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Nonisothermal crystallization
of polymers in samples of finite

dimensions

2. Description of spherulitic pattern formation

Abstract The formation and final
form of spherulite pattern 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
distributions 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
approach for the processes considered
is proposed. The results in analytical
forms are verified by computer
simulation of spherulitic
crystallization in two- and three-
dimensional samples of finite
thickness.
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Introduction

In the preceding paper [1] the mathematical approach
elaborated earlier [2-4] for description of spherulitic
structure formation was applied for crystallization in
confined samples. The formulas derived are applicable to
1sothermal as well as to nonisothermal crystallization. In
order to apply those formulas, one has to know the de-
pendencies of the nucleation rate and spherulite growth
rate on time. In the case of nonisothermal crystallization
the knowledge of the temperature change with time per-
mits to recalculate the temperature dependencies of the
spherulite growth rate. However, the existing theories of
primary nucleation in polymers do not permit to predict
exactly the nucleation process during nonisothermal crys-
tallization based on isothermal data. In this paper, for the
sake of demonstration of the influence of sample bound-
aries on the spherulitic structure formation, the two model
crystallization processes inside a sample are considered:
crystallization with instantaneous 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 mathematical model applied.

Kinetics of crystallization

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

alt, s,2h — sy =1 —exp[— E(t) + H{(t, s) + Hi(t,2h — s)
— H{t,s) — Hyt,2h — s)] , (1)
alt, s, 2h — sy = a4t 5, 2h — s) + a (i, s, 2h — s) 2)
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g(t, s,2h — 5)dt = gi{¢t, s, 2h — s) dt + g{t, s, 2h — s)dt (3)
git, s, 2h — s)dt = exp[— E{t) + Ht,s) + Hi(t,2h — s)

—H{t,s) — H{t, 2h — s)]% [E()

— H{t, sy — Hit, 2h — s)]dt 4)
gdt, s, 2h — sydt = exp[— E(t) + Hi(t, s) + H{(t, 2h — )

-

~ H(t,5) = Hi(t, 2 — ] [H(t,9)
+ Ht,2h — s)]dt | (5)
x(t, s, 2h — 5) = { gi(t, 5, 2h — s) dt
0
and
x(t, s, 2h — 5) = _f g1, s, 2h — sydr , (6)
O

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

Ety=vx f F{z) ¥*{r, tydr, (7
0
where v = 1, n = 2 for a two-dimensional (2D) case, and
v =4/3, n =3 for a three-dimensional (3D) case. H;(t, s)
and Ht, s) are nonzero functions for s < r(0, t):
o
H?(t, s) = | F(t){arctan{[r*(z, t)/s> — 11°°}r’(z, 1)
(o]
— s[r¥(zr, ) — s*]°5} dr

X

HP(t, 5) = (n/3) f FO[s*+2r3t, )= 3r*(z, t)s]dt, (8b)
0

(8a)

t*

H®(t, s) =2 [ F(0)[r’(r, 1) — s?1°7dr, (9a)
o]

-
HP(, s) =n | F(0[r’(z, 1) — s*]1dt, (9b)
where r(z, 1) = [1G(y)dy, G(1), F(1) and F(t) denote the
time-dependent spherulite growth rate and nucleation
rates, inside a polymer and at sample boundaries, respec-
tively, t* is defined by the relation: r(t*, ) = 5. The num-
bers in parentheses denote dimensionality. If nucleation
occurs only inside a polymer i.e. F; =0, then H, = 0. So
o, =0, g. =0, while H=H,, g =g¢;, « =2 The average
functions for entire sample denoted by subscript “av™
ay Kiavs Xsavs Jav Jiav a0 g, are integrals of functions a, a;,
%, ¢, g; and g, over the range 0 < s < h divided by h.

Model modes of nucleation

The instantaneous mode (all spherulites start to grow at
the same time) reflects the situation when the self-seeded
nuclei are present in the melt and become all simulta-
neously active and it also describes the case of strong
heterogeneous nucleation. The time dependence of the
nucleation rate is then described as F(t) = DS(t), where
D denotes the number of nuclei per unit area (or volume) of
a sample, and 4(¢) is the Dirac delta function. The second
crystallization mode considered, isokinetic crystallization
during which the ratio of nucleation rate to spherulite
growth rate remains constant, F(t)/G(t) = P = const,,
serves as an example of the nucleation process prolonged
with time. Crystallization without nucleation at sample
boundaries as well as the process in which instantaneous
nucleation at sample boundaries occurs with the density
F(t)= D(t) is considered. The functions Hit,s) for
s < r(0, t), and E(t) , are listed in Table 1 for 2D and 3D
cases, for both considered crystallization processes inside
a sample. For instantaneous nucleation at sample bound-
aries the function H(t, s) is nonzero for s < r(0, t):

H2(t, s) = 2D[r%(0, 1) — s21°3
and

HO(t, s) = Da[r¥0, 1) — s%] . (10)

The dependencies for confined samples for model nu-
cleation processes differ from those describing similar rela-
tionships for infinite samples [3]. However, similarly as for
infinite samples the kinetics of structure formation is deter-
mined by spherulite growth rate time dependence, G(t),
and also by the nucleation density, D, for instantaneous
nucleation or the ratio of nucleation rate to spherulite
growth rate, P, for isokinetic crystallization, respectively.
In the presence of spherulitic nucleation at the sample
boundaries also the nucleation density of that process, D,
influences the structure formation. Locally, the formation
of structure is influenced by the distances from sample
boundaries, while for entire sample by the sample
thickness.

Kinetic master curves

It should be noted here that all functions listed above
(Table 1 and Egs. (10)) can be easily expressed as functions
of extended radius, R, defined as follows:

R=r(0,¢) and dR = G(t)de. (11)

It was shown previously [3] for infinite samples that
introduction of a new variable u = r(0, t)/R,, where
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R, =r(0,t,) and t, is the half-time of crystallization,
permits to present all relationships in a form characteristic
for a type of process. For instantaneous nucleation
R, equals [(zD) '1n2]%° and [4(nzD)”'31n2]'? in 2D
and 3D cases, respectively. For isokinetic crystallization
R, equals [3(wP) 'In2]"? and [3(zP)” 'In2]°?° in 2D
and 3D cases, respectively [3]. Here, introduction of
a variable u accompanied by substitutions y = s/R,, and
B = h/R,, results in the following forms of expressions for
conversion degree, 4, and the components of conversion
rate, ¢; and g

8(u, y, 2B — y) = 1 — 277" exp[Hp(u, y) + Hp(u, 2B — y)
— Hp(u, y) — Hpy(u, 2B — y)] (12)
giu, v, 2B — y)du = 27/ exp[Hp(u, y) + Hg(u, 2B — y)
— Hp(u, y) — Hp(u, 2B — y)]

« 2 [In) @) ~ Haw )

— Hgiu, 2B — y)]du (13)
ddu, v, 2B — y)du = 27 7™ exp[Hpi(u, ) + Hg(u, 2B — y)

— Hyu, y) — Hpu, 2B — y)]

X a—au [Hgd(u, y) + Hpu, 2B — y)]du .

(14)

The conversion rate 4 is a sum of 4, and ¢g;,, while the
components of conversion degree, &; and &, are integrals of
ds and ¢; over the appropriate range of u. Functions
Hpgi(u, y) for y <u and f(u) for model processes inside
a sample are listed in Table 1. Hg(u, y) and HJu, y) equal
zero for y > u. For instantancous nucleation at sample
boundaries Hy, function is nonzero for u > y:

H§)(u, y) = kInQ)(w* — y*)°?°
and

HE) (u,y) = K In2)(? — y?), (1)

where k = R,/R,, and R, denotes the radius at conversion
half-time at sample boundary, when process inside the
sample is neglected:

RY=(2D) " 'In(2) and R}Y = [(zD,) 'In(2)]**. (16)

The average functions for entire sample, 4.y, Ziavs Lsavs Gavo
diav and d,, are integrals of respective local functions over
the range 0 < y < B and divided by B. The average func-
tions have different forms for the three ranges of u: u < B,
B <u<2Band 2B < u.

The relationships describing the formation of the
spherulitic structure expressed as functions of the variable
u are characteristic for the mode of nucleation and the
sample dimensionality but depend also on the ratios of
distances to sample boundary to R;. The average functions
depend on the ratio h/R,. If additional nucleation process

Table 1 The E, H,, f, Hp;, Ec, Hic, functions for two processes inside a sample: crystallization from instantaneous nuclei (IN) and isokinetic

crystallization (IS)

Function IN

IS

E®(r) 7Dr(0, 1)
HP(t, s) D{r?(0, t) arctan{[r*(0, t)/s* — 11°-°}
—s[r?(0, 1) — s21°%}
E™(t) (4/3)Dr3(0, 1)
H3s)  (D/3)[s® + 2,30, 1) — 3r3(0, 1)s]
3w u?
H3(u, y) 7~ In2){u? arctan[(u?/y? — 1)°%] — z(u? — y?)°5}
S (w) u?
HPu,y) 025007 + 2u® — 3uy)
EP () v?
HQ@(,x) = Y{v?arctan[(v?/x? — 1)°°] — x(v? — x2)*5}
E@(v) v®

H2(v,x)  025(x% + 2v° — 3xv?)

(1/3)nPr3(0, 1)

(P/3){r3(0, tyarctan {[r*(0, t)/s* — 11°°} + s*In{[r?(0, t)/s* — 11°*
+r(0, t)/s} — 2sr(0, H[r3(0, 1) — s2]°%}

(1/3)nPr*(0, 1)

(Pn/6) [*(0,1) — 5*1[r(0, 1) — 51*

u3

7~ n(2) {u® arctan[(u?/y? — 1)°*] + p3In[@?/y* — D + u/y]

_ 2yu(u2 _ yZ)O.S}
u4

0.5In(2)(u? — y?) (u — y)?
[r{/3]-2*=»>

7T (1/3)] ¥ {v3arctanf(v?/x* — 1)*°] + x*In[(v?/x* — 1)°° + v/x]
— 2X1)(1)2 _ x2)0.5}

[rQ/43~ %
0.5[T(1/4)] *3(* — x)(v — x)?
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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 spherulites 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 2k, according to ref. [ 1], is expressed
by the following formula:

j:w(n 2h) dr :fiav(r’ 2h) dr +fsav(ra Zh) dr,

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:

(17)

h
Siav(r, 2h)dr = h™ ! [ [AV(r) — AS(r, s) — AS(r, 2h — 5)]
0]

x fi(r, s, 2h — s)ds (18)

n
Jaau(r, 20ydr = h™ " §TAL(r, s) + AL(r, 2k — $)]
)
s fi(r, 5, 2h — 5)ds (19)
where
AV =2nardr and AV®(r) =4nr’dr. (20)

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

ASP(r, s) = 2r arctan[(r%/s*> — 1)°5]dr

and

AS® (v, s) = 2nr(r — s)dr , (21

AL®(r,s) =2r(r* —s1)7%%dr and AL®r,s) = 2nrdr .
(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[— En(r) + Hin{(r, s) + Hin(r, 2h — 5)
— Hoy(r,s) — Hov(r, 2h — 5)] , (23)
fir,8,2h—s5)=P }L expl — En(z) + Hin(z, 5) + Hinlz, 2h—5)

— Hy(z,5) — Hn(z, 2h — 5)] dz , (24)

where Ey(r), H;x(7, s) and Hy(r, s) functions are obtained
by substitution r=r(0,t) to functions E, H; and
H, (Table 1 and Egs. (10)). It should be noted that if the
primary nucleation occurs only inside a sample then
fu(r, 5,2h — s) and Hgy(r, s) equal zero. For instantaneous
nucleation at sample boundaries the function f, i1s nonzero
and has the form

fs(r,s,2h — 5) = Dy exp[— En(r) + Hin(r, 5) + Hin(r, 2h—s)

— Hy(r, s) — Hyn(r, 2h — 5)] . (25)

fav and f,, expressed by Eqgs. (18)+22) are in different
forms for the three ranges of distance r: r < h, h <r < 2h
and 2h < r. From Egs. (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 nucleation rate
to spherulite growth rate, P, for the isokinetic process. For
additional instantaneous nucleation at sample boundaries,
also the nucleation density D, influences the spherulitic
structure.

Similarly as for the case of crystallization in infinite
samples [4] introduction of a new variable, v = r/r,, where
re 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® = (zN)~ %% and #{*) = (4zN/3)" /3. For instan-
taneous nucleation N equals D, while for isokinetic crystal-
lization N equals n'/3(P/3)**I'(1/3) and 0.757%-23(P/3)°-75
I'(1/4) for 2D and 3D cases, respectively. The relationships
(18) and (19) assume the following forms for crystallization
from instantaneous nuclei:

Fanlt, 2C)dv = j - LEc() - Hie(v, 2C — x)]

iC (U, X) -

x exp[—Ec(v) + Hic(v, x) + Hic(v, 2C — x)

— Hye(v, %) — Hoo(v, 2C — x)]dxdv  (26)

and for isokinetic crystallization,
C 62
Jurlt, 200do = €7 | = [Eclo) — H
4]

ic(v, x) = Hic(v, 2C — x)]

X § exp[— Ec(W) + Hic(W, X) + Hic(W, 2C — X)

H(w, 2C — x)]dwdxdv ,
(27)

HsC(W7 X) -

where x = s/r, and C = h/r, and Hc(v, X) 1s nonzero for
v > x. The functions H;¢(v, x) for v > x and E(v) are listed
in Table 1. For instantaneous nucleation at sample
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boundaries f; are the nonzero functions for v > x:

" €9

.fsav(va ZC) dv = C_l j‘—é; [HSC(U’ x) + HsC(vs 2C — x)]
0

x exp[— Ec(v) + Hic(v, x) + Hic(v, 2C — x)

— Hy(v, x) — Hye{v, 2C — x)]dxdv, (28)

where H(v, x) is nonzero for v > x:

H;?(U, x) = k,(vz _ x2)0.5 and H;?(U, x) — er(UZ _ XZ) ,
(29)

where k, = r/r,, 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
(D)~ '/? for a line and a plane, respectively. Equations
(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-
zation from instantaneous nuclei have the same form as
the expressions for conversion degree as a function of
r(0, 1), so the distributions of distances v = r/r; could be
obtained from the conversion rate by substituting
u = vry/Rys to g(u)du.

Number of spherulites

In samples where instantaneous nucleation occurs the final
number of spherulites in a volume unit equals the density
of primary nucleation. However, if the primary nucleation
is prolonged in time, as for the case of isokinetic crystalli-
zation, the final number of spherulites depends
on the way in which the conversion degree depends on
time. Hence, the number of spherulites nucleated inside a
sample in a volume unit during isokinetic crystallization
at the distances s and 2k — s from sample boundarics,
Ni(s, 2h — 5), and the average number of spherulites per
sample volume unit, N;,,(2h), are expressed in the follow-
ing way:

Ni(s,2h —s)=P ]? [1 —an(R,s,2h —s)]dR, (30)
0

o0

Niav(zh) =P j [1 - OCNav(R7 2h)] dr b

0

(1)

where oy and ay,, denote the conversion degrees: local at
distances s and 2h — s from 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 Egs.
(26)28) describing the distribution of distances from
spherulite centers to spherulites interiors. For the crystalli-
zation kinetics expressed in terms of variable u = r(0, t)/R,
and for distance distributions as functions of variable
v =r/r, the relationships between u and the parameter
B = h/R,, and between v and the parameter C = h/r,, 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 1-27/® where the forms of the function f(u) are
listed in Table 1 for instantaneous nucleation and
isokinetic crystallization, respectively. Assuming o(u,) =
0.99, one obtains the following values of u,: 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 parameter B: By, B, and B; were chosen
for each model process in sample interior, fulfilling the
conditions:

u.<B;, B,<u,<2B,, u.>2B;. (32)

For B, the entire crystallization process occurs in the
range u < B;. For B, crystallization ends in the range
B, < u < 2B,, while for B; crystallization ends in the
range u > 2B;. The expressions for r, and R, permit to
calculate the respective values of parameter C: C,, C; and
C, fulfilling the conditions:

ve < Cy, (33)

C2 <V < ZCZ, Ve > 2C3 .

Parameters B, B,, B; and the respective C,, C,, C; for
each crystallization process considered for sample interior
are listed in Table 2. For C; only the range v < C; has to
be considered. For C; also the range C, < v < 2C, has to
be taken into account, while for C; all the three ranges of
v have to be regarded.

For crystallization with additional instantaneous nu-
cleation at sample boundaries 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 k, 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 Bj;. 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 ¢ = 10°/min assuming that 1 distance unit equals
1 um:

G(t) = go exp{— U[R(T — T,,)]" '}

xexp{ — K, [T(Tm — T} (34)
where T(t) =T, —at and go=28009cms™!, U=
1500calmol ™', K, =358400K*, T, =2312K and
T2 =458.2K. Similarly as in ref. [3], T, assumed for
computations was 132°C. For the case of instantaneous
nucleation all centers were created simultaneously at the
beginning of the process. For the case of isokinetic crystal-

lization the coordinates of primary nuclei were generated
in 1s 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
step—appropriate 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 DV where D is the nucleation density and V' denotes
the sample area or volume. The number of primary nuclei
generated in each step for isokinetic process was equal to
PG(t) AtV, assuming At = 1s, where G(t) is 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
B, and B; on the basis of relationships between R, and
D or P and are listed in Table 2. The values of D, 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
k>D,, where D, 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 parameters B and C assumed for calculations based on
analytical expressions for crystallization with instantaneous nuclea-
tion (IN) and isokinetic crystallization (IS) together with the values of
nucleation density, D, and the ratio of nucleation rate to spherulite
growth rate, P, for computer simulation of samples of thickness of 40
units

Crystallization B C P,D
IN, 2D sample B, =630 C;=524 D=219x10"2
B,=185 C,=154 —
B;=106 (C3=088 D=625x10"%
IS, 2D sample B, =459 (C;=665 P=80x10"3
B;=078 C3=113 P=39x10"3
IN, 3D sample Bi=459 C,=406 D=20x10"3
B,=134 (C,=119 —
B3;=078 C3=069 D=97x10"°
1S, 3D sample B; =392 (C;=550 P=98x10"*%
B, =1.15 C,=161 —
By;=067 C3=093 P=81x10""7
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Table 3 The final numbers of spherulites per area or volume unit of a sample, per length or area unit of a sample boundary, and the radii of
average spherulites: N and r, for samples of infinite thickness, N;,, and rg, for spherulites nucleated inside a sample of thickness of 40 units,
D, and r,, for spherulites nucleated at boundaries. All values are listed for crystallization with instantaneous nucleation (IN} and isokinetic
crystallization (IS) in 2D and 3D samples for k equal 0 and 1. The values of B, and Bj are listed in Table 2

B N rs k=0 k=1
Niav Fsi Niav Fsi Ds Fsb
IN, 2D
B, 2.19x 1072 3.82 219 %1072 3.82 2.19x 1072 3.64 0.11 2.39
B3 6.25x 1074 22.57 6.25%x 10~ 4 22.57 6.25x1074 16.20 1.84x 1072 12.94
IN, 3D
B, 0.20x 1072 492 020x 1072 492 0.20x 1072 475 1.16 x 1072 3.51
B; 9.70x 10™¢ 29.09 9.70 x 10~¢ 29.09 9.70x107° 22.49 333x1074 19.76
1S, 2D
B, 3.52x 10772 3.01 3.58 x 1072 2.98 3.39x 1072 2.90 0.79x 107! 2.87
B3 1.01x 1073 17.74 1.13x 1073 16.80 8.13x 1074 13.46 1.35x 1072 15.93
IS, 3D
B, 496 x 1073 3.64 503x1073 3.62 483x10°3 3.54 849 x 1073 393
B3 242 %1077 21.45 2.62x107° 20.89 206 x 1073 17.34 244 x 1074 22.10
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Fig. 1 The average conversion degrees and the average rates of conversion of melt into spherulites as functions of a variable u = r(0, t)/R,
where (0, t) and R, denote the “extended radius™ at time ¢ and at half-time of crystallization, respectively, for infinite samples (———) and for
samples of finite thickness without nucleation at sample boundary ( } for parameters By (curves # 1), B, (curves # 2) and B; (curves #3)
from Table 2; a — 2D sample, instantaneous nucleation, b — 2D sample, isokinetic crystallization, ¢ — 3D sample, instantaneous nucleation,
d - 3D sample, isokinetic crystallization. Symbols denote the data from indedpendent computer simulation
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Results

The average conversion degree and the average rate of
spherulite interiors formation 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. la—d. For
comparison the respective curves for infinite samples from
ref. [3] are also plotted in Figs. la—d. The results of
computer simulation, shown as symbols, follow theoret-
ically obtained curves and indicate good agreement be-
tween computer simulation and the analytical
dependencies. The kinetics of crystallization in samples of
hmited 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 parameter 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 parameters B; and B; are drawn in Fig. 2 for
u = | and after a completion 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 maximum towards larger values of u is visible.

In Figs. 3a—d the conversion degrees and rates of the
formation of spherulites interiors as functions of variable
u are plotted for crystallization processes with additional
instantaneous nucleation on sample boundaries for B, and
By and k = 1. For 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—d also the component
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 simulation being in very good agreement with
the analytically obtained curves. One can notice that the
growth of both spherulite populations requires similar

200 —[—— _

180 4

160 _

140

120 =

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 B; and Bj:
a - B,,u=1,b— By, final structure, ¢ — B3, u=1,d — Bs, final
structure

period of time. It is seen that the influence of the nucleation
at sample boundaries is stronger for the parameter B; than
for B, (both listed in Table 2). Also the volume occupied
by spherulites nucleated at sample boundaries increases
from approximately 10% to 50% of sample volume.

In Figs. 4a—d the conversion degree dependencies on
variable u are plotted for the sample boundary and for the
middle of the sample for processes characterized by para-
meters B; and B, in the absence of nucleation at sample
boundaries and for instantaneous nucleation at sample
boundaries for k = 1. For B, the crystallization in the
middle of sample proceeds as in an infinite sample while at
sample boundary it is slower if no additional nucleation
process occurs there. The instantaneous nucleation at
sample boundary accelerates the conversion at sample
boundary but has no influence on crystallization in the
middle of the sample. The decrease of parameter B to
B, results in slight changes of the conversion degree at
sample boundary; the delay in the absence of nucleation at
the boundary or acceleration if such process occurs, are
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and Bj (curves #2) from Table 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, ¢ — 3D sample,

instantaneous nucleation, d — 3D sample, isokinetic crystallization. Symbols denote the data from independent computer simulation

visible for u > 2B; due to the influence of the opposing
sample boundary. The most pronounced changes are vis-
ible in the conversion degree in the middle of a sample, for
u > B;. In the absence of surface nucleation the conver-
sion degree is significantly lower while for instantaneous
nucleation at sample boundaries it is higher than for B, for
the same u value. From the moment when spherulites
nucleated at both sample boundaries reach the middle of
a sample the conversion degree there increases rapidly and
becomes even higher than at sample boundaries.

The distributions of distances from spherulites centers
to spherulites interiors were calculated for all processes
considered without and with additional nucleation at
sample boundaries for k = 1 and respective values of para-
meter k,. In Figs. 5a—6d the distributions 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; and C; and for comparison 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 from those for infinite
samples. In the absence of additional 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 C, (not plotted in Figs. 5a—6d) are located
always between those for C; and C;. The additional
instantaneous nucleation on sample boundaries causes an
opposite effect; the distance distributions become nar-
rower with maxima shifted towards smaller values of v.
For smaller values of parameter C the effects are more
pronounced. For cases with instantaneous nucleation at
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Fig. 4 The local conversion degrees as functions of a variable u for samples of finite thickness for parameters B, (
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1.0 20

}yand B; (—--) at

sample boundary (b) and in the middle of a sample (m). Subscript denotes processes with instantaneous nucleation at sample boundaries:
a— 2D sample, instantaneous nucleation, b — 2D sample, isokinetic crystallization, ¢ — 3D sample, instantaneous 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 B, and 3-5% for
B;. 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 B; and by 20-30%

for By (B, and B 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 By, by 36%
and 28% for B; in 2D and 3D samples, respectively, and
for isokinetic crystallization: by 4% and 2% for B,, by
18% and 10% for B; in 2D and 3D samples, respectively.

The conversion rate, d,,, is plotted in Fig. 7a for the
crystallization from instantaneous nuclei in a plate for
B,, B; and B, 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, 4,,,, and at the surfaces, g,y
are drawn in Fig. 7b. The areas under d;,, and d,,, 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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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)/Ry. a — the average conversion rates: curve 1 — By, k =2,
curve 2 — By, k = 10, curve 3 — B,, k = 2, curve 4 — B,, k = 10, curve
S—Bs, k=2, curve 6— Bz, k = 10, curves 5’ and 6’ — the nucleation at
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. 1c 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
transformation of spherulites growing from sample surface
from half-spheres to uniform front. For B, and B; the
comparison of the plots of §,, for k = 2 with the respective
plots for k = 0 and k = 1 depicted in Figs. 1¢ and 2c shows
the narrowing of the curves, the increase of maximum
values and the shift of position of maximum 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 B, transforms into a separate maximum for
B, while for B; it forms the main peak. Those transforma-
tions reflect the changes in conversion rates of two
spherulites populations 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.

140

180 | ‘ B
L=

120

100 -

80 .

40

Fig. 8 The cross-sections of final spherulitic structures for weak and
strong nucleation at surfaces for B parameter equal B; and Bj:
a-B,k=2,b-B;,k=10,¢—- B3, k=2,d - B3, k=10

The respective component conversion rates of both
spherulite populations, depicted in Fig. 7b, show that the
increase of nucleation density at surfaces results in changes
of the shape of ¢, accompanied by the formation of
pronounced peak instead of rather flat maximum observed
for weak nucleation at surfaces. The decrease of parameter
B results in increased contribution of spherulites nucleated
at surfaces to overall conversion rate. For B, and B; and
k = 10 which corresponds to strong surface nucleation this
contribution dominates, hence maximum of ¢, shows up
in overall conversion rate. The analysis of the sequences of
conversion rate curves for various values of k has shown
that for all three values of parameter B the transcrystalline
peak can be distinguished in the overall conversion rate for
k > 6, hence for D}? > 5D'/3. This is the condition neces-
sary for the spherulites growing from the surface to form
fronts before the significant impingement with spherulites
nucleated inside a sample. For Bj this transformation is
accompanied by the sharp drop of 4., and 4,, when the
spherulitic fronts growing from surfaces meet in the middle
of the sample (u = B, shown here for B; and k = 10).
However, even in this last case d,,, 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 = uR,/r; 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, (0, 1), 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 of 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 instantancous 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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