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During the past two decades, it has been established that
the crystallisation process in polymers is a phase transformation
phenomenon akin to thaet occurring in low moleculaxy weight compounds.
The experimental srystallisation isotherms have been shown e obey,
with a ressonable degree of preeision, the Avrami equation,

In @ = =K & (e ).s"
¢ is the weight frachiion of meterial remaining uncrystallised atb
time t. The time exponent,'n! is usmally found fo have an
integral value in the range of 1 %o 4 and X is the rate constant
involving both nucleation and growth processes. This equation,
vhen dervived theoretically is based on three main assumptions,
(1) The nucleation is random in space and constant with respect
to time.
(2) The growth mate is constent end e linear Function of time.
(3) The demnsity of the growing crystalline phase is constant
throughout the whole process.

The above equation requires that'n’should be an integer and
sigmoidal curves should be ohtain@d on plotting @ sgainst log %.
Two types of experimentel techmriques have been used.

Dilatometvic measuromonts ensbled the overall erystallisation
process to be studied while microseopie obmorvaiéions of the
geparate growth and auvcleation pﬁoaesee& enable th@ rate constaent

to bo measuved by an independent meihed.



Mogt of the @&rly experimental work seemed to indieate
integral values of the time exponent, 'n?', and these wvaluves
wexre, then, used to provide information sbout the detaliled
erystallisetion mechanism. Recent and more accurate work hes
led to fractionel valuss of "m' being found experimentally, &and
only one experimncntel diletometric study hes been made of the
erystallisation of polymewv-dilusnt mixiures from concentrebed
or moderately concentrated solutions. The wesulds of thissbudy
deviated considerably from the oviginal Avrzaml equation.

The object of the present work was to obbain more data
on the orystallisatiocn of polymer-diluent systems using both
dilatometry and microseopy to try end gain some insight inbo
the mechenism of the process. The systenm selected for situdy
was polyethylene oxide-diethyl sebacate. The polymer was chosen
begsuse iv is kmowﬁd%o form large sphornlitic struetures rather
epaily which facilitates microseopic determination of growth
and nucleation rates.

The pure pelymer was studied Tirst and et all temperatures,
the crystallisetion Tollowed the simple Avvemi equation with &
congtont velue of n = 2,5 % Q.1 throughowus the whole process.
Non-integral veluas of*n'cennet avise from the Avrami equation

end an the firxst Gwe basic sssumptions noted above have been



testod experimentally, doubt was cast om the experimental validity
of the last., Various deongitybtime relationships were uwsed to
modifly the theoretical rate equation, but none gave a constany
value of n equal to 2,5.

The resulis on the polymer-diluont systems showed that the
nucleation process was basically heterogeneous as for the pﬁr@
polymer, and the growih rate was linear with reépe@t to time.

The dilatometric results gave values of'‘n'which wers a functien
of @, the weight fraction of unchangsd material over a large
portion of the crystallisation process. The initial value of
‘nlwas 2.5, as in the case of pure polymer, bui after romaining

at this valuve for a certain time which depended on the concenitra-
tion of polymer in the mixture, ‘n? foll in & reasonably linear
manne® %0 1.3 + 0.1,

A Tessonable interprotation of theae wesulds is that the
erystalline phase begins to grow as & structure similey %o that
forming in pure polymer, but after s cowtain time, the diluent
ie incorporated into the erystalline phase leading to a reduced
value of 'n'. Once &gainsany phyaically reasonable density-time
ralationship failed te give a theoxstical squabtion which fitbed

tho experimental resulsa.
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Ceystallinity in Polyme?a

Polymexrs axe sompbsea aﬁ‘a lurge number of moleculawr
chain unite covalently linked together. The polymexr
mol@éules mey bve dis~o§iented with respect to one anothey
as in the pore liquid gtate or arranged in a regular,ordered
fashion. Bran@hingsg crosgmlinking? or sterie i:z':c’egu.;‘!,es.r:’ai;;grgs
are found %o inhibit this type of ordex. The ordeved state
has'b@en termed crystalline. Verious factors such as the
presence of different molecular sizes and the larxge numbey
of ehain units make it diffiecult for the polymer molecule
to cxystallise completely and uniformly. As a wesult, a
large number of polymexrs are semicvystalline with a
erystallinity range varying beitween 10 and 90 per cent,

Crystellinity in o polymey determines its Ffibye Torming
qu&litiesﬂ and the amount of @r&atalliaity hes o bearing on
its physical and mechanical propexrities. It has been foundﬁ
that the extent of exystellinity is direetly proportional
to the increase in rigidity, modulus of elasticityi tensile
atzengtﬂi chenge in density and the decay in strainé of &
polymer sample. The phenomenon, consequently, hes been the
subjeet of a large anount of theoreticel as well as

experimental stuwdies snd several revieus have bheen

published desoribing genewal and special aspects of the

problen. Despite these studies, it has not been possible
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$o define the tevm uniguely. Often poor guantitative
sgreement is found for the numerical valmgs of the pergentage
cryatallinity of the came sample of polymexr when it is
determined by diiferent mafhads%s

The earliest attempt to define the percentage evysbtallinisy
wvas based on x-rays which produce selective diffrxaction from
ordered and disordeved wegiotns. It was later found thad
smaller exystallites could not be included in these diffractions
bacavge of theiyr highly diffuse scattering. The Patterson
Function,

Plu) = YP(r + u)ePor{dr)

Whaere P(r) is the electvon densiby ab vy, gives a betier
definitiunﬁv than the one based on molecular sharpness only.
Here, with & large value of u, P{u) would measuvse the persisience
of regularity of the lattice.

The thermodynamic definition of erystallinlty s based
on the assumption of the existence of two distinct phases within
the bulk polymer, the crysitalline phase being defined as aeny
undt volumye whevein all the c¢hain groups behave as a unit vadsyr
an externally applied forxes., This phase will behave differvenily
from the amowrphous phase present with 4% dn the semple. In Hhis
case, the crysitallinisy (X) may be defined by the equation

- Py = Py '

A,
U&‘ R R T e T

Py = Py
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Where P may be & propexty such es enthelpy, volume or x-ray
intensity of the polymer in its varicus staten. The subse-
soripts refer %o liguid (1), crystalline (¢) and mixed (x)
gtates reapectively. This definition ignores surface energy
and internal diseordera.

A mechaniecal ﬁefini%ion?a of eryatallinity has alsoe boen
propesed. The Markoeff chain structure, where chains irace oud
paths in o cwbic latiice with thelr vectoxrs having only
preferyed directions along the txes, is charaeierised by two
amorphous (r., ®.) end three erystalline (h,, h. and ho) states
with the matrix of transition probabilities for x-veetors. The
fractions ef components existing in hyy h., hy states is given b

P
L@ 4+ P

the expression which defines the oxystallinity.

‘.I.‘illM has veferred to (a) chain entanglements,
(b) heterogencous ehain lengths, () side cheins,
{a) randomness in polymerisetion and (&) rendomvess in
disposition of substituonts as the factors influencing
the cxystallinity of polymews. According to him lineay
polymexrs will bo moxe amystallih@ beesune of the absence of
feetors (¢ - e); The intermolesulax forces, segmental
mobility and size, moleeular welght, annealing conditions,

gtructural regularity and temperature are also factors inlluencd



the extent of crystallisation in pelymers. Conseguantly,
erystallinity dis r&ﬁ@ly determined by only one factor. This
is the reason why the resulis obiained by the various methods
are not completely In agreement. A review of methods for
determining the degree of crystallisation hes recantly bean
given by Ma@illio where he has enumerated eight influvencing
factors,

The qﬁalitaﬁive and quantitetive aspecté of the proecess
have heen studied exbensively during the past two decades.
They have followed two mein dlreetions, each supplementing
the other, Tn the first case, kinetic studies have been
made to determine the crystalligation rate and, subsequently,
to deduvee the mechanism of the process. These studies velate
the crystallisation process to one of the many physical
propertics undergoing change when molten ﬁolymer is allowed
to cxystallise. The change in volume @rs:» volume.) and
density have been used in preference to many others because of
the experimental simplicity of such measurements. It has
“been found that the degree of crystallinity is extremely
aenéitive to temperature. Studies, therefore, have been made
undex iséthermal conditions st various temperafﬁres. Change
of specific heat, refractive index, light dépolariaation,
infraf@d spectra eithér of erysitalline bands,; or amorphous

ones have a2lso been employed for kinetis studies. The
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wheymograms obtalned by diffexential thermal analynis and
nuclear magnetic vesonsnce studies have &lso been wased
Focently.

The othexr typo of gtudy is the ddreot obsexrvabion of the
physienl features of the eyxyptellising polymewr by the light or
polariging microseope, n-ray Qiffraction and eleetiron misro-
seops. During the past ten years, the quentitabtive situdy of
thege morphological features have swpplied detr on vates of
growth (¢) snd nucleation densities (N) of cyystallising
polymer at ..vericus temperatures. This enables rate eonsgtenty
(X) %o be measured as im the first method and the ezperimenital
values of rate constants oblained by the two methods have been
compared. Studies by the lptter method have been concerned
mainly with bullk polymers of all types and the kinetic dete
obtained have been in quite reasoneble agroement with dete
obtained by other method.. However, no atteupt has been mads
to supplement the kinetic data on polymer.-diluent mixtures
by microscopic resulis. The woxk presented here is an aiviompd
$e oblain such dets and to find out whether the resulbs are

in agreemont with the comperative situdles on bulk polymers.



Mowphology of Semi-crypialline Polymexg.

Hevoy oxpmination of thin £ilms of polymers weveal thatb
most of them are poly-crystelline and shov two types of Aiffrece
tion pasihern @h@?&@ﬁ&?i&ﬁi@ of smorphouns and crxysielline
pobstances of low molecular weighit. The broader eryavalline
wvellooblons suggest that the ckvysiallites heve linsar dimenuions
ol the drdex of btem to one hundred Angstromunits. It is nobuwal
to asause bthat one molecule mey pass throvgh several erysitallises
and thalt these ocrystallites are embedded in the west of the
saorphons part. This simple model was known as the Fringed
fipcelle Model?. %his could explain some physical properiies
of polymers such es the melting temperature vangs, swelling,
absorpilon effects, mochanicel behaviouvr snd density aef@cts%Q
It was, howover, wnable to explain the expevimental observation
af spherulites in polyners.

Svherulites have long been knoun vo be Loxmed From viscous
nelts of metalds and minaral&ig but their existence in polymers
Jle.a. polythene - was Lirst reportod by Buan and Al@ockga
in 1945, 8ince then, spherulitic structure has deen confirmed
%0 he s moxe or Less general Ffeature of ths mowphology of
agoni-gryatalline polymers.

When viewed as bhin films under a pa;ariaimg MICTORCOPS,

the apherulites sppeasr to bo eirzcunlar birefvingent avves of



radiating fibrillay séructure with & dark maltese croass of about
10 miovong in diemeter im the cenitre. Optically, 1% s lkuown
that the refrective indexr Ffox the directlon of vibration pere
vendicular to the polymer molecunle is lower than it is along ithe
chain axis. If the lerger refractive index is vadial, the
@ph@rulgt@ ig termed o5 positive and if it is tangentiel, it is
termed as negative. Noxmally, polymers with polar groups
or hydrogen beonds give positive spherulites while polythenes,
polypropylene etc. give negatvive ones, It hasg, however, boan
found that many polymers such as PI‘::’.I.‘F,,&”3 Pﬂmﬁpgs PHMAgga and
polypropyl@nﬁg? can form different types of epherulites undexr
different conditions of fusion and corxystallisation. Dedailed
studies have shown that thelir size and numbeyr are extremely
tenperature sensitive and affegt the tr&naparenoygﬁa yield poimt?g
and impact a%r@ngthosg

The obasexvation of spherulites im polymers suggested an
ordered siructure on a lergey scale than thet expected from the
fringed miscelle model. In PFETP and Polyethylene Sebacate,
diemeters np to 7SQOOOalOODOOOz have been abaerv@d% Microbean
xerays have confirmed fthat diffraction is caused only by
apherulites,.thoughg in many osses8, the orystals may be
impexrfect oxr not fully oriented. The sitatimtical theory

314
of polymer orystallisation suggesited a hyo phase model whexrsin

digtinet phages - amorphous and crystelline - were in thermoe



dynamic equilibriuvm. The existence of a definite melting point
(T@m) and depression of T@m by impurities, diluents and co-polymers
according %o well-defined formuleae wore confivmed by esperimental
observation. Kellarii considers that the fringed migcelle model
is now ohsolete while Stuawtﬂﬂ doubts the validity of the two
phase model andl suggests thet the two phages ave regions of
diffevent ovrder. & oxystal defect modelﬂg has heen progoscd
by Lindenmeyer while a gomplete crysialline model has beexn suggeste
by zaukelies - where he has explained the difference of T.3%
in x-ray and observedl denslties of nylom crystals as due ©o
vacanclies within the lattlce, dlslocation and grain houndaries.

The spheorulites have begen confirmsd to be the products of
the cvystallisetion process. The observations of Richard and
ﬂawkinﬁaa on polythene and the caleulations of Pfi@@sa on PTIE
from m-ray date indicate thet they form as & secondary procesa.
The results of H@rgaﬁ?ﬁ et al and of many others; on kinetics
of exystallisation indicate thet sphernlites ave the primery
produsts of cyrystallisation while their growth proceeds through
& secondary awcleabion mechenism at the surface of sxisting
gpherulites. The persistence of nucleil at tempsratures well
above the melting point hes besen found experimentally in meny
coses depending uwpon temperature and melt condlitions,.

The sphernlites have been assumed +bto grow from the

homogencous melt in the case of FATP, PHA, PDMS but the recent



results of Pric@P6 on PEO and Sharpleasaggbgg, on polythene

show that growth proceeds out of heterogensities in these two
polymers; Ravigiaka and Kovagaav have concluded thet the growth
of spherulites can be both - homogeneous =nd heterogeneous -

in polythense,

There has heon comgiderable work on the formation of
spherulitic sﬁape during the process of cxrystallisation,
Morgan?sa suggested that polymer corystallites are fidbrillay
rather than miscellar on the basis of x-ray veflections and
microscopic and electrvon microscoplic reaunlim. The size and
arrangement of these Librils depend upon the sctual conditions
of the melt and the crystallisetion process. A% higher temperfe
tvres, they increase in size while at lower tempeystures, theiw
gize iﬁ.ﬁmﬂll and they indu@@.ﬂﬁsendary anucleation at their sides,
On r@pgﬁition, this process gives vise o & sheaf-like sirnesure
This, subseguenitly, develeps into & spheruliiic one - congisting
of fibrillar aggregations all lying in radial direetion. The
five gtage process suggested by B@rnau@xg@ for non-polymerie
gubstances is applicable to polymeric sysbems. The initial
sheaf=1like sitrugtures, ave genexally, visible under the electron
ni3xT0s60Ope . Thoy have also been ocbsexved through the opiical
microscope At 200 dlameter magnifications in bthe case of PETP
et 240=250°C., The Tibresity of spherulites has been confirmed

&

: s9 40 %¥)
by Khoury, Gahler , Zenckeld and coworkeors, Kellsr and Viaring
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and others i m%& polymers. This bthen, confivms that & spherulite
develops by & well-defined growith mechanism from = nueleus. EBlectron
microscopy has revealed aﬁ intey twinning fibrillar struecture oF
smaller £ibril dimenaionzbf 1003 and Fiﬂ@heria Cleaver and oth@r@@ﬁ
heve observed laminar or wvibbonlike structures in meny pelymers.
These conclusions are also c¢onfirmad by the light scattering studies
of Kean and S‘ta:i.nﬂg and Price. ?ric@w concluded that the light
scattering entities are rods, 8 x lﬂaﬁ om., long snd 15 x 107
em.” inm eross section. E@dritica? and Qenériﬁi@aa964 pbructures
have also been obgerved in some polymers as & ﬁr@curaer of
spherulitic formation.

Desaliled studies of spherulites heve shown the eximteonce
of some ebnormal strueturee. The avms of the maltese oross have
been found to be zigzagag or concentric ringaso in the case of
PEA, PETP, PE, PHMA snd other polymexs. They alwmo showed consecu-
tive and periodic extinction patitorns., These eifects heve been
oxplainsd on the basis of long range poriodioc orderimgﬁi of the
crystal units along the radiune o0f the aph@rulites ratshar than by
sgsuming periodically vaerying aompositiom?a ox alternation of
ph&saaosg It has been confivmed that these effecls are caused
by & helical arrangement of the orystallites. Keith and Padéanﬁe
assume the twisting of ribbonlike sityructures in polythene while
Kellerﬁﬁ prefers a hslicoidal sitructure supporied by Pointso and

88

Price in the same polymer. The spherulites have also been found
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to have dendritic growbth when grown st higher temperaturses ox
smaller super-coolings.
Despite the earlier obserxvation of single cxystals of

a-guttepercha from its benzene solution or of B-polyoxymethylene,
single crysitals of polymer molecnles were generally assumed to be
improbable. Ja@olimeiw Tillﬁﬁ and Kell@rge however, indopendent
of each other, wexre eble to grow thin platelets of polythens from
dilute solutions (.01l=0.1%) in myleme in 1957. These plates had
thigknesses of lOOwlSOg and showed fthe cheracteristic olectron
diffrection patierns for siﬁgla crystals. The polymer axis
was foumnd %o be perpendiculaxr to the plateleits end growth was
apiral. PThis could be expleined by terxreced growth through a
sevev dislocation mschanism suggested for non-polymeric subsiances
by Frank?o in 19%2. Bince then, single cxystels have been obtained
for some tweniy polymers including PEQ, PVA, isofactic polypropylene,
PUP, cell. Triecetadte, cellulose IT and branched polythenss
usuglly grown from theilr solutions. In polythene, the single
erystals are about 1003 thick whersas the normal length of the
molecule is 60003. This leads one to gssume that the polymer
chains fol@ﬁg forward and backwerd during the growth of single
crystels which grow as hollow pyramidasﬂa@s rather than flat
platelets. The pyramids, then, either break or flatten to form
single crystals as hes been shown by many workers and confirmed

14
by fracture experiments. ULindenmeyer  believes thet under suitable
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solvent and itemperadure conditions, any polymer cen be made to
form single crystalas. I% hes been established that by vavying
the conditions of exystallisation, all miteges between lomenges and
dendrites zan be obtalned and the thickness or terrace height has
been shown %o be & funchtion of Hemperature of cxystallisatlion (TQ)a
Fiachsx§% and Anﬁ@rmunﬂﬂ have obsoyved lamellewr single
erystals from fractured suriaces of high or lov molecular welght
polythene and PIFE, These heve @lso been ohtgined fxrom meld
crystallisation of thim films., It i3 now presumed that this fozm
is the preferred method of crystellisation from the melt. It has
been found bthat the emall angle xX-ray spaclings are almest ideniical
in single cxystals grown from solution or the welt. This indicates
that melt crystallizsed lamellae snd molution grown single erxystal
lamellae are vexy similer and they grow through a chain folding

Q.
mechanism which has been explained on the basis ogithermodynamic
4’

a5 -
appircach ﬁy Peterliin and Fiascher and kinetilc itreatment of lanvitzen

3

and Hoffmannieamd of Prica?? Fischer and Sﬁu&rtﬁg have proposed a
laminer grovith mechanism for solution grown adngle cxystals,

The zelationship betveen single crysétals and spherulitees is
not yet well defined. Kargin6® has shown how by changing the
conditions -of melt, temporature of crystallisstion, ond the solvent,
one can cbialin verious ynworphologlcal shopesin which polymer

@nya%allig@ﬂ ribborilike, lemellar, Tibrillar, spherulitic - from



polythens, isotactic polyproylena, PIFE, snd polystyrene. Hs has
showr thet polyproylene spherulites fommed at highor temperasnye
were lamellanr while they wewe fibriller at low temperature., He
observed sphernlitic sitructures dogethexr with single orysbals

in the seme £ilm of bhulk polymews like polypropylonae, polyamides
gnd polycaprolactan. Forthernore, he transformed single crystals
of polythene into spherulitves between 110-118°C with increass in
molecnlar mobility while in the vevewrae process, he obiained single
crystals by heating the spherulitic film below the meliting point
Tor 2«3 min, and keeping 1¢ at T0°C for 2.5 hw, V@@g@laong?@ has
alse recently confivmed polymorphlism in nylons. The above view

_ 74 986G
in guite in comtwesmt with earlier views, where & spherulite hss

been described as a complex o @rg&nim@d?ﬁ array of »ibbon-like
single crystale, though Kellaril referred to seversl intexmediate
structiures praceding it.

In concluslon, it mey be said that spherulites are not basilc
ptyuebures. They awe formed ount of smallexr strugitures which might
be vibbon like, lemellexr or Fibxilley depending upom the condiivion

of the mels and the crysisliisation process. They can also grow

out of single emystals Shrouwgh o scvew dislocation mechsanism,



Cryatallisation Xinetics of Polymors Jn Bullk
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ANTRODUCTE 08

The kinetic analysis of some eaviy experim&ntaﬁa
on rubbey shawéd that the process of cxystallisation in polymers
gould be treated as & phase transformation phenomenon. Accoxdingly.
it should be possible te apply the theoretical treadtment applicable
to the erystallisation of simple low wmoleculay weight compounds.

The olassical theox&ﬂof crysitallisation of low molecwlar
weight matevials assumes that Ghe process connipis of two stages,
namely:

(i) sueleation, and (ii) growbh,
which are conourvent and initlated at t = o.

The theovry states that in order fox the cxysitalline phese
to appeax, gtable nuclei of a certain c¢witical silge must form oud
of an equlilibrium erray of essocisated molecules which are pressnt
in the molten subsitance sbove its melting point (Tm). These
nuclei, then, begin to grow unitil they are retarded nr stopped
by ebubtmeny ageinst obher erystallites. The kinetics of
crystallisation, therefore, can be described wader thiree sectlons
ag follows,

(2) Kinetiés of nucleation,
(b) Kineticas of growth,
(cj overall kinetics inciuding both nucleation

and growth factowra.



Kinetics of Nucleatioun

Atcording to the classlcal nucleation theory of Becker amnd

74 . 6 . L o
Doxing, and Turnbull and Pischer, *Hhe vobte of nuclei Fformstion
in & condensed system is giveun by the eqn&tiens
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where
¥ is the Hueleation Rabe and
ED = Activation suevgy of viscous flow which is requived
for a wnlt to paaa'fmom the ligquid to the oxysital
auriace.
AT = The free energy baryior or the diffevence boitween the
free energles of the liquid and crystelline staioes .
Ny - & frequency factor which is almowst independent of
temparatnes
The free egnergy change in the Lormation of & nusleus
possesses a maximum value with reapect bto the size of the
nucleus.  Phe ésﬁmﬁﬁ is the height of the frea energy bharyier
which nugt be overxrcoms bhefore stable nuclei eove formed. Nuoclad
smaller than the size covrosponding %oéﬁFm&Rn ave thermodynemicall;
unateble and redissolve, larger nuclel grow spontancously.
For the wate of nucleatlon of owivical size nualeid,
then, the equation (1) assumes bthe fowm,
g
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xpressions for AR
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The free energy term oF in (1) is the resuliant of
two opposing forces.

(2) The surface free energy sssociated with the new surface
which is positive and proporiional %o the surface area.

(b) The bulk free energy of fusion which is negetive and
prépdftion&l to the volume.

The values of AF depend upon the geomeiry of the nucleéi
doveloped. The free enexgy of formation of a spherical nuoleus
is given by3

AE. = 4WT16;‘—g§WTBB§v P &2
where v is the radius of The sphere and
ﬁa’a xhe interfacial free enexrgy per unit area
between the cwystel and liguid surfaces,
Aty - Bulk free snexgy of fusion per mole of
substance .
Toxr the disce-shapad, cylindrical nucleuvs AV m_&?ﬁ and,
AG = MR WL —Tr 2ol eovevennnnnna(a)
where @é - the interfacial free envergy per unlt area for
curved surface .
@ﬁ% - The interfacial free enevgy per unilt area for the

- two end gurfaces.



Wl < the wadiuve and thickness of the dise
roopactively.
The eguations (3) or (4) can be upcd 4o ovaluate the

velduo of AR

p—_— in (2) corcomponding te¢ the moaximun velus of
BUR4NY. ¥

¥ = the ovitical size of the nucleus,af, ean hHe svelunitoed
thornodynentoally os g
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wmm@ﬁ Hy = heat of fusion pey =mole 0? Sobs tranel. ’
T = molling point of the subshance
T = Pomperaburd of erystellisaibion

AT = Degree of supercooling.

Now,on substitution of (5) in (3) or (4) ond meximising

1% with respeed o £, We g%,
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for she spherienl nucleuws and for the Aiss nucleous,

— - g3\1 65 O-._ T;\\L .
AR_-D (_'\'\'\L\')(_’) &ﬂ&k‘—- “QE:)'E Fe 9 0B EDaD 00 i{?}
7 g
!:lﬁl(i 1 2 rﬁi&:ﬂiﬁ oooouaaoaox:oo;xoqeno(v[i&’))

AMu., 4P

"} i
HGQ Lm

i 2 n5
Lm&ﬁﬂo Pt Sy CC O00bOOVODODO GO LG (?DB

./ffafil.'i o ‘f&" i



o

£,
5

Nosw ubstiltuting © valu v F v B . dn
y gubs g the values of P@ mas, OF Vg mex, 4

aguation (2), we got,
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for the spherical and disc-shaped nucleil respectively. Tt has,
howvever, been Tfound that the activation enexgy for viscous flow,
ioe. ED does not vary appreciably, just below Tr and could be
assuned %o bhe tempersture independent.

It can be seen from (8a - B) that a plot of leg N

2
. versus Tefgmﬁﬁ should be linear in both cases,
Similayr expressions have been obiained for linear ow

twgmdimensional auclei where the factor T% A‘.l!g in

(8a-b) is replaced by T?/@_ATo
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Application of the Hucle&tion'Theory $0 Polymeric Systsems

Mandelkern?g first §RQW@Q how the above theoxy can be
applied o polymeric systems. Assuming thet nuclestion rates
obey equations (2), the free energy of formasbion of, BRY, &
disc=shaped cylindricel nuclenz will be

Fg = Surface froe energy (eylinder. + sldes) -
bulk free encrgy of fusgion,.

If we essume thet a polymer dise nuglous consists of P polymer

7
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chains with 53 vepoating unita in leagth 1 of the disc, thon

Whero AF, includes the bulk free energy of fusion (Af,) and
the surfzee free engrgy &bt the ends. On consideration of the
volune and surface arsa of each vnit, 1% can be shown thas bthe
nunber of repeating wnlia on the surface,

5% RO ¢ (Esr) O o]

Simllaxly by applying the stevistical theoxy of pelyners,
zﬁFf can be eveluated for a asysvem having I polymer moleculer
of x vepeabing vnlts each
AT ¢ oF > . Rt P -
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whore D is o paremeber varying between 0 and L. The expression
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(11) could be put in the following simpler foxm on the AEBEUWRP~LL0
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that the number of repsating units in the lengith of a nucleus
nest boe nuch loss then . Since sho oxystellite longth ie
much less than tho molesulessr length of tho polymexﬁj

é\‘g"ﬁ =3 31’.&:‘?{’ - R’I.‘I’lnl} YO0 0UDDVOOBBIBLORDLOOD (1?—)

Tﬁlﬂ.ﬂb IPC“ &1 2 @/ (WP)%‘ 'nf’)P.ﬁ.f L R‘l‘oPnlﬂI}oaooooobonooaoonn (15)

ﬂaximiming this expresgion (13) in the uswal way, we hove,
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On comparing equabion (14) with (7), en exprecsion for D
in obitained
1457_
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The gbove exprousions enable the dimenslon of tho oviltieal

pize nuocleus to be calculated,

46k 445 . @
T am ] @ (£ o A
) /af/fg ' hflm &

P o« 4‘ W&sa - 'ﬂwﬂu 6;@8 E‘m 3 o

e A =t

hind ORI RS ety g a2 D
&ER A TR 44

wherefron one cam obiein (14) in the form,
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Bquetion (Ma) is almost identical to (7) above.
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Kinetles of Growith

The growth of an existing nucleus will depend upon the
geometyy of the nucleuvs and will follow either of the two paths,
(&) Three dimensional or spherical growth.

(b) Two dlmensional growth)whera it is assumed that the growih
process consisty of repeated secondary nucleations on
the surface of the owriginal nucleus.

The growth process ds, danyany ways, & continuwation of
the nucleation process snd 1t ds found that the theoretical
equations for the growth are similar %o those already dexived
for the nucleation mechenism. The essential diffevence bstwoeen
grovth and nuclegtion is the different froe enevgies reguived
for each. ﬁ*Fmaxu for growth turnzs out to be less than fowx
nucleation.

The rate determining step for the growith process is Hhe
viscous flow oFf the polymer molecules from the survounding msli,.

If we define, G asz the growith vate and veplace N in (1), we gel,

Q"’l"" GO(T)tLb“QE&%T& e0e060DS00O0 (15)

Qv
Defining ¥ as befers and calenlating Fma? by maximiasing it with
vespect o ©y, we obiain the wequired expressions Lor the
difforent nodes of growith.

Three-dimensional growsth

on vesrvenging {15) and gvbetituting Fm&x for spherical

rowth, ag desoribed defove, we have the following expression
& 3

for three dimensional growth,
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The expression (16) shows that a plot of log ~T ~ " /magp

Should be lineer,

Tywo-dimensional growuth

Two obvious, distincet possibilities arxise in this case,
a two dimensional growth following a three=dimensional
nucleation process and two dimensional growth following a two
dimensional nuclestion.

Several different theoretlical treamtmentes have been
given recently giving rise to {inal ceguations im which the
growth rate G has & different temperature dependence. It is
proposed to gilve one of these tresatmenta, that of Burnet and
MeDevit in falr detail and simply to quote the results of the

othexr theories.

VL
Burnet-MeDevit Treatment

Aspunming the growbth to proceed by a two dimensional
surfecs nugleat™— —p -~-= 2-71-- F {n {(15) as follows
ggfﬂgg - a2 14f, (25) ’
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where on differeontimtion, and maximising ¥ wilith regspect to »,

we obtainf
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whon A, is equated tu~§§° on the assumpision that over the

vomperature interval of Interest, the entrepy and heat of
fuglon remain constand.

Now substituting the cwiticel velue of w fxom {19} in

(17) sndshot o b L,, ve got,
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swbatituting (20) in (15), we gotb,
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Uhich can be simplified to,
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Barabtionw (220) ie similer bo that developed by obthor
70
workers Tor similex growkh,

It in coleay thet at high tomperature or low AT, tha Tastaew




T will be changing wmexs zapidly than }ég while at low

m/'ﬁ AT

temperature ox high AT-~values, the opposite will be the case.
Comsgquently, one cownld expect a maximum in the € versua T curve.

Also, & plot of log 9% againsty T%/% should be linear, the slope

AT
of the line being proportional to ﬁf%%gﬂu

Other treatments.

Barney gﬁ_g&?ﬁ have based theixr trestment on the fact that
spherulites are formed by dendyitic growth and that nev crystals
are constently nucleabted on the surface of the old ones, increas-
ing the volume of the cxystals. The growith takes place in
radial directlion.

Their final equation ids,

*;'Y\,G7 el QJ\’\ Glo — L‘Xr%%o °°‘°°°°"“°"°(23)

where 1t is assumed that for nuclestion controlled growth, the
spherulitic growth rate ig proportional to the nucleation rate
and that entire temperature dependence of N er ¢ lies dn the
lagt exponential term F° of the Turnbull expression. In
expression (25{»G0 w @, ONO.e mE?ﬁT ﬁhere ® is the fresction of
ares available for new cyrystals, and & la a constand o

The equation (23) indicates that plots of log G against
e
PAT should be linear for two dimensiomal growth, Also, it
N

points out that log G Ve, T AT should be linear for three

dimensional growth,.
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The treatment of Hiraiv? is based on the following
asgumptiongs. A two dimensional nucleus iz generated on the suvre
face and grows »apidly to a cwritical size. When 1t covers the
whole surface, it stops growing. A& new nucleus is genoratied
on the surface of the first and the process is repeated to give
a2 layer=like sitructure.

This treatment further sssumes that as the interfacial
energy terms (6;,¢ﬁ§) used in previous theories are practically
impossible to measure, they should not appear in the finsal
equations of any theory.

The final equation for the growith rate is N
G m (:K‘]ydi Dy .nL)E « @Xp :n%%% }{exp = %-8 &%{}on .oo{24,
where, d,,d; are the width and the length of a rectangular
parellopiped segment, AlHp is the heat of fusion per mole of the
segoent and By ig the melt viscosity near the orysial surfasce.

The equation can be simplified as follows ,

() If AN, .AT ip 2R CoTy, thon,
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IEAT750, equasion (25) will be spplicedlo, whilo in
cagos whoere AT £50, She @ will be given by (26% n Rowe
rt)
- PR R, 9 enre Faar
gonawrel cases, it s olesy thet log %,ﬁ agoingt “R/T AR
shounld bo lincar ond the siope of the line should ensble the

ralnes Lo ,@Hm o be calownlatod.,



Gverall crysiallisation kineticss Bssis of Aveami Bouabion

Avvemi developed an expwression for the overall crysiallisa-
tion rate of low molecular welght matericle by combining the
effeetn of nucleus formation and the impingement of the growing
contren. |

It is assumed thet the nevw phase is nucleated by the germ
nvclel which exist in the old phase. Tholy offective number con
he altered by the tomperature and the duration of the supsveoeling
They ere generally heterogoneous and of suwberitical sisze.

It ds, Lurther, supposed that theso nuclel soon pass the
reglon of slow growth beyond which the wate becomes constont and,
therefove, the incubaition pexriod cen he neglected. Tho germ nuclo
tend to decvease in two ways - (I) by becoming sctive growith sucle
ao o vosuld of free energy fluwotuations and (IT) by being
abhsorbed by the growving cxystalline phase.

Avvaml Hauaiion

Avrand deduced the following exprossion Loy the crystallisa-

tion proocess in eimple compounds.
\Ej e v.‘
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vhera, O ie the fwactlon vemsining wnerystallised ef any timo, €3



Ky the overall ruite constant including growth and mucleation
Ffactors and 'n' is an integrel rate paramebexr verying between
1 and 4 depending upon the mode of growbh.

® con be expressad either as & weight fraction (W) ow
volume fraction (V) where the subsocript L and O refer to the
iigquid or uncrystallised amount &t time t = & and at ¢ = O
reapectively.

The dewivation of the oquation given by Avraml is
methenetioally extremely complex, but Evana?a has derived the
gquatlon using simple mathematical techniques based on the
pioneexr woxk of Poisson:

For g 2-dimensional sysiem, Evans, like Poisson, assumed
that nuclei appéar symr%ﬁiaally enthe plane surface giving rise to
8 system of expandlng ecircles. The chance for these circles,
numbering n, to pass over @ point P within a ceriain time, &, is
given by the Polsseon's formula,

exp (-E. _LE;\_\) ceecooccnasacsacooaal28)
whers I is the expected number,

It dE be the expeched number arising from nuclel occurring
in an annulus of width dr at a radial distance, r, from point P.

E is obteined by integration from © = ¢ 0 » = vi where v is the
constant radial velocity of each expending circle.

The annulus heas sn avea of 2 r.dxr. Any point, within

the annulus, will be capable of nucleating circles reaching the
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point P during e period egual to (% - g%), Thus the elementary
contribubion dB will be,

AF = WY, AN N (k- = Y -2
where N is o two-dimensional wucleation rate. If we define N
by stating that the number of nucled, formed in time dt and arvea
dA, will be equal o N.dA.db.y then,

E = 1ﬁﬁt£“TLt-T_'%$)¢v = TN L2 (30
Now, the chance that the polnt P will ezcape bheing

crogsed by & circle initiated after v~3, im clearly,

.___--,— =, L - ooooooao;onoonoboqo 3;‘”
exp (~BE) = exp(-E) (51

B
ae undey this condition, m = Q and, therefore, I and In are

both unity. If this probability is «, we have
= — E -
L = e{t S WNngg o w2

—

ﬁcocoooooﬁﬁa
vhere K = T fve] .

If dust particles or other inclusions present ars
responaible for nucleating the expending circles, then,the
relation betwesn « and ¢ will be differsnt. In this case,
the number of cirvcles will be indilcated by the nucleastion
density () which cen be given in texma of the number of nugled
in sn aves A, which is WdA. Also, as the nuclel are fixed
from % = 0 to the end of the process, the conception of time
in this case does not avige. Henc@»the glementary contribubtion

4%, in this case, is

CL\—:- - &“T&T‘\A onoecuoooooononcoooo(:ﬁﬁ)
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wheze K = f Qe

Baned on the above pwinciples ond applying the necessacy
shape Toetors, the following expressions of Table I Yor ¢ ceun
o derived,

BABIE 1. Exprosaioun fox o fowx varlous sheps factows,.

areTay

Growsh Wucloation

Predotormined n Bporadis n
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bR 41
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whare 4 ig Hthe dlamedeyr of the fibylls and the other terms heve
thely normal signiflcence. I we doalgnate the power of % as

- -

't sud all th

@

obher Sermws except & as B, all those sxpresgions
can he put duto the form,

ke 1L
T \\' I
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wvheys o hes the same mspaning as O in the Avvani ogunbion,

"



Aveand Bowvation for Polymeric Sysitems

Mandelkera o6 al applled the principles on which Aviami

hosod his equation for simple subatences, Yo polymerie sysiems,
and deprived e similar expression for the crysitallisation kinetie
of such systoms,

In any polymeric sysitom undergoing crysitallisation at a
congtant temperature, afiter & ceortaln fragtion of the mabegmmm
has cvrystallised, nuclesiion can only cccur in the molien paxd
and not throughout the whole bulk of ths polymer. Also, thore
will alwvays be implngement and other factors, leading bo the
retardation of ideal growth of cxystals. Thus under such
gonditions, the sctusl amount of mass transformed from liguid
phase to the cxystal phese (dwe) will be lsss than the ideal
or effective mess (dwe!) trengformed. Beocause the nucleabion
iz vandom, 1% can bo sesumed that dn the vicinlidy of growing
centyres, the fractlon of mass remaining uwntrensfoxmed is the
same a8 the tobtal fraction unitransformed.

Gonsider & polymeric system of mass W, in whieh wg and wy
aye the masses transformed and untranaformed respectively at time
to I dwg is the mass that is transformed in & time Interval di
and dwa? ig the effective mass that couvld be transformed in the
same btime inbtexval, then, it cen be sssumed thalt the maess fractio
transformad at § will be proportional to the mass frastio

ronaining wntrenaformed. MNoreover, the astusl fraction
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that ds transformed is alsc assumed %o be proporiional to the
effective fraction transformed, the propoxtionality factor
being }§w9 the reciprocal of th equilibrium degree of cyrystailin-
ity or the mass fraction of the total system which eventually
bhecomes transformed.

On the basls of the above assumptions, the following

expression can be derived,

dt‘[@ m d\vc 9 a9 ads e 08000 Q0 YOO LY a0 O 0(57)
d‘yu Qﬁi 1 “Eg. ¢ 26 0¥ 0O 0% A OGS SODIPDO O OO B0 {):‘38)
dW el Ve

combining (37) and (38}, we get,

aw
e Iy -V v L Ly
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0

[as W, = Wg = W]

If now, we assume ideal growith conditions with & linear

redial growth rate G, them, the volume vy', (t,8) of a
spherically gxrowing centre at time v, whioch was initiated at
tiwe Z (wheve 24414, can be given by,

e Cz)™ i%-&3(erY’ covacsepess{d0)

Similarly, the effective maps W' transformed at *H', is given

oy
W k)= Mg N ft We CE2) .oz ceeevons(41)
To r'!%f
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where N is the nucleation »ate pexr unit mess or volume and

ﬁlp ?g are densities of the liguid and cxystalline polymer
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respeciively.
By subatituting (40) in (42a) we have,

M (k) = Mig N MUV}; 6> (e-zyidz

~ Mo N g b G i\ Loz 46
R 4 4- “}Q
= [i ? N, GRS eneoseo(42)
Haw%differenﬁiating (42) with wvespeect to %', we get,
MR = ‘;‘{ AT Wed & S sosscussaans (43)

Under ideal conditions, equation (38) becomes,
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Now, on substituting (43) in (%8a), we obtain,
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wWe D

e 3
- (We~We ) 4N e ,vkigﬁ&;
(e 2.) = %E.

v'\ )
LR I

) s «3 3
. (L\Q“-‘ L 4}_"\,\_?&. N(‘:\} k ‘.naoooa(éé,i)
ox TR WD e 2 e

The equation (44),on integration»givms”

\ . = P 3 q s
Ll ht"& L\\kt "\'OCL) = !:‘5; ﬁ ' N (&1 1_ aeuaopooe(lq-s)

When ¢ = D, Weg = @, so that,

Hence we obtaln,
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mowgif we swnbgtitute the volume Serms in place of weight

RFnS in (46) 83,
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then, we obbtalin
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Where X ~ 5%<°m°@5 &nd may be called the overall rate constant
The effeoct of Xwél will be minor except for low values of Ny
Almo, the values of X, in pure polymeric pyastems under exemina-
tiﬁn foxr th@-Small temperature interval of interest do not effech
the values of overall wate constant K, as Iy, gonerally, has a
high value, X,; might bocome important in systons auéh as
polymer-diluent mixtures ox copolymerspolymer mixitures whexe
X, mey be emall. These cases are disoussed later.

In a process involving cylindyvisal growth, the following

expression i4s oblained,

leg (t_gi:”mgla - ;ﬁ:{'wo E}ﬁg{g I«@nNoWﬁ'}& = }ﬁnwl{oﬁﬁ oonopeaopad (4@)

whoze lg 4 bhe thickuees of the dise and K mﬁ%golcmomﬁy 40

the rate constant,.
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Lzpreanions uged for Bxperimental Vewification

The theoretical exprossions developed above can b
oxpressod in o form which can be subjected to dlrect experie
mental verlficebion .

If we substiteve the followling |

Y A
Xy w '::;“Sf (5 =), Wo = paVe o Yo (b =) = pevy (b =a)

ang, W@(t) ” @a, {vy - vg)v then, we obialn,

£
o v, 13

10& %p?-wwlﬂu 6 c:eg,l’ i Zﬂ’"w ooenooeonooaoonnnnaauoogé‘g)
V(;@m‘\?‘t }!‘1’7

whore K = vaty constant for spherical ox oylimdrical growih,
and *n? denotes the inbteger which appears in equations (47) end
(48) above.

The expression (49) can be related to @ in the following
VOF o ® is the volume fraction remaining uvnerystallised at

vime 4, which, by definition, will be,

whereby one obtalns, thet the @xpm@asion‘@

AT AR T £3 =

Ve ‘iiaé; @

Rguation {(49), now, assumes bthe Torm,
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assuming that the afieect of ¥y Ao smell except at low values
an oxpleined earlier,

The Avreamd empression suggests that plots of O against log
% should be aigmeidal and o plot of the values of log(=leg )
against Log t should be linear. 1In the latter case, the slopo
of the line will defins the povamster 'n' characteristic of
the mode of growth and ite inbercept will give the velwes foy
X which includes bhoth the nucleation and growth factors,

If one assumed the veluss of 'n' arbilitrverily, and pleots
Gfagaina% log'EE one will obtedn plots Lor vaious values of 'n!
which mey be conpared with the expevimentelly observed ploto.
Also, O against log + plots should be superposable by fuaaalé&ng
each plot on the time seale, if the crystallisation mechanism
vomaing constant throughout at all tempervaturos.

Phe expression (49a) suggesis, alternativoly, thot valuaes
of ! can be obitained for ocach atege of the crystalliisation
process hy differantieting the originel equation, thus obitaining

e . 8o
she oxprossion

CR.JQ\.Q»/ .Q ? Q I’\C -~ F\ s
e - = TR i o T T . A M0 0COCGOSBS0Q 4h
oo st/ O™ T (agm)

¢" ) ] + 3 e
Vaeluos of dh}/ﬂt con ke obinined Irom succaesgive pairs

of resulds. £ plot of "n' againat bt - %ﬁ@ﬁ; - By will confizm

whether n is vonshend ox variable throughout the process.



Relation between Microscopic Results and Overall Kinetics

It is clear from the sbove - devivation (47) that the rete

@oneﬁant9

for three-dimensional spherical growth indlcating it vo be a
combined effect of density, nucleation and growth factors duiring
the crystallisation process. If we assume that the density
of the twwo phases vemains constant during the process, and the
shape also remains the seme after nucleation, we find that

K o2 H.08 N 1))
The microscopic obserxvations supply the necessary data regarding
the nucleation rate per unit volume and the growth rates of
spherulites ot different temperatures. Hence it ls possible %o
calculate independently, the rate monstantﬁx:ﬁfom nigroscopic
data.

It Ls, then, initeresting %o compare the values of K
obtainad by this method and by the intercepts of the Avrami
plots. This procedure enables infoxrmation about the acitual
growth mechanism to be obtained.

Comparison of Dxperiment and Theory

The methematical theory deseribed above has been appiled
0 intexpret the wreasulis obiained forxr the erystallissgtion of
many bypes of polyner. Hand@®lkern attempied to deline the

nucleation and growth mechanism for the crystallisation of



poly-decamethylene-gedacate on the basle of the resulis of
MeIntyre. He found that both the plots of log G againgt TmifTemTz

and log ¢ vs Yy were reasonshly lineay and, thue, he was

IID &9’0
wneble to choose hetwean the two poasible mechanisms. The
a6 P76 297
rosnlis of Priloe and obthevs, hovever, axe in better agres-

mont with a two-dimenaionsl growsh mechanism, though, if the
axperimental v&lnaa.of Tmm gve ineressed slightly (l.e. Tm@ P
T o2 3-5°0), the resuwlis mey satisfy the three dimensionsl mechanism,
The ieocent comperxabtive study by Limbert and Ba@w?i on vayrious
polymexs have confirmed the two dimensional growth mechanism
which could be represenied by sny of the vawious linear plots
devised for the process. However, they have pyinted out that
AHy values obtained from slopes of the plots are nearly double
the directly measured value when the Hirail equetions are used,

The expeximeniel resulis coniirm the dopendence of N and G
on temparvadtuwre end a maximum in ¢ has been Lfound in those capes

B

where layge tempersture rangses have been shudied. It has been
found that with larger AT's:, the numﬁ@r of muclel increasos
while their size diminishes,

Mondelkern hag dinterpreted his results on the basis of
homogensous nucleation. However, pewsistence of nuclei in the

84°08

melt above T,° has been found in many ceses. The studies
on cetalysed and induced nucleation have slso been found to ohey

vhe Avvaml exprosgsion except thet they reduce the value of
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2
rote pavameter n by 1 or more than 1 uwait. Horeover, at lower
AP, homogenecous nucleation seems to be preferred.

The zate paremetoy-n

The experimental zesults of the kinetie arvalyslis of the
crystallisation process dn polymers show that the major paré of
the process follows the Avrami eguation provided there are no
conpliovating factors such as secondary crystallisation and
simultancous growth. The temperature dependsnce of the process
shows 1t to be nucleation contwolled. ‘The ® againsgt log t
plots have heen, gonervally, found to be superposable except in
the case of Lbranched p@lyth@n@agand polymex=diluent sysitons 8¢
et low AT's,

The Avremi oxpression deflnes the mechanism of the process
whexre the rate parameter, 'nt, is assumed oy known., The earliex
rosnlis gave values of n varying betweon 2 and 4. Bui recenitly
’ abnormal values, i.¢. below 2 and above Aﬁaﬂ and Lracbtional

8a
¥R iInas have beoen reporied in many cests. The cauwse of this

behaviour wvemeins 40 be explained., It has also been suggented

2b
thet n varies with temperature acsording te the expression
} - &
LGQB'K‘_’ i'\“' e coooomaaoaaoao=c<51)

4 . .
Horgan »epozted that at higher Semporatures, the process might

be sporadic (i.e. 0 = 4) or pre-detevmined (u = 3), but with

the increase ln AW, thewre iz change in the kinetics of

eryntallisation from n = 4 40 »n = 3 or 2 in theo cess of PBRYP
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bebwoen 248=249°C and PHENA betbweon 160-170°C. Barnes b sl

also wepord change in ‘n' valunes in PEO, from she initial to final
gtage of the cyystallisatlon procoss at the seme temperature.
Also, 1% has been found in some cases, besides boing fractional,

n hes a moximum value at some AT, below and above which 1t
deafeaa@aj’ The fractional values of n have boen subjeet to
much oritical examination r@gaa%ly%a

The earliier vesulis heve included industion period in the
time scalé; It has been suggesbed that this inolusion causes
n 50 be fractional. All@m?g avudied PHHMA and obtained Aviemi
plete exclunding the induction peried. DBuv the valuen of n?
are found 0 bhe less than the values obiained by direst observe-
tion of the growth process. Recently Magillﬁu hag roported
the seme reswlts. Ryboiker, however, finds shet frastionald
values of 'n' disappear on exelusgion of the industion perilod
from the $ice scale.

Avvamd plote reperted inm the literaturs have gownevally
beon non-linear at the indtial and Tinal gtages ab low AT, This
fact wes uot token into account uniil wvecently as most of the
process - np to 97 pew cemt - was linecar - and the fwestional
values of n woewxe assumed To be due o experimenial vreexvainbty.
The wvesulbs of Hubtamo and Kaﬂhar&iy Shawzples and @th@fﬂ%ﬁhOWGVGrQ

have now indicated that Tracilonal and constent valuas of xn?

at the same 4T's are o general xule xather than an exeopilon.




Suggpested Modifications

The non-linearity of Avremi plots and the Trsctionsl values
of the rate parvameiter nuggest that there is need to introduce
some addlitional psreameter besides XK and n in the Avryami equation
Ravioka and Knvmcs(v augrested simulbanconms nuclesation occurring
during the process and suggested a modified plot on the beaails of
reduced erystallinity Z. Keith and Padden v mention & decreaso
in molecular mobility as possible cause for these vuristions,
Sharples gﬁ_g&?ahmve recontly rejocted the ides of simunltaneous
occurying processes in the case of PDTP and PE. It is puggested
that out of the three assumpbions, i.e. (8) & random and constent
nucleations {b) consiant rate of growth and (c) constent deasity
of the crystalline phese, on which the Avremi equation is based,
one - the last one, must be in errovr. Johnson and Farrosﬂiave
also shown that in drawyn PETP, the absence of & lineer reletion-
ship between spegific volume and crystallinity indicatea that
the density of the amorphous material night net be remaining

constant. A modified Avrami equation, including s contridbution

from this factor hes bheen proposed;

G B
@SBE’}E m:z,gi E&XP{MK&; @A'ﬁ:’ ) oouoooGooocoooaoooco(SZ)
W@ Ve

where K i the rate constant excluding density contridbution which
m
are A . AP m e gy n = 4y but wvhen m po, n will have smallew

and generally fractionsl values. This expression aweiils

expevimental verification,




Comparigon with Microscopic Results

Mqrganaﬁ obtained K values for PHMA and PETP by bothe
density cheange and microgcopisemethods. Thase values were of
the same order of magnitude. Mcxntyragi also oh%ain@d 8
gimilar owder of megnitude in the X values of polydecane thylene
sshacate by dilatometry and microscopy. Their micrescopiec
r@multsp&lso support the sssumpiion that the growth rate is
linear end constant at any oT. The number of nuclel per unit
volume also hecomes constant after a short initial stage. These
obagrvetions give support to the sssumpitions made in the derive-
tion of the Avrami equation.

It hag, vecontly, been foundggug%hat the velues of the rate
parameter n obteined dllatometrically, do not, in some cases,
agree with microscopile obsexrvations, These results lesd to a
value of 3 or 4 for n accoxding as the growth is predetermined or
sporadic. DBut actual dilatometric experiments have given values

oflﬁau



Crystallisation Kinetics of Polymer-Diluent Systems

MATHEMATICAL THEORY
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NMelting points of Polymew-diluent ZHyeiens

The addition of o low molecular weight diluent %o @

somi-crystalline polymexr depresses bthe melting poini of the

. 31984
pelymexr accorxrding b0 the Formula.

] . e
»l“—-.‘.\u ,_,S‘__ H,“(__‘L_J_‘\s__:in\f}"w ‘\EJ:‘:?‘):'\%: nouoooooonenoco(ss‘?@-'y)
T T AW Y AR T
wheyre 9

T 3 Tp = melting points of pelymer and polymer=diluent

systen respectively.

Vu = Moley volume of the vepeating unli.
Vo w Molar volume of the diluent.
Ay w Heat of fusion per mole of vepeating unit..
v, » Volume fraction of the diluent
B = Intersction Pevemeter
R = = (las Constant

The expression (52)'13 analogous to the equation relating
the varistion of the freewzing point of e binery liquid
nizture %o the gomposition of the mixdure.
From squation (52&@)1& can be seen that a plot of
, ?
@km"'%?)f§ vErBRe e Should be linear, enabling values aféxﬁm
T Tjey 2 ) Eﬁ‘m y ’ :
and B to be caleulated from experimentally messured meliting
points. A Hu ought to ke independent of the asiuwe of the

diluent,



Kingtic treatment of PRolymer-diluent Hysbtems.

The additlon of diluent to o polymer ceuses the viscozlty
of the systeom fo deocrease which tends 0 an ingresse in
cryatallisation rate (K. ). Aleo, 1% might be cupected that the
rato of nucleation might decuwape owing to the presence of Hho
diluent. These wo concontiation dependent and oppoaing forees
axe, therofore, operntive jir such systems and it is the dominance
of one or Hthe other vhich defines the overell wabte,

Manﬂelkern?a obparved that polymer-diluent systoms should
follow the peme gonexal principles as bulk polymer systems. The
grystallisation process, thevxefore, cen Ho explainsd on the basis
of expresalons developed in the previouws chapter with some oxiéra
toxms ineluded Ho take into account the preémn@@ ¢f the dilvents.

The two basic additlonal assowapblons are,

(e) Thoe added dilueni, generally of lower melecular weoight, io
pasumed to he exgluded Lfwom the crystal latiice Tormed by the
polymer.

(b) he nwolel are assumed to grow vendomly thromghout the mass
ond the actual exystellisation xale is calcevliated by considering
the incresgse in mass of an overags Svowing contre developing

in the space actually available Zox transformation.

The nucleation vate is given by she Tuenbull exprosgsion,
a8 before,

N o= NogCD exp — (3 AT
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The {ormation of e critvical size mucleous requires the
replagemnent of FD by Fmax s This value has been evalusted on

ol
the zrinciples already described, and can be @xpresseﬁ( )

- .7 — p
F e BUS G T ART G5 T L

it . 2500600(55)
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where v, is the volume fraction of the polymer. The first term
in this expression is identical to thet for bulk polymers while
the second term arises from the consideration of the probabiliby
of selecting the number of polymewr segments reguired to Torm &
critical size nucleus from the polymer diluent mixture.

By au%stiﬁutingg@m&x in the nucleation rate sxpression

above, we get

e mp(mer §- &2 - airgh oo o & e e P Y tavgh - (54)
Ro H,ET. 0T  \ SFE 4 |
which describes tﬁ@ process of nucleation in the polymer-diluent
system.
The growith of the cwitical size nuclesus can be isreated
aimilaxrly.
(h = Goe eap - C"B ggv),
In polymer—diluent systems, G, and Ey will vary with
compeaition while ‘1t may be assumed thalt ithey are temperature

independent, over the amell temperature renge of interest. Thus

for the dise shaped nucleuws to grow spherically,
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rd g 8
G = @5 ex (mm}’ll - gﬁ%ﬁﬂéﬁm 5
o ©Xp R . o
RT °§§:Hu’3 o&T‘“

and for the same nucleuws accompenied by disc growth,
n o~
¢ o Gy exp(e .,%‘_.‘_?‘ o QITEB q"é}owmz X A
N RT . aHy® «AT"
Where & = ATGE T 'L“u”/.am'\l.m-h‘”
These expressions have only minor differences in the first toim

of the exponentisl and lead o nearly the same btemporature
copfficient of bthe wate comstant (Xs or Xa).

These exprenslions lndicate that & plot of log G against
Tmﬁt 2 should be linear and its slope shounld be greater wiith
larggi amount of diluent.

Bxpression foxr two dimensionsl growth of the nnmcleus can
be devrived whioh ar? sinller to the bulk polymer systeme in
which case log G- %%ém should be linesz.

Overall Crystallisation Rale

The kinetic studles on polymer-diluent systems have showm
that these systems elso follow the Avremi expression during the
crystallisation process suwbjeot to the sssumpitions described
eavlier. If XW ie asmsumsd to h%?%r&@&ion of the total mass, <
polymer and diluent, thet iz oxystelline e equilibriuwm, then,

we have as before,

S ' A R
‘ W - N\ i
‘:\"\ 0 - Lug s > L = T ey V\L

- Y .
'(\:,'}"{tj: - NI

wherve K is the mate constant including W, ¢ and density terms.

Theexpression Indicates that the process should follew
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g sigmoidal path and that log(-log 9) sgainst log © should ba
Linear. The slope of the line will define 'n' while the intereept
the

will give velues for K-/rate constant.
T

Comparison with Ezperimental Resmnlis.

a,h
02 oy e
Flory , Mendelkerw snd co-woriters  have made experimental

didatometrle studias on & fow polymer-diluent systems and have
applied the theoretical congiderasions desoribed above bo their
resulis. The melting process of these systems hes been observed
$0 bhe broadened in wange by a Lfactor of 2 in contrast o bulk
POIYMRLS o The thermodynomitc asbtudicshave confirmed the linsam
volationship batwmen&%ﬁm m.}émflfé;and v%ﬁh“ Their plotshave
heen applied to deduce values of AR, and B. It hes been Touud
that AR,, boing e molecnlax property of the cwyetallislng unit
i iAndependent of the nesture of the diluvent.

The otudics on crystallisation kinstics of polymer-diluent
systems indicatethat these aystems follow a sigmoidal path during
the process whew & is plotted againet log 4. These isotherms
are rossonably sﬁperpoa&blao Rud as the concentration of the
diluont inoweases, this supeyxponablility becomes gualitative
rather then quanﬁitmtivmain nost Gasas, the Avryami plots are
enxved and only epproiimadte velues of n and K cen be cobbained.

For o given degree of supercooling (4T), the overall
valnes of K Koy il noprs concentraied solutions arae sinilar

to thoase obbtalined for pure polymor. This sgrosment diaappesrs
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&t higher dilution. It geems i% becomes more difficult fowm

exyastallinity to develop as the concentratlion of diluent Increases.
Resulﬁsﬂb have boen weported where supsrposable plots have

been obiained in very dilute solutions -0.25 per cent. It has

been found that in dilute solutions, the crystallinity develops

at @ measurable rate much neaver to T, than in bulkpolymers.

Reasons Toxr Presgnt Woxk.

Y% is sesn fyom ebove that only dilatometric resulis have

been obiained for polymer-diluent systems. This method alone

iz not sufficient to give all the information requirsd to define
the mechanism ¢f growth and nuclestion. Microscopic data are
clearly required. In a byief exploratory p;rojm;}‘t,?.“1.3'&15_"3?5:9‘3 studied
& polyox-diphenyl ether (1:l) system in this way and was eble to
confilrm gualitatively that the wrate constants expressed by

K % Re

Gould be related and that log K ageainst ¥ 2 is linsax.

D g
The present studies have been initiated by these obsevvatlons,
They are simed at examining the kinetic behaviour of polymer and
polymefpdiluent systems in more a@%aii and to see whethex
dilatomeiric wesults could be correlated with microscopic ones
as has been done for bulk polymers.

The available evidence secemed t0 indlcate that polymer-

¢iluent systems et moderate concentrations do not obey the
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simple Avrami eguetion leading to the cenclusion that at leant
one of the basic assumptions in the development of the equation
ig in ervor., The two most obvious being (a) constant wate of
growth of spherulites and (b) constent rate of nucleation,

Nicrosgopic rosulits ensble these btwo assumptlions to be
tostod and if either or both are found 4o be disoheyed, a
medified form of The Avrami eqguation might be suggeated to take
this into account. -

In order that self-consistent reswlis be obitained, a full

dilatometric study should be carried out using exactly the ssme

maberials.
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Haboxrdals

Poly(ethylense oxilde) polymer wap supplied by Union
GCarbide Co. Lbd. under theiy trade neme Polyox-WSR-35.

The polymer was wsed bthroughout these studles a8 received.
The sample has been Tound to o uwp to 95 per cent @ryatailim@
and to have an average densivy of 1.20 gm. @momﬁﬁgﬁ The
eguilibriun melting polnt T§9@f thig polymer was found

by dilstometzy to be 66.,0°C in exect agreement with Manaelk@rnP6
end o little leas than the value reporied by Sharplasaz for the
same materisl but with o ddfferont tharmal histoxy.

Di-ethyl sebacats - with code Wo. 4252 under British
Spocifications (Hand W) was used as diluent without further
purification. The densitlos of the molien polymer and the
dilvent wore measured ah two btomperatures and the densivy was
agsuned to vary linearly with btempevabure. The densities of
various polymer-diluent mizmtures in the molbon state was
caloulated by assuming no volume change on mixing.

Polymer-dlluent Mixtures

The polymer - diluent siztures were propared by weighing
the rveguired gumounts of the polymer and the diluent in & clean
and dried dish and melting the mixturs ot 100 4 5°C for 15=20
ainutes. HStirring wvas continued unsil the mixing was completoe.
Afver & uniform mizture was obdained, it was again heated for

5-10 minules and then allowed fo sool under gradval bui
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e

uncontrolled conditions. It was observed thab visible spherulita
formed at different apota in the melt. The ceool minture was
then weighed and the loss in weight was asgumed o be due &6
loss of diluent. A consequont corvection wag appliled to
calowlate the weight per cent composition of the miztuve.  These
aixsures wore wsed for dilstometric studies.

Nilatomedey.

The equilibrium melting temperatures of the bulk and
diluent blended polymer were determined by dilabomeszy. Lhe
gome method was also usod to obitain plots of volume chenge
egainst Hime $0 study the rato of cxystallisation at dLfferont
tenperatnres .

The dilatometer (Fig. 1) used was & modilied foem . of
the conventional sealed or U-type described by Wood and
B@kk@&&hlgﬁ and Barnos gﬁngéia £t consisted of two differont
pParte

(2) The bulp and

(b) the measuring capillavy

The bulh wes o stainloss steel eylindowr, 5.1 cm, high
15 GMo Oofle 2nd 1.3 ome i do with a flangied top 0,50 em. high
and 2,490 em. in diameder, This held approximateoly 45 gm.

i .8
naterial,; about half that desorvibed earliorv.
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Phe oapillaxy consiated of s 35-40 cm. length of 1,00 smu.
interns) diemeter precision boxe Veridia glass tubing sesled
0 a B-10 soocket at one enq und 40 a(@uickfit flénge on the
bthero The two parts were connected thyough the flanged joints
clamped tightly together, which wore liéhtl& gréaged with
silicone vacuum grease 0 render bthem vacwumetight.

Filling of Dilptometern

o £111 the dilatometer, the bull was washed gseveral times
with chloxoform and dried. The wequired amount of about L.0 gm.
of bulk polymex ox & similar bulkesquivalent weight of polymer-
diluent mixture was put into the buld and weighed accuraiely.
The bulb was then kept in the oven at 100 4 5°C for 15-20 min.
and allowed %o cool slowly, the thermal history being sinilaw
o thet descxibed bafor&?ﬂ It waa xeweighed to confirm
conavancy in weight. Yhe capillary was then conneeted to i%.

The dilatometer was afbervards, evacuated for two hewrs
and filled with mercury, in the vsvual way, under vacuum. The
weight of mercury in the dilstomeier could be determined by the
difforence in the welghis of mercury before and altewr the
Tilling.

Woxking Technigue.

The dilatometer wes placed in a bolling water bath fox

exactly 30 min. prior to each kineviec expevinent. The height
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of the meroury column in the capillaxy as a funetlon of time
vas measured uwsing 2 l-metze cathéiometer manufachiured by the
Precision Tool and Instyument Company. This could be read to -
0.01L mm.

When filled with bulk polymer, the dlletometer took almos®
wmEat three minutes to reach thermal equilibyriuvm with the
thermostats bath, after which readings could begin. When
£1lled with polymer-diluent mixtures, the equilibration
time increased Lo about six minutes in the worst caso.

The cpystallisation or meliing experimenis wewxe caxvied
out in a rechtangular thermostat of conventional design.

Water was used ag the thermogtet fluid in contrast Ho silicone
0il baths used earlier. Constant temperature was maintained
using a meroury-toluene wxegulator in conjunctlon with a
Sunvie hot wire switch, %o within 1 0.01°C over periods of
several daya.

Mierosgopy - (a) Sample Preparation

The samples of the bullk polymer or polymer-diluvent
mixtures, preparsd uas described shove vewxse used withoud
any furthex ireatmens for mioropeopic examination.

The cover glasses used fqr this work were obtained
fron Chance Bros. They vweve L6 mm. in diameter, and they

weighed 0,015 gm. each on average with an gverage thicknoss of
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0.15 mme Thege coveyr siips wowrs washed many times with

a5% aloohol and then polished with sofs KIMVIPE tissue papexs
hefore they were used. They waere, then, kept in zylene and
used vhen wequired. This oleaning and polishing process wes
adopted 0 exclude beterogeneiitlesn from the suwiece and beg heen
need earliaxﬁa

Bullk-Yolymer Sample

A small smount (0.1 mg.) of the polymer was placed ou
a cloan and dvy coverglass and wes allowed to meli Tor not lesa
then 10 minutes (mox. 15 min.) &t 100 + 2°C when the meld seemed
o be unifoxm. Another cover slip was, then, placed on this
melt, and pressed so az to spread the melt wmiformly over the
wvhole area. The hesting was conbtinued for abouts Tive minuntes
moxe fid the seample was, then, gquickly 4ransferred (1 second)
0 the bthermostatited blook for oxamination.

Polymer-diluent Samples

Thege samples woewe propared in a similar wey, but os
the dilution inoreased, the time mequived for melbing wes very
much reducod., The meliing time wp o & 13 mixturo was
approzimately o minute bhut for the mowe dilvie solutions, only
10 seconde heating wes uwsed 0 avoid loss ob dilueat. A% bhe
higheos diluent concentraition, the lose in woight dve te

dlliuvont vapovisation wan less than § pewr cent. It appeaxwed,

9
howover, that the meliing was complete snd uaifovn.
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In all the micmoséopic”experimants? the samples wero
kept in a dessicator prior to their use and they wove discarded
if wmore than seven days old. Preliminery work showed that each
gomple could be used up to three suceessive times without any
degredative ohanges. Occaslonally diffevent msamples, of what
was apparenily the same meterial, showsd varying grovih rates,
Up t0 50 por ocent vaxiatlon was observed in extveme cases. 'The
resulits presented later arve the averages of fyom 3 to 5 soperate
expeviments.

To o minimise stray heat losses or vwsdel cooling air
curirents on the surface of the ssmplem, & covering device wep
used in all the microscopic experimenis.

Growth Rete DMeasuremonts - Microscope

These were made on a Beck Model 5000 - miorosgope with
X6 cyopiece and X15 objective. The fileld of observabtion ves
20,32 mm. which gould he vead from a microscale put uwader the
oyepiliece, each division of which coxvesponded o 00,0232 mm.
The microscope was fitted with o deviee by which the readings
could be taken wder direct light or polarised light.

The hot-gbage of the micyoscope vas designed in these
laboratories and is shown in figuve (2).

()

I% conpinin of a reatanguley brase block with & contzal
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obgexrvation h@le-amd two holes drilled an its sides horizontally.
The thormometer Fox wecovding the temporatuye is placed in ons of
these holes and in the other is Fitted the thevmisbtor which was
used to reguleie ﬁh@ltempmratur@q (Shown as P and TH in Mig.2)

The heating eloment was & thin nichxom&lwir@ which wes
pasped through & saexien of ¢lrculax holes inte the brass blook.
This wes kept insulated from the block by amall poreclain heads,.d
andgol these wiwes were conncctald to the sultomatic conbtrol system
deseribed belowy, through Iwo varvisc vranslormers. The heating
blook was thermally insulated by a Smm. thick jeoket of
gompraased ashesios powden,

he light source For the microscope was & & volt, 48 watt

Nazde projector lamp.

Avtomatilc Temperature Control Byatem.

The thermistor, placed in one of the caviﬁias of tha
heating block, was mede one axw of n Wheststone bridge.
Whoen th@ﬁ&iﬂg@ was balanced; the light wreflecied From tho
spotegolvanpmneter in the oizouit fell om a photocell. The
photocell was connecied bo the aleetronic relay which cauvaed
the ouryvent through the blockwhgaﬁar $0 increesc., The lncresso
in bomperptuee and consoquont degrease in tho vesisvance of
the thermistor caused an ont-of-halance curront to flow throvgh

she spob galvanometor. The Light spoé wmoved off the phovo-cell

and the eurrent thwrough the block heater was decrenssd, The
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teuperature contwol of the system was better than + 0.05°C

Experinontal Obsevrvation of Growdh Rate

The samples used for growkth xato (&) wessuremeonts wowro
approxinately 100}Lthigko The thickness of the aamples wan
measured waing o nicrometer alter an experiment was porformed,
The effect of the sample thickness on growth vate was studied,

When the molten samples wers trapsferred %0 the thermostatie
hot stege, the field of view was initially davlk when viewed hetwee
the erxossed polarolds. Phe field gradually bhrightened and,
dopending upon the temperature, the sphexulites began %o appcar
at rendom points. At the lover domperstures, L.e. AT »15°C,
the number of gphorulites, appearing, was lavge, but at highew
temparatures, wsually only one sphorulite appeared in the fiold
of view., The grovwth«-rase of a selected spherulite wag messurcd
uning the built-in oyo-picce scale. The necessery plots of
ppherulite radius as o funedion of time woers, Shen; obtalned
at diffevent ijemperatures.

The xeproducibility of the growth xrates for the same
aanple was good bubt it vawied for different samples. Repoat
experinents on the ssme sanples at & constent tempewsture showed
the sphezunlites appearing in the sene position as beford. A
semple wsed for repeated mncasuremsnis at Rifferent tomporatnres
bohaved, ap oxpested, the growith vate varying by & fagtor of

approximately 2 per 2°0 change in the tempevature.



Determingtion of Nuclestvilon Rate

The nucleation rates were determined by counting the numbex
of spherulites formed in the saemplez kept bmtwé@n caovey alips alb
each particular temperature. The aumber of apherulitgswas obsaxrve
through a magnifying glass. The thickness of the sample'waa
known from the differ@nc@ between the total ithickness and the
thickness of the slides. The volume of the specimen was @aléul&t@
bym

fad? o
v 4

where td' is the diameter of the slips (16 mm, )
As ﬁith.gfowth rates, the nucleatlion rate also varied with

tamparaturyg at épproximmtaly the a&&e rate, the number of nucleii

becoming iems and less st the higher temperstuxres. It was seen,

however, fhat the nucleation started at the sides rather than

in the centre of the sanples. These experiments hed algo a

range of variability and it is the average of three %o five

experiments on the same sample at the same temperature which is

presented later in the results section.

Photographic Ekperim@ntm

Some of the microscopic obsexvations have bheen recovded
photographically using a Beck-microscope camers which could be
fitted on to the polarising microscope in §1ace of the eye-piece.

The camera was provided with an automstic exposure-time control

system. ¥P3 film was used throwvghownt the work with 5-4 seconds

time of axpoesuIR.
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The phétngra@ha presensed in this thesis were taken be
obtain structural deotails of +the spherulites end o werify the
affect of sbutment of two spherulites. The necleation of twe
spherulites wap effected by allowing a suiteble time-intorval

(10-55 pecondn) during the transfer of the slides fweom the hob

plate ot 100°C B0 the thermostatbed blook.
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The resulis of the present @tudies are
presented in three ssctions, namely,

(1) Dilatometrio

(2) Microscopic and

(3) Photographic

The inter-wrelstionship of the three types
of measurenent will be eabtablished dn the

Discussion Section.

DILATOMBTRIC RESULES

YMessuroment of Fouilibrium Melting Points (@&)

Slow heating retes (1°C wmise in 12 hwv.) were employed for
the determimation of the eguilidbrium meliting vemperatures. The
results shown in figuwe (3) arve similar to those observed by
previons wovkers in Sthet the meliling range is sbout 5°C in the
case of the bulk polymer and sbont 10°C for the polymevediluent
aixbures. I% is seen that & plot of T§ against v, is limear{%%@ﬁ:
an??_thwa equation (5ﬁﬁ%a&n be used to obtain values of égﬁu and
Qihﬂﬁé%éks of 12, AH, and B are given in the Table (2)e The

value of & Hw compares reasonably well with the valunes obitelined

by M&nd@lkex%?fbx'th@ seme polymew, bub of difforent mol. wi,
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TABLE 2 Cusracteristics of Polvmer/Polvmer-diluent Svatems

fox votem &

Symbol Svetem Polyox g, Dilusmt g. VWeisht T Change im cu
- . m Remarks.
fraction v Dolyweey
- Pure Polymer 1.0308 - 1.00 66,9 0,0407
= Pure Repeat 1.0308 - 1.00 0.0418
A 231 0.80L1 O.Lk70 0.6603 60,0 00,0622 {1} 6%e =2cSo cal/
B 1 0,6869 0.7605 0.4601 5.0  0.0630 mole of repeat.
iz unit.
c 1:2 0,7937 10485 0.3253  58.0 0,068
B 1:3 0.7332 2.2079 6,249k 57,0 0,0670
. . (11} B = 1.8 calfexf
5 1sh 0.821} 3.3010 $.1888 36,5 08,0660
3 128 0.5770 b 6100 0.1128 56.C 0,0680C




b2

Overall Mfevstnlld S,L"iti 0 J‘é&ﬁf}:: vf hhe Eh} i }; Po lvm@ iy

The rates of crystallipabion at variouns temparatures below
the equilibrinm melting tempereture, T;D can b caloculatoed Lrom
the change in velume with time during the process. In praciice,
and for convenience, the relative values of volume changoe im
the crymtéllimimg pelymer with time counld bhe caleulated ddrectly

from the dil&tamﬁtric heights, 1l.e.

Ve = Vo, _ by, = b,
LTS S ST s =2 enmmac T b e ——
Vg = Vo by = Rpg

A %ypi@al set of date has been given in table (3) with
the corresponding plots in figuwve (4). The helighis have heen
adjuetod to the same initisl level Tor beltiter presontation, I%
can be concluded firom the observations that PEO does not show
any secondary cxystallisatilon ¢Tother abnormality.lt is, however,
c¢lear that the crysitallinity developed in the polywmer below
50°C is about 5 perceent higher than the crystallinity dévmlopmd
above that temperatura. The apparent induction period which
occurs bofore & detectable emount of crystallinity setsdin, can
also he seen from the figuve (4). This induction pericd has
baon shown o vawy aa&%ﬂgT)P The plots show that the raise
of erystallisation, at the bsginning, is very slow, bus gradmallg
1t increases #o a maximum and then slows down as the crystallisa-~

vion cooBes.



Typieal Dilatometric Data Loz Bulk Polywmer cxysitellised

at different tempeiratures (T\@)

Ui, of sample 3. 0308 gmo T = 66°%=359°K

Todtinl dilatometric helght = lp = 6.47 cm.
T, = 49° 519C 530¢
Time nt TLme hi Tlwe ht
O =8 by 0~ 19  6.47 0 - 63 G o7
10 6039 23 6oh2 76 65h2
12 6027 30 6.33 93 .35
15 6 .02 37 6,20 110 6.28
16 5,93 KO 6.120 132 6,20
19 5049 Is 2y 5.98 158 G .03
2%, 5o 22 L8 5.82 17k 509k
2% I .93, 83 5 oGl 193, 5,79
2% b .65 58 %039 210 5062
27 & o58 63 5.38 232 5.3%
30 3,96 69 b .86 250 5020
33 3.59 76 B o53 27k I 095
36 9,87 8 5,18 300 b o6
0 2.9% 91 3,90 550 4o 87
5% 2,68 101, 3ols5 360 5.97
L9 2.4h% 1.0 3,18 BOQ 3,59
5k 2,30 122 2.92 Who 3026
58 287 132 2.9% 80 2,92
69 2,80 1% 2.8k 590 5,78
D6 w oo 2,41 149 200 830 2,50

' 176 =an, 2,89 910 = oo 2,89

W < hp = k.36 o 1§ ) bs 18 - B
) 23 Q0 320
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TABLE i - Summary of rums on Bulk Polywer

Cryotallisction Sample -1 © Sauple 11 Ropeat Sampie 1

Tewmp . . ) . . »
T AT By = BTy D0 hy = hy i & By = B, =% B

z z . .

——

59 7 .36 8 2.39 %.36 5 2,37 5.22 = 2.3¢6
m@ Mwm. W%o..nwm MQ NOHW@ = - - WOM.M.. m Mm oww@
51 15 5,88 19 2.62 .21 16 2.65 k.91 9. 2,50
n\ﬂ.m-v J.Pm.. .mvu.w.rm .mm .Momwhw ' = = had .m%o@..._._l Mv@ MMOMvnw
53 i3 5.8 63 2.5% k.12 53 2,55 = = o
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The experiments wewe repeated on the samo sample {fig. 9)
and on » frosh sample and iable 4 summarisos the resulis, showing
the reprodueibdility and chonge inaystallisation behaviour of
thoe sauples. Th@ woight of the Tresh sample wes élmoaﬁ idontical
t0 that of the fivet sanple.

The sample with ﬁh@ game thermal ﬁim%ory behoves in the
senc wey at the seme ﬁ@mp@réﬁur@ with abous 35 per cont
varintion, bub thé kinotics of the vrepeat samples seem 50 be
difforent. Highov cxystalliniiy is doveloped and the &y values
aye also reduced, 'n' is roasonably constant for all samples
and ropeat.

Fhe iinit of tvomperatuye wange for tho dilatometyio
phudies has been from. 47°C to 55°C, reguizing Tvom 40 %o 910
minuton for completion of bhoe runs. Below 47°¢, the crystallisae
tion would be Hoo fesdh o study sccuretely and above 53°C, %oo
BlLow.

Ovexall Gryotallisation of Polymer-dilucni Systems

The isothermal wrates of orvystallisaition of the polyoxedi.
athyl sebacate system in She concemtration waunge of 30-A9 weight
pox cont diluwent vore studied. A eslectlon of represoniative
rosults is shown in figuyes (6-21) depieting the dilatomevrie
resulis Top the mixdtures, aad each mun isgummarised in tablos

5 to 20,
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TANLE 5 - Summary of DRilatomewwie Resulis: Mixbtuve A

iy
a o
r.i:‘oﬂ & T MBD = ]fA [ (73.L iy vd
" _— [ - = A T SN SR I B LA L T

B33 16.9 5,18 3 19,5 Constant
Vol.
Bl o 3, 15,9 5.16 & 29,5 Change wp
- Lo
ih 8 15.2 5,35 8 30,0 AT = B
b6 .2 13 .8 5,19 k) 83,0
W70 12,9 5003 16 L50 .0

h9 ol 10,9 b6 33 530.0

XTI

TABLE 6 - Shwrnspy @fwﬁ.imtmmaﬁwﬂc Reonltas Wintuwa B

&
F

[
~

1) :
I“: i B ‘}:" Tﬁlg < oo SZ’.E‘

b0 7 1,56 7 21, Consdant vol.
Céﬁ'af NG WE
6 L. 79

k.0 L5 b 56 b 52 LyF e 23

55,0 Ry hoﬁéﬂ 21 ‘ 00

16 .0 19 5,56 30 156G

iy @ A2 3% LO o d )

48,0, ) Bo 19 55 1O

. - R PO S PP e g s B AT g ARSI D R B A
L e I s el 2 R < ES IS A
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TABLE 7 .» Summary of Dilatoroetrtc: Résulta — Mixture C
&T ho - haa ri
(#1.0 17 5.12 [ 12.5 Constant.
Volo ohange
(#2.0 16 5.16 5 17,0 up to
(#3.0 15 5.15 6 28.0 ur 3 12
(#(@oO  1(# 5.1(# 8 (#0*0
(#5b0O 13 5.19 12 67.0
(#600 12 5.19 19 114%0
(#7.0 11 5.12 30 214 .0
(#8.0 10 (#-90 (#8 404-0
TABLC1l 8 ~ R##ultm -
Tcu ho - h* ri
(#0.0 17 5.22 6 25 Constant
Voip Change
(#1.0 116 5.19 7 37 up to
B 14

(#2*0 15 5.12 10 59

(#3.0 16 5.11 16 102

(# #*~0 13 5.05 30 195

(#5.0 12 5.0(# 53 400
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TABLRE O - Summawy @f Dilatomebrle Resulte: Minbure B

T, AT fe = Mgy Py Bag
yO L6 .5 5.'73 7 20 C@ﬂ@t an
Vol

LA 15 .5 5.7 r0 35 Change m@ bo
. 'AT 5 3». ta.}

e U o5 5.73 10 16

b3 13.5 5,04 16 83

Il 2.5 5065 25 158

b 11..8 .51 &3 370

TABLE 10 - Summawy of Dilatowetrole Resulés - Mizture K.

T e e SR TR ST

T@E @T Ty = jic) s bl ‘é;?‘%
99 19 I Q% 8 28 Conotand
Vol.
L 16 b ol0 8 3% Change up o
Bl L% o 03 10 we AT =13
) 14 %, 03 23 83
b3 13 Iy . 03 25 136
33 280

- N ) ey

% ; TRTMTNTIRSR B
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The renge of temperature pitndied is, clearly, limited to
AT e 1017 d1.e B8°C, It followa fwom the above tablea (5-10)

-@:‘!nn'a‘: Fho nn'flrmnacsdd Tnosndt evodoama hasea mnzg'l T a2 @i
t

o4 ah dtha
at the polymen-diluvend systoms have smallow Py and ﬁi ECRY
game fT velueos compared wibth the bulk polymex. This aan alpo

bo seen from tablos (11=12). The ¥, and §,  Lor mixiure {c)

8

do nov eppear to bo conzistent with the other concenivratlionn.
Th@ values of T% axe, howovor, uncerielin Ho +1°C and an inercase
ox Tg foxr this mixdure by 1°C, thus Inorecsing each valve of AT
by this amount wonld bring all the values fox all ithe differvent
gongentrations into close agroemend.

The veswlis alpo show hhat tho meximum crystellinity
ohgarved in thess cascs romainsg consient wp Ho & valune of ¢

of betweon 12-14 bolow whieh 1% hegins bo decresss graduslly.
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(&) HMiorossapic Resulis

(b) Photogvaphic Rennlde
&



Hicroscopic Rosulte

Growth Rates (6) of Puve Polymox.

The grouth rates (@) of individual spherulites wewvoe
neasured and are givén in the Fig.1l24 and corvespond to the
values in golumn 3 of T&ﬁl@ 13, I% wam obaeerved that ab
temperatures below 47°C, the number of spherulites was lauge
end the grovith fest. Henoo rate nessUTcNents wvere carriod oud
in the zange 47-55°C, efter which not only was the growih rete
very low, but tho induction period was also vewy large. It
wag found that at higher temporatuves thowvoe was only one
spherelite in the field of view.

Tho induetion times veried fyom sample $o mample and
have not bogen included in Fig. 12.

The growth rate was Ffound e vaxy with the thickness ef
“he aémplasg es obporved by esrliex workeya?? The figurcs
(12 Ay B) chow the vepulie whero thiokness zaducos the ¢ valuoes
by 50 pex cont whenr it is chonged Lrom 100@%%@ ﬁooﬁb

The wopent ruas on the semples at the seme tomperaturo,
howover, shoved that moat of the spherulites appeared in the
pane places eech time. This beheviouw was Louwnd bto peYsist
evexry wvhen 3 or 4 »ung weve carvied ows and the duraﬁion of
tho meli waea in@é&&a@& by 508 (L.0. 30 minutes). Moueleabion
appears %0 he heterogeonaous in this émge and in several oeses

. 98
POPOrLEed aarvliev.
p
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The nature of the spherulites in most cases vas o mixed
one where one could melther find & true maliese cvoss nor o
woell defined positive or negative charabiex. These Sypes of
spherulites have baeen weporied by Keith and P&@ﬁen?? in the

00
coge o0f polypropylene and by Price in the cese of carbowex

4000 ,Fronded structures weve obsevved ot lower anpercoolings.

Growth Retes of Polymer=Diluent Svstems

The growth retea of seven polymer-diluent mixtures axe
sunparised in the teble 14 and Tigures 13=19, They have bean
obtained by the method debeiled in the experimental section
and average of soveral separete runs is presented hexo. As
with pure polymer; inductlon time has not been included in the
figures,

The experimental uwncertainty s unforitunatoly rather high
and the only conclusion to be drawn is that for a given value
of A%, €& does mnot vaxy much as the concentretion of the diluent
is increasaed,

Numbex of Nuclei and Nugleation Raiteo-Puwre Polymew

3
Columu § of the table 13 shous the numbey of nuclel per cm.

ohoprved in the purxe polymer at vadiows AT-values. The csorwvesponld-
ing Ciguve 20 for nucleation in the bulk polymew indicates thed

she number of nuclel increase linearly %o a steady piate velue
which remaing consbtant wvntll the orysiallisation is completa.

200
This hehaviour in typical of polythene and othory pelymors
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TABLE 13 =

Crowth and Fuclestion Rates of Puwre Pelyox

foe 7 o Oz Wzl0® for®  Wer?/ Leg @ 0 _L_ i 10°
(Scale unite/mt) cn/ot m TAT
b7 19 15.5 37 .00 5.7 Y2 =L.%53 1.63
49 17 9.2 23,1 3ok 18 =167 1,84
50 16 5.00 it.53 3ok = =1 .9% L.97
5L 5 34 7.8 2,3 8 w2, LA 2,131
52 1% 2,5 5.7 2.4 - ~2.2h 2,27
53 13 1.1 2.3 1.5 3 2,60 2.48
55 12 0.545 1.0 0.4 1.6 =3.00 2.67
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showing initially random growth followed by pre-determined
growsh of the spherulites., The xandom nucleatlon suggeats
honogene ity of the sample.

Repeat runs, however, ecarried ount on one ssmple at one
temperature gave rise 0 memoxy effects similar to those
nobiced vhen abtbtompting to measure grouth rates. These
memory effocts sre wveduced at higher temperatuves as ie
evidenced by the decreasing number of nuncleld in the same samplo
at higher ftemperatures. The reverse process, i.0. examniniag
g pample first at higber tomperature and then at lower
temperature, alse gave the expected resnlits of approximetely
doubling the number of nuclei per2®( decrease in the bemperature.
It is clear from tahle 13 thét nacleation is much less

sensitive %0 Somperetuwe than is the growbth rate.

Biteet of Thickness on Mucleation.

l&ic::Itii'ri:;_vzc'ezaﬁ}':w pointed out the unrceritainlty in measpurivng bhe
thickness of the sample and its effects on Nnél@&ﬁiqn pProcass.
It was confirmed that the thickness of the sample had o wmarked
effact on nucleation ag shown in the table 15, where ¥ is
the numbexr of nualei pay @mfag and supporited by the corvvesponding
figure 21 for the constant temperature of 51°C., The &, im

the btime, the fired nuclevn appeaved. mw geems inversely

proporsional to the sgnple thickness. Table 15 makes 4% clear
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that the nuoleation continues even afbter the dilatometric indunce
tion periéd G tﬂ ig the %ime ot which new nuclei ceased %o
be foxmad.
The nucleation wrates &% various tamperaﬁ&waﬂ are given
in columne § of the %aﬁle L3. Whey have been caleunlated from

initinl slopos of the number of nuclei versus time ploits of

Fi@,'n 20,

Toblo 15 - Bffeet of thiclkness on Nocleation b 51°C

aj 8 Dilatometric
Thickness  NR10/ en B ﬁm Py &,
€l ! (nin) (min) Y
80 lo 10 20 3)0
170 .50 5 25
A9 80
240 2,20 % 17
300 $.80 2 kL

Muelepntion in Polvmer-~-Dilunent Syatomn

The nuelention process in each of the @ix systoms was
studied. The results sre prescnted in the Wable 16. Although
every athenpt ves mnade to study samples of equal thickness, buvi
from the large scavtewr of wesulis, it appears that this wvas nod

_achioved. Phe inteweating Toature of the wesulis im that the
aueben of nueled poxr wadt volume Towx the mixturss does not appesy
to dnorease with dgerecse in tempezainre in o aimiler feshion to

the pure polyRow.
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PHORCCRAPTIC RS0 LTS

Pavre Polymey

The photographic observevionsy on the bull polymer nb
different tompevatures show thait in wost osses it can form
four differvent types of spberuvlite. This behaviour has alse
heen weporited fox polypropyleve and nylon.

1. Wegabtive sphorulites abt A % £ 15 in thin senples

2, Mized spherulites in thiclk ssmplos

3, Dendritic sphernlitos - mostly Trom poluiions and at
higher benperabured.

4. Ovalshoped dendritic spherulites at highor bempervatures in
thin semples.

Brzomplos of the Tfiwxat two types sxe shown in the plcture in

Pigure 22 while the latter Iwo types are shown in Figuwe 245

and 25 respeetively. Vexy occaslonally at large degresce of

suporcooling (d.0. & T 7 15) in Shin semples, popitive

sphaexnlites wewe obhgorved. These grew vexy qui@kiy and wveore

of extreomely small size,

Phe dendritie spherulites have heen reported in low
moleculay weight (i.e. 5500) BEO a&mylaagﬁ whila ovelghapead
dendritic spherulites have hoen obsozved im p@lyprapyﬂan@ﬂgﬂ
Spherulites groving in the pure polymer af lower Lomperatnrsn
beve sherp houndarles bodtwesn bhewm, though this depeads %0 o

cevtiain exteont wpon the thickusss of the. semple. A% highow




Pig. 220 Picturas showing (a) negative and (b)
nlsad opberulltoe of Puro Polymer at
530c
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Pigo 230 Plctirres showing sprovth. of two sphorulitoe
at 53%C et (a) 0 min. (b) 10 min* (c) 13 nln
and (d) Iz min «
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tonperetures, the natuve of the spherulites changesn and thoy awve
gither negative ox demndyritic. In meny cesgs the meliese cwons
is bavely dlsesrnible., The ovelahbped dendwitic spheoruliltes
vere invarisbly obtained at 4 TZ11 when sphexulitic gxawth'

vas very slow.

Price g&aggj‘ weportad o chenge in the growih rates of
the apheruliton vhen they awve within 0.15 mm, of one srothew.
Tade ves confinmed andit wes found bhet, somedimes, the sipe of
the twe abuitbing spherulites determined the chawnge in spead,
the emallexr one growing &t o higher spoeod asg shovan in the
pictures of Fig. 23. The smaller spherulite was nuclentsd
2t o later time and grows ot & Laster apesd. It can he accw
fwom the grapk in Pig. 24 that tha growih of both spherulibtes

dacrense Just before impsob.

Polymer-Diluent Sysbens

Photogrephic reogords of Four polymer-diluent systeme vows
sadeo. In order 10 cause o weosonable number of sphorulites
%g‘nuclea%@ in the field of view, the semples were held at
roor tomperature for H0-5%5 moconds befoxe transierring them
$0 the hot atege. The following @ha@ﬁvaﬁian& wore medo.

{2) The most common type of ohoevvebion in peolymer-Ailluent
piztures shous thet two spherulites nuslopted at the same

time, and thus of egual sise, continuve bo groew with idomiical
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apcedn vnbtll Bhey meot. This is depieted in the plobturer
presonted in Mg 35d~

(b) When btwe adjocent sphernlites were obtained of uzequal
0ige, & sinller phenomenon was obsorved to that seen In the
pure polymer. Genarelly the smeller sphervulite grows 8% &
alightly greater rote »ight up %o the polnt of impaet.

{(c) AY higher bomporatures, dendritlc growth ocourn couvsing
the sphexnliton to grow in an oval Torm. Phe growth rote in
thoge capos 1o net consbont ond veries with dizection. The
piotures givon in the Pig. 206 deplet two spherulites groviag
ot @ o 45°0 dn 1:d (B) polymev-diluent syetem. The inbtorosting
Ponvare 40 that Lo bobh the spherulites, the retio of moximum
wobse of growih to minimwa rete of growth is constant end equal

o threo. This offect was obsorved in numerous oxperiments.

(é) Vhoen dondritic spheruliden aro grouan £yom mixtures, the
adgo of the growing spherulite temds to be lrregular in ferm.
i meny onses, vhen twodgohesnliton are shout to toueh, & bulgs
in ons 1o seen o grow intoe & woecess dmn the ethey., This g
shown in tho pleture of Plg.27. This ffoet wes not ohservad
Tor puro polymer in the tompowvature range invesbtigeied bud
photogrophs obtalned by ?&i@@mg on You molecwlar veight PRO,

ot AT = 13 seonm t0 doplet thisn phenomevoi.



F1ff* 25 PictnxTos shotfis]

aphoralltos at
and (d) 11 oin

irth oT oqualo”®elzo dendritic



Pig. 26, Pictores shooing ovalsbapod growth for systom
A st i»leC at (a) O mln. (b) 20 tain, (c¢) 80 1lain

and (d) 175 «in.



Pig, 27, Osndrltlc apherulit® with bulgo and reeass



ALL the effocts noted in the photogwephic examinetion,
though Invereating in themselves, will offeot the overall

exyetallisntion kinetles fo & relatively miror oxtont.
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Disgussion

Pure Polyner - Valusg af 'n?

In &1l the experimental and theovetical comparisons,
the zero on the time scale was taken 1o be the time when the
temperature of the dilatometer and its contents reachead that
of the bthermostat. In moat cases, this was three minuites
after the dilatometer was vemoved from the bath at 100°C.

The theoretical comparison of the dilatometrie resulis
for Lthe pure polymex on the basis of the Avraml equation is
given in figure (28 ) where log (~log 8) hes been plotted
againat log t. Whe value of 'n' obitained in this way is
2,50 + 0.1 for all temperatures,

The superposability of the orystallisation curves obltained
at different temperatures on a logarithmic time scale and the
linear growth rate of the cxystalline phese have lent suppor®
for the theory that both the nucleation and growth processes
are instantaneous. Theve seems, therefore, little theoretical
Justification for a separaie induction pexiod. AV temperabures
of crystallisation just below the melting point, 4t is fouand
expevimentally that the volume of the melten polymer wemains
virtually constant for & considerable times. If a sufficiently
sénaitive dilatometer were %0 be used, these appara#t industion
periods would vanish. Allen?g and Magillgg tried to exclude

the induction pexried from their time scale for the crystallisation
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of PHMA, but they obteinsd evioneous values of 'n!, In spite
of this, Rybnikaxﬁgal&im@@ twe sdventages for the szelusion
of the induction p2riod.

(1) The limearity of the Avremi plot is improved

(14) "Abnormal? velues of 'n' change to integrel values inm

agroement with the simple btheozy.

The Avvemd plots fox the present results construgted on this basis
axe shown in Fig.29 snd i% is seen Lhat thé exclusion of mxy from
the time @oai@ has tvo offects. PFlestly, th@i@ is 2 ghifs of
the initial points towerds the top side of the straight line
thug doorossing the overasll lineaxibty. Hecondly, thore is
deorespe in the average slope of the line leading to redusod
values of "nl,

The aversge velus of tnf, now yhecomen 1.80% 0,15 whioh,
though redused, ia still fractional. it i, therefore, cleaw
that Rybnikar's findinge ewve not oubstantiated by this work.

The Avrami plots, described abhove, allqw an average value
of 'n?' o0 be caleunlated whichngy include lower or highey values
ot the start and ab the ond of the process. Bquablon @9U) hew
been used %o cenleulete the valuwes of ‘m' fox sach stage of
the crystallisation precess e a Ffunction of &. In figure (30)
tr 0 ag&inat § o pi@tt@& for the pure polymer et 5290 inolvding
and excluding the im&u@ti@aAp@wi@&o When #3 is ineoludad, i¢ do

soen that W' Is cowmpient for a venge of @ fxom 0.9% o 0,15,
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A% the beginning end at the end of the crystellisation process.’
the expoevimonial velne of ¢ depends critically uwpon the veluve

0% by, and hmnawlm@%ado Boaring this in wmind, it mey vell be
that in this cano 'n? o comntant thyovghoud the progens.

Tn the other gwaph in £ig.(30) wvheve wi in exoluwded fyom
the expevimontal time scale, 4% s geen that 'n! hocomes & non-
linear funcbion of ©. Phis means that e plot of log (~log @)
egainet log. ¢ should be cupved., Bauation Gm&) in thus o mowae
songitive teph of oxperinental results than this latter plot.

The valuwe of 1 = 2,9 4 0.1 obtained for the erymiallisation
of puvxe PEQ can be compared with the valuve of 3.0 obhtaiuned by
Mondellevn and 2,0 obbained by Price. The pblymer uwsed by
Price vas low molecunlar weight meterisl ond he found thatb
noa 3 or 4 in the initial otages of the orystallisstion and
fell 40 n = 2 after 5% of the process wap completed. Sharples
hog also gquoted o velue of 2.0 for this polymer but no

detaila vove giveno

The mein featurs of the dilatometric measursments onr
the pure polymer ia what not only ie the Avreemi expoaent °*n'
fraetional, bud it vemsins constent throughous the course of
@rym%alliéaﬁiano Pragtional values of 'n' for meny polymers

have baon reporited recently. Neny feotors heve been sugzuated

0 sceount for this phenomenon. Sceondary erystollicabion
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is one of shem, which seens vo be absent in this cane an is
evident frow the dil&t@m@ﬁéi@ SULTes. Persistence of nucled:
ox the presensae of h@ﬁ@r@genaitiem Rray ailao caune n' 4o ho
rodusod and feectional. The process of nﬁal&a%ian night bé
@omﬁurw@ntlygw homogeneous and heitorogenocovs in whioh case bthe
sryastallination beheviony will be complex. Bhavples gﬁ,g@?g
have analysed such o situetion theoretically and have shown
shat thouvgh 'n' may become fractional, it will not remain
conptant duwring the exyatallisation process. It scoms evident
in thin case, that the @myg%alli&&ﬁiém ig mostly heterogonsovs
hecause sphernlites have beon found to apgeaﬁ ot the oame place
on repestod crysitallisation and melbting. However, this doos
not excludo the posslibility of homogsneous nusleation oeourring
@imglﬁan@@uglyo Horaeovex, bthe mucleation wesults shovw thet
npclention coanes afbter & certain time and, albterwards, thers is
only gwowith on nuelented sites. This beheviowy could slzo lead
%0 change in 'nl, if the brild up of auvcleod convinwed during
a copaldoreblo pext of the owxystallisstion procesa. A comparison
of Tigo(3)and (20) show that this im mot tho emse end, at cosh
%@mp@ratuéag o gonptant number of nuelel hove been Tormod
ﬁmrimg'%hé apperent indélavion poxiod hefove any significant
dacroase in the velwne of the @ya%mm hap boken place,

The mejor pertion of the cryedallisation pwocesn whieh

is obsoerved dilatomotsienlly btakes plece with yre-determined
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necled, so that the maximum velue of 'n’ t0 be expected o 3.0,
Sharples et al alter congidering all the availsoble evidence,
have suggestod that the moest probable reasson foyr o fractional
and conghant valus of 'n' is that the density of the growing
seni-cryabtalline spherulite is not coustant but

time-dependént. This would be rather difficult %o prove
experimentelly snd the actusl time dependance of density would
have to be & rather complex Ffunction in orxder o maintain ‘n!
congtant throughout the process. The weason fow appearence

of frectional '"n' vealues swaits o satisfactory explanation.

The desvease in the rate of growth of two spherulibes
ahout Yo touch which has been obsexved in this eand obhew Work\
ig too small an effect fo account for any major dissgreement
between Avrami theowy and experiment. Any disegreemont would
tend to appear towards the end of the crysitallisation process,
and several instanges of this were notved in the present studles,
bvut were always Jjust outside the experimenial error. K@ithﬁgq
hee recently supgsstied an explanation for the decrease in growih
rate. Beecause of the nature of polymeric compounds, there ave
stereo-irreguler or low molesular weight specles present in the

melt which axe prefeventielly vejected by the cryztallising

wnlte. In the melt, theseo species will be concentrased near the
orystal faces., The crystallissble molecule must first diffuse
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through these layers. As the growing cwxyatal sunfavse sdvances
into the neld, rejechod lmpuriities diffues sway from the surface
and are ieft behind %o acounulade in the imberstices. The
pyesence of and dAifiwedlon through these impuxities cause the
rete bo slow down whioh socounts for the deviabtion from the

Avrend theewy.

Rate Conptonin « K

in sable (17) exe presented tho rate comptenits K ohtnined
Trom tho Iintercepto of theo Aveemi plols based on the dilatometeie
weaults of Plg, 3. The corvenponding microscopic ratc constants
obhbained fvom theo equabion

K w mes

pre alse given vhore the volues of ¥ and G awve takswn fyom teble 13
It io seen tha®t the microscopie zate @mn&t@nﬁétgfﬂa fagtow of
10 high@? then the »ote consbont memcured dilotometrically. The
differonce most probably evises bocavse the valuwes of H and @
used 4o caleulate K(microscopic)are those Tor & sanple 30@ @m
thick. A bebttor and Taiver compswison would be to meaaure ¥ and
¢ for a lavge number of thicknese and o oxbtrapolete to infinite
thickoess. These velues could, theon, he used %o eveluste K
to compare with the &ii@éom@ﬁ@i@ velue which is obvained on bhe

polymee in bulk Lowm ,
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TABLE 1

K mQ@QQQW@@@mﬁm

Crystallisation Rate Comstants for Pure Polymer

x_{(¥icroscopic, using

&7 XK. (Dilatometric) k_{Micra) o
° uding Nucleation WmMWEMWIU mueleation rate/min
@@am&w%w g
=% B g
12 L.k =m IO 2,9 = 10 20,9 2,2 x 10
17 3.3 x LQ 324 10,0 1,7 = 10
=5 B
16 2.3 » 10 5,17 2= 10 22.b =
£ - -8
15 2.9 = 10 1,1 x 10 k.0 3.7 = 0
=L B
id 3.1 = 10 L.l = 10 1.2 -
M_‘w wom M H«ﬁ.@ mgmm. MW M-@ méﬁ NMG@ MW MWD
_8 2
1% - Ih,C % 10 - 1.6 x 10

Comparative values at AT = 13

Reference K,

79 s
Mondelkern 3,9 = ﬂa
Progent work 3.6 x @

35 3%
Price et al 1,39 =
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Dilatometwic rate consiante for PHO have been reporsed (Table-

\%) by previons workers. The wesulta of Price gt al. seem to be faxr

ﬁou low ﬁhil@ the present values are comparable with those

obbained %y Henflolkern., WHowever, the oxbend of agrecment

vhich avises oub of the comparison of the three seda of resulis,

is that X debtermined bodth dilabtometrically end microscopically

is veduosd by a facbor of 10 pey degrae rise in temperaiunre,

and thab thewa oxists & ratlo of mppfaximately’ld between the

nieroscopic and dilotometvie K velues ot a given btemperabture.

It the wate consbtants ave calounlated on the bagis of nucleabion

vaten derived from he inibial slopes of fig. {20), it is foumnd

that thoy are lowey thaz the dilatometric velues by a fagtow

of 10.

Polymor-Ailuont Miziures < Vaolues of in?,

The dilptometeic curves ebtained Ffor the exystallisation
of all the six systems rosemble in their sigmoidal shape thet
of the pure polymer. Avrami analyses of all bhese systems (A-F)
et o congtant degree of supercooling, 4% » 13 are presented in
figuwe (31). The plet for the pure polymer 3¢ aleo given in

the Tiguve. It In cleawly meen by comparison, that the plois
o]

o , B . . !
for the miztores ove nom-linen¥. twmd Comfitwm awm caxlWer dogervuhon

Avalysis of the wesults acoording Ho oquetion (49b) fa given
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in figuve (32) in the forxm of the Avrami exponenst, n, s
& function of @, Fer the four move concontrated solutions, 'n'
seems bto vemein sonsbont Tor the early pewed of the procsss
whers 1% 18 eguel to 2.5 ¢ 0.1, ideatical o the valune found
for pure polymer over the whole orystellisation prosess.
Afser o cevtain time, 1t begine o decwease in an spproximately
Linesr meopnow %0 & value of lo3 ¢ 0.1 in all those sysitenms.
The medin featurves of the plots in Diguxe (32) ave tabulaied
in teble (19). It geoms that as the concenitration of the
diluent do incveased; the pervcentage of the iodal prooess
over which 'n' is initially constont, decremses uwnbil ad a
wolght fraction of polymew a2 0,15, the 'w' versus & plets
decreasgen continuously as @ deeveases Freom 1,0 %0 0.0, Fow
the two most dllube solubiomns stvdied, the indtial waluve of
nd is 5,00, not 2.5,

It mppears fmom the shove evidence thot when & pelymere
diluwent nixture starts to cwyztallise, the inldtinl ctege in
she growbth of the sphernlites couvslats of virtually pure polymes.
As the pxrocoss conblmies, the wnevystellised meterinl becomes
Jops comcentrated with roopect o the polymer ond the eryotallige
C ing sphornlite front becomes ewollen with diluent es it advences.
Thet the diluvent is incorpomatod inte the besile structure of the

spherulite, ie evident Doceuwne oven &% the lowcset concenizabion



S

TABLE 19 -

Summary of B versus O plets for Polymer-diluent systeoms

Mizturoe He. fraction Inidlal value | % Crystallisatieon Final value
Polymer of n for imitial value of m
of m

& .66 2.4 25 .2

B 046 2,5 20 1.3

G 0.32 2,6 10 1.3

D 0.25 2.5 7 1.3

o 0.20 3.0 5 1.5

B Q.11 3.0 o 1.6
Pure 1.00 2.5 100 2.5

Polyzor
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gtudied, viedible phese separeition Aid xnot ocauw, ard the wholieo
gpecimed becend spherulibic throughout Lte MBS o Whis latdey
progess munt asceount Tor the decresss in the valvo of n?
Trom 2.5 50 .3 aud any theoretionl swalysis of tho cxysteilisa=
tlion process must take aocount of this factor. The original
theory of exystallisation for sclutions given by Mendolkexh
&id not allow fox this fact but assumed thet the denalty of the
groving spherulite remeined constent throusghount the vhole process
The misvoscopio observation of the dendwritic neture of
gpherulitern Fovmed Lrom solutions suggests thet the gr@ﬁimg
spherulite is net as dense as the novmal one growa L3om purs
polymer. Suggostions of the existonce of & denslty composibion
smaiéﬁ’ Zand changing density Bivo recently been made, bui thoy
have not beon subjeot to experimontal verifiaation. An sothompt
was, btherafors, made %o measurs the vardation in bhe denni.by
of & goluntiok=groun sphervlite ey o Tuncdtlon of iim waﬁimse
Several largo opherulites grown hobtueon the cover-slips
vera seloctod and portions wewe oub out eb inovewsing disbtunces
Lrom thely contres., In oxder %0 dotsraine the consomiration
of polymey inaeh portion, the sewtlonm wmwé welghed and then
dissolved in o kmeﬁn‘vmlmmm of wador filitered %hrqu@n Iiliipowe
filvezs. The vicconities of %hea@.aalaﬁﬁ@ns.wawa determined wain,

& miero-lkbolods visoomether ond from & knowledge of the visconity
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RS

gonocentwation reletionship fowx poly-ethylene oxide in watew, Bhe
veight of polymox in eash portion of the spherulits conld he
obbained. Unfoxtunataly, the weight of the spherulite segmonts,
aﬁﬁ henge tho concentration of the solubtions wewe so low shebd
theidr viscometwic flow ¢times only diffexrsed slightly, avd no
significant vesults could be obtainad,

The eppavent industion peried of polymexaailn@nt ByBHens
is alvaye less then that of the puore polymewr ot the same degvee
of supexcooling. Dhis can be scen from table (11). This
ouggeats thet 1% is easiexy for & nuocleus Ho grow %o a ovitical
sizg in polymey-dilucut symsbems. At high Al-velves, howsver,
the induwciion pewied a@@mé 0 be dndepondSnt of the concenbtra-
tion and the prosence of the diluent, o faot supporting earlier
ol

resnlie,

Rabte CGongtantsg < K

Becanse of the non-lineerity of tho Avrami plots, values
of ¥ (dilatometric) can uol be obbalined. However, in memy
8RS ﬁ%%g 1.0, time for half-chunge, hes been used as p guide®®
fox the wate conntant according to the equation,

L= & tL
)‘v\u

whieh io smobther Form of the Aveami oquation where § hes bean
talken %0 be 0.5. This egquation suggeste that the rate conaltaond

1, values for the

is Inversely pvoporxtilonsdl ta‘%y o Mhe %
‘ (& 78
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pixtures ot veriows AT-values ave presented in teble (22}

]

and 1% io seen thabt the growbh rate pe mepuwred by %ﬁa Las
Tapster thon that of the puwe polymer wndil AT = 15. At highew
A Tevaluos, however, it “onds o be independents of the prepence
of the diluent and approaches thed of the purs polymer.

The smallorx induetion porloed and fagtde growbth rabes
suggess thet oxysbellindty s fevouwed by the presence of an
lngrs dlluend and this o contivmed by the {igures glven in
Golumn 7 of Teble 2, It is scen fwom theso Tipures thet tho
volume chapge ney @moﬁ of polymey incveases with inowvessing
dilution,

It io seown Lwom the misroescopis resulilis on the pelymex
solutions pressonted in the form of plovs of log Km ags o Jvnesion
of AT in fig. (33), that the vate comsbania for the mow
concontrated solublons ave Jower than those of the puve polymer
at the sene degres of supercooling. The wrabte constandt for the

nopt dilvute solution, however, axe vory similar %o those of

the puxé polymer. A& similar Feaiture can be seen fzon the

plot of log. G. a8 o Tunshion of ﬁ%ﬁ in Ligues (34). “he

rosnlis for the most Qilude system arve very similaw do the pure
polymey, while the linear plots foir the other mivtuves aire
perallel to the puve polymer plot and ad some distence from £%.
The syubem D oornesponding 1o o composidion of 13 scems %o

Qv
he auomig@maa
()
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in 4he only systemntic dilatometric study of polymer-
diluent @ixtur@ag Mandelkern found Whet & plet of leg ¥
agained E%?{j%ﬁ’mg wen ocurved. However, Hhé @baaﬁvatiom of
&ph@yuliiié growth in thepe syotome memns that the grmwﬁh i
mosh proéakly three dimensiomal. Nandellewn suggostod thet thews
i o fald amount of uvmeortainty in ihe detorminpsion of Py which
may be ag much as §«§°G higher than the 9@xpéwim@ntaliy obperved*
Tm@a @h@n the values of AT ave estimated on this hasim, his
curven becoms lineor within experimontal avvow. It io aeen,
howevar, thaet oven with this adjustment, the diletomeitwically
neaprred rabo convtents exo uneble to define the mechaenisa of
growth ﬁniquelyo The plots of log ¢ agaline® %&A&T basaed on
mi@roa@oﬁi@ vesulto, howvever, favounr the two dimensionsl éwawth
m@@haniém im bothepure polymoz sand polymer diluent aym%amﬁ and
support:i obthey atuﬂiaéﬁ%ﬁ@x@ similor lineaw ﬁl@ta ware obtained .,
It i» concluwded Lyom these studics thot the gxowﬁhfpf@@@mm Y
polymer soluitions ocours by bhe same machami@m o appﬂigéhl@
in the case ¢f puwe polynew.

% ds seen from Table (1Ll-12) that although @%% ond tho
induction pexrlaeds For the soluitions ave smellery than th@éé
of the puwve polymar ot the same AT, the differeonse la not
great and & shift of tompervebuwe of 1°C, which s the

vacarsaiaby dn T_°, vould make all the rate conmtant sinilaew,

The addition of dilwert incwennaes the mobillity of the polymew



molecules and weduces the viscosity which, ln turn, vreduces
the activation energy for transpord, (ED)” thus an increans
in the vate conszteny is o be oxpeeved. However, the thermoe
dynemile tercm dn the equation {54) will alweys be negative with
inoreasing dllutlon because of the diffusional or eam@ti§@$
proceases which awxe wogquired to form & critical gize nuclens.
Thus, 1% zeems that in homogemeous polymev-diluont systems,
the nucleation might be slowewr, leading %o the reduveed rate
sonstants at higheor diluition. In cases like the prossat
shudies, where the nucleatlon is primarily hetorogeneons, thave
is always o constant number of nuwcled, ThereXore, the wejoxr
Pactor belancing the viscosity effocte is the diffusion of
the exystallisable molecules to the groving spherulitic
boundary. Thus in heberogensous systems, the crysiellisaiion
process seens to be primnerily diffusion comtrolled.

Pogsible Modification of the Avvand Wguabion.

The overall crystallisation kiretics of pure poly-ethylene

oxide can be well vepresented by the @xprassionﬁ

q
9 e =KuE0?

.
DOOOBG“DOOOOOBOQO“onwo(l)

ALl the basic sssumptions uwsed in the derivation of tha

LA 3

Avremd oguetion have beon proved omperimendally except the
restrictlon of comgtant gpherulite dowsiby. It secems likely

o

that Ffellure to ohey this lest agsvmpbion is o probable reason



for the time expoment, n, %0 be consitant and Tractional in
value., The experimental valus of n = 2.5 can conceivably arige
in one of the two ways, 1T a heterogensous nusleation process
iz assuned.

The grovith mechenism mey be three dimensional with e
dongity fzetor decweasing 't from 3 to 2.5 ox

it covldd bo dwo dimensional and the varistion in donsity
with time loading to an incresse iwvn'from 2 6 2.5

i.@. oithew,

m

G- ¥ .
In 0 = QA(&} oBE “8 ooooooooooooooqoo(il&:)
3 e .
oX In @ = <=A'% O:B‘Hbg‘@ oooooooaeooonooo(lib)

No phyuically veallatic cholee of donsity 28 & funeition of time
gppoars able %o yield a final equetion of the above Fowrm,

The stbempts were made by modifying egquaition (41). TFowx
heterogencoug nucleatlon, and ﬁeg the density of the cyystelline

phasg, Now ¢eRperasuve Qapgnﬂ@nng aquation (41) becomas,

w L Y A'G/«"y Vjooiﬁ Gﬁ’f@afﬁﬁ onooooccenoocooo(iii)

-

whewe the symbols heve thoir vsuel sgignificance. By feeding in
swial, time dopondent Lunctiong fow ﬁ;p Avremi-type equations
azo found in the usvel wey, fizet integrating (iii) followed

by difforentiotion and n cubsequent, Linsl intograbion,
T, o cxample, e choosd,

P = G =B



vhere € and D are constente, we {ind,
lmaamm8+$ﬁ voonesoncsacceasce L AV)
where x snd y are also iimne-independent consitants.

This equation and other equations Gexlved in a similaw
namner do not'give & constant value of °n* <hroughout the
crystallisation process and must be wrejected.

Phe dilatometric resulita for the polymer solufions san,
with reasonable precision, be fitted to en empirical gguetion
of the foxm,

me = -kt 2°H{2-0) cososssovenes (%)
The time exponent 'n! in this equaticn im, now, itself,
time~-dopondent.

Once agein, assuming %hai;f% is o FTunction of time oy of the
extent of cxystallisation, theoretical squetions caun be derived.
However, no physically realisitic density-time melationship cen
be found to gilve a Sheovetical equation spproximating o
eguation (v).

In cénclusieng on the basis of the above snalysis, it mugt
be concluded that a correct theory of cyxystallisation for
both-pure polymer and polymer.dilusnt mixtures remeins %o be
formunlatad.

A exporimensal study of the vazrietion of spherulitic demsity

with radius remains an ulgent problem bofore ROYe HPLOKYOEH cam



be made. The present analysis, in fact, suggests that some
factoxr other than the varvistion of density with time will

have to be taken in%to account before a completely satisfactory

theory is produced.
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