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ABSTRACT

The problem of segregation for non-crystallizable species, as amasstrans-
fer problem during isothermal crystallization, is considered with a suitable
boundary condition for the semicrystalline polymeric materials. The veloc-
ity of the growth front of an isolated spherulite is considered to be de-
pressed as aresult of segregation during crystallization and it is assumed to
beinversely proportional to the square root of time. A self-similar solution
has been found and shows that the species concentration, at the growth
front, increases with increasing the growth-to-diffusion ratio but it is inde-
pendent on the time of crystallization. The segregated species concentra-
tion in the diffusion layer, near the growth front, increases with crystalliza-
tion time, this is considered to be the reason of depressing the growth
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velocity with time.

INTRODUCTION

Inpolymer crystdlizationfidld, thesegregationisa
well known phenomenon associated with crystalliza-
tion of acrystalizable component fromasystemwhich
containsa so, impurities, or non-crystalizable species.
When crystdlization occurs bel ow the melting point of
the crystalline component, the processinvolvestwo
typesof materid trangport, namely, diffusonof thecrys-
tallizable component toward themoving crysta growth
front and a simultaneous rejection of the non-
crysdlizable species. The segregated species accumu-
|ateat the growth front during crystallization and cause
adepression of both the equilibrium melting tempera-
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tureand theoverdl crystdlization velocity*?. Also, the
propertiesof thefind solid of thepolymer product would
beinfluenced by the concentration of the non-crystalli-
zable speciesinthespherulitic boundaries?. It isuseful
thenisto find out the concentration of segregated spe-
cies both on the melt near and at the moving growth
front during thetimeof crystallization.

Thediffusion problemwassolved generdly and gp-
plied to phase growth controlled by both (either) heat
and (or) solute, but this sort of wok hasrarely been
extended to polymer field, only numericd solutionswere
applied onthebinary polymer blendg>®. Analyticaly,
the problemwastreated only for non-polymeric mate-
rias. Inapreviouswork(™, by amoving planefront of
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phasetrangtion, an exact solution wasfound for acon-
stant growth ratefor aproblem of gas segregation dur-
ing solidification of liquid. Inamorerecent work®, the
gas segregation problem has been treated mathemati-
cally by using both of aplane and aspherical growth
front for both constant growth and arateinversely pro-
portiond to the squareroot of time.

In this paper, the diffusion equation for moving
spherical solid/meltinterface, withinitia and suitable
boundary conditions for semicrystalline spherulitic
growth, hasbeen solved exactly. Theisothermal crys-
talizationiscond dered for apolymeric systemof acrys-
tallizablecomponent containsaninitial concentration of
non-crystallizable species. Theproblemissolved here
for asphericd movinggrowth front witharaeinversdy
proportional to the squareroot of time. Thissolution
can beapplied on spherulitic crystallization of poly-
merg®9 of similar radid growth rate, asasecond stage
succeedsafirst stage of constant growth rate?. The
concentration of thenon-crystallizable speciesat the
growth front isfound to be dependent on the growth-
to-diffusion ratio and independent ontimeof crystalli-
zation, but the concentration in thediffusion layer, near
thegrowth front, increaseswith crystdlizationtime.

THEORETICALANALYSIS

Duringisothermd crystallization, consider acertain
polymer spheruliteof radiusR a acertain crystalliza-
tion time, t, as presented in Figure 1. The spherical
growthfront, or solid/mdt interface, ismoving through
themetwithavelocity, V. Themet hasaninitial non-
crystallizable species concentration C_. Asaresult of
Segregation during thecrystalization, the non-crystalli-
zable speciesconcentration, inthemdt, isthen changed
and becomes, C(r,t), which can be described by the
followingequation:

a_C=Di2i rZa_C 1)
ot r<or or

Theinitia and boundary conditionscan beassumed as.

C=C, for t=0

acC
—D_=V C =

ar Y Lforr=R 2
C>C, for row

—== Fyl] Paper
WhereD isthediffusion rate of thenon-crystalizable
segregated mol eculesthrough the melt and  isafactor
representsthevolume crystallinity at thegrowth front.

C=C,

Figurel: Schematic diagram of thespherical growth front.

Thefactor y isinserted in the boundary condition
becausethe crystallization front contains both of crys-
talline phaseintheform of dominant lamellaeand the
interlamellar gpacing of amorphousphase. Itisassumed
that crystalinelamelaearefreefromany non-crystalli-
zablemolecules. Theinterlamdlar regions, a thegrowth
front, have non-crysallizable speciesof concentration,
C, thesameasthat inthemelt at thegrowth front. This
assumptionissuitablefor thesemicrysaline polymeric
materid . We haveto distinguish betweenthecrystdlin-
ity at thegrowth front and theoverdl crystdlinity after
quenching. Thelater isquitehigher becauseit includes,
inadditionto thefirst, the crystallization behind the
growth front, whichintheform of thickening and sub-
sdiary lamdlae, and crystalization during quenching.
Simply, the factor y = | | where, | _isthe average
dominant lamellar thicknessand |, isaveragedistance
between two nel ghbored dominant lamel lag, both must
be considered at the growth front.

Introducing the dimensionless concentration

c=(c-c,)/c, and we can use the new coordinate
system, r =r =R (Figurel). Thediffusion equation 1
can berewritten as,

% v _p 1 iRy ®
ot or (r+R) or or
andtheinitia and boundary conditionsarethen:
C=0 for t=0

—DZ—?:WV(E+1) for F=0 @)
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C—0 for T
Thisproblem hasasdf-smilar solution, asthegrowth
rateisinversdy proportional to the squarerote of time

V =K /+/t . Thissolution can beobtained by introduc-

ingthevariablen = 7/+/t. Thediffusion equation canbe

reduced to the ordinary differentia equation:

d’C [ 2 n+2K]dE
+ + —=

dn® |[n+2K 2D |dn

Theboundary conditionswill be

0 ©)]

dC (=

D= =K(C+1yat n=0 ©®
dn

and Co»0for no o

. . " K
= +k k=—= .
Usingthevariable ¥ N5 +K where > . Sub

stituting in equation 5 and rearranging, one canwrite
thedifferentia equationinthefollowingform;

d’C [2 dC

>+ —+2y|[——=0 @)
dn [7 Y] dn
andtheinitial and the boundary conditionsare:
%€ _ _kC+1y, =k ®
dy

and C—0for y >

Integrating and substituting by the boundary condition,
wecan get the solution as

f(y)

C=
Ltk
v

©)

Thefunction f(y) isgivenas

K22
e kimeerfe(y)

f(y) =2k 2[k (10)

Fromequation 9, if weput n=0 or y =k, thespecies
concentration, C, atthegrowthfrontisintheform
f (k)

G =

1t (1)
v

andthefunction f (k) isgivenas.

f(k) = 2k2[1-kﬁek2erfc(k)] (12)

RESULTSAND DISCUSSION

Figure 2 showsthe speciesconcentrationinthemet
at and near the growth front with different values of k.
The parameter k can be considered asasuitableindi-
cation of growth-to-diffusionratio, where, k =k /D -
For higher valuesof k, i.e. at relatively higher super-
cooling or relatively lower crystallization temperature,
within certain limitsof temperaturerange¥, amorein-
creasing in species concentration is expected at the
growthfront.

0.12

L= ]

'\'IE
Figure2: Thedimensionlessconcentration ¢ of thenon-

crystallizable speciesver susy/ /D at different threevalues
of theparameter k, y=0.1

Thegraphsof figure 3 show the species concentra-
tioninthemelt at and near thegrowth front at different
crystdlizationtimes. Herek iscongtant, thecase of iso-
therma crystalization. Thesituation here accordingto
equation 11, the species concentration at the growth
front, C, isinstantly established and remains constant
during thewhol e process. Infact our mathematical so-
|ution here satisfied asecond stage of crystallization at
which thegrowth velocity isinversely proportiona to
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the square root of time. It isassumed that this stage
follows a first stage, according to the previous
workg®19, at which the growth rateisconstant and the
Speciesconcentrationincreasesto aspecificvauewhich
may be near to that represented infigure 3. However,
the concentration near thegrowth front, withinacertain
diffusonlayer, increaseswithtime (Figure3). Thismay
be depressesthe equilibrium mdting temperature™ near
thegrowth front, decreasesthe supercoolingwhich can
be considered thereason of depressingthecrystalliza-
tionratefromlinearity a thefirst sagetoinversely pro-
portional to squareroot of timeat the second stage.

0.08

0.04

0.02

0.00
0.00

10.00
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=
JD
Figure 3: Thedimensionless concentration ¢ of thenon-
crystallizablespeciesversusy/,/p at threedifferent times,
k=1 y=01.
Itisalsouseful to find out thediffusion layer thick-

ness § which growsthrough themelt asthe solid/melt
interfacegrows. Thediffusion layer thickness § canbe

defined fromtherelation: C(t,8)/C, =1/e. Hence, us-
ing theequations9-12 one can find;
8 =a+/Dt (13)

and thefactor a can be determined from the following
relation:
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ke (20 )/ 24 k)= mke erfc(al2+k) 1
1- ke erct (k) e

Atlargevauesof k, using asymptotic representation of

theadditional integral of errors, near the growth front

weobtain;

C~C (-5 ana5- 2
Equation 14 gives an gpproximaterdation which gives
thegenerd behavior of thespeciesdiffusion, inconsis-
tent with the mostly known and interested work pre-
sented in the phenomenol ogical theory of spherulitic
crystdlization*.

Thiswork isan attempt to formul ate the segrega-
tion problem mathematicaly in polymer fi d. Although
it doesnot giveacompleteview for thewhole process
but it describesand formul atesasecond stage of growth
a whichtheinterfaceve ocity isinversely proportiona
tothesquareroot of time. Infact, therearethree mutu-
aly-interactive parameters, the species concentration
at thegrowth front, theequilibrium meting temperature
and thegrowth vel ocity. The constant growth rate can
be obtained, for homopolymer, inisotherma crystalli-
zation according to Lauritzen-Hoffman theory*2. This
can not be observed for asystem including sensible
content of non-crystal lizable species at segregation con-
ditions. Inthese, the more expected isthat the equilib-
rium melting point and the growth rate are depressed
asaresult of segregation*3. Also, itisnot expected, in
thissystem, to find a constant species concentration
unless steady-state conditions have been reached near
theend of crystdlization timeat which anearly congtant
growth ratecan be observed™. A morecompleteview,
asit can be suggested in futurework, would cover the
wholecrystallization processsmoothly and givesmore
proper interpretationson therel ation between thethree
mutualy-interactive parameters.

(14)

CONCLUSIONS

The problem of segregation for non-crystallizable
species, asamasstransfer problem duringisothermal
crystallization, iscons dered with asuitable boundary
conditionfor thesemicrystdlinepolymericmaterids The
growth vel ocity istaken asto beinversely proportiona
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to the square root of time, the case at which a self-
similar solution has been found. The species concen-
tration, at thegrowth front, isfound to be dependent on
the growth-to-diffusion ratio and independent ontime
of crystalization. But theconcentrationinthediffusion
layer, near the growth front, increaseswith thecrystal-
lizationtime. Thisincreasing in concentration near the
growth front can be considered thereason of depress-
ingthegrowthvelocity withtime.
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