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The empirical equation, llti = AeEilRT, which expresses the 
exponential dependence of the reciprocal of crystallization 
induction time, ti, has been analyzed and shown to be equiva- 
lent to the nucleation rate equations derived earlier in Part 111 
( 1 ) .  Consequently we have used the ti  measurements obtained 
earlier by Krueger and Yeh to calculate not only the nucleation 
rate enhancements but also the melting point elevations, the 
relative crystal thickness changes and molecular coil extension 
ratios of shear-crystallization polyethylene. It is shown that 
polyethylene when crystallized between 129 and 131°C at 
shear rates between 1.56 and 9.70 sec-’ can have melting point 
increases of4.2 to 7.2”C and crystal thickness decreases of20 to 
25 percent, when compared to those crystallized at 130°C in the 
quiescent state. The predicted “coil” extension in the melt just 
prior to shear-induced crystallization ranges between 21 and 
-36 percent. The results of  these analyses as well as those on 
nucleation rates of polyethylene oxide are discussed in detail. 

INTRODUCTION 
n Part 111 (1) a nucleation theory for strain-induced I crystallization (SIC) was formulated to show how 

nucleation rate, critical nucleus size and equilibrium 
melting temperature of polymers depend on the “struc- 
ture’’ state in terms of melt entropy reductions, AS I .  In 
Part IV, the nucleation rates of shear-crystallized poly- 
ethylene (PE), which can be shown to be readily obtain- 
able from induction times, t i ,  are used to predict corre- 
sponding changes in crystal thickness, equilibrium melt- 
ing temperature and molecular coil extension ratio of the 
oriented melt just prior to SIC. 

INDUCTION TIME ANALYSIS 
The induction time data for shear-crystallized PE 

used in the present analysis were the same reported 
previously by Krueger and Yeh (2,4) and Tan and Gogos 
(3).  The induction time, defined by Krueger and Yeh as 
the time elapsed from the start of shear until a stress rise 
or a volume decrease is observed, is shown in Fig.  1.  
They noted two very interesting relations in their 
studies, one relating an “induction shear strain,” ~i = ti$ 
= A‘e-Ei/RT, to crystallization temperature, T ,  and the 
other relating the reciprocal of induction time to $and T 
as follows: 

(1) 
where A = +/A’ and R is the gas constant. The two 

l / t i  = AeEiIRT 

but ti depends greatly on $ as well as on T .  Equation 1 
was found (4) also to be valid for quiescent crystallization 
(QC) as well. The pre-exponential frequency factor A 
and the temperature coefficient E i  for both QC and SIC 
of PE are included in Fig.  2. The value of Ei is much 
smaller for SIC than QC and it remains a constant in the 
shear rates investigated. However, A was found to be 
proportional to shear rate. Since the rate of QC is almost 
negligible (see Fig.  2 )  as compared to that of SIC, one 
can write the following general expression for both types 
of crystallization: 

(2) l / t i  = (A@’o/RT + f $b”/”T 
where A,  is now the frequency factor in QC, f is a 
proportionality constant, (E ,  + E )  andE are respectively 
E i  for QC and SIC. Since Aoe(EoIRn is generally small 
compared to f $ ,  E q  2 can be reduced to E q  1 at $ > 0. 

MEANING OF I/& 
If we consider the induction time, ti, obtained in our 

shear-crystallization experiments, as the time required 
to generate the same critical number of SIC nuclei per 
unit volume, n*, required to cause an observable in- 
crease in shear stress, then n*/ti becomes the SIC nucle- 
ation rate, or 

(3) N O  = n?! = n* AeEi/RT n*(~oeE~/RT + f $ b E / R T  
ti ., 

equations are therefore equivalent. ~i has been shown 
(2) to be constant for a given crystallization temperature, 

Equation 3 can now be compared to another empirical 
nucleation rate equation, N o  = a + b$, obtained by 
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Fig .  1. Induction time, ti, as deduced from stress or uolume 
changes (2,4). 
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Ulrich and Price (5) who had formulated their equation 
to describe their observed nucleation rates of polyethyl- 
ene oxide (by means of light microscopy) under various -f 
and T .  They had also found that the constant a is negli- 
gible compared to b and b increases with decreasing T .  
This suggests that a must correspond to n*A, exp (E, + 
E)/RT,  which as we pointed out earlier, is also negligible 
and b to n*f exp (EIRT) in the more general nucleation 
rate expression (E9 2) for polymers. 

If we now compare the empirical nucleation rate ex- 
pression, E 9  3 ,  with the general SIC nucleation rate 
expression (Part 111 (1)) namely 

N O  = Na-ED/RTe-AF*o/RT (4) 
we can also show that they are equivalent to each other 
because E 9  4 can be rewritten as 

(4') N O  = N ~ ( B - E D ) I R T  e-(B+AF*o)IRT 

If the constant B is chosen such that B - ED = E ,  then 
E q  4' becomes 

(5) 

(6) n f P  

A F * O  a In (1/+) (7) 

NO = Np-(B+AF*O)/RT eEIRT 

Comparing Eqs 3 and 5 ,  we find 
Na-(B+AF*o)/RT = * 

This suggests that at constant temperature, 

The relationships between the nucleation rate, E 9  3 ,  
E q  4 for SIC and the usual expression for quiescent 
crystallization are schematically shown in F i g .  3 .  Al- 
though E 9  3 is an approximation to the theoretical ex- 
pression (E9 4 ) ,  it has the advantage of having a simpler 
and more practical expression for describing the SIC 
behavior in terms of readily obtainable experimental 
parameters, namely, -f or stress, and ti. However, it is 
valid only at high temperatures in the nucleation- 
controlled regions where most of the SIC experiments 
are conducted anyway. 

ORIGIN OF RATE ENHANCEMENT 
The substantial increase in the front factorA (see Fig. 

2) in the case of SIC can now be explained based on the 
analyses made above. The increase is primarily due to 
the orientation effect on A F * O .  As discussed in Part 111, 
the increase in the thermodynamic driving force, Af', 

3 

CRY STA L L I Z AT I ON TEMPE RATU RE 
Fig.  2. Egects of crystallization temperature and shear rate on 
the reciprocal of induction time. 

402 

Fig.  3. Schematics showing the dependence of nucleation rate 
on temperature for the three indicated equations. 
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brought about by melt orientation, results in a de- 
creased AF*O for the formation of a critical size nucleus 
of dimensions va*O and I*". According to E q  7, the 
decrease in AF*" is clearly brought about by an increase 
in strain rate or stress imposed on the system during 
SIC, as was discussed in Part 111. 

The front factor, A, can be regarded as a measure of 
number of embryos participating in the nucleation proc- 
ess. Consequently the imposed strain on polymer melts 
has a dual effect on the enhancement of nucleation rate, 
by reducing the critical size nucleus to a smaller value 
(e. g., v*O < v*) and by lowering the critical free energy 
AF*" (<AF*). Both effects can lead to substantial en- 
hancement of SIC nucleation rates (No  >> N ) ,  as 
schematically shown in Fig. 4 .  The decrease in critical 
nucleus size is thermodynamically favorable for the in- 
crease of number ofembryos larger than the critical size, 
whereas the lowering of free energy barrier, AF*', is 
kinetically favorable for the formation of nuclei. 

PREDICTIONS OF TL, I*" AND (Y FROM t i  DATA 
Based on the above analysis of the induction time 

equation ( E q  I ) ,  SIC nucleation rate enhancements 
were calculated for shear-crystallized polyethylenes. 
The results, together with corresponding melt entropy 
reductions (AS') and predicted values for T&, 1*" and (Y 

using previously derived equations (see Table I), are 
presented in Table 2. Here T g  is the equilibrium melt- 
ing temperature for SIC polymer. In the analysis we 
have to assume that the SIC and the QC nucleation 
processes are both heterogeneous. If the nucleation 
processes were assumed to be both homogeneous, the 

A F  

AF 

A F  

A F* 

<a> quiescent crystallization 

embryo size distribution \ 

V* \ 
<b>straln-induced crystallization 

embryo sire distribution \ 

Fig. 4 .  Schematics showing the increase of matured embryos 
(shaded areas) upon reductions of critical size nucleus and 
critical free energy. r )  (v) i s  the embryo size distribution. 

predicted increase in T ;  would be at most only about 
1°C above the isotropic equilibrium melting tempera- 
ture, T,, far smaller than the observed 5-7°C melting 
point increase recently obtained by Hong (6). 

Table 1. Effects of Orientation, AS'(1) 

QC SIC 

Thermodynamic 
driving force 

I. Nucleation rate N = Nee-EI)'kT e-Av*'kT 
Critical free energy, AF' 
a) Homogeneous 

nucleation 
b) Heterogeneous 

nucleation 
1 1 .  Thickness of critical nucleus, I' 

a) Homogeneous 
nucleation 

b) Heterogeneous 
nucleation 

Ill. Equilibrium melting temperature, T, 

Observed melting temperature, Tubs 

Entropy reduction, AS' 
a) Flory 

b) Krigbaum-Roe 

c) Hong-Yeh 

Af = AH - TAS 

AS'= % [ ( , ) ~ - ( 2 + : ) ]  24m * 
2 

kN 24m 4 
AS' = - (7) (a - 1) 

2 

Afo = Af + TAS' 

A 3 u e  
(Af + TAS')' 

B u s u c  
Af + TAS' 

4 me 

Af + TAS' 

Af + TAS' 

1 1 AS' 
T; T, AH 

2 u e  

- -- -- - 

~~ ~ ~ ~~~ ~~ ~~ 
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Table 2. Shear-Crystallized Polyethylene, Assuming Heterogeneous Nucleation 

1'" 
A' a 

P, Tx, 4, No/N, Ar x lo-', AS' x 10-5, AVO, P,, 
sec-I "C sec tdt? erglcm3 erglcm3 - O K  KcaVmole "C 

9.70 130.1 40 
5.40 130.2 120 
3.36 130.2 200 
2.88 129.5 80 
2.81 131.0 320 
1.80 129.8 360 
1.56 129.0 80 
0.00 130.0 6 X 1V 

1500 
500 
300 
750 
187.5 
166.7 
750 

1 

1.457 
1.364 
1.325 
1.399 
1.289 
1.284 
1.401 
1.005 

1.139 
0.925 
0.828 
0.897 
0.869 
0.660 
0.81 8 
0.000 

12.91 
13.79 
14.20 
13.45 
14.59 
14.65 
13.43 
18.72 

152.2 110 1.36 
150.8 117 1.29 
150.2 121 1.26 
150.7 114 1.28 
150.5 1 24 1.27 
149.2 125 1.21 
150.2 114 1.26 
145.0 159 1.00 

Constants used: 1, = 145°C. u. = 80 erg/cmz, ws = 10 erglem', Ah, = 2.8 x 10' erg/cma, b. = 4.11 A, and N = 1.5 x l f f k m ?  

Further, a small increase of 1°C in T, will also lead to 
anomalies in the usual nucleation rate analyses (Figs. 
5-7, to be discussed later), thus giving another justifica- 
tion to the heterogeneous nucleation assumption used in 
the present analysis. The predicted decrease in Z * O  of 
about 25 percent in Table 2 should, according to our SIC 
theory, reflect a corresponding 25 percent decrease in 
observed crystal thickness, l&, or long period, L&. A 
decrease of about 15 percent in L& from small-angle 
X-ray measurements has indeed been noted earlier by 
Krueger (4) for these same specimens. However, the 
measured value of crystal thickness, Z&, is found to be 

-I 
(T~?/T (-4 

1.87 1.88 I. 89 1.00 1.91 
1 I 1 I 

X/T(aT) x I oa 

Fig. 5 .  Plot of In 1 Iti against T&/(AT) and against (T&)'/T(AT)'for 
polyethylene, using t i  data provided by Kruegerand Yeh (2), and 
assuming heterogeneous nucleation (top) and homogeneous 
nucleation (bottom). 

about twice that of the theoretically predicted values of 
I*" shown in Table 2. This, we believe, is due primarily 
to the omission of edge free energy and therefore the 6E 
term in our original derivation of I*". 

It is again of interest to note that the "coil" extension 
ratio, a, is only of the order of30 percent, indicating that 
the molecules are only very slightly extended just prior 
to SIC for these specimens. 

-2 - 

-3 - 
R, ii 

-4 - 

-5 - 

Fig. 6 .  Plot of In l l t i  against T:IT(AT) and against (TR)21T(AT)2 
for polyethylene, using t i  data provided by Tan and Cogos (3), 
and assuming heterogeneous nucleation (top) and homogene- 
ous nucleation (bottom). The constants used are the same as 
given in Fig .  5. 
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L N  

Fig. 7. Plot of En N against T:IT(AT) and against (T&)’/T(AT)’for 
polyethylene oxide, using nucleation rate data provided by U1- 
rich and Price (5) and assuming heterogeneous nucleation (top 
and bottom). In the bottom figure when T ,  is assumed to be 
constant according to Re$ (5), the plots result in a series of 
curves for the shear cases. 

DISCUSSION ON PREDICTED TO, VALUES 
Successful predictions of Tg depend not only on reli- 

able No/N ratios to get AS’ values but also on the use of 
the Hong-Yeh T& equation (see TabZe 1) the validity of 

which will be discussed in Part V (8). For the present it 
would be desirable to test the accuracy of the predicted 
T& values using the classical tests by plotting In (nuclea- 
tion rate) vs T&/T(AT) and T:/T(AT)*. It has been shown 
that, at least in the case of QC, if the predicted T& values 
are correct, then such plots should lead to straight lines 
(9). We have applied similar tests to our data (Fig.  5), to 
the induction time data by Tan and Gogos (3) also on 
shear-crystallized PE (Fig. 6), and to the nucleation rate 
data by Ulrich and Price on polyethylene oxide (5) (Fig. 
7). The T& values used in the lower plots ofFigs. 5 and6 
are obtained from AS‘ which are calculated from kinetic 
data according to the homogeneous nucleation rate equ- 
ation, whereas the values ofT& used in the upper plots of 
Figs. 5-7 are calculated following the heterogeneous 
nucleation rate equation (see Part III). In each case, if 
correctly predicted T& values are used in the plots, not 
only a straight line is obtained for the assumed crys- 
tallization process, e. g., heterogeneous (see Figs. 5-7), it 
can also be obtained in the In (nucleation rate) vs 
Tg/T(AT)2 plots. Otherwise, incorrect assumptions of 
crystallization process andlor T g  can lead to anomalies, 
as shown in the lower plots of Figs. 5-7. 
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