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ABSTRACT: The problem of dissipation of latent heat of fusion by thermal conductivity
in polymer crystallizing in bulk is discussed. It is shown that the liberation of latent
heat of fusion causes the increase of the temperature at the crystallization front. The
increase of thermal conductivity and diffusivity of a polymer due to phase transition
decreases while the presence of another crystallization front increases the temperature
elevation. The temperature buildup is limited by the decrease of growth rate with
temperature, directly related to the release of latent heat of fusion. The thermal effects
due to crystallization of numerous spherulites in a plate are also estimated. It is shown
that the crystallization causes a significant increase of the temperature inside the
material as the crystallization proceeds, which slows the rate of conversion of melt into
spherulites. The temperature increase in the interior of material depends on the initial
temperature and on the sample sizes. The predictions were confirmed by the measure-
ments of the temperature in bulk samples of isotactic polypropylene during crystalliza-
tion at isothermal ambient conditions. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66:
1015–1028, 1997
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INTRODUCTION of polymers is that it proceeds at large undercool-
ings; solidified material is well below its melting

First-order phase transformations are accompa- point. This is because the crystallization of poly-
nied by the release or the absorption of latent heat mers is controlled by primary and secondary nu-
of fusion. Hence, the initial temperature distribu- cleations rather than by the dissipation of latent
tion inside the material undergoing melting or so- heat of fusion. After the primary nucleation event,
lidification changes. In metals and other low mo- the crystalline aggregate–spherulite grows radi-
lecular substances, the interphase, at which the ally until impingement with neighboring spheru-
transformation occurs, follows the isotherm of lites. The latent heat of fusion is liberated in a
melting point. The process of transformation is narrow zone of interfaces of spherulites with melt.
then controlled by heat dissipation; hence the po- The temperature near the crystallization front
sition of interphase boundary is proportional to might be increased by liberation of the latent heat
the square root of time. There are several different of fusion, but still may be well below the melting
treatments of the that problem: for example, the temperature of crystals because polymers usually
solutions of Neumann,1 Schwarz,2,3 Stefan,1 and crystallize at quite large undercoolings. In con-
Lightfoot.4 The essential feature of those ap- trast to low molecular substances, the spherulite
proaches is that the solidified material has a tem- growth rate is usually constant in time and so is
perature equal to the melting point. not proportional to the square root of time. Hence,

One of the main differences in crystallization it was concluded that the crystallization in poly-
mers is not influenced by the dissipative transport
of latent heat of fusion away from the growth
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growth rate are usually performed on polymer melt into spherulites. The increase of tempera-
ture in a crystallizing polymer related to the over-thin films kept at constant and uniform tempera-

ture imposed externally. Polymers are poor heat all rate of crystallization is then expected. Hence,
a part of the material will crystallize at tempera-conductors; hence while not in thin films, the tem-

perature increase could be expected during crys- ture higher than expected, which will be reflected
in its properties. According to the well-known Kol-tallization in bulk.5

In Piorkowska and Galeski,6 the solution of the mogoroff–Avrami–Evans theory7–11 and its fur-
ther developments,12–15 the conversion of meltproblem of a moving continuous plane heat source

was applied to the estimation of a possible in- into spherulites at time t elapsed from the begin-
ning of crystallization, a(t ) , is described by thecrease of the planar temperature near the crystal-

lization front. It was shown that at the crystalliza- following equation:
tion front of infinite sizes, moving with a constant
velocity G , the temperature increase DT at time a(t ) Å 1 0 expF0 *

t

0
F (t )v (t, t ) drG (2)

t elapsed from the beginning of crystallization
equals

where F (t ) denotes the nucleation rate and v (t,
t ) is the extended volume (at time t ) occupied

DT Å sDhfdc (dacp )01erf(0.5Gt0.5a00.5 ) (1)
by spherulite nucleated at time t dependent on
spherulite growth rate G . Since both the nucle-

where s , Dhf , da , dc , cp , and a are the crystallinity ation rate and the spherulite growth rate depend
degree, the heat of fusion, the density of melt, on the temperature, one can expect that the liber-
the density of crystalline phase, the specific heat ation of latent heat of fusion will influence the
capacity, and the thermal diffusivity of melt, re- conversion rate of melt into spherulites and the

time necessary for accomplishing crystallization.spectively; while erf(z ) Å 2p00.5 *
z

0
exp(0z2) dz .

For the crystallization rate decreasing with in-For t r ` , the temperature increase DT reaches
creasing temperature, a slower and longer crys-tens of degrees, but it would take months or even
tallization could be expected.years of crystallization to reach the equilibrium.

This article is devoted to the estimation of theIn a reasonable time scale, DT is a fraction of a
thermal effect connected with the liberation of la-degree for growth rates up to 20 mm min01. For
tent heat of fusion during polymer crystallizationfaster growth of spherulites, DT reaches quickly
in bulk, and it is divided into two parts. The con-several degrees because of the strong dependence
cern of the first part of the article is the tempera-of DT on G as expressed by eq. (1). For the tem-
ture increase at the planar crystallization frontperature range where the growth rate decreases
regarding the change of thermal properties duestrongly with the increasing temperature, the
to crystallization and the temperature depen-temperature elevation would cause a significant
dence of growth rate. Also, the case of two crys-drop of G , which, in turn, would depress further
tallizing fronts approaching each other is consid-increase of temperature. Hence, eq. (1) can hardly
ered. The second part is devoted to the estimationbe applied for high undercoolings and fast crystal-
of thermal effects due to crystallization of numer-lization.
ous spherulites in a polymer plate. The tempera-Equation (1) was obtained assuming the same
ture increase and the conversion degree in thethermal properties of crystalline and amorphous
interior of a sample are determined. Isotacticphases. Higher heat conductivity and thermal dif-
polypropylene physical data were used for compu-fusivity of a solidified polymer may influence the
tations, and all crystallization experiments weretemperature distribution near the crystallization
performed using various brands of isotactic poly-front. The crystallizing fronts of neighboring
propylene.spherulites approaching each other enhance the

temperature increase due to accumulated release
of latent heat of fusion. The growing spherulites TEMPERATURE NEAR CRYSTALLIZATION
impinge with their neighbors forming boundaries; FRONT FOR DIFFERENT THERMAL
hence parts of their surfaces become excluded PROPERTIES OF MOLTEN AND
from further growth. The heat release in crys- SOLIDIFIED POLYMER
tallizing polymer is then proportional to the mo-
mentary area of growing surfaces of spherulites, The formulation of the problem of heat conduction

will be recalled here only briefly since it is similarwhich is equivalent to the rate of conversion of
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THERMAL EFFECTS FROM POLYMER CRYSTALLIZATION 1017

to that described in Piorkowska and Galeski.6 It the decrease of specific heat capacity; hence dscp2

Å dacp1 . Therefore, the increase of thermal diffu-is assumed that at time t Å 0, the infinite sample
being at the temperature T0 consists of two sivity of the polymer due to crystallization is de-

termined primarily by the increase of heat con-phases: solid for x õ 0, and liquid for x ú 0. The
heat conductivity, the thermal diffusivity, the spe- ductivity K2K01

1 Å a2a01
1 . Hence, the temperature

increase, DT (x , t ) , is expressed as follows.cific heat capacity, and the density are K1 , a1 , cp1 ,
and da , respectively, for a melt; and K2 , a2 , cp2 ,
and ds , respectively, for a solid. At tÅ 0, the plane DT (x , t )
separating the two phases begins to move along

Å 0.5C *
t

0
{erfc{x / [4a1(t 0 t ) ]0.5x-axis with a velocity G equal to the spherulite

growth rate. The amount of heat released per time
unit and per unit area of a crystallizing front / [g1(t 0 t ) ]0.5 / exp(0xG /a1)
equals the following product: DLG , where DL de- 1 erfc{x / [4a1(t 0 t ) ]0.5

notes the amount of heat released during crystal-
lization of a unit volume of the material, DL 0 [g1(t 0 t ) ]0.5 } }R (t ) dt for x ú 0 (5a)
Å sDHfdc ; s denotes the volume degree of crys-

DT (x , t )tallinity; DHf is the latent heat of fusion; and dc

is the crystalline phase density.
Because of infinite sizes of the crystallizing Å 0.5C *

t

0
{erfc{0x / [4a2(t 0 t ) ]0.5

front, there are no heat fluxes in the directions
perpendicular to x-axis. In the system of coordi- / [g2(t 0 t ) ]0.5 } / exp(0xG /a2)
nates moving with the velocity G and with the

1 erfc{0x / [4a2(t 0 t ) ]0.5
origin of coordinates at the crystallizing front, the
heat conduction equations take the following 0 [g2(t 0 t ) ]0.5 } } [0R (t ) ] dt
forms:

for x õ 0 (5b)

a
d2DT
dx2 / G

dDT
dx

0 dDT
dt

Å 0 (3) where erfc(z ) Å 1 0 erf(z ) , and

C Å a1K01
1 DLG (a1 0 a2)01 (5c)where a Å a1 for x ú 0, and a Å a2 for x õ 0; x

denotes a distance from crystallizing front; and
R (t ) Å 0.5G {erf[(g1t )0.5 ] 0 erf[(g2t )0.5 ] }

DT (x , t ) Å T (x , t ) 0 T0 . The function DT has to
assume zero value initially and also for x r / (pt )00.5[a0.5

2 exp(0g2t ) 0 a0.5
1 exp(0g1t ) ]

| ` . At x Å 0, the conditions of continuity of the (5d)
temperature function and the law of conservation
of heat flux have to be fulfilled. The subsidiary

g1 Å 0.25G2a01
1 (5e)

equation obtained by Laplace transformation of
g2 Å 0.25G2a01

2 (5f)eq. (3) has the solution in the following form6:

For x Å 0, the above expressions describe the timeF (x , p ) Å B exp{0.5a01
1 [0G 0 (G2 / 4a1p )0.5 ]x }

dependence of temperature increase at the crys-
for x ú 0 (4a) tallization front, as follows:

F (x , p ) Å B exp{0.5a01
2 [0G / (G2 / 4a2p )0.5 ]x }

DT (0, t )
for x õ 0 (4b)

Å C { (t /p )0.5[a0.5
2 exp(0g2t ) 0 a0.5

1 exp(0g1t ) ]
B Å 2a1a2GDLp01{K2a1[(G2 / 4a1p )0.5 0 G ]

/ (Gt /2 / a2G01)erf[(g2t )0.5 ]
/ K1a2[(G2 / 4a2p )0.5 / G] }01 (4c)

0 (Gt /2 / a1G01)erf[(g1t )0.5 ] } (6)
where p denotes the transformation parameter.

For t r ` , the temperature difference at the crys-For a substantial simplification of the form of
tallizing front achieves the following limit:the solution with little loss in the precision, it is

assumed that the increase of polymer density due
to crystallization is approximately the same as DT (0, ` ) Å DL (dacp1)01 (7)
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Figure 1 Time dependencies of the temperature increase, DT , at the crystallization
front for the following values of growth rate G and ratio V Å K2 /K1 . (1) G Å 50 mm
min01, V Å 1; (2) G Å 50 mm min01, V Å 2; (3) G Å 50 mm min01, V Å 3; (4) G Å 20
mm min01, V Å 1; (5) G Å 20 mm min01, V Å 2; (6) G Å 20 mm min01, V Å 3.

which appears to be independent of V Å K2 /K1 equal 1, 2, and 3. At the beginning of the growth
process, DT increases with time, but it is lowerratio. For the calculations, physical parameters

for polypropylene were assumed, i.e., DL Å 119 J for increasing K2 /K1 . For longer time elapsed from
the beginning of crystallization, DT reaches thecm03 , which corresponds to s Å 0.6 for dc Å 0.946

g cm03 and DHf Å 209.5 103 J kg01 .16 It should level determined by DL and independent of the
K2 /K1 ratio. The time of achieving this steady-be emphasized here that DL in eqs. (5) – (7) is

only a proportional coefficient; hence all results state increases with the increase of K2 /K1 ratio.
At the temperature at which the spherulitecould be easily recalculated for any other value of

DL . The typical values of K1 and cp1 for polypro- growth rate is 20–50 mm min01, the crystalliza-
tion of a polymer is completed within several min-pylene melts were assumed, as follows: 0.17 W

m01 K01 and 2.095 J kg01 K01 ,17,18 respectively, utes; hence DT in 10 min scale is also drawn in
Figure 1. It is worthy to note that the ratio ofand da Å 0.854 g cm03 .16 According to refs. 19

and 20, the estimated ratio of cp1 to specific heat DT(0, t)Vú1 (for V Å K2/K1 ú 1) to the DT(0, t)VÅ1

(for V Å K2 /K1 Å 1) remains nearly constant dur-capacity of crystalline phase, cps , for polypropyl-
ene is approximately 1.13 at 1207C and decreases ing first 10 min of crystallization and depends

only on the ratio K2 /K1 . In Figure 2, the ratioto 1.07 at 1777C; while the dc /da ratio equals 1.11.
If the partial crystallinity of a solid phase, the DT (0, t )Vú1 /DT (0, t )VÅ1 is drawn against K2 /K1

ratio. The higher the value of K2 /K1 , the lowervery weak dependence of dc and da on temperature
and also the range of crystallization temperature the ratio DT (0, t )Vú1 /DT (0, t )VÅ1 . The ratio K2 /

K1 usually does not exceed 3 for many polymers;for polypropylene are taken into account, the val-
ues of heat capacity of a unit volume of a melt for example, it is 1.4 for polypropylene at 257C,

from 1.6 to 3 for various polyethylenes at 907C,and a solid phase do not differ more than 2%.
In Figure 1, the increase of the temperature at and 2.5 for poly(methylene oxide) at 907C.21,22

Even lower values of the K2 /K1 ratio can be ex-the crystallization front, DT , is plotted for G
Å 20 mm min01 and 50 m min01 for the ratio K2 /K1 pected at polymer crystallization temperatures
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THERMAL EFFECTS FROM POLYMER CRYSTALLIZATION 1019

time-dependent functions, as follows: GÅ g (T (t ) )
Å G (t ) , and DL Å Dl (T (t ) ) Å DL (t ) . Let us
assume that the amount of heat Q (t )dacp1

Å G (t )DL (t ) per time unit and per area unit of
the plane is liberated at time t and x Å xs in the
plane parallel to xÅ 0. Momentarily, the crystalli-
zation front is equivalent to the instantaneous
plane source in an infinite medium at an initially
uniform temperature. The temperature increase
at the point x Å x * at time t due to such instanta-
neous source of heat is described by the following
formula24:

DTs (x *, xs , t , t ) Å 0.5Q (t ) [pa1(t 0 t ) ]00.5

1 exp{0 (x * 0 xs )2 / [4a1(t 0 t ) ] } (8)

The total temperature increase at point x * at time
t due to continuous source moving and emitting
heat from t0 Å 0 onwards can be obtained by the

Figure 2 Dependence of the ratio DT (0, t )Vú1 /DT (0, following integration:
t )VÅ1 on the ratio V Å K2 /K1 .

DT * (x *, t ) Å *
t

0
DTs (x *, xs (t ) , t , t ) dt (9)

since the heat conductivity of the crystalline
where xs (t ) denotes the position of the source atphase follows the T01 dependence above 100 K
time t.while the temperature dependence of heat conduc-

tivity of amorphous phase is rather weak.21–23

Hence, as it is seen from Figure 2, higher conduc-
tivity of the solidified phase may lower the DT (0,
t ) at the crystallization front by no more than
30%; for example, for iPP, it lowers only by 6%.
In Figure 3, the temperature increase is plotted
against the distance from the crystallizing front
for K2 /K1 Å 1, 2, and 3, after 1 and 10 min of
crystallization at the rate 20 mm min01. The dis-
tance at which the apparent temperature increase
is visible increases with time: from 1 mm after 1
s (not shown in Fig. 3), to 8 mm after 1 min, and
to 25 mm after 10 min. The increase of K2 /K1

lowers the temperature elevation and introduces
asymmetry of the temperature distribution with
respect to the crystallization front position.

TEMPERATURE DISTRIBUTION NEAR
CRYSTALLIZATION FRONT WITH
TEMPERATURE DEPENDENCE OF
SPHERULITE GROWTH RATE

Similarly, as in Piorkowska and Galeski,6 the as-
sumption is made that the heat conduction coeffi-
cient and the thermal diffusivity behind the crys-
tallization front are equal to those of a polymer Figure 3 Temperature profiles near the crystalliza-
melt, K1 and a1 . For the temperature changing tion front for G Å 20 mm min01 for K2 /K1 equal 1, 2,

and 3; (A) after 1 min and (B) 10 min of crystallization.with time, both G and DL can be expressed as
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In a system of coordinates moving with the ve-
locity G (t ) along the x * axis, with the origin at
the crystallization front, the point x * will be at
time t at the position x , defined by the following
relationship:

x * Å x / *
t

0
G (z ) dz (10)

Finally, the temperature increase at position x
with respect to moving crystallization front at
time t can be derived from eq. (9) with the help
of eqs. (8) and (10) in the following form:

DT (x , t )

Å 0.5(pK1dacp1)00.5 *
t

0
DL (t )G (t ) (t 0 t )00.5

1 expH0Fx / *
t

t

G (z ) dzG2Y
[4a1(t 0 t ) ]J dt (11)

The temperature increase in isotactic polypropyl-
ene at the crystallization front, DT , moving with Figure 4 (A) Time dependencies of the temperature

increase, DT , at the crystallization front. (1) G Å 50temperature-dependent velocity is calculated
mm min01, constant; (2) G initially 50 mm min01, depen-from eq. (11) for x Å 0. For computer calculations,
dent on temperature; (3) G Å 20 mm min01, constant;the assumption is made that G is changing with
(4) G initially 20 mm min01, dependent on temperature.time according to g(T (t ) ) but constant within
(B) Time dependencies of the growth rate in which theshort time intervals, Dt. In the calculations, the
numbers have the same meaning as in Figure 4(A).spherulite growth rate temperature dependence

g (T ) in regime III of crystallization for a-spheru-
lites of isotactic polypropylene RAPRA iPP1 (Mw at the very beginning of crystallization, the vari-
Å 307,000; Mw /Mn Å 20; melt flow index Å 3.9 g/ able growth rate influences the temperature only
10 min)25,26 was used, as follows: slightly, it later causes slower buildup of the tem-

perature. After 10 min of crystallization at
g (T ) Å g0 exp{0U[R (T 0 T` ) ]01} 123.837C and after 5 min of crystallization at

117.937C, DT is lower than that obtained for G1 exp{0Kg[T (T0
m 0 T ) ]01} (12) Å constant by 12 and 16%, respectively; and G is

reduced by 15 and 19%, respectively. Both effects,where g0 Å 8009 cm s01 , U Å 1500 cal mol01 , Kg the inhibition of the temperature buildup at theÅ 358,400 K2 , T` Å 231.2 K, T0
m Å 458.2 K, and

crystallization front, DT , and the decrease of theT is the crystallization temperature.
growth rate, G , are more pronounced for the crys-The computations were conducted for two val-
tallization at lower temperature due to higher ini-ues of T0 , 123.83 and 117.977C, for which the re-
tial growth rate and stronger decrease of thespective G0 values are 20 and 50 mm min01 ac-
growth rate with temperature.cording to eq. (12). Since the expected values of

DT for reasonable time scale were within limits
of several degrees, constant DL was assumed. The TEMPERATURE DISTRIBUTION BETWEEN
time intervals, Dt, were chosen to be 0.5 s. DT TWO CRYSTALLIZATION FRONTS
and resulting G are plotted in Figure 4 for the
first 20 min of crystallization. For comparison, DT Let us consider the temperature at the point be-

tween two approaching crystallization fronts, be-for constant G is also drawn in Figure 4(A). While
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THERMAL EFFECTS FROM POLYMER CRYSTALLIZATION 1021

ing apart by the distance d0 at t Å 0. At time t ,
the point being at the distance x from the first
front is at the distance xa from the second crystal-
lization front, as follows:

xa Å 0x / d0 0 2 *
t

0
G (z ) dz (13)

The total increase of the temperature is caused by
a sum of two heat fluxes from both crystallization
fronts, which is equivalent in this case to

DT * (x , t ) Å DT (x , t ) / DT (xa , t ) (14)

where DT is given by eq. (11) . The two values
of T0 , 123.83 and 117.977C [corresponding to G
Å 20 and 50 mm min01 according to eq. (12)] ,
were considered. The computations were con-
ducted for constant G and for temperature de-
pendent G , for the following values of d0 : 100
mm at 123.837C, and 100 and 70 mm at 117.977C,
which are close to the average diameter of spher-
ulites in iPP crystallized at those temperatures.
For temperature-dependent G , the values of the
DT*(x , t ) and G were computed in subsequent
time intervals until the impingement of crystalli-
zation fronts as it was described in the previous
section. In Figure 5, the temperature increase at
the crystallization front, DT , and the growth
rate, G , are plotted against time. DT and G for Figure 5 (A) Time dependencies of the temperature
an isolated crystallization front are also drawn increase, DT , at the crystallization front. Isolated (1) –
for comparison. DT at the crystallization front (4) and being approached by another one (5) – (10).
being approached by another one is greater than (1) – (4) have the same meaning as in Figure 4. In (5)

and (7), G Å 50 mm min01, constant, and d0 equals 100for an isolated crystallization front at the same
and 70 mm, respectively. In (6) and (8), G was initiallytime, at the end of crystallization by the factor
50 mm min01, dependent on temperature, and d0 equals2.0 for constant G , while for temperature-depen-
100 and 70 mm, respectively. In (9), G Å 20 mm min01,dent G by the factor 1.73 at 123.837C and 1.86
constant, and d0 Å 100 mm. In (10), G was initially 20at 117.977C. The decrease of G is also greater
mm min01, dependent on temperature, and d0 Å 100than for an isolated crystallization front at the
mm. (B) Time dependencies of the growth rate in which

same of time; G is decreased with respect to G0 the numbers have the same meaning as in Figure 5(A).
by 15–18% at the end of crystallization. The in-
fluence of the second crystallization front on DT

heat of crystallization is strongly enhanced by ais stronger for T0Å 117.977C than T0Å 123.837C,
presence of neighboring crystallization fronts. Onbut also the growth inhibition due to the temper-
the other hand, the higher the temperature in-ature dependence of G is more pronounced. The
crease, the more pronounced the decrease of thetwo cases considered with d0 of 70 and 100 mm
growth rate.almost do not differ, except for the fact that when

The aim of this section is to evaluate the tem-the crystallization ends earlier DT and the de-
perature increase during polymer crystallizationcrease of G are smaller.
in bulk, where numerous spherulites grow at the
same time, taking into account the influence ofTHERMAL EFFECTS DUE TO
the temperature increase on the crystallizationCRYSTALLIZATION OF NUMEROUS
kinetics.SPHERULITES IN A POLYMER PLATE

Heat release in bulk samples where many heat
sources are active can be approximated with bulkFrom the previous sections, it follows that the

temperature increase due to the release of latent heat generation function. Let the bulk sample of
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1022 PIORKOWSKA

a polymer be in a form of a thick plate. In a plate D Å N (T0) (18a)
of thickness d , initially at the temperature T0 ,

P Å 3p1/3 { [4N (T0)][3G(0.25)]01}4/3 (18b)bounded by two parallel planes at x Å 0 and x Å
d kept at T0 for t ú 0 and where the bulk heat

In the Avrami equation,production rate depends on time and on the x-
coordinate, A (x , t ) , the increase of the tempera-

a(t ) Å 1 0 exp[0E (t ) ] (19a)ture, DT (x , t ) , is described by the following for-
mula27:

E (t ) assumes the forms for crystallization with
instantaneous nuclei and for isokinetic crystalli-
zation, as follows14:DT (x , t ) Å 2a (Kd )01 ∑

`

nÅ1

sin(npx /d )

E (t ) Å (4/3)pD F*
t

0
G (z ) dzG3

(20b)1 *
t

0
*

d

0
sin(npx * /d )A (x *, t )

1 exp{0a (np /d )2(t 0 t ) } dx * dt (15)
E (t ) Å (1/3)pPF*

t

0
G (z ) dzG4

(20c)

where a and K are the thermal diffusivity and
heat conductivity of material. The bulk heat gen-

The calculations were conducted for T0 Å 130,eration function can be assumed in the form
122.5, and 1207C. It should be emphasized that
the b-spherulites content in RAPRA iPP1 crystal-
lized isothermally at 120–1307C is below 5%, soA (x , t ) Å DL

da(x , t )
dt

(16)
the formulas derived for samples containing only
a-spherulites can be applied with little error. The
thickness of the sample chosen for calculationswhere a(x , t ) denotes the local, momentary con-
was 2 and 5 mm for 1307C and 2 mm for 122.5version degree of melt into spherulites, dependent
and 1207C. The values of thermal diffusivity, a ,on the nucleation and spherulite growth rates.
and heat conductivity, K , were assumed to beThe calculations were conducted for RAPRA
equal to those of a polymer melt; specifically, aiPP1 polypropylene because the temperature de-
Å a1 and K Å K1 . Such assumptions are justifiedpendencies of spherulite growth rate and primary
by only a slight increase of heat conductivity andnucleation are well known for this polymer. The
thermal diffusivity of polypropylene due to crys-temperature dependence of a spherulite growth
tallization.21,22 Preliminary calculations haverate in Regime III is described by eq. (12).25,26

shown that the temperature increase would notThe increase of the number of spherulites in 1
exceed 47C; hence constant DL was assumed. Themm3 of isothermally crystallized sample of RA-
calculations were performed for DL equal 119 JPRA iPP1, DN , due to decrease of the crystalliza-
cm03 at 1307C, and 119 and 89 J cm03 at 122.5 andtion temperature by 17C is shown in Galeski28 for
1207C. Those values of DL correspond to volumea wide range of crystallization temperatures.
crystallinity degree of 0.6 and 0.45 and DHfBased on those data, the phenomenological for-
Å 209.5 J g01. It was assumed that G follows eq.mula for the number of nucleation centers in 1
(12) but is constant within short time intervals,mm3 of RAPRA iPP1 for 1107Cõ Tõ 1327C takes
Dt. For 1307C, Dt was chosen 0.5 s, while forthe form
122.5 and 1207C Dt was 0.2 s. After t Å Dt1 the
temperature, T (x , Dt1) , was calculated accordingN (T ) Å 6215 108 exp(00.1567T ) (17)
to eqs. (15) – (20). This helped to find new values
of G , as follows:

The calculations were conducted assuming the fol-
lowing two model modes of crystallization: with G (x , t ) Å g (T (x , Dt1))
instantaneous nucleation and isokinetic when the

for Dt1 õ t õ Dt2 (21)ratio of nucleation rate to spherulite growth rate
F (t ) /G (t ) Å P remains constant.

The density of nuclei, D , for instantaneous nu- The new value of G was applied then for calcula-
tion of the heat production function A (x , t ) andcleation and the ratio P for isokinetic mode of crys-

tallization were estimated from eq. (17) as15 conversion degree, respectively. The procedure
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and thc denote the crystallization half times, in
the middle of sample and at constant temperature
T0 , respectively. It follows that the lowering of
temperature of crystallization, the increase of
sample thickness and crystallinity degree en-
hance the temperature buildup and the slowing
down of crystallization. The isokinetic crystalliza-
tion, which is usually slower than crystallization
from instantaneous nuclei, results in a lower tem-
perature increase. The temperature increase and
conversion degree for 0 õ x õ d are drawn in
Figure 9 for the time at which the maximum tem-
perature is achieved in a center of a sample. The
distance dependencies of temperature and conver-
sion degree are symmetric with respect to the cen-
ter of a sample (x Å d /2). The temperature in-

Figure 6 (A) Time dependencies of the temperature
increase in the middle of crystallizing iPP samples of
thickness 2 mm (d2) and 5 mm (d5), with T0 Å 1307C,
crystallization from instantaneous nuclei (solid line),
and isokinetic crystallization (dashed line). (B) Time
dependencies of the conversion degree at the constant
temperature T0 (c) and in the middle of iPP samples 2
(d2) and 5 mm (d5) thick.

was repeated until the temperature dropped
again to the initial value, T0 , in the entire sample,
i.e., well after the end of crystallization. In the
presented approach, the influence of the sample
boundaries and local temperature gradients on
the conversion rate was neglected.

The time dependencies of temperature increase
in the middle of sample (x Å d /2) are plotted in
Figures 6(A), 7(A) and 8(A), for the two crystal-

Figure 7 (A) Time dependencies of the temperaturelization processes considered. The time dependen-
increase in the middle of crystallizing iPP samples forcies of the conversion degree in the middle of sam-
crystallization degrees 0.45 (s0.45) and 0.6 (s0.6), withple (and also at respective temperature T0) are T0 Å 122.57C, crystallization from instantaneous nuclei

drawn in Figures 6(B), 7(B), and 8(B) showing a (solid line), and isokinetic crystallization (dashed
significant slowing of crystallization in the central line). (B) Time dependencies of the conversion degree
part of a sample due to the temperature increase. at constant temperature T0 (c) and in the middle of
In Table I, the values of maximum temperature iPP samples of crystallinity degree 0.45 (s0.45) and 0.6

(s0.6).increase and the ratio th /thc are listed, where th

8EB1 4545/ 8eb1$$4545 09-17-97 23:04:05 polaa W: Poly Applied



1024 PIORKOWSKA

plate of iPP were carried out for several brands
of polypropylene: RAPRA iPP1 (Mw Å 307,000,
Mw /Mn Å 20, melt flow index Å 3.9 g/10 min);
Moplen S30G, Montedison (melt flow indexÅ 1.75
g/10 min); and Malen P-B-200 from Petro-
chemia–Pl

Q

ock, Poland (melt flow indexÅ 0.4–0.8
g/10 min). The 1-mm-thick disks of radius 10 mm
of iPPs were obtained by compression molding. A
nichrom–constantan thermocouple made of wires
of diameter of 0.127 mm was inserted between
the two identical iPP plates. The sandwich was
placed in a 2-mm-thick aluminum mold, melted at
2207C, melt annealed for 5 min, and then quickly
placed between two polished aluminum blocks
with electronically controlled steady temperature
(with the precision 0.17C) for crystallization. The
temperature in the middle of a sample was mea-
sured by means of embedded thermocouple con-
nected to a meter until the steady temperature
was achieved. For the determination of cooling
characteristic of the system, the whole procedure
was repeated with noncrystallizing atactic poly-
styrene (aPS) samples (thermal diffusivities of
iPP and PS melts are very similar). The tempera-
ture was monitored in that way during 30 crystal-
lization experiments. After crystallization, the
samples were cut to check and determine the posi-
tion of the thermocouple. Only the experiments

Figure 8 (A) Time dependencies of the temperature with thermocouple embedded in the sample cen-
increase calculated for the middle of crystallizing iPP ter were considered. The resulting thickness of
samples for crystallization degrees 0.45 (s0.45) and 0.6 iPP samples was 1.9–1.95 mm. Thin sections
(s0.6), with T0 Å 1207C, crystallization from instanta- were examined in light microscope showed thatneous nuclei (solid line), and isokinetic crystallization

samples of all three iPP contained predominantly(dashed line). (B) Time dependencies of the conversion
a phase spherulites; b-phase content was withindegree calculated at constant temperature T0 (c) and
5% limit. In order to determine the crystallinity,in the middle of iPP samples of crystallinity degree 0.45
differential scanning calorimetry measurements(s0.45) and 0.6 (s0.6).
were conducted at a heating rate 10 K/min in a
Du Pont TA 2000 apparatus on 6–7.5 mg samples

crease DT divided by maximum temperature in- cut out from the plates. Assuming the same values
crease DTmax achieved in the middle of a sample of DHf , dc , and da as for theoretical predictions,
drawn against x /d follows the same curve inde- and recalculating mass crystallinity for volume
pendently of the sample thickness, initial tem- crystallinity, the following volume crystallinity
perature, and type of crystallization process degrees were obtained: 0.43 for RAPRA iPP1, 0.47
considered. For all processes considered, the for Moplen S30G, and 0.41 for Malen P B200.
temperature increases while the conversion de- In Figure 10, the temperature in the middle of
gree decreases with the distance from sample iPP plates against time is plotted as the samples
boundary. are quenched and crystallized at 120.77C for RA-

PRA iPP1, 121.47C for Moplen S30G, and 120.67C
for Malen P B200. The aPS plate quenching isMEASUREMENTS OF TEMPERATURE
shown for reference. It is seen that time depend-INCREASE DUE TO CRYSTALLIZATION
encies of temperature recorded inside iPP platesIN A THICK PLATE
differ significantly from those for aPS plates due
to crystallization process in iPP. While in aPS, theTo verify the above predictions, the measure-

ments of the temperature inside a crystallizing temperature drops down; in iPP, the temperature
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Table I The Maximum Temperature Increase, DTmax, and the Ratio th/thc in the Middle of a Polymer
Sample for Isokinetic Crystallization (IS) and Crystallization from Instantaneous Nuclei (IN)
at Various Crystallization Temperatures, To

To (7C) d (mm) s DTmax (7C) th/thc

130
IN 2 0.6 0.55 1.07

5 0.6 2.4 1.37
IS 2 0.6 0.47 1.04

5 0.6 2.1 1.24
122.5

IN 2 0.6 2.7 1.30
2 0.45 2.2 1.21

IS 2 0.6 2.3 1.18
2 0.45 1.9 1.14

120
IN 2 0.6 3.9 1.41

2 0.45 3.2 1.31
IS 2 0.6 3.5 1.26

2 0.45 2.9 1.20

decreases quickly during quenching and then in- same temperature in thin sample is already com-
pleted.creases to a maximum as crystallization contin-

ues. At the end, the ambient temperature is From the comparison of Figures 7(A) and 8(A)
with 10(A), it follows that the temperature in-reached. The values of the maximum temperature

increase are 1.8, 2.1, and 17C for RAPRA iPP1, crease inside the RAPRA iPP1 plate is slightly
lower but lasts longer than that predicted theoret-Moplen S30G, and Malen P B200, respectively.

Also, the time dependencies of temperature in- ically. However, it should be noted here that the
secondary crystallization process and the increasecrease in the middle of the sample differ, the time
of the crystallinity degree of spherulites with crys-of duration of temperature increase is the longest
tallization temperature was neglected. Neglectingin Malen P B200 and the shortest in Moplen
the increase of crystallinity with temperature, oneS30G. To characterize the crystallization kinetics,
decreases the expected temperature buildup. Inthe egzotherms during isothermal crystallization
iPP, secondary crystallization contribution be-at respective temperatures of 0.45–0.5 mm thick
comes pronounced after half-time of conversion,29films of RAPRA iPP1, Moplen S30G, and Malen P-
when the rate of primary crystallization de-B-200 in DCS apparatus were recorded. The films
creases. Attributing the entire heat released untilwere obtained by compression molding. Prior to
the end of primary crystallization to primary crys-crystallization, the samples were melted at 2207C,
tallization, one only overestimates somewhat themelt annealed for 5 min, and quickly cooled to the
expected initial temperature increase. Also thecrystallization temperature. The total amount of
thermocouple made of metal wires slightly coolsheat liberated during isothermal crystallization
down the surrounding polymer because of highin DSC was within a 5% limit equal to that ab-
heat conductivity and thermal diffusivity of met-sorbed during melting of thick samples. In Figure
als [see Appendix]. All three effects, although11, the heat flow and temperature recorded dur-
leading to lower temperature elevation, cannot being isothermal crystallization of iPP samples at
the reason of longer duration of the temperaturecorresponding temperatures are plotted. The fast-
increase. Both effects could be explained only byest crystallization occurs in Moplen S30G, slower
slower than predicted RAPRA iPP1 crystalliza-in RAPRA iPP1, and the slowest in Malen P B200.
tion with primary nucleation differing from theIt follows then that faster crystallization causes
two model processes considered.greater temperature increase but for a shorter

time than in the slower crystallization. Compari-
CONCLUSIONSson of Figures 10 and 11 shows also that the tem-

perature increase in the middle of a thicker sam- It was shown that the change of polymer thermal
properties during crystallization and the decreaseple is still significant while crystallization at the
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of growth rate with temperature decreases while
the presence of the second, approaching crystalli-
zation front increases the temperature buildup at
crystallization front caused by the release of la-
tent heat of fusion. The higher the temperature
increase at the crystallization front, the more sig-
nificant the influence of g (T ) dependence on tem-
perature buildup. The major effect, however, is
the enhancement of the temperature increase if
two crystallization fronts approach each other.

The crystallization of iPP in bulk, where heat
production rate is determined by the overall rate
of crystallization causes the increase of the tem-
perature in sample interior accompanied by
slower conversion of melt into spherulites. The
effect depends on sample thickness, crystallinity
degree, and on crystallization kinetics.

Figure 10 Time dependencies of the temperature
measured in the middle of 2-mm-thick plates of iPP
and aPS quenched and kept at constant temperature:
(A) RAPRA iPP1; (B) Moplen S30G; (C) Malen P B200.

The measurements of the temperature inside
crystallizing iPP confirm the significant increase
of the temperature due to release of heat of fusion,
predicted theoretically.

The results indicate that the dissipation of la-
tent heat of fusion is a controlling factor of the
polymer crystallization in bulk. Polymers crystal-
lize isothermally only in thin films and/or at low
undercoolings. In other cases, one has to account
for the temperature increase due to crystalliza-
tion. The considerations were limited to polypro-
pylene and to initially isothermal conditions but

Figure 9 (A,B) Temperature increase at the time one can expect similar effects in other polymers
when maximum temperature is achieved in the middle and also in the course of crystallization duringof sample, scaled to maximum temperature increase,

cooling. The strong dependence of the tempera-and conversion degree against distance scaled to the
ture increase of thickness implies that significantsample thickness. In (B), the upper curve from each
temperature elevation influencing polymer prop-pair of curves represents the isokinetic crystallization,
erties might be expected during both laboratoryand the lower curve represents crystallization from in-

stantaneous nuclei. and industrial processing of thick elements.
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radius r resulted from an absorption of heat at
the rate Q per length unit per time unit for large
values of time t is

DV Å Q (4pK )01ln(2.2458atr02) (22)

The heat 2KmDT (hR )01(pr2) , which flows
through the thermocouple wires to the mold due
to temperature difference DT along the wire
length hR , is subtracted from the polymer by a
wire of length 2(h 0 1)R , where DT is the tem-
perature difference between the central part of
the plate and the mold, R is a distance from the
polymer plate center to the mold, and Km is the
wires thermal conductivity. Hence, the decrease
of the temperature of the thermocouple wire is

DV /DTÅ Kmr2[4KR2h (1 0 h ) ]01

1 ln(2.2458at /r2) (23)

It should be noted that, in general, Q depends
on a distance from the mold and on time and isFigure 11 Time dependencies of heat flow and tem-

perature during isothermal crystallization of iPP sam- governed by local momentary value of DT 0 DV .
ples in DSC apparatus. So eq. (23) is an approximate expression for

rather small values of DV . It follows from eq. (23)
that for better precision of temperature measure-This research was supported in parts by the State Com-
ment, one has to decrease the r /R and Km /K ra-mittee for Scientific Research, Poland, under Grant 2
tios. In the experiment of concern, the thermocou-P303 101 04 and by the Centre of Molecular and Macro-
ple was made of wires of 2r Å 0.127 mm extendedmolecular Studies, PAS.
through the middle part of polymer sample. Con-
stantan–nichrom wires were chosen because of
their relatively low Km Å 20 W m01 K01 . For R ÅAPPENDIX
10 mm, a Å 1007 m2 s01 , K Å 0.2 W m01 K01 ,
and t Å 2 min (the time for which the maximumA need to estimate the error of temperature mea-
temperature increase due to crystallization wassurements in the temperature monitoring experi-
recorded in RAPRA iPP1 plate), the decrease ofment arises from the conditions of that experi-
temperature in wires was only of order of severalment, with a small amount of polymer and the
percent for various h values. One has to mention,necessity for the thermocouple wire to pass
however, that for copper wires of Km near 400through a metal mold being at ambient tempera-
W m01 K01 , the error due to the heat transportture. To estimate exactly the effect of heat flow
through the wires increases significantly. Thethrough metal wire embedded in a polymer plate
measurements of temperature increase due to iPPon the temperature of that wire, one has to solve
crystallization by means of copper–constantanthe differential equation of heat conduction ac-
thermocouple gave considerably lower valuescounting for shape of a polymer plate, a presence
than those obtained using constantan–nichromof metal wires inside a plate, and thermal contacts
thermocouple made of wires of the same diameter.between polymer, wires, and mold. However, to

estimate an order of magnitude of the effect, a
much simpler approach to that problem is possible
by application of the solution for heat generation REFERENCES
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