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DEGREE OF CRYSTALLINE STRUCTURE OF POLYMER OBTAINED FROM MELT AT 

VARIOUS COOLING RATES 

A. Ya. Malkin, S. A. Bolgov, V. P. Begishev, 
and O. S. Mazalov 

UDC 66.065.51:541.64 

An analytical dependence of the final degree of crystalline structure on the 
rate of temperature variation is obtained for polymer material. It is shown 
that the formula obtained ensures satisfactory agreement with experiment in 
a broad range of cooling rates. 

In the real technological production of components from polymers which are crystallized 
from a melt, the crystallization always occurs in nonisothermal conditions, as a result of 
heat transfer with the surrounding medium and the low thermal conductivity in the bulk of 
the material. At the same time, it is well known that the structure of polymer (and other) 
materials and hence a whole set of their physical and mechanical properties depend on the 
cooling rate. In addition, even the degree of crystalline structure of the finished com- 
ponent depends on the cooling rate. 

In nonisothermal polymer crystallization, specific kinetic phenomena arise as a result 
of the very nonlinear temperature dependence of the crystallization rate, on the one hand, 
and the relation between the heat loss to the surrounding medium and the heat input due 
to the existence of an internal heat source (the heat of crystallization), on the other. 

The aim of the present work is to establish the relation between the cooling rate of 
the polymer material obtained from the melt and the final degree of crystal structure attained 
at the temperature at which crystallization no longer occurs. In fact, the temperature 
dependence of the crystallization rate takes the form in Fig. la. It is evident that & = 
0 when T < T d and the final degree of crystal structure ~= attained at T < T c depends on 
the rate of crossing the region from T m to T c. In addition, it must be taken into account 
that, at any temperature in the range from T m to Tc, the equilibrium degree of crystal 
structure ~e depends on the temperature, as shown schematically in Fig. ib, but ~e < i al- 
ways. 

Institute of Engineering Chemistry, Ural Branch, Academy of Sciences of the USSR, Perm. 
Scientific-Research Institute of Plastics, Plastmassy Scientific and Production Combine, 
Moscow. Translated from Inzhenerno-fizicheskii Zhurnal, Vol. 61, No. 3, pp. 399-402, Sep- 
tember, 1991. Original article submitted October 25, 1990. 

1092 0022-0841/91/6103-1092512.50 �9 1992 Plenum Publishing Corporation 



& 

O~ e 

i 
I 

1 b 
I t 

7 

Tc TmT 

Fig. i. Temperature dependence of 
the crystallization rate (a) and 
equilibrium degree of crystalline 
structure (b). 

A kinetic equation of the following form is used for quantitative description of crys- 
tallization 

d~ -- g (T) f [~, ~ (r)]. 
dt (1) 

For the sake of simplicity and clarity of the results obtained, polymer crystalliza- 
tion is considered in conditions of linear variation of the ambient temperature over time. 
Polymer crystallization in the interval Tm-T c is described using Eq. (i) in the form [1-3] 

d~ = ko exp [-- U ~ ] 
7- T--To T m _ f  (%--~)(1+Co~).  (2) 

The temperature dependence of the equilibrium degree of crystal structure is taken 
in the form [4] 

Tm--T_' (3) 

which approximates the known experimental data sufficiently well. The kinetic constants 
used below for specific calculations characterize the crystallization of polycaproamide 
(PA-6) samples. The values of these constants are obtained by solving the inverse problem 
of nonisothermal kinetics [4] on the basis of extrapolation of the experimental data of 
[5] over the whole temperature range from T m to Tc: a = 0.69; b = 0.ii; k = 3.32 sec-1; 
U = 213.2 K; ~ = 210.4 K; c o = 42; T c = 317 K; T m = 501K. 

To estimate the final degree of crystalline structure with linear temperature variation 
T = T m - vt, the time derivative in Eq. (2) is replaced by the temperature derivative dT = 
-vdt, and integration over the whole temperature interval from T m to T c gives 

" " I ] S (~e - -~ ) ( l+co~)  - - - -  "f k ~  exp U * dT. (4) 
o Tmv T--Tc Tm--T 

The analytical expression for the final degree of crystalline structure takes account of 
the following assumptions. 

First, the chosen form of k(T) permits sufficiently correct approximation by Taylor 
series expansion of the exponent. Retaining three terms of the expansion, the result ob- 
tained is 

K (0) = k, exp [-- (~ -}- ~2) O21, (5) 
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Fig. 2. Dependence of final degree of crystalline structure on cooling rate 
according to: (i) Eqs. (2) and (3); 2) Eqs. (5) and (3); 3) Eq. (9). v, 
deg/sec. 

Fig. 3. Comparison of theoretical (continuous curve) and experimental 
(points) dependence of the degree of crystalline structure on the cooling 
rate. 

where 8 = K(T -- T,) is the dimensionless temperature determined by the natural scale of 
the temperature difference in crystallization 

u 

( r , - -  ro)~ (Tin-- r,)~ (6) 

Thus, K is determined by the distance from the temperature of maximum crystallization rate 
T,; k, corresponds to the value of K(T) at T = T, 

k, = koexp ( l 1 )  
~ ~3 ' (7) 

where ~i = (T,~- Tc)IU , 62 = (Tm- T,)/@ are dimensionless parameters characterizing the 
kinetics of crystallization. 

Second, the finite limits of integration on the right-hand side of Eq. (4) are replaced 
by infinite limits, permitting the use of an Euler-Poisson integral. 

Finally, the left-hand side of Eq. (4) is integrated under the assumption that ~e = 
=e(Tc) = ~ec = const. Then simple manipulations lead to a formula for estimating the final 
degree of crystal structure 

[ i~ i] ~ = a e c  1 - -  1 + 

Co%c + exp 1 A-_ %c. ' (8) 

where V = (v/k,V~-~KfSz'+ 62 is the dimensionless cooling rate. 

As shown by numerical estimates, the third of these assumptions is the most rigorous. 
Nevertheless, the results in Fig. 2 show that approximate Eq. (8) gives not only quali- 
tative but also satisfactory quantitative estimates of the final degree of crystalline 
structure as a function of the kinetic constants k0, U, @, c o and the technological para- 
meter vover the whole temperature interval Tm-T c. In addition, with a certain ratio of 
constants - =e = 0.4; c o = 0.ii; KV~I T~2/k, ~v'~-= 7.93-10 -3 - Eq. (8) satisfactorily de- 
scribes the experimental data on the final degree of crystalline structure in [6] (Fig. 3). 
In this case, the structural features of the measuring cell yielded controllable heat- 
transfer conditions for PA-6 films of thickness no greater than 0.25 mm and permitted the 
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use of mean cooling rates of up to 30 deg/sec [6]. The film samples were melted between 
glass covers, with temperature measurement by means of microthermocouples placed directly 
in the sample. In the present work, the mean cooling rate is interpreted as the technolo- 
gical parameter v in comparing the data of [6] with the present calculation scheme. 

NOTATION 

~, degree of crystalline structure; t, time; T, temperature; K(t), temperature depend- 
ence of overall rate of crystallization; ~e(T), temperature dependence of equilibrium degree 
of crystalline structure; f [~, ~e(T)], formal law characterizing the rate of the process as 
a function of the degree of crystal structure; k0, preexponential factor; co, parameter cha- 
racterizing the type (geometry) of growing structure; 4, U, effective energetic constants 
characterizing nucleation and growth, respectively; Tm, equilibrium melting point; Tc, vitri- 
fication, temperature; ~, final degree of crystallization structure; v, rate of tempera- 
ture variation. 
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NOISE SHEAR WAVES IN NONLINEAR SMECTIC LIQUID CRYSTAL 

V. I. Erofeev UDC 539.21 

The propagation of a narrow-band shear wave in a smectic liquid crystal is 
studied. It is shown that thenonlinearity makes possible a random phase 
modulation. The temporal correlation function, the characteristic correlation 
time, and the width of the spectrum are calculated. The relation between the 
width of the spectrum, the intensity of the wave, and the distance traversed 
is determined. This makes it possible to determine the coefficient of cubic 
nonlinearity of a smectic liquid crystal (SLC) by measuring the relative in- 
crease of the width of the spectrum at an arbitrary point. 

In [I-3] it is shown that it is most important to take into account nonlinear factors 
in the behavior of liquid crystals when studying their smectic phase. 

The propagation of regular shear waves in a nonlinear smectic was studied in [4]. Some 
mechanisms of the propagation of noise shear waves in SLC were analyzed in [4]. 

In order to describe the dynamics of SLC (smectic A) it is convenient to introduce 
the smectic variable W(r, t) = (z + u)/i. Here f characterizes at equilibrium W 0 = z/! a 
system of layers perpendicular to the z-axis. 
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