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Abstract The format ion and final 
form of spherulite pat tern in samples 
of finite thickness, strips and plates, 
are described by means of the con- 
version degree, the rate of formation 
of spherulitic interiors and the 
distr ibutions of distances from 
spherulites centers to spherulites 
interiors. Two model  crystallization 
processes are considered: crystalli- 
zation with instantaneous nucleation 
and isokinetic crystallization. The 
influence of the instantaneous 
nucleation at sample boundaries on 

the spherulitic structure formation is 
also discussed. The master curve 
app roach  for the processes considered 
is proposed.  The results in analytical 
forms are verified by computer  
s imulat ion of spherulitic 
crystall ization in two- and three- 
dimensional  samples of finite 
thickness. 
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Introduction 

In the preceding pape r  [1] the mathemat ica l  approach  
e labora ted  earlier [2-4]  for descript ion of spherulitic 
s t ructure fo rmat ion  was applied for crystallization in 
confined samples. The  formulas  derived are applicable to 
isothermal  as well as to noniso thermal  crystallization. In 
order  to apply those formulas,  one has to know the de- 
pendencies of the nucleat ion rate and spherulite growth 
rate on time. In the case of noniso thermal  crystallization 
the knowledge of the t empera ture  change with t ime per- 
mits to recalculate the t empera ture  dependencies of the 
spherulite growth rate. However ,  the existing theories of 
p r imary  nucleat ion in polymers  do not permit  to predict 
exactly the nucleat ion process during nonisothermal  crys- 
tallization based on isothermal  data.  In this paper,  for the 
sake of demons t ra t ion  of the influence of sample bound- 
aries on the spherulitic structure formation,  the two model 
crystall ization processes inside a sample  are considered: 
crystall ization with ins tantaneous  nucleation and iso- 

kinetic crystallization. Also the case of the instantaneous 
spherulite nucleation at samples  boundaries is considered. 
The computer  simulation of nonisothermal  crystallization 
of polymer  in samples of finite thickness was carried out to 
verify the correctness of  the mathemat ica l  model applied. 

Kinetics of crystallization 

According to the derivat ions in the preceding paper  [1] 
the local conversion degree, e, the local rate of the forma-  
tion of spherulites interiors, 9, and the components  related 
to spherulites nucleated inside a sample and at sample 
boundaries, ~i, 9i and ~ ,  9~, respectively, at distances s and 
2h - s > s from both  sample  boundaries,  at time t, can be 
expressed by the following formulas: 

~(t, s, 2h - s) = 1 - exp [ - -E( t )  + H i ( t ,  s) + H i ( t ,  2 h  - s) 

- H s ( t ,  s) - -  H s ( t ,  2 h  - s ) ] ,  (1) 

~(t, s, 2h - s) = ~ i ( t ,  s ,  2h - s) + ~s(t, s, 2h - s) (2) 
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g(t,  s, 2h - s ) d t  = g~(t, s, 2h -- s) d t +  g~(t, s, 2h - s) d t  

gi(t, s, 2h - s) dt = e x p [ - E ( t )  + H~(t, s) + Hi(t,  2h - s) 

- H ~ ( t ,  s )  - H ~ ( t ,  2 h  - s)] ~ [E(t) 

- -  Hi(t, s) -- Hi(t,  2h - s)] d t ,  

g~(t, s, 2h - s )d t  = e x p [ - E ( t )  + Hi(t ,  s) + Hi(t,  2h - s) 

- H ~ ( t ,  s )  - H ~ ( t ,  2 h  - s)] ~ [ H ~ ( t ,  s )  
C~ 

(3) Model modes of nucleation 

(4) 

+ H~(t, 2h -- s)] d t ,  (5) 

~i(t, s, 2h - s) = i gi(r, s, 2h - s) dr  
0 

and  

~(t ,  s, 2h - s) = i g~(r, s, 2h - s)d~ , (6) 
0 

where  2h denotes  the sample  thickness,  and  the functions 
E, Hi and H~ are listed below: 

E(t )  = v~z j- F(r )  r"(r, t ) d r ,  (7) 
0 

where  v = 1, n = 2 for a two-d imens iona l  (2D) case, and  
v = 4/3, n = 3 for a th ree -d imens iona l  (3D) case. Hi(t, s) 
and  H~(t, s) are nonze ro  funct ions  for s < r(0, t): 

t* 

Hl2)(t, s) = S F(~){arctan{['r2( r, t)/s2 -- 1]~ z, t) 
0 

-- s[-r2('r, t) -- s23 ~ } dz , (8a) 

H!3)(t, s) = (7t/3) S f ( r ) [ s  3 + 2ra(z, t)-- 3r2(r, t) s] d r ,  (8b) 
0 

t* 

H~2)(t, s) = 2 ~ F~(z)[-r2(z, t) -- s2] ~ d r ,  (9a) 
0 

t* 

H~Z)(t, s) = ~ ~ F~('c)[,r2(v, t) -- s 2] d r ,  (9b) 

where  r(z, t ) =  5' ,G(y)dy,  G(t),  F( t )  and  F~(t) denote  the 
t ime-dependen t  spherul i te  g r o w t h  rate  and  nucleat ion 
rates, inside a p o l y m e r  and  at s ample  boundar ies ,  respec- 
tively, t* is defined by  the relat ion:  r(t*, t) = s. The  num-  
bers  in pa ren theses  deno te  d imens ional i ty .  I f  nucleat ion 
occurs  only  inside a p o l y m e r  i.e. F~ = 0, then H~ = 0. So 
~ = 0, g.~ = 0, while H = Hi, g = gi, ~ = ~i- The  average  
funct ions  for  ent i re  sample  deno ted  by subscr ipt  " a v ' :  
%v ~iav, ~ .... gay 9i,v and  9s~v are  integrals  of  funct ions ~, ~i, 
~ ,  g, gi and  g~ over  the range  0 < s < h divided by h. 

The  i n s t a n t a n e o u s  m o d e  (all spherul i tes  s ta r t  to g row at  
the s ame  t ime) reflects the s i tua t ion  when  the self-seeded 
nuclei are  p resen t  in the mel t  and  b e c o m e  all s imul ta -  
neous ly  act ive  and  it a lso descr ibes  the case  of  s t rong  
h e t e r o g e n e o u s  nucleat ion.  The  t ime d e p e n d e n c e  of  the 
nuc lea t ion  ra te  is then  descr ibed  as F ( t ) =  D6(t) ,  where  
D deno tes  the  n u m b e r  of  nuclei per  unit  a rea  (or  vo lume)  of  
a sample ,  a n d  di(t) is the D i r ac  del ta  funct ion.  The  second  
c rys ta l l i za t ion  m o d e  considered,  i sokinet ic  c rys ta l l i za t ion  
du r ing  which  the  rat io  of  nuc lea t ion  ra te  to  spheru l i t e  
g r o w t h  ra te  r emains  cons tan t ,  F ( t ) / G ( t ) =  P = const . ,  
serves as an  e x a m p l e  of  the nuc lea t ion  p rocess  p r o l o n g e d  
with  time. Crys ta l l i za t ion  wi thou t  nuc lea t ion  at  s amp le  
b o u n d a r i e s  as well as the process  in which  i n s t a n t a n e o u s  
nuc lea t ion  at  s ample  b o u n d a r i e s  occurs  wi th  the dens i ty  
F~(t) = D~6(t) is considered.  The  func t ions  Hi ( t , s )  for  
s < r(0, t), and  E ( t ) ,  are listed in Tab l e  1 for  2 D  and  3D 
cases, for b o t h  cons idered  crys ta l l iza t ion  processes  inside 
a sample .  F o r  i n s t an t aneous  nuc lea t ion  a t  s amp le  b o u n d -  
aries the funct ion  H d t ,  s) is nonze ro  for s < r(0, t): 

H~2)(t, s) = 2Ds[,r2(0, t) - -  $ 2 ]  0 " 5  

and  

H~3)(t, s) = DJ~[,r2(0, t) - -  s 2 ]  . (10) 

T h e  dependenc ie s  for conf ined samples  for  mode l  nu-  
c lea t ion  processes  differ f rom those  descr ib ing  s imilar  rela-  
t ionships  for  infinite samples  [-3]. H o w e v e r ,  s imi lar ly  as for  
infinite s amples  the kinetics of  s t ruc ture  f o r m a t i o n  is de ter -  
mined  by spheru l i te  g r o w t h  rate  t ime dependence ,  G(t),  
and  also by  the nuc lea t ion  density,  D, for  i n s t a n t a n e o u s  
nuc lea t ion  or  the ra t io  of  nuc lea t ion  ra te  to spheru l i te  
g r o w t h  rate,  P, for  isokinet ic  crys ta l l iza t ion ,  respect ively.  
In  the p resence  of spherul i t ic  nuc lea t ion  at  the s amp le  
b o u n d a r i e s  also the nuc lea t ion  densi ty  of  tha t  process ,  Ds, 
influences the s t ruc tu re  fo rmat ion .  Local ly ,  the f o r m a t i o n  
of  s t ruc tu re  is inf luenced by  the d is tances  f r o m  samp le  
boundar ie s ,  while for entire s amp le  by the sample  
thickness.  

Kinetic master curves 

I t  shou ld  be no t ed  here  tha t  all func t ions  listed a b o v e  
(Table  1 a n d  Eqs.  (10)) can  be easily expressed  as func t ions  
of  ex tended  radius ,  R, def ined as follows: 

R = r ( 0 ,  t) and  d R = G ( t ) d t ,  (11) 

I t  was  s h o w n  prev ious ly  [-3] for  infinite samples  tha t  
i n t r o d u c t i o n  of  a new var iab le  u = r(0, t)/Rh, where  
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R h = r(O, th) and  t h is the half- t ime of  crystallization, 
permi ts  to present  all re la t ionships  in a fo rm characterist ic  
for a type  of  process.  F o r  i n s t an t aneous  nucleat ion 
R h  equals  [ ( n D ) - l l n 2 ]  ~  and  [ 4 ( n D ) - 1 3 1 n 2 ]  1/3 in 2D 
and  3D cases, respectively. F o r  isokinet ic  crystal l izat ion 
Rh equals  [3 (nP) -  1 In 211/3 and  [ 3 ( n P ) -  i In 2] ~ in 2D 
and  3 D  cases, respectively [3].  Here,  in t roduc t ion  of  
a var iable  u a c c o m p a n i e d  by subs t i tu t ions  y = s / R h  and 
B = h / R h  results in the fol lowing forms of  expressions for 
conver s ion  degree, ~, and  the c o m p o n e n t s  of  convers ion 

rate, ~ji and  Js: 

c~(u, y, 2B - y) = 1 - 2-I(u) exp[HB~(u, y)  + H B i ( U ,  2 B  - y) 

- -  H B s ( u ,  y )  - -  H s s ( u ,  2 B  - -  y)]  (12) 

~ji(u, y ,  2 B  - -  y ) d u  = 2 -I("~ exp[Hm(u,  y) + Hsi(u, 2B -- y) 

- -  H B ~ ( u ,  y )  - -  H s s ( u ,  2 B  - -  y)]  

x ~uu [ ln(2) / (u)  --  H n i ( u ,  y )  

- -  H m ( u ,  2 B  - -  y)] du (13) 

~j~(u, y ,  2 B  - -  y ) d u  = 2 -fr exp[Hm(u,  y)  + H s i ( u ,  2 B  - -  y) 

- -  H B s ( U ,  y )  - -  H s ~ ( u ,  2 B  - -  y)]  

x ~ u  [HBs(U, y)  + H a s ( u ,  2 B  - -  y)] du . 

(14) 

The convers ion  rate d is a sum of Js and  dl, while the 
c o m p o n e n t s  of  convers ion  degree, ~i and  8s, are integrals of  
~Js and j~ over  the appropr i a t e  range of  u. Func t ions  
HBi(u ,  y)  for y < u and  f ( u )  for model  processes inside 
a sample are listed in Table  1. H~i(u ,  y)  and  HBs(U, y)  equal 
zero for y > u. F o r  ins tan taneous  nuc lea t ion  at sample 
boundar ies  HBs funct ion is nonze ro  for u > y: 

H~2)(u, y)  = k ln(2) (u 2 - -  y2)0.5 

and  

H~ 3) (u, y) = kZln(2)(u 2 -- y2) ,  (15) 

where k = R h / R h s  and  Rhs denotes  the radius at convers ion 
half-time at sample  bounda ry ,  when  process  inside the 
sample is neglected: 

1)(3)  �9 -hsD(2) = (2Ds)-11n(2) and  ,-hs = [ (nDs)- ' In(2) ]  ~  . (16) 

The  average funct ions for  entire sample,  ~ ,  c ~ ,  ~ .... J~v, 
g i a v  and ~Js~ are integrals of  respective local funct ions over 
the range 0 < y < B and  divided by B. The  average  func- 
t ions have different forms for the three ranges of  u: u < B, 
B < u < 2B and  2B < u. 

The relat ionships descr ibing the fo rma t ion  of  the 
spherulitic s t ructure  expressed as funct ions of  the variable 
u are character is t ic  for the m o d e  of  nuc lea t ion  and  the 
sample d imensional i ty  but  depend  also on the ratios of  
distances to sample  b o u n d a r y  to  Rh. The average  funct ions 
depend on the rat io h / R h .  If  addi t ional  nuclea t ion  process 

Table l The E, Hi,f, H m ,  Ec, Hic, functions for two processes inside a sample: crystallization from instantaneous nuclei (IN) and isokinetic 
crystallization (IS) 

Function IN IS 

E(2)(t) 

Hl2)(t, s) 

E(3) ( t )  

H~(t, s) 

f(Z)(u) 

f(a)(u) 

H(~3i)(u, y) 

H ( 2 ) ( .  X) 

H ~3)I X) iC ,,l)~ 

nDr2(O, t) 

D{r2(0, t) arctan{[r/(O, t)/s 2 --  1] ~ 
- -  s[-r2(0,  t) - -  82] 0"5} 

(4/3)nDr3(O, t) 

(Drc/3)[s 3 4" 2r3(0, t) -- 3r2(0, t)s] 

/2 2 

n-  1 ln(2){u2 arctan[(u2/y2 _ l)O.S] _ z(u 2 _ y2)O.5} 

u 3 

0.25 ln(2)(y 3 + 2u 3 -- 3u2y) 

/9 2 

1{v2 arc tan[ (v2 /x  2 - 1) ~ _ x(v  2 - x2) ~ 

v 3 

0 .25 (X  3 4- 2v 3 - 3 x v  2) 

(1/3)nPr3(O, t) 

(P/3){r3(O, t)arctan{[r2(O, t)/s 2 --  1] o.s} + s31n{[r2(O, t)/s 2 -- 1]o.5 
+ r(O, t)/s} --  2sr(O, t)fr2(O, t) -- s2] ~ } 

(1/3)nPr4(O, t) 

(Pn/6) [1-2(0, t) -- s2][r(O, t) -- s] 2 

u ~ 

n-qn(2) {u 3 arctan[(u2/y  2 --  1) ~ + y31n[(u2/yZ -- 1) 0`5 + u/y] 

__ 2yu(u 2 __ yZ)O.5} 
u'* 

0.51n(2)(u z _ yZ) (u - y)Z 

[r(1/3)] - 3/%3 

n-l[F(1/3)]-3/2{v3arctan[(va/xZ -- 1) ~ + x31n[(v2/x 2 -- 1) ~ + v/x] 

--  2xv(v 2 --  x2)0 .5} 

[r (1 /4)] -* /3v  4 

0.5[r(1/4)]-4/3(v2 - x2)(v - x) 2 
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occurs at sample boundaries, the spherulitic structure 
formation is influenced also by the parameter k relating 
the extended radius at crystallization half-times for the 
crystallization process inside a polymer and at sample 
boundaries. 

Distribution of distances from spherulites centers 
to sphemlites inner points 

The final spherulitic structure can be characterized by the 
distribution of distances, r, from spherulite centers to 
spherulites inner points. The distance distribution in 
a sample of thickness 2h, according to ref. [1], is expressed 
by the following formula: 

f~v(r, 2h)dr =flay(r, 2h)dr +f~av(r, 2h)dr ,  (17) 

where functions f- and f~ are the distributions of distances 
for spherulites nucleated inside a sample and for 
spherulites nucleated at sample surfaces, respectively, and 
are described by the equations: 

h 

f ,~(r ,  2h)dr = h -1 ~ [ A V ( r )  -- A S ( r , s ) -  AS(r,  2h - s)] 
0 

xf/(r, s, 2h - s )ds  (18) 

h 

fs~v(r, 2h)dr = h ~ ~ [ A L ( r ,  s) + AL(r ,  2h - s)l 
0 

xf~(r, s, 2h - s )ds  (19) 

where 

AV(2)(r) = 2~rd r  and AV(3)(r) = 4nr2dr  . (20) 

The functions AS(r ,  s) and AL(r ,  s) are nonzero functions 
for r > s: 

AS(2)(r, s) = 2r arc tan[ (r2 / s  z -- D 0s] dr 

and 

AS(3)(r, s) = 2rcr(r -- s )dr  , 

AL(2)(r, s) = 2r(r 2 -- s2) - ~  dr and 

(21) 

AL(3)(r, s) = 2~r dr . 

(22) 

The functions f~ and f~ for model crystallization from in- 
stantaneous nuclei and for isokinetic crystallization inside 
a sample take the forms 

fi(r, s, 2h -- s) = D exp[--E~(r) + HiN(r, s) + Hip(r, 2h - s) 

- -  H s ~ ( r ,  s )  - H ~ ( r ,  2 h  - s ) ]  , ( 2 3 )  

f ( r ,  s, 2h - s) = P ~ exp[ - Eu(z) + Hip(z, s) + Hire(z, 2h--s)  
r 

-- H~N(z, s) -- H~N(z, 2h - s)'] dz , (24) 

where EN(r), Hiu(r ,  s) and H~N(r, s) functions are obta ined 
by substitution r = r ( 0 , 0  to functions E, Hi and 
Hs (Table 1 and Eqs. (10)). It should be noted that  if the 
primary nucleation occurs only inside a sample then 
fs(r, s, 2h - s) and HsN(r, s) equal zero. For  ins tantaneous 
nucleation at sample boundaries  the functionfs is nonzero  
and has the form 

f~(r, s, 2h - s) = D~ exp[--EN(r) + His(r, s) + His(r, 2 h - - s )  

- -  HsN(r, s) -- H~N(r, 2h -- s)] . (25) 

fay and fsav expressed by Eqs. (18)-(22) are in different 
forms for the three ranges of distance r: r < h, h < r < 2h 
and 2h < r. F r o m  Eqs. (23)-(25) it follows that the final 
spherulitic structure is determined by the sample thickness 
and the density of nucleation, D, for crystallization with 
instantaneous nucleation or by the ratio of nucleat ion rate 
to spherulite growth rate, P, for the isokinetic process. For  
additional instantaneous nucleation at sample boundaries,  
also the nucleation density Ds influences the spherulitic 
structure. 

Similarly as for the case of crystallization in infinite 
samples [4] introduct ion of a new variable, v = r/rs, where 
r~ is a radius of average spherulite in infinite sample, 
permits to express the distance distributions for model  
processes considered in a form characteristic for the crys- 
tallization mode. The radii of average spherulites, r~, are 
related to the numbers of spherulites per area or volume 
unit, N: r~ 2) = (TzN) -~ and r~ 3) = (47rN/3)-1/3. For  instan- 
taneous nucleation N equals D, while for isokinetic crystal- 
lization N equals rP/3(p/3)Z/3F(1/3)  and 0.757z~176 
F(1/4) for 2D and 3D cases, respectively. The relationships 
(18) and (19) assume the following forms for crystall ization 
from instantaneous nuclei: 

fiav(v, Z C ) d v =  C - '  i ~ [Ec(v) - -  Hic (V ,x ) - -  Hic(v, 2 C -  x)] 
0 

(J u 

x e x p [ - - E c ( v )  + Hic(V, x) + Hic(V, 2 C  -- x) 

- Hsc(V, x)  -- H~c(V, 2C  - x)~] d x  dv  (26) 

and for isokinetic crystallization, 

c 92 
flav(V, 2C) dv = C -  1 ! ~v z [Ec(v) - Hic(V, x) - Hic(V, 2C -- x)] 

x exp[-Ec(w) + Hic(W, x) + Hic(W, 2C -- x) 
v 

-- Hsc(W, x) -- H~c(W, 2C -- x)] dw dx dv , 

(27) 

where x = s/r~ and C = h/rs and Hc(v ,  x)  is nonzero  for 
v > x. The functions Hjc(V, x) for v > x and Ec(v)  are listed 
in Table 1. For  instantaneous nucleation at sample 
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boundar ies  f s  are the nonzero  functions for v > x: 

f~av(V, 2C) dv = C -1 i o ~ EHsc(V, x)  + Hsc(v ,  2 C  - x)] 

x e x p [ - - E c ( v )  + Hic(V, x )  + Hic(V, 2 C  - x)  

- -  H~c(V, x)  - -  Hsc(V, 2 C  --  x)] dx dv , (28) 

where Hsc(V, x)  is nonzero  for v > x: 

(2) H s c  (v, x)  = k , (v  2 - x2) ~ and r/~c,,(3),tv, x) = kZ(v 2 - x 2) , 

(29) 

where kr = rdrs~ and r~ denotes the radius of average 
spherulite at a sample boundary  if nucleation process 
inside a sample is neglected, equal to (2D~)- ~ and to 
OrD~) -1/2 for a line and a plane, respectively. Equat ions 
(27)-(29) assume different forms for the three ranges of v: 
v < C, C < v < 2C and 2C < v. It should be noted, that 
the distributions of distances, r, derived above for crystalli- 
zat ion f rom instantaneous nuclei have the same form as 
the expressions for convers ion degree as a function of 
r(0, t), so the distr ibutions of distances v = r/r~ could be 
obta ined from the conversion rate by substituting 
U = Vrs/Rh s to d(u)du .  

Number of spherulites 

In samples where ins tantaneous  nucleation occurs the final 
number  of spherulites in a volume unit equals the density 
of  p r imary  nucleation. However ,  if the pr imary  nucleation 
is prolonged in time, as for the case of isokinetic crystalli- 
zation, the final num ber  of spherulites depends 
on the way in which the conversion degree  depends on 
time. Hence, the num ber  of spherulites nucleated inside a 
sample in a volume unit during isokinetic crystallization 
at the distances s and 2 h -  s f rom sample boundaries,  
Ni(s ,  2h - s), and the average number  of spherulites per 
sample volume unit, Niav(2h), are expressed in the follow- 
ing way: 

N i ( s  , 2h - s) = P ~ [ 1  - -  c~N(R, s,  2 h  - -  s ) ]  d R ,  
0 

(30) 

Niav(2h) = P j [1 - ~Nav(R, 2h)] d R ,  (31) 
0 

where ~v and eN,v denote the conversion degrees: local at 
distances s and 2h - s f rom sample boundaries  and aver- 
age over the sample, respectively, expressed as functions of 
extended radius, R = r(0, t). Hence, also the radius of aver- 
age spherulite differs from that  for infinite sample. 

Determination of parameters for master curves 

The kinetics of spherulitic crystallization in entire sample 
depends on the relation between the spherulite extended 
radius, r(0, t), and sample thickness, 2h. Crystallization 
always starts in the range u < B but ends in the range 
u < B, B < u < 2B or u > 2B depending on sample thick- 
ness and on spherulite extended radius at the end of 
crystallization. The extended radius is the maximum pos- 
sible distance from any spherulite center to any point of 
that  spherulite, hence it determines also the forms of Eqs. 
(26)-(28) describing the distr ibution of distances from 
spherulite centers to spherulites interiors. For  the crystalli- 
zation kinetics expressed in terms of variable u = r(0, t) /Rh 
and for distance distr ibutions as functions of variable 
v = r/r~, the relationships between u and the parameter  
B = h/Rh, and between v and the paramete r  C = hire, are 
decisive. 

In order to estimate the differences in crystallization 
the confined samples practically ending the crystallization 
(0.99 conversion degree) in all three ranges of u were 
compared.  The conversion degree in infinite samples 
equals 1-2 -I(u), where the forms of the function f (u)  are 
listed in Table 1 for ins tantaneous  nucleation and 
isokinetic crystallization, respectively. Assuming 7(u~) = 
0.99, one obtains the following values ofue: 2.58 for instan- 
taneous nucleation in 2D sample,  1.88 for instantaneous 
nucleation in 3D sample and for isokinetic crystallization 
in 2D sample and 1.61 for isokinetic crystallization in 3D 
sample. According to those values and regarding possible 
differences in crystallization of samples of limited thickness 
the three values of pa ramete r  B: B1, B2 and B3 were chosen 
for each model process in sample  interior, fulfilling the 
conditions: 

u e < B 1 ,  B 2 < u e < 2 B  2, u e  > 2B3 . (32) 

Fo r  Ba the entire crystall ization process occurs in the 
range u < Ba. For  B2 crystall ization ends in the range 
B 2 < U < 2B2, while for B3 crystallization ends in the 
range u > 2B3. The expressions for r, and Rn permit to 
calculate the respective values of  paramete r  C: C~, C2 and 
Ca fulfilling the conditions: 

Vr < C1, C2 < vr < 2C2,  v~ > 2C3 �9 (33) 

Parameters  Bx, B2, B3 and the respective C~, C 2 ,  C 3 for 
each crystallization process considered for sample interior 
are listed in Table 2. Fo r  C1 only the range v < C1 has to 
be considered. For  C2 also the range C2 < v < 2C2 has to 
be taken into account,  while for C3 all the three ranges of 
v have to be regarded. 

For  crystallization with addi t ional  instantaneous nu- 
cleation at sample boundar ies  k = 1 was assumed which 
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means equality of conversion half-times for processes in 
sample interior and at sample surfaces, if considered separ- 
ately. The respective values of kr parameters for distance 
distributions calculations were 0.83 and 0.95 for instan- 
taneous nucleation inside 2D and 3D samples, respective- 
ly, 0.48 and 0.59 for isokinetic crystallization in 2D and 3D 
samples, respectively. For  instantaneous nucleation inside 
a plate the crystallization processes for various values of 
parameter  k will be considered in order to investigate the 
effect of increasing nucleation density at sample bound- 
aries. For  each B and k parameters, the conversion 
rate, the conversion degree, the distribution of distances 
from spherulites centers to spherulites internal points and 
also the components  resulting from spherulites nucleated 
inside a polymer and at sample boundaries were 
calculated. 

Computer simulation 

In order to verify the analytical expressions a computer  
simulation of spherulitic crystallization in samples of finite 
thickness was performed for model crystallization pro- 
cesses: crystallization with instantaneous nucleation and 
isokinetic crystallization inside a sample characterized by 
parameters B~ and B 3. For  crystallization from instan- 
taneous nuclei in a plate, also the process with instan- 
taneous nucleation at sample boundaries ( k - -1 )  was 
simulated. The computer  simulation employed here was 
similar to that described in the detail by Piorkowska and 
Galeski [5], and Piorkowska [3]. Samples in forms of 
strips (2D) and plates (3D) of thickness of 40 units were 
simulated. The length of 2D samples or the length and 
depth of 3D samples varied from 100 to 1000 units depend- 
ing on nucleation intensity in order to ensure the final 
number of spherulites exceeding 1000. The positions of 
spherulites centers were randomized by means of 
a pseudorandom number  generator. It was assumed that  
the spherulite growth rate depends on time similarly as in 
RAPRA isotactic polypropylene [3, 6, 7] during cooling at 
the rate a = 10~ assuming that 1 distance unit equals 
1 #m: 

G(t) = go e x p { -  U [ R ( T  - T ~ ) ] -  1} 

xexp{ -- K o [ T ( T  ~ -- T ) ] - ' }  (34) 

where T ( t ) =  T o - - a t  and g 0 = 8 0 0 9 c m s  -1, U =  
1500calmol - l ,  K g = 3 5 8 4 0 0 K  2, To = 2 3 1 . 2 K  and 
T ~ = 458.2K. Similarly as in ref. [3], To assumed for 
computat ions was 132 ~ For  the case of instantaneous 
nucleation all centers were created simultaneously at the 
beginning of the process. Fo r  the case of isokinetic crystal- 

lization the coordinates of primary nuclei were generated 
in 1 s time intervals. The nuclei located in already crystal- 
lized regions, i.e. occupied at least by one spherulite, were 
rejected. Each nucleation step was followed by the growth 
s tep-appropr ia te  increase of spherulite radii according to 
Eq. (34). The nucleation and growth steps were repeated 
until no uncrystallized fraction of a sample was found for 
location of new spherulite nuclei. The number  of spherulite 
centers for the process with instantaneous nucleation was 
equal D V where D is the nucleation density and V denotes 
the sample area or volume. The number  of pr imary nuclei 
generated in each step for isokinetic process was equal to 
P G ( t ) A t V ,  assuming At  = 1 s, where G ( t ) i s  described by 
Eq. (34), and P is the ratio of nucleation rate to spherulite 
growth rate. The values of D and P used for the determina- 
tion of number  of nuclei were calculated from parameters  
B1 and B 3 o n  the basis of relationships between Rhs and 
D or P and are listed in Table 2. The values of Ds for the 
crystallization from instantaneous nuclei in a plate cal- 
culated from D values and k = 1 are listed in Table 3. For  
higher values of k the nucleation densities are equal to 
k2D~, where Ds is calculated for k = 1. The time distribu- 
tions of the formation of spherulite inner points, the time 
dependencies of the conversion degree and the distribu- 
tions of distances from spherulite centers to spherulites 
inner points were determined by generation of 40000 
points at randomized positions followed by the calcu- 
lations of  the time of occlusion of each point by the first 
arriving spherulite and the distance from the point to that 
spherulite center. 

The evolution of spherulites was visualized on a chosen 
cross-sectional plane. 

Table  2 The  p a r a m e t e r s  B and  C a s s u m e d  for c a l cu l a t i ons  based  on  
a n a l y t i c a l  expres s ions  for c ry s t a l l i z a t i on  w i t h  i n s t a n t a n e o u s  nuc lea-  
t i on  (IN) a n d  i sok ine t i c  c ry s t a l l i z a t i on  (IS) t o g e t h e r  wi th  the  va lues  of  
n u c l e a t i o n  dens i ty ,  D, and  the  ra t io  of  n u c l e a t i o n  ra te  to  sphe ru l i t e  
g r o w t h  rate,  P, for c o m p u t e r  s i m u l a t i o n  of s amp l e s  of t h i cknes s  of 40 
uni t s  

C r y s t a l l i z a t i o n  B C P, D 

IN,  2D s a m p l e  Bl  = 6.30 C1 = 5.24 D = 2.19 • 10 _2 
B2 = 1.85 C2 = 1.54 - -  
B3 = 1.06 C3 = 0.88 D = 6.25 • 10 -4  

IS, 2D s a m p l e  Bi  = 4.59 C l  = 6.65 P = 8.0 x 10-3  
B2 = 1.34 C2 = 1.94 - -  
B3 = 0.78 C 3 =  1.13 P = 3 . 9 x  10 -5 

IN,  3D s a m p l e  B1 = 4.59 C1 = 4.06 D = 2.0 x 10 -3  
Bz = 1.34 C2 = 1.19 - -  
B3 = 0.78 C3 = 0.69 D = 9.7 x 10 6 

IS, 3D s a m p l e  Bi  = 3.92 C i  = 5.50 P = 9.8 x 10 -4  
Bz = 1.15 C2 = 1.61 - -  
B3 = 0.67 C3 = 0.93 P = 8.1 x 10 7 
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Table  3 T h e  final num ber s  of  spherul i tes  per  a rea  or  vo lume unit  of  a sample, per  length or  a rea  uni t  o f  a sample  boundary ,  and  the radii of 
average  spheruli tes:  N and  r~ for samples  o f  infinite thickness ,  N~a~ and  rs~, for spheruli tes  nuclea ted  inside a sample  of  thickness of  40 units, 
D~ and  r~b for spherul i tes  nuclea ted  at  boundar ies .  All values are listed for crystal l izat ion wi th  i n s t an t aneous  nucleat ion (IN) and  isokinetic 
crysta l l izat ion (IS) in 2D and  3D samples  for k equal  0 and  1. The values of  B~ and Ba are listed in Table  2 

B N r~ k = O  k =  1 

Niav rsi Niav rsi Ds rsb 

IN,  2D 
B1 2.19 x 10 -2  3.82 2.19 x 10 2 3.82 2.19 X l0  -2 3.64 0.11 2.39 
B3 6.25 x 10 -4  22.57 6.25 x 10 -4  22.57 6.25 x 10 4 16.20 1.84 x 10 -2 12.94 

IN,  3D 
Bt 0 .20x  10 .2  4.92 0 .20x  10 . 2  4.92 0 .20x 10 .2  4.75 1.16x 10 2 3.51 
B3 9.70 x 10 . 6  29.09 9.70 x 10-6 29.09 9.70 x 10 6 22.49 3.33 x 10 4 19.76 

IS, 2D 
B1 3.52 x 10 .2  3.01 3.58 x 10 .2  2.98 3.39 x 10 2 2.90 0.79 x 10 t 2.87 
B3 1.01 • 10 -3  17.74 1.13 x 10 3 16.80 8.13 x 10 -4  13.46 1.35 x 10 - z  15.93 

IS, 3D 
B1 4.96 x 10 . 3  3.64 5.03 x 10 -3  3.62 4.83 x 10 .3  3.54 8.49 x 10 3 3.93 
B3 2.42 x 10 .5  21.45 2.62 x 10 5 20.89 2.06 x 10 .5  17.34 2.44 x 10 . 4  22.10 
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Fig.  1 The average  convers ion  degrees and  the average  rates of  convers ion of melt  into spherul i tes  as funct ions  of  a variable u = r(0, t)/Rh 
where  r(0, t) and  Rh deno te  the "ex tended  radius"  at t ime t and  at  half-time of  crystal l ization,  respectively,  for infinite samples  ( ) and  for 
samples  of  finite th ickness  wi thout  nuclea t ion  at sample  b o u n d a r y  ( ) for parameters  B1 (curves # 1), Bz (curves # 2) and B3 (curves ~ 3) 
f rom Table  2; a 2D sample,  i n s t an taneous  nuclea t ion ,  b 2D sample, isokinetic crystal l izat ion,  c - 3D sample,  ins tan taneous  nuclea t ion ,  
d - 3D sample,  isokinet ic  crystall ization.  Symbols  deno te  the da ta  from indedpenden t  c o m p u t e r  s imula t ion  
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Results 

The average conversion degree and the average rate of 
spherulite interiors format ion as functions of u for the 
instantaneous nucleation process and for the isokinetic 
crystallization in strips and plates, calculated on the basis 
of analytical expressions are plotted in Figs. l a -d .  For  
comparison the respective curves for infinite samples from 
ref. [3] are also plotted in Figs. l a -d .  The results of  
computer  simulation, shown as symbols, follow theoret- 
ically obta ined curves and indicate good agreement be- 
tween compute r  simulation and the analytical 
dependencies. The kinetics of crystallization in samples of 
limited thickness differ from that  in infinite samples. The 
differences are the smallest if the entire crystallization 
process occurs in the range of u < B, they are more pro- 
nounced for crystallization ending in the range 
B < u < 2B and the most  significant if crystallization is 
completed in the range u > 2B. It should be noted that the 
decrease of pa ramete r  B denotes either the decrease of 
sample thickness or the decrease of nucleation density. The 
examples of cross sections of plates with computer  
simulated crystallization from instantaneous nuclei char- 
acterized by paramete rs  B~ and B3 are drawn in Fig. 2 for 
u = 1 and after a complet ion of crystallization. The smaller 
value of B the more  pronounced influence of sample 
boundary  and the slower crystallization process. In all 
cases considered the effect is very small at the beginning of 
crystallization but increases as the crystallization proceeds 
and it is best seen near the end of crystallization. For  the 
cases considered, the value of u for which conversion degree 
equals 0.5 is shifted from 1 (infinite sample) to 1.1. The 
curves illustrating the formation of spherulite interiors, i.e. 
the first derivatives of the conversion degrees (see Fig. 1), are 
lower, broader  and more slowly approaching zero than the 
curves for infinite samples. Except for the processes with 
instantaneous nucleation in 2D sample, also the slight shift 
of max imum towards larger values of u is visible. 

In Figs. 3a -d  the conversion degrees and rates of the 
format ion of spherulites interiors as functions of variable 
u are plot ted for crystallization processes with additional 
instantaneous nucleat ion on sample boundaries  for B1 and 
B3 and k = 1. Fo r  all cases considered the additional 
nucleation process at sample boundaries  causes the 
shortening of crystallization time, more  significant for 
smaller values of  B. In Figs. 3a~l  also the componen t  
conversion degrees and the rates of the formation of 
spherulites interiors are plotted, separately for spherulites 
nucleated inside a sample and spherulites nucleated at 
sample boundaries .  The symbols denote the results of 
computer  s imulat ion being in very good agreement with 
the analytically obta ined curves. One can notice that the 
growth of both  spherulite populat ions requires similar 
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Fig. 2 The cross sections of spherulitic structures formed in a plate 
from instantaneous nuclei: during crystallization for u = 1 and 
after completion of crystallization, for parameters B1 and B3: 
a - BI, u = 1, b -  B1, final structure, c B3, u = 1,d B3, final 
structure 

period of time. It  is seen that  the influence of the nucleat ion 
at sample boundar ies  is s tronger for the pa rame te r  B3 than  
for B~ (both listed in Table  2). Also the volume occupied 
by spherulites nucleated at sample boundar ies  increases 
from approximate ly  10% to 50% of sample volume.  

In Figs. 4 a - d  the conversion degree dependencies on 
variable u are plot ted for the sample boundary  and  for the 
middle of the sample  for processes character ized by para-  
meters B3 and B1 in the absence of nucleation at sample  
boundar ies  and for instantaneous nucleation at sample  
boundar ies  for k - -  1. Fo r  B1 the crystall ization in the 
middle of  sample  proceeds as in an infinite sample  while at 
sample bounda ry  it is slower if no addit ional  nucleat ion 
process occurs there. The instantaneous nucleat ion at 
sample  boundary  accelerates the conversion at sample  
boundary  but has no influence on crystall ization in the 
middle of the sample. The decrease of p a r a m e t e r  B to 
B3 results in slight changes of the conversion degree at 
sample boundary;  the delay in the absence of nucleat ion at 
the boundary  or acceleration if such process occurs, are 
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Fig. 3 Same as in Fig. 1 for samples of finite thickness with instantaneous nucleation at sample boundaries, for parameters B1 (curves # 1) 
and B3 (curves # 2) from Table 2; for spherulites nucleated inside a sample ( - - - ) ,  for spherulites nucleated at sample boundaries ( �9 �9 ) and 
for all spherulites together ( ): a - 2D sample, instantaneous nucleation, b - 2D sample, isokinetic crystallization, c - 3D sample, 
instantaneous nucleation, d - 3D sample, isokinetic crystallization. Symbols denote the data from independent computer simulation 

visible for u > 2B3 due to the influence of the opposing 
sample  boundary.  The mos t  p ronounced  changes are vis- 
ible in the conversion degree in the middle of a sample, for 
u > B3. In the absence of surface nucleation the conver- 
sion degree is significantly lower while for instantaneous 
nucleat ion at sample boundar ies  it is higher than for B1 for 
the same u value. F r o m  the m o m e n t  when spherulites 
nucleated at both  sample boundar ies  reach the middle of 
a sample the conversion degree there increases rapidly and 
becomes even higher than at sample  boundaries.  

The distributions of  distances f rom spherulites centers 
to spherulites interiors were calculated for all processes 
considered without  and with addi t ional  nucleation at 
sample  boundaries  for k = 1 and respective values of para-  
mete r  k,. In Figs. 5a-6d the distr ibutions of  distances from 
spherulites centers to spherulites interiors are plotted as 
functions of  variable v for a sample  of finite thickness for 

the parameters  C 1 and C3 and for compar ison  for infinite 
samples [4]. The symbols  denote  the data  from computer  
simulation. Similarly as for kinetics of crystallization, 
the points match  well the curves depicting analytically 
obtained dependencies. The distance distributions for 
samples of limited thickness differ f rom those for infinite 
samples. In the absence of addi t ional  nucleation at sample 
boundaries  the distributions are lower and broader. The 
effect increases with the decrease of  sample thickness with 
respect to the average spherulite radius. The curves 
obtained for C2 (not plot ted in Figs. 5a-6d) are located 
always between those for C1 and C3. The additional 
instantaneous nucleation on sample  boundaries  causes an 
opposite effect; the distance distr ibutions become nar- 
rower with max ima  shifted towards  smaller values of v. 
For  smaller values of pa rame te r  C the effects are more  
pronounced.  For  cases with ins tantaneous  nucleation at 



E. Piorkowska 1055 
Nonisothermal  crystallization of polymers 

r,,7,,] 

Z 

r,,74 
#. 
0 

1.0 

0.5 

0.0 

1.0 

0.5 

Z 
o 

o 

o m S 

r r t  j m ~  

b 

bs 

1.0 

0.5 

0.0 

1.0 

0.5 

m S 

d 

0 . 0 ~  0 .0  ' 
1.0 2.0 1.0 2.0 

U U 

Fig. 4 The local conversion degrees as functions of a variable u for samples of finite thickness for parameters  B1 ( - - )  and B 3 ( - - )  at 
sample boundary (b) and in the middle of a sample (m). Subscript denotes processes with ins tantaneous  nucleat ion at sample boundaries:  
a 2D sample, ins tantaneous  nucleation, b - 2D sample, isokinetic crystallization, c 3D sample, ins tantaneous  nucleation, d - 3D sample, 
isokinetic crystallization 

sample boundaries also the component distance distribu- 
tions are drawn: for spherulites nucleated at sample 
boundaries and for spherulites nucleated inside a sample. 
These distributions show the same range of distances with- 
in spherulites of both populations. Table 3 contains the 
comparison of numbers of spherulites per unit area or 
volume which were nucleated in infinite samples and in- 
side samples of thickness of 40 units calculated for D and 
P values assumed for computer simulation. Table 3 con- 
tains also the radii of average spherulites. For processes 
with instantaneous nucleation at sample boundaries for 
k = 1 also the nucleation densities at sample boundaries 
and radii of average spherulites from that population are 
listed in Table 3. It follows that for isokinetic crystalliza- 
tion the finite thickness of samples leads to the decrease of 
average spherulite radius: up to 1% for B1 and 3-5% for 
B3. The instantaneous nucleation at sample boundaries 
causes decrease of the radius of spherulites nucleated in- 
side a sample for both instantaneous nucleation and 
isokinetic crystallization: by 3-5% for B1 and by 20-30% 

for B3 (B1 and B3 are listed in Table 2). However, if 
spherulites nucleated at boundaries are taken into ac- 
count, the decrease of radius of average spherulite is: for 
instantaneous nucleation by 11% and 8% for B1, by 36% 
and 28% for B3 in 2D and 3D samples, respectively, and 
for isokinetic crystallization: by 4% and 2% for B 1, by 
18% and 10% for B3 in 2D and 3D samples, respectively. 

The conversion rate, ffav, is plotted in Fig. 7a for the 
crystallization from instantaneous nuclei in a plate for 
BI, Bz and B 3 parameters, for two cases: rather weak and 
rather strong instantaneous nucleation at plate surfaces, 
characterized by k equal to 2 and 10, respectively. The 
component conversion rates for both spherulites popula- 
tions: nucleated inside a plate, ~/J,v, and at the surfaces, ~,,v, 
are drawn in Fig. 7b. The areas under ~iav and ffsav curves 
are equal to the contributions of respective spherulite 
populations to spherulitic structure. Additionally, the con- 
version rate for a plate with nucleation at surfaces only is 
also drawn. In this last case the values of nucleation 
density at surfaces and the variable u are the same as for 
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Fig. 5 The distributions of distances fx.om spherulite centers to 
spherulite inner points as functions of a variable v = firs, where 
r denotes the distance and rs is the average spherulite radius, for 
instantaneous nucleation and for isokinetic crystallization for infinite 
samples ( - - - ) ,  curves 1 and 4, and for samples of finite thickness 
( ) for parameters CI and Ca from Table 2, curves 2 and 3 and 
curves 5 and 6, respectively. No nucleation at sample boundaries. 
Symbols denote the data from independent computer simulation. 
a - 2D sample, b - 3D sample 

B 3 with k = 2 a n d  k -- 10. The  examples  of cross sections 
of c o m p u t e r - s i m u l a t e d  crys ta l l iza t ion  spherul i t ic  struc- 
tures are shown  in Fig. 8 for Ba and  B3 for k equa l  to 2 and  
10. F o r  all values  of p a r a m e t e r  B cons idered  s t ronger  
nuc l ea t i on  at  p la te  surfaces causes changes  in  conver s ion  
rate curves: for Ba a n d  k = 2 the m a x i m u m  lies be tween 
those for respect ive curves for k = 1 a n d  k = 0 shown  in 

Fig. 6 Same as in Fig. 5 for samples of finite thickness with instan- 
taneous nucleation at sample boundaries, for parameters Cl (curves 

1) and C3 (curves 4~2): for spherulites nucleated inside a sample 
( - - ) ,  for spherulites nucleated at sample boundaries ( . . . .  ) and 
for all spherulites together ( ): a - 2D sample, instantaneous 
nucleation, b - 2D sample, isokinetic crystallization, c - 3D sample, 
instantaneous nucleation, d - 3D sample, isokinetic crystallization. 
Symbols denote the data from independent computer simulation 
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Fig. 7 The conversion rates in plates as functions of variable 
u = r(0, t)/Rh, a the average conversion rates: curve 1 B1, k = 2, 
curve2 Bt, k =  10, curve3 B2, k = 2 ,  curve4-Bz, k =  10, curve 
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sample surfaces only, with the density as for curves 5 and 6, respec- 
tively, b - the component average conversion rates, subscripts i and 
s denote the spherulites nucleated inside a plate and at plate surfaces, 
respectively. The numbers have the same meanings as in Fig. 7a 

Figs. lc and 3c, but it is shifted towards smaller value of u, 
for k = 10 the lowering of the curve accompanied  by the 
buildup of the shoulder for small u values is observed. Such 
effect during nonisothermal  crystallization of polyamide 
6-6 was observed and explained by Billon et al. [11] as the 
t ransformat ion of spherulites growing f rom sample surface 
from half-spheres to uniform front. Fo r  B 2 and B3 the 
compar ison of the plots of d,v for k = 2 with the respective 
plots for k = 0 and k = 1 depicted in Figs. lc  and 2c shows 
the nar rowing of the curves, the increase of max imum 
values and the shift of posit ion of m a x i m u m  towards 
smaller value of u caused by enhancement  of nucleation at 
surfaces. The increase of  k to 10 results in the total change 
of shape of curve: the shoulder  for small values of u ob- 
served for B1 t ransforms into a separate max imum for 
B2 while for B3 it forms the main  peak. Those transforma- 
tions reflect the changes in conversion rates of two 
spherulites popula t ions  due to the changes of the relations 
between sample  thickness, the density of nucleation inside 
a polymer  and  the density of nucleation at sample surfaces. 
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Fig. 8 The cross-sections of final spherulitic structures for weak and 
strong nucleation at surfaces for B parameter equal B1 and B3: 
a Bl, k = 2 ,  b Bl, k=lO, c -B3 ,  k=2 ,  d B3, k = 1 0  

The respective componen t  conversion rates of both  
spherulite populat ions,  depicted in Fig. 7b, show that  the 
increase of nucleation density at surfaces results in changes 
of the shape of js,v accompanied  by the fo rmat ion  of 
p ronounced  peak instead of rather  flat m a x i m u m  observed 
for weak nucleat ion at surfaces. The decrease of  pa rame te r  
B results in increased contr ibut ion of spherulites nucleated 
at surfaces to overall  conversion rate. Fo r  B1 and B3 and 
k = 10 which corresponds  to strong surface nucleat ion this 
contr ibut ion dominates ,  hence m a x i m u m  of ~]sav shows up 
in overall convers ion rate. The analysis of the sequences of 
conversion rate curves for various values of k has shown 
that  for all three values of pa ramete r  B the transcrystall ine 
peak  can be distinguished in the overall  conversion rate for 
k > 6, hence for Dis/2 > 5D 1/3. This is the condit ion neces- 
sary for the spherulites growing f rom the surface to form 
fronts before the significant impingement  with spherulites 
nucleated inside a sample. For  B3 this t rans format ion  is 
accompanied  by the sharp drop  of dsav and ~]a~ when the 
spherulitic fronts growing f rom surfaces meet in the middle 
of the sample (u = B, shown here for B3 and k = 10). 
However ,  even in this last case Js,v does not  reach the 
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constant  level as it was suggested in Ref. [11], because 
even small number  of spherulites nucleated inside a poly- 
mer  disturbs the growing front of spherulites nucleated at 
sample boundaries. As it follows from the comparison of the 
plots in Fig. 7 the constant conversion rate can be achieved 
only in the absence of nucleation inside a polymer and if 
nucleation at surfaces is strong enough to enable the 
spherulites to form flat front before they reach the middle of 
a sample. It should be noted that the curves in Fig. 7 drawn 
as functions v = uRh/rs would represent the distribution of 
distances from spherulite centers to their internal points, 
hence all remarks concerning the conversion rate curve are 
applicable also to those distance distributions. 

Conclusions 

For  crystallization with instantaneous nucleation and for 
isokinetic crystallization there is a possibility to express 
analytically the relationships for the conversion degree 
and the rate of formation of spherulites interiors. The 
forms are characteristic for the type of crystallization pro- 
cess, and for the ratio of sample thickness to the extended 
spherulite radius at half-time of conversion of melt into 
spherulites. The distributions of distances from spherulite 
centers to spherulites interiors can also be written in the 
forms characteristic for the type of crystallization and for 
the ratio of sample thickness to the average spherulite 
radius. It should be mentioned here that the master curves 
characteristic for the type of the crystallization process can 
be obtained by dividing the extended radius at time 
t, r(0, t), and the distance, r, by a distance characteristic for 
structure formation process or for final spherulitic structure 
in infinite sample. The characteristic distance could be, e.g. 
the extended radius at chosen moment  of crystallization, the 
radius o f  average spherulite or its product  by any constant. 

Similar tendencies in the changes of kinetics of 
spherulite structure formation and in final spherulitic pat- 
tern were found in the cases considered in the paper for 
both  two- and three-dimensional samples. It was shown 
that  for the model processes considered the kinetics of 
spherulitic structure formation in samples of finite thick- 
ness differs from that in infinite samples. The correctness of 
the analytical approach was confirmed by the computer  
simulation of spherulite growth in nonisothermal  condi- 
tions. The thinner samples with respect to spherulites 

radii, the more pronounced delay of conversion of melt 
into spherulite. It should be noted, however, that even in 
the case when the average conversion does not  differ much 
from that for an infinite sample the crystallization is con- 
siderably slower at sample surfaces. These last conclusions 
are in the agreement with the results presented in refs. 
[8-10] for the kinetics of conversion in isothermal crystal- 
lization of samples of finite thickness. The influence of 
sample boundaries is also noticeable in the distributions of 
distances from spherulite centers to spherulite inner 
points. Thinning of samples results in broader  distance 
distributions accompanied, in the case of isokinetic crys- 
tallization, by an increasing number  of spherulites, thus by 
the decrease of average spherulite radius. For  such sample 
with the thickness comparable  to the average spherulite 
diameter, the number  of spherulites is greater by 10% than 
that in infinite samples. However,  during cooling of sam- 
ples the influence of sample boundaries on crystallization 
kinetics and the final spherulitic structure could be modi- 
fied to some extent by the temperature  gradients resulting 
in lower temperature at the sample surfaces. 

Even rare nucleation at sample boundaries accelerates 
the conversion which could become faster than that in 
infinite samples. It also results in narrowing of the distri- 
butions of distances and influences the number of 
spherulites nucleated inside a sample if nucleation in 
a polymer is prolonged in time. For  instantaneous nuclea- 
tion inside a sample these effects are enhanced by the 
stronger nucleation at surfaces, or by the decrease of 
nucleation inside a polymer, or by thinning of a sample. 
While rare nucleation at surfaces results in narrowing of 
the conversion rate curves accompanied by shifts of their 
maxima, the strong nucleation at sample surfaces, leading 
to crystalline front growing from surfaces, causes a signifi- 
cant change of shape of conversion rate curves: from the 
transcrystalline shoulder discussed in ref. [11] to the 
formation of a separate maximum which can convert into 
main peak of the curve. For  instantaneous nucleation 
inside a polymer the influence of strong instantaneous 
nucleation on distribution of distances from spherulite 
centers to their internal points is the same as on the 
conversion rate curves. 
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