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ABSTRACT: In this study the isothermal crystallization kinetics of poly[ bis(pheny1phenoxy)phospha- 
zene] have been examined utilizing (i) a modified differenital scanning calorimeter (DSC) technique and 
(ii) a depolarized light intensity (DLI) technique. The kinetics of transformation of the isotropic to  2-D 
pseudohexagonal mesophase (ie. the sub T, transformation) as well as the mesophase to 3-D orthorhom- 
bic phase (Le. the sub T(1) transformation) have been measured and analyzed by using Avrami analysis. 
Classical nucleation theory has been applied for estimating the surface free energy values for nucleation/ 
crystallization behavior corresponding to the phase transformations in the sub T(1) and sub T, regions. 
These results have been compared with poly[bis(trifluoroethoxy)phosphazene]. It has been found that the 
polymers display similar transformation kinetics. Both show very high, negative growth rates versus inverse 
undercooling coefficients as well as inordinately small surface free energy products compared to normal 
homopolymers, in accord with the compatibility of the mesophase transformation interfaces. 

Introduction 

Since the 1960s many stable linear high molecular weight 
polyphosphazene polymers have been synthesized, and 
some of their physical and thermal properties have been 
characterized. The basic structure of these polymers con- 
sists of an alternating phosphorous and nitrogen back- 
bone as shown in Figure 1. Because of the variety of 
substituent groups that may be attached to  the phospho- 
rous atom, an extensive array of polymers with diverse 
properties can be produced.',' 

Many of the semicrystalline polyphosphazenes exhibit 
three thermal transitions on heating; a glass transition 
a t  Tg, a mesomorphic transition a t  T(1) from the three 
dimensionally ordered orthorhombic (?-form) crystal- 
line state to the two dimensionally ordered pseudo-hex- 
agonal (&form) state followed by isotropization at T,. 
Recently, considerable interest has focused on determ- 
ing the structure of these polymers in both the crystal- 
line and mesomorphic states as it reIates to the sample's 
thermal h i ~ t o r y . ~ , ~  Although considerable effort has gone 
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into elucidating the structure of these materials in the 
various phases, few investigations into molecular aspects 
of the mechanisms and energetics that control the for- 
mation of these phases in polyphosphazenes have been 

A basic understanding of the energetics 
and mechanisms of the formation of the different phases 
and their dependence on thermal history is necessary from 
a physical properties perspective because such proper- 
ties as toughness, elasticity, permeability, etc. can be sig- 
nificantly altered by polymeric microstructure. It is 
through isothermal bulk crystallization studies that such 
information may be obtained. 

In this paper the kinetics of the isothermal crystalli- 
zation of the polyphosphazene polymer poly[bis(phe- 
nylphenoxy)phosphazene] or PB(4-Ph)PP (shown in Fig- 
ure 1) are investigated by using the depolarized light 
intensity' (DLI) technique. In part l9 of this series the 
DLI technique had been examined as a general tech- 
nique for studying phase transformations in polyphos- 
phazene polymers. In part I1 kinetic measurements' for 
the crystallization transformation in poly[ bis(trifluor0- 
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X For PBFP X = OCH2CF3 

X For PB(4-Ph)PP X = OPhPh 
+ P=N+, 

Figure 1. The basic alternating phosphorous-nitrogen struc- 
ture of the poly(ph0sphazene) polymer. 

Table I 
Characterization Data of the PB(4-Ph)PP Sample 

PB(4-Ph)PP 
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density (7-form)" 
unit cell dimens (orthorhombic) 

a0 

C O  

a(220 "C) 

b0 

unit cell dimens (hexagonal formIb 

mesophase transition temp, T(1) 
melting transition temp, T,  
glass transition temp, T,  
m , a t  T,  
m, at T(1)  

1.3 g/cm3 

4.18 nml' 
1.83 nm" 
0.96 nm" 

1.81 nm 
218.2 "C 
280.3 "C 
85 "C 
6.28 J/g 
89.2 J/g 

y-form designates the 3-D orthorhombic structure of many of 
Hexagonal form designates the the poly(phosphazene) p&mers. 

general structure of the 2-D mesophase of these polymers. 

ethoxy)phosphazene] or PBFP (also shown in Figure 1) 
were conducted by using both a modified differential scan- 
ning calorimetry technique as well as the DLI tech- 
nique. The results from both techniques are in agree- 
ment, but the DLI technique was found to be a superior 
method for investigating specific crystallization transfor- 
mations. Two nAajor factors are responsible, namely: (1) 
the DLI technique could be utilized to study a wider range 
of supercoolings because of the rapid rate of response of 
the photodiode light detector to rapid changes in sam- 
ple birefringence and (2) i t  was more sensitive to  small 
changes in the crystallization transformations since the 
overall transformation process was being measured, not 
its derivative as measured by the DSC. For these rea- 
sons no kinetic measurements are reported using the DSC 
technique. 

The objectives of this research mimic those of the pre- 
vious paper: (1) to establish and quantify the rate a t  
which PB(4-Ph)PP crystallizes, (2) to  establish the type 
and/or mode of crystallization by which this polymer crys- 
tallizes, and (3) to examine the nature and energetics of 
the crystallization process in this polymer. A secondary 
objective of this paper is to examine the similarities and 
differences in the crystallization behavior of the two poly- 
mers, specifically PB(4-Ph)PP, a phenoxy-substituted poly- 
phosphazene, and PBFP, an alkyl-substituted polyphos- 
phazene. 

Experimental Section 

Material and Equipment. In this study poly[bis(phenylphe- 
noxy)phosphazene], PB(4-Ph)PP, was synthesized via the solu- 
tion polymerization techniquelo and was characterized by DSC, 
X-ray, and 31P solution NMR. The NMR results indicated that 
the polymer was linear. The DSC and X-ray characterization 
data are provided in Table I. 

DLI measurements were conducted by using the instrumen- 
tal equipment described in part 2. Isothermal crystallization 
measurements were carried out in the sub T ,  and sub T(1) 
regions for PB(4-Ph)PP. The experimental runs were con- 
ducted by using the following procedures. In the sub T ,  region 
(isotropic melt to 2-D mesophase transformation), the sample 
was first fused at 290 "C ( T ,  + 8 "C) for 10 min to remove 
previous thermal history and then quenched to the desired crys- 
tallization temperature at roughly 25 "C/min. For experimen- 
tal measurements in the sub T(1) region (2-D mesophase to 
3-D crystalline transformation), a sample was again fused at 290 

5 1.0 1.5 2.0 2.5 3.0 3.5 4 . 0  4 . 5  5.0 
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Figure 2. The extent of transformation versus log time curves 
for PB(4-Ph)PP at several crystallization temperatures for the 
isotropic melt to 2-D mesophase transformation. Part A: the 
actual curves. Part B: these curves when superimposed. 

"C for 10 min, then quenched to 230 "C, and crystallized for 30 
min to freeze in the 2-D mesophase. Afterwards the sample 
was quenched to the desired crystallization temperature in the 
sub T(1) region. DLI measurements were made when thermal 
equilibrium was reached. Without the two-step procedure, the 
end of the isotropic to 2-D transformation would be superim- 
posed onto the 2-D to 3-D transformation. 

To elucidate morphological details during phase transforma- 
tions, photomicrographs were taken in both the sub T ,  and 
sub T(1) regions for PB(4-Ph)PP with a Leica 35-mm camera 
using Kodak Tri-X pan (ASA 400) film. 

Theory 
The mode of nucleation and subsequent crystallite 

growth and the overall rate of crystallization in these poly- 
mers have been successfully characterized utilizing the 
familiar Avrami analysis. The energetics associated with 
the formation of nuclei during crystallization have been 
characterized via classical nucleation theory. Details per- 
tinent to these theories have been presented in part 2 
and will not be discussed here. 

Results and Discussion 
Transformations in PB(4-Ph)PP. (a) Isotropic Melt 

to 2-D Region. Curves of the extent of conversion ver- 
sus log time for the isotropic melt to two dimensional 
psuedo-hexagonal mesophase transformation in PB(4- 
Ph)PP are shown in Figure 2. The good superposability 
of these curves, as illustrated in part B of this figure, 
indicates the mechanism controlling the crystallization 
in this polymer is invariant over the range of tempera- 
tures shown. From this data i t  is possible to  generate 
the Avrami plots which are shown in Figure 3. From the 
slope of the initial linear portion of these curves the Avrami 
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Figure 3. Avrami plots for the isotropic melt to 2-D mesophase 
transformation in PB(4-Ph)PP. 

Table I1 
Values for the Avrami Parameters, n and k. for the 
Isotropic Melt to 2-D Mesophase Transformation in 
PB(4-Ph)PP Obtained from the DLI Measurements 
T,, "C AT, "C n io%, s-z.o 

237.5 ' 42.5 1.96 49300 
237.9 42.1 2.22 16600 
238.3 41.7 2.14 4080 
238.7 41.3 2.15 1630 
239.1 39.9 1.95 776 
239.5 39.5 1.93 199 
239.9 39.1 1.91 53.0 
240.3 38.1 1.87 27.6 
240.7 38.3 2.06 10.7 

n, = 2.02 f 0.12 

nucleation and growth parameter, n, may he obtained. 
Linear least-squares analysis yielded an averge n of 2.02 
f 0.12 over the crystallization range examined. The 
Avrami k parameters were determined at a fractional con- 
version of 0.3 by using an approximate n of 2. The indi- 
vidual values for n and k for the plots of Figure 3 are 
listed in Table 11. 

Shown in Figures 4 and 5 are photomicrogaphs. of this 
transformation a t  several different times for the crystal- 
lization temperatures of 239.5 and 238.7 "C. When the 
micrographs a t  constant T, and at different times are 
compared, it can he concluded that the nucleation is ather- 
mal, since no new nuclei appear over the entire time of 
crystallization after initial nucleation. Because of the prox- 
imity to the melting temperature, it may also he con- 
cluded that the nucleation is probably heterogeneous in 
nature. Since the primary nucleation proves to he ather- 
mal and heterogeneous and the Avrami nucleation param- 
eter is approximately 2, it may he concluded that the 
growth habit of the crystallites is two-dimensional or plate- 
like from heterogeneous, athermally formed nuclei. 

Isothermal Crystallization Kinetics. 3 2361 

Figure 4. Photomicrographs (a) through (c) show the isotro- 
pic melt to 2-D mesophase transformation in PB(4-Ph)PP and 
(d) shows the resultant texture when quenched below TU) (i.e. 
the 2-D to 3-D transformation). 

Plots of Ink versus l/T,ATand l/T,AP for this trans- 
formation are shown in Figure 6. It is apparent from 
these curves and Table I1 that  the rate constants for this 
transformation vary significantly over a small range of 
undercooling, increasing substantially as the driving force 
for crystallization increases. This is indicative of nucle- 
ation control of the transformation through the primary 
and/or secondary nucleation steps. Since the plot of In 
k versus l/T,AT yields the best straight line fit to the 
data, with slope -253 000 K2, it will be used to examine 
the energetics involved in this transformation. As was 
shown in part 2 for PBFP, if 2-D heterogeneous primary 
nucleation is applicable to this transformation, then from 
the slope of this plot the product of the surface energies 
associated with the formation of the secondary nuclei may 
he calculated through an equation of the form 

slope = -4zbaaaeTma/kbAH (1) 
For PB(4-Ph)PP, bo = 1.81 nm, AH = 8.162 J/cm3, and 
z = 2, since the crystallite growth dimensionality was 2 
from the results of the Avrami analysis. Hence the prod- 
uct of the surface energies, me, is 5.0 ergs2/cm4. This 
value is several orders of magnitude less than surface free 
energy products found for normal homopolymers" (poly- 
ethylene - 1280, i-polystyrene -266, poly(ch1orotrifluor- 
oethylene) -200 ergs2/cm4, and ~ O I ~ ( T M P S ) ' ~ . "  -70- 
140 ergs2/cm4 depending upon molecular weight) that  
crystallize directly from the isotropic melt to the three- 
dimensional crystalline phase. It is comparable, how- 
ever, to the value obtained for the same transformation 
in PBFP which was found to be 1.6 ergs2/cm4. 
(b) 2-D to 3-D Region. The transformations from the 

two-dimensional (pseudohexagonal) mesophase to three- 
dimensional orthorhombic phase as a function of log time 
are shown in Figure 7. As in the higher temperature trans- 
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Figure 5. Photomicrographs (a) through (c) show the isotrc- 
pic melt to 2-D mesophase transformation in PB(4-Ph)PP and 
(d) shows the resultant texture when quenched below T(1) (ie. 
the 2-D to 3-D transformation). 

formations, these curves show good low conversion super- 
posability, this being evidence for a nucleation and growth 
mechanism that is constant over the crystallization tem- 
perature range studied. Avrami plots of this data are 
shown in Figure 8. 

Avrami n and k data generated from these plots are 
given in Table 111. The individual nucleation parame- 
ters, n's, were evaluated by a least-squares fit of the data 
in the initial linear portion of each curve. An average 
value of n was determined to be 2.08 f 0.12. The rate 
parameters were evaluated a t  a fractional conversion of 
0.25 based on an estimated value of n of 2. Photomicro- 
graphs of this transformation are shown in Figures 4 and 
5. These micrographs illustrate that  the transmitted light 
intensity through the sample decreases as the transfor- 
mation from the 2-D to 3-D state proceeds. However, 
since parts c to d of Figure 4 and parts c to d of Figure 
5 offer no clear optical indication as to the mode of nucle- 
ation, it is not possible to conclusively establish the growth 
habit of the crystallites from the Avrami n. Therefore 
another method must be utilized to determine the mode 
of nucleation. 

From Table 111 it is evident that  (i) the rate constants 
increase markedly with small increases in supercooling 
and that (ii) relatively small values of supercooling (about 
18 " C )  are necessary to  induce crystallization in these 
samples. The small supercooling is indicative of hetero- 
geneous nucleation of the sample. On the basis of this 
evidence, it appears that, given an Avrami n of 2, the 
growth of the crystallites is two-dimensional and plate- 
like from athermal, heterogeneous nuclei. 

Plots of In k versus I/T,AT and l/TcA!P, where AT 
= TU) - T,, are shown in Figure 9. From the low super- 
cooling end of the plot versus I/T,AT, a slope of -189 OOO 
K2 was determined. With this value the product of the 

Figure 6. Plots of In k versus I/T,AT and l/T,AP for the 
isotropic melt to 2-D mesophase transformation of PB(4- 
Ph)PP. 

'4 

Faure I. The extent of transformation versus log time curves 
for PB(4-Ph)PP at several crystallization temperatures for the 
2-D mesophase to 3-D crystalline transformation. Part A the 
actual curves. Part B the actual curves when superimposed. 

surface free energies, me, is 42 ergs2/cm' from eq 1 for 
PB(4-Ph)PP with bo = 1.83 nm, AH = 116. J/cm3, and z 
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Figure 8. Avrami plots for the 2-D mesophase to  3-D crystal- 
line transformation in PB(4-Ph)PP. 

Table I11 
Values for the Avrami Parameters, II and k, for the 2-D 

Mesophase to 3-D Crystalline Transformation in 
PB(4-Ph)PP Obtained from the DLI Measurements 
T,, "C AT, O C  n 107k, ~ 2 . 0  

198.5 19.5 2.16 48000 
198.9 19.1 2.03 29200 
199.6 18.4 2.18 10700 
200.0 18.0 2.07 5210 
200.4 17.6 2.23 1750 
200.9 17.1 1.86 450 
201.4 16.6 2.10 71.1 

nav = 2.09 i 0.12 

= 2. For a similar transformation in PBFP (in part 2), 
uue was found to be 30 ergs2/cm4. Thus the two poly- 
mers display comparable surface free energy products. 
These values are at  least an order of magnitude less than 
are obtained for melt to crystalline transformations in 
normal homopolymers. 

Finally, it is puzzling that the uue interfacial energy 
products determined here for the (i) isotropic to 2-D and 
(ii) 2-D to 3-D transformations exhibit low values for these 
PBFP and PB(4-Ph)PP polymers considering that the 
molecules of the crystallites are in the chain-extended 
conformation. This fact is contrary to the classical inter- 
pretation12 that surface roughening (chain ends or other 
topological features other than regular folds) leads to high 
u, values. However, a plausible explanation for the lower 
surface free energy values appears to reside in the side- 
chain mobility conferred through the oxygen linkage which 
enhances the interphase compatibility in the sub T, and 
sub T(1) regions. 

Conclusions 
The mechanisms for the nucleation and growth of these 

two polyphosphazene polymers, PB(4-Ph)PP and PBFP, 

Oh 

0--> m - 1.0 

A--> m = 2.0 

f - 1.11 x lo4  

f - 1.24 X 10' 

A 

A 

A 

I I I I I I I I 
.001.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40 

f/TcATm 
45 

Figure 9. Plots of In k versus l/TcAT and l / T c A p  for the 2- 
D mesophase to 3-D crystalline transformation in PB(4- 
Ph)PP. 

have been established here for both the isotropic to 2-D 
mesophase as well as the 2-D mesophase to 3-D crystal 
transformations. Several conclusions concerning these 
transformations are enumerated below. 

For the isotropic melt to 2-D mesophase transforma- 
tion, the following has ben established: 

(1) From the analysis of the crystallization kinetics, it  
was found that both polymers displayed similar mecha- 
nisms of nucleation and growth for this transformation. 
The transformation in each case was consistent with ather- 
mal, heterogeneous nucleation followed by macroscopic 
growth in only two dimensions resembling platelike growth. 

(2) The degree of supercooling necessary to induce crys- 
tallization in these polymers was significantly different. 
PB(4-Ph)PP was found to require a much larger super- 
cooling to initiate crystallization compared to PBFP, indi- 
cating the formation of PB(4-Ph)PP crystallites required 
the greater driving force. 

(3) The products of the side surface and end surface 
free energies, QQ,, of the secondary nuclei were found to 
be 1.6 and 5.0 ergs2/cm4 for PBFP and PB(CPh)PP, 
respectively. Although these are estimated values, they 
are small compared to normal homopolymers. In con- 
junction with the low enthalpies of transition, they indi- 
cate that small forces hold the mesophases together. 

(4) The side groups seem to play an important role 
only in the energetics of the formation of the nuclei, the 
larger the side group (PB(4-Ph)PP) the larger the super- 
cooling and surface free energies associated with the phase 
transformation. I t  is apparent however that the group 
size has no affect on (i) the dimensionality of the nuclei 
and of the crystallites or (ii) the nucleation parameter, 
n. 

For the 2-D mesophase to 3-D ordered crystal trans- 
formation, the conclusions are as follows: 

(1) The mechanism for this transformation appears sim- 
ilar for PB(4-Ph)PP and PBFP, yielding from kinetic 
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experiments a nucleation parameter of two. Since pho- 
tomicrographs revealed little about this transformation 
in PB(4-Ph)PP (and nothing useful for PBFP because 
of the small light intensity change through this transi- 
tion), it was difficult to determine the mode of nucle- 
ation. However, it can be expected that due to the low 
undercoolings necessary for these transformations and 
the large and negative temperature dependence of rate 
constants, heterogeneous, athermal nucleation should pre- 
vail. Thus coupled with an Avrami n of 2, the growth 
habit must be two-dimensional in nature. 

(2) The product of the surface free energies associated 
with the formation of the secondary nuclei were esti- 
mated to be 30 and 42 ergs2/cm4 for PBFP and PB(4- 
Ph)PP, respectively, for this transformation. Again, the 
energies are small, by at  least an order of magnitude, 
compared to several normal homopolymers that do not 
exhibit mesophase transitions. It is interesting that the 
low uue evaluated classically for the isotropic to 2-D 
pseudohexagonal and 2-D to 3-D orthorhombic transfor- 
mations in these two polymers (which form chain- 
extended molecules) is contrary to the notion that sur- 
face roughening'' (associated with chain ends, for exam- 
ple) leads to high ue values. 

(3) The larger degree of supercooling and the slower 
rate of crystallization of PB(4-Ph)PP over PBFP sug- 
gest that the bulkier phenylphenoxy side group is more 
difficult to crystallize. Therefore the side group chem- 
istry and size as in the isotropic to two-dimensional trans- 
formation affect the extent of undercooling and rate of 
crystallization but do not affect the mechanism by which 
nucleation and growth occurs. 
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Appendix 
The DLI method for recording isothermal crystalliza- 

tion transformations in polymers has been used sporad- 
ically since its inception as a viable technique in the 1950's. 
Bin~bergen, '~  however, pointed out a problem associ- 
ated with the depolarization technique and the Avrami 
theory. He showed that for spherulites initiated ather- 
mally growing in an isotropic media, the Avrami nucle- 
ation parameter, n, should be 4 by the DLI method, not 
3 as is found by other methods, specifically DSC, dilatom- 
etry, etc. The increase in n results from the dependence 
of the optical retardation (6) on the square of the crys- 
tallites thickness ( th2)  assuming 6 << 1. We agree with 
this conclusion. However, it is questionable that the DLI 
method would yield an n of 3 for a 2-D spherulite (a spher- 
ulite constrained from growth parallel to the light beam 
by the coverslips) as is suggested by Binsbergen but would 
instead yield an n of 2, the standard Avrami result, since 
the thickness of the growing 2-D spherulite is not chang- 
ing. As such the DLI results would then agree with other 
experimental methods for determining Avrami kinetic 
parameters for 2-D spherulites. 

This conclusion has a significant impact on the work 
presented in this paper and previously in part 2, since it 
can be shown that for any crystallite growing in two dimen- 
sions, the DLI method would yield an n of 2, the stan- 
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dard Avrami result, not 3, as is suggested by Bins- 
bergen.15 Only when one of the two crystallite growth 
directions is exactly parallel to the light beam, will an n 
of 3 result. This situation is impossible for a 2-D spher- 
ulite considering the definition given above and is of very 
limited importance for 2-D platelets. Inspection of the 
original  equation^'^ will clarify these results. 

The n = 2 result for 2-D spherulites or plates can be 
derived from Binsbergen's work." It is necessary to review 
part of his formulation of the mean depolarization, A 
( =Ztransmitted/Zincident), of plane polarized light transmit- 
ted through a sample. Following Binsbergen's argu- 
ment the entire sample is divided into a large number of 
piles, N p ,  parallel to the incident light beam and of cross 
sectional area, A .  As a crystallite grows within the sam- 
ple, the number of piles it intersects will increase. The 
mean polarization for such a model was shown to be of 
the form 

a - Fth (2) 
(similar to eq 26 of Binsbergen's paper15) for uniaxially 
birefringent crystallites growing in an isotropic, nonbi- 
refrigent matrix, where F is the average number of crys- 
tallites per pile and t h  is the thickness of the crystallites. 
F may be calculated from the volume fraction of crystal- 
line material through the simple formula16 

N$thA v, = - 
N P A  

(3) 

where D is the overall sample thickness (N$thA is the 
crystalline volume and N p D A  is the sample volume). This 
equation is similar to Bin~bergen's'~ eq 27. For a 3-D 
crystallite (spherulite) nucleated athermally and grow- 
ing a t  a linear growth rate, u, th becomes ut ( t  is time) or 
more compactly, w ,  and the crystalline volume fraction 
is simply 

(4) 
where N is the number of nuclei. Furthermore, the time 
dependence of the crystallite thickness, parallel to the 
light beam, is simply 

V, = N w 3  - w3 

th = w (=fn(t) )  (5 )  

F - w2 (6) 

(7) 
yielding a nucleation parameter, n, of 4, i.e. the Binsber- 
gen result. From this result the conclusion is drawn that 
in general the DLI method should exhibit enhanced n 
values by one integer over values obtained from other 
methods. However, another analysis is presented here 
to shown that this generalized result to  other dimen- 
sional systems is invalid. 

Now consider two-dimensional spherulites activated 
athermally and growing at  constant rates such that the 
crystalline volume fraction is 

v, - w' (8) 

(9) 
since the spherulites are constrained by the coverslips. 
Thus for this case eq 3 yields 

and from eq 3 and 4 

Finally, the mean depolarization is 

A - (w2)(w)*  - w4 - t 4  

and the thickness 

th - constant (not a function of time) 

F - w 3 / t ,  (10) 
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From this the average depolarization takes the form 

and therefore the nucleation parameter, n, is clearly 2 
(not 3). 

A similar analysis would be applicable to athermally 
activated plates growing in 2-D in almost any orienta- 
tion. The only requirement is that the crystallite growth 
directions do not lie exactly parallel to the light beam. 
For any other orientation the thickness of any given crys- 
tallite parallel to the light beam is invariant with the time 
of growth so that the depolarization would be propor- 
tional to t2 .  Only when one of the crystal growth direc- 
tions is exactly parallel to the light beam (and thus the 
thickness of the crystallite is increasing) will the depo- 
larization go as t3 (i.e., n = n + 1). Such a crystallite 
orientation is highly improbable if its initial placement 
and orientation in the sample is random. On the basis 
of this reasoning it follows that the number of crystal- 
lites growing parallel to the light beam is extremely small 
compared with those in other orientations. Conse- 
quently an average Avrami n of 2 should dominate the 
DLI results obtained for 2-D crystallites. 

In Binsbergen's final analysis the time dependence of 
the thickness is not removed when making the assump- 
tion that an athermally activated 2-D spherulite (and by 
inference any 2-D crystallite) would result in a nucle- 
ation parameter of 3 (i.e., n + 1) instead of 2. We have 
shown that this is not the case and, by analogy, proved 
that in general, for 2-D crystallites with neither growth 

direction oriented exactly parallel to the light beam, an 
n of 2 should be expected. Thus the results presented 
in our papers, parts 2 and 3, are thoroughly consistent 
with platelets growing in two dimensions in which nei- 
ther growth direction is parallel to the light beam. 
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ABSTRACT Young's moduli of balanced, biaxially oriented polymer films composed of single crystal ele- 
ments are calculated for several hypothetical structures, in the ideal case of 100% crystallinity. The numer- 
ical data used in the computations are the mechanical properties of the single-crystal unit, in the form of 
the modulus or compliance tensor. Structural characteristics of equibiaxially oriented polyethylene Sam- 
ples indicate that the appropriate model is an aggregate of single crystals, for which the tensile modulus is 
calculated by Reuss-averaging the properties of the structural unit over all directions. It is predicted, in 
accordance with experimental observations, that the modulus of such equibiaxially oriented films is low in 
comparison with the axial theoretical modulus of single crystals, due to the large contribution of the shear 
compliance of the crystals. By contrast, calculations presented in this study indicate that structures in 
which a uniform distribution of strain is achieved may exhibit a very high modulus. Such materials include 
laminates and certain composites. 

1. Introduction comparison with that of isotropic materials (1-3 GPa). 
These results have triggered major experimental efforts 
to develop routes toward uniaxially oriented materials 
from both flexible and rigid macromolecules.'-" Nowa- 
days, oriented fibers and films are manufactured that 
exhibit extraordinarily high Young's moduli that approach 
the theoretical estimates. 

Little attention has been paid to the theoretical limits 
of the stiffness of biaxially oriented structures, despite 

Numerous studies have been devoted to the theoreti- 
cal modulus of polymeric crystals in the direction of the 
macromolecular chains.'* It has been shown that, in gen- 
eral, the axial crystal modulus is high (40-320 GPa) in 

' DSM Research. * University of California at Santa Barbara. 
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