.

3.9  Analysis of the Broadening of 00£ Electron Diffraction Lines

Electron diffraction patterns of PBT depict a series of disc-shaped
maxima on the meridian. Since several orders of diffraction are ava11ab1e, it
is possible to separate the effects of finite crystallite size and lattice

distortion from an analysis of line breadth v§' the order of diffraction.

In order to perform a line-profile analysis on the relatively sharp 002
discs or streaks, it is necessary to minimize the instrumental contribution
to the observed Tine-broadening. This was accomplished by minimizing the
divergence of the incident eTectron beam by means of a small condenser aper-
ture. The WAED pattern of PBT #27554;9-5 (Celanese) was recorded using highly
coherent ilTumination with an exposure time of five minuteé. The influence
of radiation damage on the width of 002 ref]éctions is negligible at this dose.
Samples of PBT suitable for electron diffraction studies were prepared
by the peeling technique, without recourse to ultrasonication.
Profiles of 00£ diffraction 1ines were obtained by measurement of
obfica] densities on the meridian of the flat film pattern, employing a

Joyce-Loebl Microdensitometer. The profile of the strong 00£ peak could

*A recent flat film x-ray photograph of fiber 53-46 by Dr. D. Wiff of UDRI
(see Figure 3.6 ) using an evacuated sample-film holder, agrees well with
the present electron diffraction findings. However, the lTess ordered

regions in the fibers may well correspond to the nematic packing model.
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not be recorded since this reflection was engaifed by thefdirect beam. Pro-
files of the 00¢ reflections up to the twelfth eréef were recorded. The
relative peak intensities of various 00£ reflections aré compared fn‘TahEe 3.4.
The positions of 002 maxiﬁé were ebtaiﬁeé'by using evaﬁeréted gold for |
calibration.

Ang?e-depegdent corrections (e.g., Lorentz and absarptfankcarrections)
~could be ignered in the present cése due to véry Tow values of 26 and the

thinness of the sample. The background has a sTepe and a carvatare to it,

hence a smoath backgreund Tine was drawn by joining the }ew-angie and high-
angle tails of the profiles. The area under the profiles was measured after
“eliminating the background ané the integral breadths for varfcus diffraction

profiles were estimated. These values are listed in Table 3.5.

The line-profiles af 002 reflections ha#eva‘Cauchy’shape; Sﬁch a line
shape is theoretically predicted for a fibraus polymer cantainingk a'size- |
distribution of paracrystaiiites.  Sugpeft Qf thiéyiﬂference comes from é
plot of integral breadth §8 against £2(Figure 3.7), which is Tinear within
experimental limits of er?ar. Theoretical calculations for an "ideal Qara-

crystal" show that the integ#al breadth is given by (14).

, 12g2¢2

— (3.10)
c

1
%o = T
where C is the average spacing between the reflecting (00£) p}anés g =
Ac/c is the ceeffzczentaf‘varaatzon of the fiber repeat é1stance, L is
the weight-average é?mensxsn of paracrystallites and £ is the
reflection index or the order of reflection. Equation {3.10) permits a separa-
tion of finite‘crystai size ané lattice distortion influences on GGE,'écéerd-k

) ,

ingly, the slope of 86 q, VS £ plot gives n2g% ¢, (hence g)

42




and the intercept on the ordinate gives 1/L (hence L). In the present case,
we obtain a va]ue‘of 150 K for the (weight-) average length of "para"-crystallites
and a g-value of 3%.

(15)

Vainshtein suggests the interaction radius of a paracrystal-
Tine lattice is‘(inVerse1y) related to the degree of disorder of g. That is,
the average size of the coherént]y diffractiﬁg domains is inversely propor-
tional to g. Theoretica1 considerations show that gﬂff?%r is a dimension-
]éss parametér which can be considered as a constant (o) for all paracrystal-
1ine materials.

~For PBT a value of o = 0.1 is obtained from the present data. This
value agrees well with the.va1ue of o ( = 0.08) obtained for native and
regenerated cellulose, another class of stiff chaih po]ymer4]6), (Deriva-
tives of cellulose can be'spun from Tiquid crystalline solutions.)"

The value of 150 R for crysta111te length in PBT corresponds well

with the crystallite size of similar magnitude observed in the dark field elec-

tron micrographs of PBT fibers (see Section 3.12).

3.10 Small Angle X-Ray Scattering of Fibers

Small angle patterns were recorded employing a pinhole vacuum camera
using Ni filtered CuKa radiation. The small angle scattering from PBT is rather
weak and shows diffuse void scattering confined mainly to the equator. The pattern

17)

similar to the void scattering seen in PPTA by Johnson and coworkers( but

is much Tess intense.

3.11 Electron Microscopy

A JEOL 100 CX electron microscope, operated at 100 kV, was used through-

out this work. To prepare thin specimens, fibers were repeatedly peeled into
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small fragments with the aid of sharp needles, while immersed in water.

~The fibrf%%ar fragments were thén éirecf?y picked up on cérben coated grids.

In some cases, the suspension was mildly sonicated to aid ih dispersa? df the
fragments. | ‘

Dark field (DF) imaging was performed with the tilted beamwtechnique,
the reflection selected by a 6 x 38_3vr3d. objective apéftafe.r A1l picturesk
were recorded on Kodak SO-163 films, with maximum magnification (SF) of
10,000X.

Preparation of the fibers fsr’electren microsca?y is illustrated in
Figure 3.8 which shows the image (scanning electron microscopy) of a pa?tia%iy
peeled fiber. The intérnai fibrillar structure is quite épparentf Re#eateé
~splitting gives fragments suitable for transmission electron microscopy.
~Small fibrils of variable width, down to a cross section of circa 70 R, w
are observed in some regions. Electron diffraction patterns were easily

recorded from such highly oriented fibrillar 5and3és.

3.12 Dark Field Electron Microscopy

A1l dark field images below have been obtained from the strongest
equatorial reflection (d - 3.54 ﬁ). Dark field images’ébtaineé frem gatterns
 similar to the one sﬁawa in Figure 3.3A ds not exhibit high contrast. Figure‘3;9
is such a DF image obtained from patterns similar to the pattern in Figure 3. 3A.
Small crystallites are regularly distributed throughout the fragment. Such
features are comparable to other observations on certain PPTA fibe?s(fgs or
PE fibers(ig) The strongest diffracting crystallites are elongated in |
- shape with their average Eength‘béing abéutkfive times larger than their
width, which ranges from approximately 60 to 80 R. The more numerous,
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smaller crystallites are difficult to distinguish from the background, due to

- inelastic scattering. Figure 3.10 associates the bright field (BF) and DF
images of a peeled and mildly sonicated fragment. A very marked banding trans-
verse to the fiber direction appears in the DF image. This observation, again,

is comparable to what has been seen in PPTA fibers(18),

In the thinner part
of the fragment, the banding is regular, and each transverse dark band, 200
R in width, makes an angle of about 70° with the fiber direction. The period-

icity of the banding is of about 1200 R, as compared to 5000 R for PPTA fibers(]B),

Each of the f]at ribbons appears to consist of smaller "microfibrils" of
lateral dimensions varying froh 50 to 80 & as previously mentioned. These
ribbons éxhibit a wavy texture, each microfibri] changing its direction in
register with its neighbors. The corresponding DF image shows a characteristic
banding associated with the BF image "waves". The size of well defined crys-
tallites in the DF image is about 50 x 500 R but a great number of smaller

crystallites is also noted. Their long direction makes a slight angle (10°

to 20°) with the fiber direction, similar to that made by the microfibrils
in the corresponding parts of the BF image. The contrast between dark and
bright zones depends on the sharpness of the kinks. As inelastic scattering

is small because of the thinness of the ribbons, the grey background is

‘mainly due here to diffuse scattering from less ordered regions. ‘

This last observation suggests that orientation conditions, instead of
noncrystalline zones, are responsible for the observation of the dark zones.
This is further demonstrated in Figure 3.11, which shows an "s-shaped" fiber.
As the fiber progressively changes its orientation, the small zones (A)
reverse their contrast from dark to bright, and conversely for the large

zones (B). Therefore, textured ordered regions are present all along the
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ribbon, with neigh%bring crystallites in agg?eximate}y the sameiarientatian ’

within a band. The banding period here varies from 1GQO to 2000 ﬁf A dsabie ‘

system of bandiﬁg is also noted (sée region C in Figuré 3.}¥); - |
From the above observations, a schematic of the texture of these kinked

ribbons is proposed in Figuré 3.12.The ribbon is built up éf closely packgd

microfibrils, well apparent in the kink zones. Each microfibril csnsiéts of

‘a succession of narrow crystallites embedded in a somewhat }e§s ordered

- matrix. The left hand portion ef‘the schématic illustrates the banding

observed in the DF image. Whether the bands appear'ﬁde to the;fragméntatien

of the fibers during'the sample preparatien, or on the:csatrary, érekcharacf

~ teristic of the as-spun fibers, is not knewn at present. ‘The non-1inear stfesé-

strain behavior and the elongation at break (3%) suggest the bands may be

shear bands.

3.13  Structure of Coagulated Films

The morphology of PBO and PBT which haé'been csaguiated from éi?ate‘

solution in MSA has been investigated. The effects of coagulant composition |
and post-neutralization with NH,OH have been considered and the stabi}ity of
the pelymevskts the electron beam have been assessed.

Samples have been prepared by two methods. 1In the first method, the
polymer solution was sheared onto a §§aés slide which is then placed into
the selected coagulant. The resultant thin film was then picked up on a
gé¥d microscope grid, If the ﬁampfé was to be neutra%ize63 the sample grid
was floated in a 10% ﬁH#GH bath for two hourslfaiiewed by a distilled water -

bath for five hours. After air drying the specimens were observed in the
electron microscope. Gold grids were required because the standard copper

grids were attacked by MSA.

The second metheé of sample preparation inve}veﬁydroppinglthe solution
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into the coagulant, dispersing by ultrasound and placing a drop of the resultant

suspension onto a support grid.

PBO—256]3—354 (IV = 1.8) was observed to form a randomly oriented, fibril-
lar, polycrystalline mat when coagulated in methanol from a 0.05 wt % solution
in MSA. The mat was comprised of fibrils approximately 200 R in diameter (see
Figure 3.13) which are reminisceht;of PPTA fibrils observed by Takahashi(zo),
The interplanar d;spacings are insensitive to‘subsequent neutralization at this
concentration and molecular weight.

PB0-2122-72 (IV = 18) was observed to form polycrystalline, fibrillar
mats wHen coagU]atéd into selected H,0/MSA and CH30H/MSA mixtures from a 0.11
‘wt % solution in MSA. These films appeared thicker than those obser?ed for
PBO. The PBT films retained some of the orientation induced during preparation

‘(see Figure 3.14) as evidenced by texturing in the electron diffraction pat-

B f?terns. Presumably, this is due to:the higher viscosity and hence longer relax-

b_féfion time of the PBT solution compared to the PBO solution. The d-spacings
»Wére relatively insensitive to coagulation composition but proved to be sensi-
iftive to post neutralization.
) Film samples are easily prepaféd which are thin enough for study by'
- electron microsCopy. This requires a minimum amount of time and allows screen-
ing of coagulant baths. Eurtherﬁore, crystalline films with varying degrees

of orientation have been obtained.
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TABLE 3.1: DEFECTS IN PBT-27554-#

Linear Number Density

’ (Defects/mm)
~ Fiber # Contained Voids Erupted Voids Circumferential Bonds
6-2 : 0.5 15 o 14
6-3 0.6 | 15 ‘ B
9-1 0.4 <1
9-3 1.1 ; - <] ‘ 26
95 0.2 <1 T
9-6 ‘ 0 ’ 4 8
- 9-7 : 0.1 5 9
9-10 0.7 7 9
9-11 0.8 3 5

TABLE 3.2: FIBER DIAMETER

Fiber = Diameter (u) S.D. (n) .

# 6-1 39.6 4.7

# 6-2 23.1 1.6
# 6-3 25.0 1.05
#9-1 25.1 0.65
#9-3 C23.2 0.54
# 9-6 25.8 0.86
#9-7 22.5 0.98
# 9-10 23.1 1.11
#9-11  26.1

1.3
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TABLE 3.3: RADIATION RESISTANCE OF SELECTED POLYMERS

Room Temperature, 100 KV, Jpgr = 6.3 x 1072 20 5 = 1.4 x 1072 20
Doses for 50% Decay of Initial Diffracted Intensity

PBO | PBT
d(R) (coul/cm?) d(k) (coul/cm?)
1.07 1.3 0577 3.0
1.18 1.3 ‘ 1.11 ' 3.0
1.33 1.3 | 1.19 4.5
1.80 0.26 1.23 -
1.97 7.6 1.27 4.5
2.38 7.6 0 1.46 3.5
3.52 .9 1.6 2.3
5.65 7.6 1.89 2.3
2.14 -
2.58 17.1
2.60 14.7
3.71 -
- 4.36 , -
PPTA (Kev]ar)- R Polyethylene
gi&i ~ (coul/cm?) d(R) (coul/cm?)
4.33 0.2 4.10 0.01
6.45 3.0
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TABLE 3.4: RELATIVE INTENSITIES OF 002 REFLECTIONS

Ref%ecfian

007
- 002
003
004
005
006

07

008
009
0010
oom
0012

Relative Peak Intensity

G .
85
0
100
72
.
- 18
25
3
205 )
8

TABLE 3.5: INTEGRAL LINE BREADTHS FOR 002 REFLECTIONS

Refiectisn

003
005
006

Integral Bfeadth .
S ".g - Lo
5800{;‘ (,& } .

0.012 -
0.019
£ 0.026

50 -




Erupted Voids/mm Fiber

N
O

o

v 11 l

@)

1

o 9-10

o) 9f'||

0 9-7
09-6

o6-3

024-4
® 24-8

® 24-6

0 9-8
@ 24-.9
o 9-5
O 9-|

10

20
% MSA in Coagulant

Figure 3.1:

30

51

40

% MSA in Coagulant.

S50




Figare 3.2: Zero level precession x-ray photograph of PBT
' - (CMU 53-46). Fiber Axis Vertical
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Figure 3.6:

Flat Film X-ray of Fiber 53-46
(courtesy of Dr. D. Wiff, UDRI).
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Figure 3.8: Scanning electron micrograph of a partially peeled PBT fiber.
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Figure 3.9: Equatorial dark field image of a fragment of a PBT fiber.
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Figure 3.11: Electron micrograph showing orientation effects on the
banded structure.
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Figure 3.12: Schematic of the fibrillar structure of the ribbon-like frag-
ments obtained after peeling and mild sonication of PBT fibers.
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Figure 3.13: Bright Field TEM Micrograph of PBO
Coagulated in Methanol at Room Temperature.
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Bright Field o Electron Diffraction

Figt;re&‘.%%: Griented’ Film of PBT Caaquated from 1N0Y HEG.
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SECTION 4: MECHANICAL PROPERTIES

4.1 Introduction

The mechanical properties of PBT fibers have been investigated as part of
this program during the past year. The original purpose of our contracted re-
search was to relate the mechanical prbperties to measures of the polymer mor-
phology, such as the degree of orientation or the rigidity of the molecules.
This task of structure-property re]ationships has not been possible since the
limited amounts of polymer samples (fiber) received have had their properties
dominated by large imperfections in the fiber cross-section. The most
noticeable and probably the most significant fiber defects are large voids and
circumferentia] bands (see Section 3.2). The fibers have very high modulus but
relatively low strengths and prior to heat treatment they exhibit plastic char-
acteristics. The Tow strengths are the result of the large imperfections which
cause premature failure due to stress concentrations in the flawed regions. If
the processing could be improved to yield a high quality fiber, then it is
expected that PBT will have properties equivalent tb or in excess of the duPont
erv]ar 49 fiber. A1l data taken to date suggest that PBT fiber is very similar
to Kevlar fiber in that it is a highly anisotropic fiber that has very high
tensile modulus, Tow compression and shear strengths, low transverse and shear

moduli, and the potential for very high tensile strength.

4.2 Comments on Fiber Defects

Voids, circumferential bands and surface depressions are most likely
caused by the high shrinkage stresses that develop during the fiber coagu-
lation process. In the central core of the fiber the stresses would have a

large component of tension in both the radial and axial directions. Cavita-
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tion could be caused by tensile failure of the partially coagulated fiber
core. The skin of the fiber, to be in equilibrium, must be under large axial
’campressive stresses and because of the poor ccmpressi?e characteristics cf ‘
these highly anisotropic materials, compressive instabilities or buckling
~ can result in circumferential bands (depressions). Although improvements in
the spinning process should diminish these effects, it should be again pointed
out that the fiber geometry and size also plays a major role in éeterminiﬁg'
the magnitude of these stresses. Of all the fiber sﬁapes,vtheyse?ié‘cfrcuiar
cross-section is by far the most sensitive to nénhemegeﬁéaus shrfnkage.

Making fiber tubes, or fibers;mﬁth triaﬁguiar’ef féattened‘créssésectisns
should greatly réducé the magnitude of these shrinkage stresses for any given
“spinning techniqﬁe. Such techniques, whiéh have beén'suggééteé in the §ast |
but have not yet been tried, could perhaps produce high quality fibers with
~the existing processing technaiegy"far'PBT. Until déféét free’f{bers and
 films can be produced it will be impossible to determine the structure p?ép-

erty relationships because the preperties are being dominated by defects.

4.3 Gauge Length Study

Strength (force at break) of fiber PBT 9-5 was investigated as a func-
tion of gauge length. Optical mitrsscapy‘investigétiené indicated an average
distance between voids of 1.8 mm, the largest void spacing observed for the
9 series fibers. Tensile tests on 1 to 2 mm gauge length speéfmensywaaEd
:kpessibiy provide strength data eﬁ~no-vaid secfiené“giviﬁg a better approxé*;}
imation of ultimate mechanical prcperties,7 E

“Average tenacity for large gauge length (>10 mm) PBT 9-5 fibers was i
eight grams per denier. Oﬁe to two mm gauge Eength'sampies gave an average

 tenacity of 9 g/denier, 10.8 g/denier being the higheét value recorded. SEM

66




examination of fracture surfaces indicated fractures were 19§a]izéd at voids
as for the larger gauge length specimens. An optically screéﬁedlno void'
sample of PBT 9-5 gave a tenacity of 17 grams per denier,'ﬁndicating a high

potential for these materials if defect free fibers could be'pfoduced;

4.4 Fiber Morphology Summary

Relatively large scale morphological characteristics of PBT fibers were
investigated using scanning electron microScopy (SEM). Fibers received from
Carnegfé-Me]]on University had diameters ranging from 18-50 microns with
variations'pf about 10% over the méasurements'taken. Fibers received from
Celanese Corporation had diameters ranging from 12-30 microns with varia-
tions of 4-8%.

Two main surface features of the PBT fibers were dbserved. The first
is the appearance of circumferential bands perpendicular to the fiber axis
(see Figure 4.1). These bands were more pronounced in the Carnegie-Mellon
fibers and were somewhat regularly repeating (about 2-3 fiber di;meters
repeating distance). A rotation study of the Carnegie-Mellon (single fila-
ment spun) fibers indicated the bands were nonuniform over the circumfer-
ence of the fiber. Closer examination suggested they may have arisen due
to compression buckling of the fiber on the small diameter sbqo]s (14 mm
diameter) on which they were wound. The buckling marks were observed to
Tie on the compressive side of the residual curvature. The bands on the
Celanese fibers, spun as 5-10 filaments in a fiber bundle, however, appeared
to have résu]ted from contact with and separation from the other filaments

in the fiber bundle.
The second main surface feature was the presence of longitudinal depres-

sions running parallel with the fiber axis (see Figure 4.2). The Tength'oT'
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these depressions, common to both Carnegie-Mellon 3né Celanese fibefs, was
on the order of 20 microns or more. These depressions were later fauné to
be associated with a slight collapse of the fiber about internal voids as
revealed by studies of fracture surfaces. | |
Fiber diameters were calculated from SEM images and by light scattering
and together with fiber deniers supplied by the processors, t&e average fiber
densities were calculated. The céicuiated densities are summarized in Table Q;f.
Comparison of these densities with an ideal density of 1,69 is a measure
of the volume content of the voids. Fracture surface examination and examina—y
tion of internal surfaces revealed by longitudinal splitting indicate the
large voids occupy around 15% of the fiber cross-sectional area at a void.
These fracture surface studies also havé indicated the fiber to be of fib-
rillar structure with the central core of the fiber less ordered than outer

regions.

4.5 Environmental Effects

Samples of PBT 9-10 fiber were placed in various 1iquid environments
(Skelly F., Chloroform, dimethyl acetemide, sulfuric acid, nitric acid, ace-
tone, and water) for periods of two hours, one day and eight days and their
mechanical properties evaluated at atmospheric conditions after water’rinsing.
Except for the two acids, the environments did not significantly affect the
fiber mechanical properties. The'two acids, however, did affect mechan- |
ical prapertieé and the effect was seen to have accurred éuring the first
~ two hours, the mechanical properties evaluated after two and eight éays’

being the same. The nitric acid environment reduced fiber modulus from

800 g/denier to 600 g/denier and reduced strength from 8.5 g/denier to 6

g/denier. The sulfuric acid environment was more severe, reducing the
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modulus to 300-400 g/denier and strength to 4 g/denier. The environment
also changed the fiber color from its characteristic deep red to a golden

color.

4.6 Heat Treatment

Preliminary heat treatment studies have been carried out using fiber
PBT 9-3. Fiber samples were placed unstressed in an air oven at temperatures
up to 300°C. Fiber modulus and strength did not change as a result of un-
stressed heat treatment, however, strain at break (eb) or the amount of
“plastic" strain did vary. Figure 4.3 indicates the effect of time of heat
treatment on g, 3S a function of time. The strain at break is seen to de-
crease sharply, then level off and remain constant after approximately 15
minutes. The effect of higher temperatures was seen to be a further reduc-
tion in the amount of plastic deformation present, i.e., the higher the
heat treating temperature the closer the stress-strain curve was to being
purely elastic. Figure 4.4 illustrates the effect of heat treatment temper-
ature on the stress-strain behavior.

A 3% weight loss was measured for a 240°C heat treatment indicating pos-
sible Toss of residual solvent/coagulant. A heat treatment was performed in
a vacuum oven with nitrogen purge to exclude the presence of atmospheric
oxygenvduring the heat treating. This treatﬁent done at 200°C did not give

as large a decrease in ey, 3s did an air oven at 200°C (Figure 4.5).

4.7 Tensile Properties

Tensile properties of PBT fibers were evaluated on a Toyo Tensilon
model UTM-11 tensile tester. A random selection of single filaments were
centerline mounted on special paper tabs by epoxy glue. The tabs were gripped

so that the test specimen was aligned axially in the jaws of a constant-speed
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meva&ie—crsssheaé,test machine. The filaments were theﬁ stressed to failure

at a constant strain rate ¢ = 0.02 min'z_

(Tests were done at room condi-
tions on 20 mm samples.) | | |

The portion of the indicated elongation contributed by the load train
system and the specimen gripping system was}téken into account in accordance
‘with the "Standard Test Method for Tensile Strength and Young's Modulus of
High-Modulus Singie-?iiament Materials" (ASRM, D3379-75e). This system
compliance was determined éxperimentaily for a given tombinatién of test
~machine canéitiens,'grip system and mounted specimen. It was subtracted
from the indicated'eiangatisn to yield true specimen e}engaticn in thé‘
gauge length. |

The results of the tension tests are summarized in Table 4.1, where

T, = Tenacity at break = F/D (F-force at break, D-denier);

b
oy = Stress at‘break = force per unit cross-sectional area;
E, =(§§J£=Q = Modulus of elasticity in terms of unit Tinear density;
¥m = Young's moéa?us;
ey = Strain at break.

Calculations of strength &:b)and Young's madu?us -{¥m)were based on
average fiber diameters obtained ffem scanning electron micraScepy‘staéies.
The calculated fiber densities repCrted ?nﬁicate the need for re-evalua-

“tion of fiber denier (values given are Celanese data).

The character of the force-elongation hehévior was also investigated.

The following observations were drawn:

1. The dependence of the tenacity on the strain‘is essentially

non-linear (Figure %.6};
2. There is no strain rate dependence of stress on strain over the

range of strain rates: 1, 10, 100 (% min-¥), (Figure 4.7).
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3. The character of deformation of these materials cbrresponds to a'
model of an elastic-plastic body with strain-hardening.

4. The moculus of elasticity is seen to increase with increasing
plastic strain (see Figure 4.6), for example, PBT-53-48, E(ep=0) = 600 g/D,
while E(gp=0.7%) = 750 g/D.

4.8 Bending Properties

The fiber loop strength was determined at a range of loop curvatures
for Celanese 27554-6-2 fiber. The axial strain in the bent portion of the
fiber is composed of a bending component and ah axial tensile component.
This additional bending component of stain, in the case of brittle material
(which is the case for PBT fiber: strain at break 2-3%), can lead to a
detrimental effect during textile processing and also in the ultimate appli-
cations of the material. Assuming plané sections, the maximum bending com-
ponent of the strain can be calculated by (see Figure 4.8).

_
loop = R+r (4'1)

where r = fiber diameter, R = Toop curvature diameter. This formula is
valid only if the axial compression properties and the tension properties
of the material are the same. Assuming that failure occurs when the strain

is equal to the strain at break in tension-(eb),we have:

8*(F'|) = Eb - R :_‘ r . . (4'2)

where e*(F]) is the critical axial tensile component of the strain which

depends on the applied load F (see Figure 4.8). It is easy to calculate
from the stress-strain curve in tension the critical value of load corres-

ponding to e* (see Figure 4.8). In this wéy'thé theoretical Toop strength,
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F. as a function of the ratio r/(R+r) is:

1
= R ’
Fio= Fley - 75 | o | ‘(4.3)
The theoretical loop streagtﬁ is equal to the tensiie,strength if Re>r,

decreases with increasing ratio r/{(R+r); and equa¥s zero when r/{R+r)

€ |

The fiber loop strength was determined by performing tensi1e tests on
fibers wrapped around mandrels of various diameters; the fiber canfiguratian
in this test is illustrated in Figure 4.8. The fiber Tooped over itself
(Figure 4.8) was the most extreme case ef'benéing evaluated. The measured
‘values of loop efficiency - the ratio ofkiaop strength to the tension stfength'4
Flbe as a function of the ratio r/{R+r}fare'p}otteﬁ in’Figure 4.9. Also | |
plotted is the theoretical loop efficiency. As can be seen from Figufe 4.?,
the experimentally determined 1oop efficiency is higher than could be ex-
pected from the theoretical csnsidératicn, and even is finite up to r/(R+r)
= 50%.

Disagreement of theoretical and experimental determination of Tloop

strength can be understood if the §repertiés of the material in axial com-
pression are not the same as in tension. Rctuafiy, as seen from the SEﬁ'~
~investigations of fiber behavior in bending (see Figure 4.10), the failure
begins on the iﬁside (compression) surface, indicating that strength in
axial compression ié significantiy lewer’than in tension. Such deformation
leads to a redistribution of the stra?n fieﬁd in the fibér cross section at
the expense of the reduction of the effective fiber diameter and in this way

leads to the reduction of the maximum strain caused by bending. In turn,

this explains the increasing loop strength with the correction in fiber

cross section.
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PBT fiber with alow value of rupture strain in tension is not brittle
in bending as would be expected. Furthermore, the fiber in a bent state is
still capable of sustaining considerable tensile load up to ©1oop = 50%.

This phenomenon is éxp]ained by the difference in fiber mechanical properties

in axial compression and tension.
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TABLE 4.1: MECHANICAL TEST DATA

E

Y 10~
m .

Fiber Denier Siameter ‘Bensity Tb éblﬁ' o ‘ €
# g microns g/cm® = g/Denier N/m? g/Denier  N/m2 %
53-47 6.5 31 0.96 5.1 4.5 500 440 1.2
53-48 9.9 30 1.56 5.0 7.2 600 860 1.7
53-49 6.2 28 1.12 6.1 6.4 760 800 1.4
53-50 4.5 26 0.94 6.4 5.2 700 580 1.1
53-51 4.8 22 1.40 5.8 7.0 800 1010 1.2
53-53 5.9 28 1.06 6.5 6.4 650 650 1.9
~ 53-55 5.1 18 2,23 5.0 10.2 730 1430 1.0
1 53-56 6.5 29 1.09 3.8 3.8 710 720 0.8
53-57 7.1 25 1.61 3.4 4.7 360 500 1.4
62-60  (30.5) 52 1.60 6.2 8.8 350 490 3.6
62-61  (28.1) 46 1.88 4.6 7.7 340 560 3.2
62-62  (13.8) 39 1.28 7.2 8.3 542 620 3.0
62-64  (17.7) 44 1.29 6.1 7.0 420 480 2.9
62-66  (14.0) 40 1.24 7.8 8.5 580 630 3.7
62-67  (13.3) 39 1.24 7.3 8.0 530 580 3.8
6-1 5.1 32412 0.70 8.0 4. 350 220
6-2 4.2 22 1.23 11.0 11.9 614 670
6-3 3.1 23 0.83 16.5 12.1 1260 930
9-1 5.4 25 1.22 10.2 11.0 920 980 2.6
19-3 5.3 23 1.42 8.7 10.9 860 1080 2.7
9-5 3.3 17 1.62 8.3 11.9 873 1240 2.1
9-6 6.5 26 1.36 8.6 10.0 705 850 3.0
9-7 5.2 23 1.39 7.9 9.7 828 1013 2.1
9-10 5.3 23 1.42 8.5 10.6 800 1000 2.8
9-1 6.3 26 1.32 8.4 9.8 704 775 2.9
4B 1.64 123 1.53 9.1 12.3 900 1220 2.6
8B 1.94 12.4 .78 9.8 15.4 890 1440 2.5
Keviar 1.4 12 1.44 23 30 940 - 1200 2.4
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Figure 4.1: SEM Micrograph of a PBT 5348 Fiber.
Arrows indicate characteristic
circumferetial bands.
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Figure 4.2: PBT 5348, SEM Micksgraph Sﬁswing
: A Longitudinal Depression.
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T, g/Denier

Figure 4.6: Tensile Behavior of PBT Fiber.
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