
The Influence of the Equilibrium Melting Temperature on 
the Supermolecular Morphology of Several Polymers 

C. J. MURPHY,'** J. J. FAY,2 E. A. M. VAN,' and 1. H. SPERLINC3 

'Department of Chemistry, East Stroudsburg University, East Stroudsburg, Pennsylvania 18301; 'Department of 
Chemistry and 3Departments of Chemical Engineering and Materials Science and Engineering, Materials Research 
Center, Center for Polymer Science and Engineering, Whitaker Laboratory #5, Lehigh University, 
Bethlehem, Pennsylvania 1801 5 

SYNOPSIS 

At a constant isothermal crystallization temperature ( T,) , the crystalline morphologies of 
several polymers have been found to be a function of the melt-liquid temperature ( TI). At 
a constant T, below a critical crystallization temperature T: [about 0.9 Tg ( K )  1, a transition 
from a nonspherulitic to a spherulitic morphology occurs when the melt liquid is heated 
above a melt-liquid transition temperature, ( Tit) [approximately 1.03 T,,, ( K )  1 ,  where T,,, 
is the observed melting temperature of the sample. The melt-liquid transition temperature, 
TI,, which experimentally affects the visible morphology of a semicrystalline polymer, is 
apparently indistinguishable from the thermodynamic melting temperature, T: , determined 
by the Hoffman-Weeks procedure. The X-ray powder diffraction patterns of spherulitic 
and nonspherulitic morphologies were identical, independent of the heating-cooling cycle. 
This suggests that the transition that occurs at TI, does not affect the arrangement of 
polymer molecules in the crystallite, but only the manner in which the crystallites are 
arranged in the supermolecular morphology. The evidence suggests, at least for the polymers 
studied, that a residual order exists in the melt until the Tt or TI, of the particular polymer 
is reached. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

The elementary crystal structure of a homopolymer 
crystallized from the melt is the lamellar crystallite. 
Under appropriate conditions, crystallites can be 
organized into higher levels of crystalline morphol- 
ogy or supermolecular structure, such as hedrites, 
axialites, or spherulites.' The  morphology of a poly- 
mer crystallized from the melt in any given exper- 
iment depends on a number of factors, including 
crystallization temperature, polymer molecular 
weight and polydispersity index, the cooling rate, 
and polymer film thickness. These relationships 
have been correlated into morphology maps by 
Mandelkern and c o - w o r k e r ~ . ~ , ~  

The relationships between the crystal structure, 
gross morphology, and properties of polymers have 
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been extensively reviewed for polymers, in general, 
by Mandelkern4 and for polyethers, in particular, 
by fa to^.^ The  crystallization behavior of several 
polyoxetanes, first synthesized by Farthing in 
1955,6,7 have been reported in recent years with dif- 
ferences correlated to the nature of the pendant 
groups on the polyoxetane backbone In 
addition, the effect of melt history on semicrystalline 
polymers has been reviewed by Rault.l4 

This is the seventh ~ a p e r ' ~ - ' ~  in a study of ho- 
mopolymers and block copolymers based on 
poly [ 3,3-bis (ethoxymethyl) oxetane] (polyBEM0) 
and related polyethers." In  one of these, l7 evidence 
was presented that  a relationship exists between the 
equilibrium melting temperature ( T$ ) , determined 
by the Hoffman-Weeks procedure, and the gross 
morphologies observed microscopically. In partic- 
ular, polymer melts heated to  a melt-liquid temper- 
ature, Tl,  above T$ formed spherulites on crystal- 
lization when cooled below some threshold temper- 
ature. On the other hand, polymer melts heated to 
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a melt-liquid temperature below T$,, then cooled to 
the same crystallization temperature, formed hed- 
ritic or fine-grained supermolecular morphologies, 
which could not be resolved by light microscopy. 
The results were independent of the time the melt 
was held at  a particular temperature and of the par- 
ticular morphology that was melted. In another pa- 
per," the observed multiple endotherm melting be- 
havior of polyBEMO was observed and related to 
melt-liquid temperature history, molecular weight, 
and morphology. 

In this paper, values of TZ for several additional 
polymers will be presented. Evidence will also be 
presented that extends the relationship among Tl, 
TZ, and the observed morphology to several addi- 
tional semicrystalline polymers. In addition, the ap- 
parent relationship between the experimental melt- 
ing temperature, T,, the equilibrium melting tem- 
perature, T;  , and an apparent liquid-liquid 
transition temperature, Tit, at about 1.03 T, ( K )  
will be examined. 

EXPERIMENTAL 

Materials 

The polymers used in this study were poly[3,3- 
bis ( methoxymethyl ) oxetane ] ( polyBMMO ) , 
poly [ 3,3-bis (ethoxymethyl) oxetane] (polyBEM0) , 
poly [ 3,3-bis (chloromethyl) oxetane] (polyBCMO), 
poly [ 3,3-bis (azidomethyl) oxetane] (polyBAMO ) , 
poly (ethylene oxide ) ( PEO ) , polypropylene ( PP ) ; 
poly(ethy1ene glycol) (PEG), and nylon 66. The 
syntheses of polyBEMO, polyBMMO, and poly- 
BAMO have been described previ~usly.'~-'~ Samples 
of the remaining polymers were obtained from the 
following suppliers and used as received PEO, M ,  
= 100,000 g/mol (Aldrich Chemical Co.); poly- 
BCMO (BDH) ; PP, M ,  = 260,000 g/mol (Scientific 
Polymer Products); nylon 66 (Scientific Polymer 
Products) ; and PEG, M ,  = 12,600 g/mol (Polymer 
Laboratories and Polysciences ) . The structures, 
molecular weights, and polydispersity indexes, where 
available, of the polymers are given in Table I. 

Instrumentation 

Optical microscopy studies of morphologies were 
made using a Zeiss 20-T microscope equipped with 
reflecting and transmitting polarized-light Nomarski 
optics, a Zeiss M-35 automatic exposure camera, and 
a LinKam TH600 microprocessor controlled hot- 
stage, calibrated with 1,3-diphenylbenzene ( T, 59- 

61°C), rn-toluic acid (T, 1O8-llO0C), and DL- 
mandelic acid ( T, 120-122'C) ( Aldrich Chemical 
Co. melting point standards). 

X-ray powder diffraction studies were performed 
using a Phillips APD 3720 automated X-ray powder 
diffractometer with a copper target and a Phillips 
XRG X-ray generating unit. A nickel filter was used 
to isolate the CuKa line ( X = 1.542 A). A scan rate 
of lo/min with 0.02' increments was used. 

Molecular weights were estimated, for polymers 
soluble in tetrahydrofuran, using a Waters gel per- 
meation chromatograph ( GPC ) calibrated with 
polystyrene standards using tetrahydrofuran as sol- 
vent or were as given by the supplier. 

Procedures and Definitions 

The several procedures used and procedure-related 
definitions are as follows: 

1. Melting temperature: The experimental 
melting temperature (T,) was taken as the 
temperature at which the last visible trace of 
crystallinity disappeared and the sample be- 
came a clear isotropic liquid, as observed be- 
tween crossed polarizers. At the same heating 
rates, T, determined by this method corre- 
lates closely with the peak temperature of the 
melting endotherm as determined by DSC 
and is about l0'C lower than the temperature 
a t  which the DSC peak returns to the base 
line." 

2. Crystallization temperature: The crystalli- 
zation temperature ( T,) was the temperature 
at which isothermal crystallization occurred. 

3. Melt-liquid temperature: The melt-liquid 
temperature ( TI) was the temperature above 
T, to which the polymer melt was heated. 
The liquid was held at Tl for 30-60 s before 
the cooling cycle was initiated. Variation of 
the time the polymers were held at  Tl from 
5 s to 6 h appeared to have no effect on the 
morphology observed. 

4. Equilibrium melting temperature: The equi- 
librium melting temperature ( T;) , as deter- 
mined by the Hoffman-Weeks procedure, is 
defined as the thermodynamic condition 
where T,,, = T,; that is, the polymer crystal 
is perfect and in thermodynamic equilibrium 
with the melt.22-25 Operationally, T$, was de- 
termined experimentally from the intersec- 
tion of the least-squares plot of T, vs. T, with 
the line representing T, = Tc.24925 
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Table I Structures and M, of Polymers 

Mw Polydispersity 
Polymers Abbreviation Structure (g/mol) Index (Mw / M n  1 

Poly[3,3-bis(methoxymethyl) oxetane] 

Poly[3,3-bis(ethoxymethyl) oxetane] 

Poly[3,3-bis(azidomethyl) oxetane] 

Poly[3,3-bis(chloromethy1) oxetane] 

Poly(ethy1ene oxide) 

Polypropylene 

Poly(ethy1ene glycol)" 

Poly (hexamethylene adipamide) 

PolyBMMO 

PolyBEMO 

PolyBAMO 

PolyBCMO 

PEO 

PP 

PEG 

Nylon 66 

40,000 - 

74,000 2.5 

51,000 2.0 

100,000 - 

260,000 - 

12,600 1.2 

27,500 2.2 
- 

a Same as PEO, but with -OH groups on both ends. 

5 .  Melt-liquid transition temperature: The 
melt-liquid temperature at which a transition 
from a nonspherulitic to a spherulitic mor- 
phology was observed on isothermal crystal- 
lization at a given T, is designated as TIt. 

6. Thermal evaluation of samples: Typically, 
thin-film samples between coverglasses were 
evaluated by raising the temperature at a rate 
of 10"C/min to T,, which was recorded, then 
at the same rate to Ti, at which temperature 
the sample was held for 30-60 s. The tem- 
perature was then reduced at a rate of 30"C/ 
min to T,, which was maintained until iso- 
thermal crystallization was complete. De- 

pending on the extent of undercooling, crys- 
tallization typically began at least 30 s after 
T, was reached. The cooling rate had no effect 
on the observed morphology. The morphology 
was noted and the cycle was repeated from 
five to ten times. 

Samples for X-ray powder diffraction studies were 
prepared by melting the polymer directly on a glass 
sample plate, heating to a Tl, either above or below 
T:, then cooling to T, and allowing the sample to 
crystallize isothermally. The morphology of each 
sample was observed by visible light microscopy be- 
fore the X-ray powder pattern was determined. 
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RESULTS 

The values of TZ for the various polymers, deter- 
mined by the Hoffman-Weeks procedure, are given 
in Table 11. The values of TZ for polyBEMO and 
polyBAMO have been reported previously, l7 

whereas the values for PEO and PP are within the 
range reported in the l i terat~re .~ 

The gross morphologies of the various polymers 
as a function of T, and Ti were determined by po- 
larized light microscopy. Photographs of the ob- 
served morphologies of PEO, polyBEMO, and 
polyBAMO. were previously p~b1ished.l~ Micropho- 
tographs of the observed morphologies of the addi- 
tional polymers are shown in Figure 1. For each of 
the polymers when a constant T, is chosen, the ob- 
served morphology is dependent only on the Tl to 
which the polymer melt is heated. In general, when 
a polymer melt is heated to a Tl below the TZ of 
that specific polymer, a nonspherulitic morphology, 
such as hedritic, rodlike, or fine-grained is observed. 
On the other hand, when the polymer melt is heated 
to a Ti above TZ,  spherulitic morphologies are ob- 
served. The morphology observed in any given in- 
stance, at constant T,, was dependent only on the 
TI attained, not on the morphology that was ob- 
served before melting. For example, if a spherulitic 
sample of polyBEMO was melted and the melt liquid 
was heated to a Tl below the TZ of polyBEMO, a 
nonspherulitic morphology was obtained on crys- 
tallization. If the sample was then melted and the 
melt liquid was heated to a Tl above the TZ of 
polyBEMO, cooled to the same T, as before, and 
crystallized, a spherulitic morphology was regained. 

The morphologies previously published l7 and 
those depicted in Figure 1 are quantified in Tables 
I11 and IV. In Table 111, when the Tl was increased 
at  constant T, for the various polymers, the mor- 
phologies were observed to change from fine-grained 
or hedritic to spherulitic over a transition range of 
from 1 to 10°C in Tl . The midpoint of the temper- 

Table I1 Thermodynamic Melting Temperatures 

Polymer TZ (K) 

Poly BEMO 
PolyBAMO 
PolyBMMO 
PolyBCMO 
PEO 
PP 

365 
375 
366 
46 1 
342 
478 

Figure 1 Optical micrographs of morphologies obtained 
by heating samples to TI and crystallizing at T,: (A)  
PolyBCMO, TI = 185"C, T, = 155°C; (B)  PolyBCMO, TI 
= 200°C, T, = 155°C; (C)  PP, Ti = 170"C, T, = 120°C; 
( D )  PP, Ti = 228"C, T, = 125°C; ( E )  PolyBMMO, Ti 
= 95"C, T, = 60°C; (F) PolyBMMO, TI = 120°C, T, 
= 60°C. 

ature range at  which this transition in morphology 
was observed was designated TIt. 

The inverse experiment was also performed and 
the results are shown in Table IV. At  a constant 
melt-liquid temperature slightly higher than the Tlt 
observed above, the morphology observed for a par- 
ticular polymer became more obviously spherulitic 
as the isothermal crystallization temperature, T, , 
was lowered. The T, above which spherulites are not 
observed in this experiment is designated Tr . If the 
melt-liquid temperature is held below the Tlt for a 
particular polymer, spherulitic morphologies were 
never observed, regardless of the T,. 

As shown in Figure 2, the X-ray powder patterns 
for spherulitic ( Tl = 120°C, T, = 50°C) and non- 
spherulitic ( Tl = 9O"C, T, = 50°C) polyBEMO were 
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Table I11 Variation of Morphology with TI at Constant T, 

TI (Ref. 17) 
(K) Ti / T m  Morphology (Ref. 17) 

PolvBEMO: T, = 323 K. T, = 355 K 
393 1.107 Spherulitic 
383 1.079 Spherulitic 
373 1.051 Spherulitic 
368 1.037 Mixed spherulitic and hedritic 
363 1.022 Hedritic 
358 1.008 Hedritic 

Ti W) TI / T m  Morphology 

PolyBMMO: T, = 323 K, T,,, = 361.8 K 
378 1.045 Spherulitic 
3 73 1.031 Mixed 
368 1.017 Nonspherulitic 

Ti (Ref. 17) 
K Ti / T m  Morphology (Ref. 17) 

PolvBAMO: T, = 323 K. T,  = 362.7 K 
393 1.084 Spherulitic 
383 1.056 Spherulitic or hedritic 

378 1.042 grained 

373 1.028 grained 
368 1.015 Fine-grained 

Mixed hedritic and fine- 

Mixed hedritic and fine- 

PEO: T, = 323 K. T,  = 334.8 K 

343 1.024 Spherulitic 
341 1.019 Spherulitic 
340 1.016 Spherulitic 
338 1.010 Spherulitic 
336 1.004 Mixed spherulitic and hedritic 
335 1.001 Hedritic 

PolyBCMO: T, = 423 K, T, = 454.2 K 

483 1.063 Spherulitic 
473 1.041 Spherulitic 
463 1.019 Nonspherulitic 
458 1.008 Nonspherulitic 

PP: T, = 403 K, T,,, = 441.6 K 

483 1.094 Spherulitic 
473 1.071 Spherulitic 
463 1.048 Mixed 
453 1.026 Fine-grained 
443 1.003 Fine-grained 

PEG: 12.6 K, T, = 323 K, T,  = 337 K 

340 1.009 Spherulitic 
339 1.006 Spherulitic 
338 1.003 Mixed 
337 1.000 Rods 

Nylon 66; T, = 508 K, T,,, = 535 K 
553 1.034 Starlike 
543 1.015 Fine-grained 
538 1.006 Fine-grained 

found to be identical, as were the X-ray powder pat- 
terns of spherulitic (Ti = 120°C, T, = 50°C) and 
nonspherulitic (Ti = 9O"C, T, = 50°C) polyBAMO. 

DISCUSSION 

Relationship between T; and Tit 

Evidence has been presented in previous papers in 
this series that a relationship exists between the 
melt-liquid temperature, Ti, the equilibrium melt- 
ing temperature determined by the Hoffman- 

Weeks procedure, TZ,  and the observed supermo- 
lecular morphologies of homopolymers of poly- 
BEMO, polyBAMO, and PEO17 and block copoly- 
mers of polyBEMO and p0lyBAM0.l~ This rela- 
tionship has now been extended to additional 
polymers and new implications of the phenomena 
have become apparent. 

The data in Table I11 show that for the polymers 
studied the observed supermolecular morphology is 
a function of Ti at  constant T,. At constant T,, the 
supermolecular morphology depends only on TL, not 
on the previous morphology or on the time the poly- 
mer melt liquid was held at Tl . In general, a tran- 
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Table IV 
at Constant TI 

Variation of Gross Morphology with T, 

Morphology 

PolVBEMO: Ti = 383.1 K 
333.1 357.3 Hedritic 
328.1 355.3 Irregular spherulitic 
323.1 354.7 Spherulitic 
318.1 353.2 Spherulitic 
313.1 352.4 Spherulitic 

PolyBAMO Ti = 383.1 K 

338.1 366.3 Hedritic 
333.1 363.3 Irregular spherulitic 
328.1 362.9 Spherulitic 
323.1 362.4 Spherulitic 

PolyBMMO: 7’1 = 393.1 K 
333.1 361.6 Fine-grained 
328.1 362.6 Spherulitic 
323.1 361.8 Spherulitic 
318.1 361.6 Spherulitic 

sition from a nonspherulitic to a spherulitic mor- 
phology will occur over some range of TI. The mid- 
point of this range may be designated as Tit, which 

is approximately equal to the TZ of a particular 
polymer, as seen below. 

In Figure 3, the TIt determined from the data in 
Table I11 is compared with the values of TZ for sev- 
eral polymers. It is apparent that a high correlation, 
well within experimental error, exists between TZ 
and TIt. It should be recognized that the methods of 
determining the two values are markedly different. 
T;  is an extrapolated temperature that represents 
the thermodynamic equilibrium of a perfect crystal 
in the melt liquid. Comparatively, TLt is an experi- 
mentally observed transition temperature between 
different morphologies. Usually, the transition in the 
observed morphology occurs over a few to a several 
degree range of Tl, at constant T,. The morphology 
of some polymers are very sensitive to Tl, with 
changes of less than 1°C resulting in a change in 
the observed morphology. Qualitatively, the phe- 
nomenon appears to be shown more clearly by lower 
molecular weight samples than for higher molecular 
weight samples of the same polymer. Additionally, 
in samples of similar molecular weight (M,,  - 1.1 
x lo4 g/mol), a polymer of lower melt viscosity, 
such as polyBEMO ( v  = 8 P ) ,  showed the effect 
more clearly than did a polymer of higher melt vis- 
cosity, such as polyBAMO (77 = 62.5 P )  . 

As shown in Figure 2, the X-ray powder patterns 
of spherulitic and nonspherulitic polyBEMO and 
polyBAMO samples were unchanged by the heating 

poly BAMO 

c “I u 

8.80 7 ; s  . 1s:ee . 222;se - ;Je;ee 37.58 
2 8  ldeg) 

Figure 2 X-ray powder diffraction patterns of polyBEMO and polyBAMO. 
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Figure 3 Comparison of T,, and TZ for several polymers. 

and cooling cycle variations; that is, the crystal 
structure of a nonspherulitic sample of a polymer 
heated to a Tl below TIt was the same as a spherulitic 
sample heated to a Tl above TIt. This implies that 
the transition that occurs at TIt affects only the 
manner in which the polymers crystallites are ar- 
ranged in the supermolecular morphology, not the 
arrangement of the polymer molecules in the crys- 
tallite. 

From the data in Table 111, it can be seen that 
the transition from an observed nonspherulitic to 
an observed spherulitic morphology on crystalliza- 
tion occurs at a ratio of T,/T,  ( K )  of from about 
1.006 for PEG to about 1.05 for polyBAMO, with a 
median of approximately 1.03. Thus, a transition 
between observed morphologies occurs at - 1.03 T, 
( K ) ,  which may be designated as Tit, the melt-liquid 
transition temperature. 

For each of the polymers studied, as shown in 
Figure 3, the value of the melt-liquid transition 
temperature between semicrystalline morpholo- 
gies, Tit, and the thermodynamic equilibrium melt- 
ing temperature, TZ, are equal within experimental 
error. 

Several explanations of the observations are pos- 
sible. In one, the existence of subcritical nuclei can 
be assumed to be present in the melt liquid between 
T,  and TZ. Although this assumption cannot be 
rigorously ruled out, the results of the present study 
suggest otherwise. When samples are heated to a T, 
above TZ, then held in the melt at temperatures 
between T, and TZ for some time before isothermal 
crystallization, spherulitic morphologies are ob- 

tained. If subcritical nuclei were present, a fine- 
grained morphology would probably result. 

Another possible explanation is if one starts with 
a spherulitic sample of a polymer and heats it to 
T,, a transition occurs to an apparently isotropic 
liquid. This liquid, however, retains considerable lo- 
cal order related to the arrangement of the polymer 
molecules in the crystallite. A t  TIt, which is - 1.03 
T, ( K ) ,  a transition to a less ordered liquid state 
occurs. This quantity Tlt can be considered equiv- 
alent to T f ,  which is the extrapolated T, of an in- 
finitely large perfect crystal, that is, the highest 
temperature a t  which crystalline order can exist for 
a given polymer. Upon cooling to T, from a melt- 
liquid temperature above TZ , crystallization begins 
a t  isolated, heterogeneous nucleation sites and the 
polymer crystallites have sufficient time to organize 
themselves into a spherulitic morphology. On the 
other hand, when the polymer melt liquid is heated 
only to a temperature below TIt, the local order in 
the crystallite is not disrupted. Thus, when the sam- 
ple is cooled to an isothermal T,, the residual local 
order induces homogeneous crystallization simul- 
taneously throughout the sample, resulting in the 
observed sudden appearance of a nonspherulitic 
morphology. 

The difference between spherulitk and non- 
spherulitic morphologies can be related to the ar- 
rangements of polymer crystallites in the super- 
molecular structure. It is apparently not related to 
the arrangement of the polymer molecule in the 
crystallite as the X-ray powder patterns are identical 
for spherulitic and nonspherulitic samples of a given 
polymer crystallized at the same isothermal T,. 
Crystal structure is a known function of T, and solid- 
state transitions between crystal structures are well 
known. The formation of a spherulitic morphology 
in the studied polymers, in addition, appears to be 
related to having TL exceed some critical tempera- 
ture, which may be designated alternatively as Tlt, 
the transition temperature from a liquid with local 
order to one with much less order or as TZ, the 
thermodynamic melting temperature. 

The melts between T, and TZ are clear, and, 
hence, any physically ordered regions must be small. 
The forces holding the ordered regions together may 
also be very weak. In the present work, all materials 
were quiescent, held between microscope cover- 
glasses. In a dynamic viscosity experiment, or even 
a steady shear experiment, the possibility of dis- 
rupting the residual local order would need to be 
considered. This may be related to the difficulty in 
observing the phenomenon in a dynamic experi- 
ment. 
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Relationship between T,* and Hoffman’s Regimes kinetics, however, may also contribute to the deter- 
mination of crystalline morphology, especially when 
the melt-liquid temperature exceeds TIt or TZ. 

The necessary conditions for spherulite formation 
are that the polymer must first be heated above 
TZ,  then cooled below T: . Maintaining conditions 
between these factors results in fine-structured 
crystallization. There is an essentially constant ratio 
of 0.89-0.93 of T: to TZ, for the polymers for which 
data is available, as shown in Table V. 

As noted in Table IV, at a constant Tl above TZ, 
the transition from a nonspherulitic morphology to 
a spherulitic morphology occurs as the isothermal 
crystallization temperature decreases. The T, at 
which this transition occurs is designated T: . 

Considerable research has been carried out in the 
area of polymer crystallization kinetics, including 
that by Hoffman et al.23 They developed a quanti- 
tative model that defines three regimes of crystal- 
lization kinetics for polyethylene melts.24 Briefly, the 
three regimes differ in the rate of crystallization as 
well as in the manner in which the polymer chains CONCLUSIONS 

are incorporated onto the growing lamella surface. 
During isothermal crystallization of polyethylene 
within the temperature region of regime I, which 
occurs at  small supercooling, axialites are formed. 
Comparatively, at  larger supercoolings in the region 
of regime 11, spherulitic morphologies are observed. 
Finally, regime I11 kinetics are obtained in instances 
where there are very large supercoolings. Thus, it is 
likely that the transition, T: , observed in the pres- 
ent lies at  the boundary between regimes I and I1 
crystallization kinetics. 

The growth rates obtained for various samples 
show a discontinuity between regimes I and 11, which 
coincides with the observed change in m~rphology.~~ 
The ratio of the crystallization temperature at the 
discontinuity to the estimated equilibrium melting 
temperature ( T: / T Z )  of polyethylene is 0.93. This 
value is approximately the same as the values of 
T: / TZ calculated for polyBEM0, polyBAMO, and 
polyBMMO as shown in Table V. Furthermore, 
Hoffman et al.25 also noted that for very low and 
very high molecular weight polyethylene samples the 
transition from regime I to regime I1 kinetics is 
broadened, which corroborates some of the experi- 
mental observations made in the present study. 

Thermodynamic considerations apparently come 
to the fore in the melt state in the vicinity of the 
melt-liquid transition temperature, TIt, or the equi- 
librium melting temperature, T;  . Crystallization 

Table V Critical Crystallization Temperatures 

The supermolecular morphology observed at a given 
T, was found to vary with TL for the polymers stud- 
ied. If TL is held below the transition temperature 
Tit, which is approximately 1.03 T,,, ( K )  or TZ,  non- 
spherulitic morphologies are observed. However, if 
Tl is raised above TIt, spherulitic morphologies are 
obtained on isothermal crystallization if the T, is 
below a critical crystallization temperature T: , 
which is about 0.89-0.93 TZ. TIt appears to be re- 
lated to a transition from a liquid state that retains 
the local order of the crystallite to a liquid state with 
little or no local order. The identity of the X-ray 
powder patterns for spherulitic and nonspherulitic 
samples of the same polymer suggests that the tran- 
sition does not change the way polymer molecules 
are arranged in the crystallite, but does affect the 
manner in which the crystallites are arranged in the 
supermolecular morphology. These observations 
suggest that the mechanical properties of polymers, 
which are known to improve as spherulite size is 
decreased, can be further improved by suppressing 
spherulite formation completely by keeping the pro- 
cessing temperature of a semicrystalline polymer 
below TIt or about 1.03 T,,, ( K )  or by crystallizing 
at  temperatures greater than T: , which is about 0.90 
TZi ( K ) .  
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