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SYNOPSIS 

Differential scanning calorimetry (DSC) was used to analyze the crystal distribution in 
homogeneous ethylene-octene copolymers polymerized by the constrained geometry catalyst 
technology (CGCT). To minimize ambiguities from thermal history effects, copolymers 
were isothermally annealed at  temperatures within the melting range. The cumulative 
crystallinity was related to the crystal distribution by the Gibbs-Thomson equation. The 
results provided a clear distinction between Type I copolymers (density less than 0.89 g/ 
cc) and Type I1 copolymers (densities between 0.89 and 0.91 g/cc). The former had a single- 
crystal population that was identified with the bundled crystals seen in transmission electron 
micrographs. In comparison, the latter had two crystal populations that correlated with 
lamellar crystals and bundled crystals. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

Recently, using Dow's INSITE@ constrained ge- 
ometry catalyst technology ( CGCT ) , homogeneous 
ethylene copolymers were synthesized with fairly 
narrow molecular weight distribution.' In contrast, 
conventional heterogeneous multisite catalysts yield 
linear low-density polyethylenes ( LLDPEs) with 
broad molecular weight and comonomer distribu- 
tions. The control of molecular architecture afforded 
by the new catalysts makes it possible to produce 
homogeneous copolymers with crystallinities con- 
siderably lower than those of conventional LLDPEs 
or that can be obtained by fractionation of conven- 
tional LLDPEs.*.~ 

The ethylene-octene CGCT copolymers have 
been characterized as a function of comonomer 
content at constant molecular weight over a wide 
range of d e n ~ i t i e s . ~  The polymers present a broad 
range of solid-state structures, from the highly 
crystalline, lamellar morphology of the homopol- 
ymer to the granular morphology of low crystal- 
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linity copolymers. As the comonomer content 
increases, the accompanying tensile behavior 
changes from necking and cold drawing typical of 
a semicrystalline thermoplastic to uniform draw- 
ing and high recovery characteristic of an elasto- 
mer. Although changes in morphological features 
and tensile properties occur gradually with in- 
creasing comonomer content, the combined body 
of observations from melting behavior, morphol- 
ogy, yielding, and large-scale deformation suggests 
a classification scheme with four distinct catego- 
ries. These are described in Figure 1. 

Materials with densities higher than 0.93 g/cc, 
Type IV, exhibit lamellar morphology with well-de- 
veloped spherulitic superstructure. Type I11 poly- 
mers with densities between 0.93 and 0.91 g/cc have 
thinner lamellae and smaller spherulites. With in- 
creasing comonomer content, the spherulites are 
smaller and the lamellae are less ordered. Type I1 
materials with densities between 0.91 and 0.89 g/cc 
have a mixed morphology of small lamellae and 
bundled crystals. Under favorable conditions, these 
materials form very small spherulites. Type I co- 
polymers with densities less than 0.89 g/cc have no 
lamellae or spherulites. Fringed micellar or bundled 
crystals are inferred from the low degree of crystal- 
linity, the low melting temperature, and the gran- 
ular, nonlamellar morphology.5 

1371 
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Figure 1 Schematic illustration of the four types of CGCT polymers as defined in Ref. 4. 

Very broad differential scanning calorimetry 
(DSC) melting endotherms that may extend over a 
100°C temperature range are typical of the CGCT 
copolymers. The onset of melting occurs near am- 
bient temperature for even the higher-density co- 
polymers and the melting range begins at  subam- 
bient temperatures for the low-density, Type I co- 
polymers. At  least in part, the broad melting 
endotherms of copolymers are a consequence of 
chain heterogeneity. The distribution in length of 
crystallizable ethylene sequences, imposed by the 
placement of noncrystallizable comonomer units 
along the chain, is responsible for a broad distri- 
bution of crystal sizes. The crystal-size distribution 
can change when the polymer is taken to a temper- 
ature above the onset of melting. This can occur by 
the melting of thinner crystals followed by recrys- 

Table I Copolymer Characteristics 

tallization of any chain segments that are long 
enough to crystallize in thicker crystals. The poten- 
tial also exists for the thinner crystals to thicken by 
chain segments sliding through the crystal. Because 
branches impede chains from moving easily through 
the crystal, copolymers with a high concentration 
of comonomer are not expected to undergo an in- 
crease in crystal thickness by this mechanism. 

If comonomer units hinder recrystallization to a 
large extent, i t  is thought likely that there is a one- 
to-one correspondence between the crystal-size dis- 
tribution and the melting temperature distribution.6 
Qualitative conclusions regarding the morphology 
can then be drawn from a DSC thermogram using, 
e.g., the Gibbs-Thomson However, the 
DSC melting thermograms of the CGCT copolymers 
suggest that this straightforward approach may not 

Pellet Density I2 

Copolymer Designation (g/cc) Mol % Comonomer SCB/lOOOC (g/10 min) I , O / b  

CGCT9016-0 
CGCT8817-0 
CGCT87LMW-0 
CGCT8702-0 

CGCT863-0 

MIT88-P 

CGCT8708-B 

MIT88-B 

0.9014 
0.8879 
0.8751 
0.8724 
0.8746 
0.8682 
0.8887 
0.8732 

2.4 
4.7 

6.0 
7.5 
7.0 

n/a 

n/a 
n/a 

0.9 
0.9 

0.8 
1.0 
0.5 
3.6 
1.1 

80 

8.8 
8.7 

8.1 
7.4 
8 
6 
6 

n/a 
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be used even with the lowest-density Type I copol- 
ymers. The single broad endothermic peak that 
characterizes melting of Type I copolymers imme- 
diately upon cooling from the melt is replaced by a 
double-melting peak after the copolymers have ex- 
perienced ambient conditions for a period of time. 
That the new peak occurs just above ambient tem- 
perature is evidence that crystal morphology changes 
over time, perhaps by selective melting and recrys- 
tallization of the thinner, lower-melting crystals. 

If crystals of Type I copolymers thicken or re- 
crystallize during isothermal annealing, it is likely 
that the same thing happens to some extent during 
the DSC heating scan. The resulting thermogram is 
not easily interpreted. It is not possible, e.g., to relate 
the melting temperature to the crystal thickness 
unambiguously, nor does the crystal thickness dis- 
tribution calculated from the DSC endotherm nec- 
essarily reproduce the crystal thickness distribution 
obtained in morphology studies at ambient temper- 
ature."," One procedure that has been used to 
correlate melting temperature with short-chain 
branching content has been to anneal in stages at 
decreasing temperatures starting from the melt.13 
An alternative approach to stagewise annealing, one 
that begins with the solid state and thus avoids nu- 
cleation effects, was used in the present study to 
obtain the crystal distribution in Types I and I1 
CGCT copolymers. The copolymers were isother- 
mally annealed at temperatures within the melting 
range. The subsequent heating scan was analyzed 
for relationships between the distribution of crys- 
tallizable ethylene sequences and the comonomer 
content, comonomer type, and molecular weight. 

EXPERIMENTAL 

Materials 

Ethylene-octene copolymers and one ethylene-bu- 
tene copolymer synthesized by the INSITE tech- 
nology were provided by the Dow Chemical Co. in 
pellet form. The density range of the copolymers 
was 0.86-0.90 g/cc. The density, mol % comonomer, 
short-chain branch content (SCB) , and melt flow 
index ( I 2 )  of the copolymers are listed in Table I. 
The INSITE technology polymers are identified by 
the initials CGCT, the number following this des- 
ignation is the density as provided by the manufac- 
turer, and the comonomer is identified by 0 (octene) 
or B (butene) . The density of the pellets was mea- 
sured in an isopropanol-distilled water density col- 
umn calibrated with glass floats. A minimum of four 
samples was analyzed to obtain the values given in 

190 
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50 

0 

-50 

190°C 

Figure 2 
endotherms of annealed samples. 

The thermal history used to obtain melting 

Table I. The error in the measurement was _t0.0002 
g/cc. Other information in Table I was provided by 
the Dow Chemical Co. Most of the CGCT copoly- 
mers have approximately the same molecular weight 
( I2 N 1 ) except for one low molecular weight CGCT 
polymer ( I z  = 80). The melt flow index was mea- 
sured at 190°C at loads of 10 and 2.16 kg (Ilo and 
I*, respectively). The I lo /12  ratio reflects the number 
of long-chain branches'*; a value of 6 indicates vir- 
tually no long-chain branches, and the value for all 
the CGCT copolymers is about 8. 

Copolymers of ethylene with propylene (MIT88- 
P ) and butene ( MIT88-B ) were also obtained from 
Mitsui Petrochemicals Ltd. These were polymerized 
with a different catalyst system and, unlike the IN- 
SITE materials, do not have long-chain branches 
(Il0/I2 = 6 ) .  The molecular weight of the butene 
copolymer ( I ,  = 3.6) is slightly lower than that of 
the CGCT copolymers. 

Plaques 1.1 mm thick were compression-molded 
from the pellets. The pellets were sandwiched be- 
tween Mylar sheets, then heated at 190°C for 5 min 
under minimal pressure, followed by 5 min at  10,000 
lbs and 1 min at 25,000 lbs. Samples were rapidly 
cooled by plunging the compression-molded plaque 
into ice water. Slowly cooled samples were made by 
allowing the plaque to cool from 190°C in the press 
at a rate of approximately l"C/min. 

Methods 

Samples weighing between 5 and 10 mg were cut 
from the rapidly cooled plaques for thermal analysis. 
The copolymers were annealed at temperatures 
within the melting range according to the thermal 
history shown in Figure 2. The sample was heated 
to 190°C and quenched to -50°C before being heated 
to the annealing temperature where it was allowed 
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Figure 3 Micrographs of thin sections: (a) CGCT863-0 rapidly cooled (b) CGCT8702- 
0 slowly cooled; ( e )  CGCT8817-0 rapidly cooled; (d) CGCT8817-0 annealed at 70°C for 
1 h; (el CGCT9016-0 rapidly cooled (f) CGCT9016-0 slowly cooled. 

t o  crystallize for 1 h. The sample was then cooled 
rapidly to -5OOC and the subsequent thermogram 
was recorded. One sample was used for the entire 
series of annealing temperatures; when the series 
was complete, the sample was annealed again at 

25°C to confirm that it had not degraded. All thermal 
analysis experiments were carried out in a Perkin- 
Elmer Model 7 DSC. Calculations of percent crys- 
tallinity were based on a heat of fusion of 290 J / g  
for the perfect ~rys ta1 . l~  
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Table 11 Copolymer Crystallinity and Melting Range 

Copolymer AH,,, (J/g) Crystallinity (%) Melting Range ("C) 

CGCT9016-0 
CGCT8817-0 
CGCT87LMW 
CGCT8702-0 
CGCT8708-B 

MIT88B 
MIT88P 

CGCT863-0 

-0 

95 
72 
45 
44 
43 
34 
73 
47 

33 
25 
15 
15 
15 
12 
25 
16 

25-110 
0-95 

< 0-85 
< 0-80 
< 0-80 
< 0-70 

0-95 
< 0-65 

Samples for electron microscopy were stained at  
room temperature for 2 h in a 0.2 g/10 mL solution 
of hydrated ruthenium chloride in sodium hypo- 
chlorite.16 The samples were embedded in HysoP 
epoxy resin from Dexter Electronic Materials Di- 
vision; after the blocks were trimmed, the faces were 
stained in the vapor phase at  40°C and thin sections 
cut on an RMC MT6000-XL ultramicrotome with 
a CR-2000 cryosectioning unit. Copolymers with 
densities less than 0.90 g/cc were microtomed at 
-70°C to a thickness between 70 and 110 nm. The 
diamond knife was kept a t  -50°C. The trough fluid 
was a 60 /40 w t  / wt dimethylsulfoxide / water solu- 
tion. The copolymer with a density of 0.90 was mi- 
crotomed at room temperature to a thickness less 
than 100 nm. The sections were examined in a JEOL 
lOOSX transmission electron microscope. 

RESULTS AND DISCUSSION 

Morphology of CCCT-0 Copolymers 

The morphologies of CGCT863-0 (Type I ) ,  
CGCT8702-0 (Type I), CGCT8817-0 (transitional 
from Type I to Type 11) , and CGCT9016-0 (Type 
11) are shown in Figure 3. The CGCT863-0 copol- 
ymer with 37 hexyl branches per 1000 carbon atoms 
in Figure 3 ( a )  was rapidly cooled from the melt. 
The texture is uniformly granular. No lamellae are 
seen, but the granules are often aligned in beaded 
strings which are between 100 and 130 A thick. Oc- 
casionally, the beaded strings are stacked in clusters 
of five or six strings. The unstained or lightly stained 
granules are assumed to be bundles of crystallized 
chain segments. Organization of the chain segments 
in these bundles may resemble the fringed micelle 
concept. The boundaries between the preferentially 
stained noncrystalline regions and the unstained 
granules are relatively diffuse, which suggests that 
the interfaces are not well ordered. Variations in 
surface order and crystalline bundle size could ac- 

count for the wide temperature range over which 
these materials typically melt. 

A thin section taken from a slowly cooled sample 
of CGCT8702-0 with 32 hexyl branches per 1000 
carbons is shown in Figure 3 (b)  . The beaded strings 
are longer and more well defined than in CGCT863- 
0. They are approximately 75-100 A thick, which 
is slightly thinner than in CGCT863-0. A few short 
segments of string are not beaded and resemble la- 
mellar fragments. Micrographs of two CGCT8817- 
0 samples, one rapidly cooled from the melt and the 
other annealed at 70"C, are shown in Figure 3 ( c )  
and ( d ) .  Both examples show beaded strings; the 
overall texture is finer in the annealed sample and 
the beaded strings have somewhat sharper bound- 
aries. The 75-100 A width of the strings is the same 
as in CGCT8702-0; however, there is more stacking 
of the beaded strings in CGCT8817-0 than in the 
lower-density samples. 

Morphological differences between CGCT8817- 
0 with 25 hexyl groups per 1000 carbons and 
CGCT9016-0 with 12 hexyls per 1000 carbons were 
evident. The thin section of the rapidly cooled sam- 
ple of CGCT9016-0 in Figure 3( e )  contains many 
beaded strings approximately 75-100 A thick. Many 
of the strings are stacked in large clusters. Alignment 
of the stacked strings provides an overall direction- 
ality to the morphology that was not apparent in 
the lower-density samples. There is also a clear effect 
of thermal history. The slowly cooled sample in Fig- 
ure 3 ( f )  has some long, curved lamellae with an 
average thickness of 140 A. The edges of the lamellae 
are well defined, which indicates better surface order 
than in the beaded strings, with the possibility of 
some chain folding. Interspersed with the lamellae 
are short fragments of lamellae, beaded strings, and 
granules. 

The appearance of well-defined lamellae in slowly 
cooled samples of CGCT9016-0 suggests that this 
copolymer contains ethylene segments that are long 
enough to chain-fold. When rapidly cooled from the 
melt, the crystallizable chain segments are incor- 
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Total heat of melting (AH,, + AH,,) as a func- 

porated primarily into bundles and beaded strings, 
but during annealing or slow cooling, some can or- 
ganize into more ordered lamallae. No annealing or 
cooling rate effects are observed in the morphology 
of the lower-density copolymers, although annealing 
effects are manifest as changes in the shape of the 
DSC melting endotherms. It is possible that even 
though the numerous branch points prevent the 
ethylene segments from being long enough to chain- 
fold to any significant extent, chain segments in the 
bundles may be able to reorganize during annealing 
or slow cooling to remove crystalline defects and 
improve surface order. 

Melting Behavior of CGCT-0 Copolymers 

The CGCT copolymers typically have very broad 
melting endotherms that may extend over a 100°C 
temperature range (Table 11). The melting range 
begins at subambient temperatures for the lowest- 
density copolymers; even for the higher-density co- 
polymers, the onset of melting occurs near ambient 
temperature. Because of the broad melting range, 
there is ample opportunity for melting and recrys- 
tallization to occur during the DSC heating scan. If 
this is the case, the resulting melting thermogram 
is not easily interpreted. Samples were therefore 
annealed at  a temperature within the melting range 
to allow the longer ethylene sequences to be incor- 
porated into crystals with melting points above the 

annealing temperature. The sample was then rapidly 
cooled to crystallize the shorter ethylene sequences 
that were in the melt a t  the annealing temperature. 
The thermal history, including the subsequent 
heating scan of the annealed sample, is shown sche- 
matically in Figure 2. 

A family of thermograms from a CGCT863-0 
sample that had been annealed at temperatures be- 
tween 0 and 65°C is shown in Figure 4 ( a ) .  Each 
thermogram consists of two or more endothermic 
peaks. The broad endothermic peak below T,, the 
annealing temperature, is melting of the crystalliz- 
able chain segments that are in the melt a t  the an- 
nealing temperature and subsequently crystallize 
when the sample is cooled from the annealing tem- 
perature. Endotherms above T, represent melting 
of crystals that are present at the annealing tem- 
perature. There is a relatively sharp endotherm just 
above T,; in addition, especially with the lower an- 
nealing temperatures, there is a second broad en- 
dotherm above T, at about 50°C. The temperature 
of this peak remains almost constant as the an- 
nealing temperature increases until the peak merges 
with the sharper, lower-temperature endotherm. 
The second endotherm above T, is at least partially 
the result of dynamic melting and recrystallization 
during heating.6 

Similar families of curves for the other three co- 
polymers are also shown in Figure 4. Qualitatively, 
the thermograms exhibit similar features: a broad 
endotherm below T, and, usually, two endotherms 
above T,. The shapes of the thermograms for 
CGCT8702-0 in Figure 4 ( b )  are almost the same 
as for CGCT863-0, although for CGCT8702-0, the 
second endotherm above T, is slightly larger and at 
a slightly higher temperature of 58°C compared to 
54°C. The overall melting range is also very broad 
for CGCT8817-0 [Fig. 4 (c  ) ] and CGCT9016-0 
[Fig. 4 ( d )  1. The size and shape of the first endo- 
therm above T, is similar for all the copolymers. 
However, the heat content of the second endotherm 
above T,, which is centered at 80°C for CGCT8817- 
0 and 100°C for CGCT9016-0, increases as the 
number of short-chain branches decreases. It is pos- 
sible that especially in CGCT9016-0 the second 
peak represents melting of a distinct crystalline 
population superimposed on dynamic melting and 
recrystallization effects.17 

The total heat of melting, plotted in Figure 5 for 
all four samples, does not vary with the annealing 

Figure 4 
CGCT8817-0; (d) CGCT9016-0. The annealing temperature (T,) is indicated. 

Thermograms of annealed samples: (a) CGCT863-0; (b) CGCT8702-0; (c) 
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Figure 8 A thin section of rapidly cooled CGC- 
TLMW87-0. 

temperature. This indicates that the same popula- 
tion of chain segments crystallizes at each annealing 
temperature, although the crystal size and order 
vary. The average heat of melting increases from 34 
J / g  (+4 J / g )  for CGCT863-0 to 44 J / g  (+3 J / g )  
for CGCT8702-0,72 J / g  (+7 J / g )  for CGCT8817- 
0, and 95 J / g  (+8 J / g )  for CGCT9016-0. 

The melting thermograms are divided into two 
regions above and below the annealing temperature. 
The heat of melting for the part below the annealing 
temperature (AH,,) is assigned to melting of crys- 
tallizable chain segments with melting temperatures 
below the annealing temperature, and the heat of 
melting for the other part (AH,,) represents melting 
of crystallizable chain segments with melting tem- 
peratures above the annealing temperature. The 
quantity AH,, was normalized to the heat of fusion 
of the perfect crystal to obtain the cumulative crys- 
tallinity (X) which is plotted in Figure 6(a) as a 
function of annealing temperature for the copoly- 
mers with the lowest and the highest density. The 
curve for CGCT863-0 has a fairly symmetrical S- 
shape. In contrast, the curve for CGCT9016-0 is 
skewed. This may reflect a mixed population of 
crystal morphologies. 

The melting temperature (T,) is related to crystal 
size by the Gibbs-Thomson equation18: 

where T ;  is the melting temperature of a polyeth- 
ylene crystal of infinite thickness (415 K); AH:, 
the heat of melting of the perfect crystal (290 J/g); 
L, the crystal thickness; C, a geometric factor re- 

45'C J 

I I 
50 2 s  0 25 50 75 1W 125 150 

Temperatun, ('c) 

Figure 9 Selected thermograms of annealed (----) 

(Z2 = 0.8). The annealing temperature (To) is indicated. 
CGCTLMW87-0 (1, = 80) and (- ) CGCT8702-0 

lating perimeter to area; v, the number of chain seg- 
ments in the cross section of the crystal; a, the cross- 
sectional area of one chain segment; us, the lateral 
surface energy of a polyethylene crystal (9.6 erg/cm2 
[Ref. 191); and u,, the surface energy which is on the 
order of 100 erg/cm' for regular folding.'' The lateral 
surface energy term was initially considered in the 
calculation because small crystals were expected in 
copolymers with high comonomer content. However, 
for v greater than 100, this term was negligible and 
was therefore omitted from the calculations. It could 
not be assumed that the surface energy was the same 
for all crystals. The large range in melting temper- 
atures probably resulted from the combined effects 
of variations in crystal thickness and variations in 

t c 0,010 

2 

0 
E 0 

LL 

I 
0.2 0.3 0.4 0.5 0.6 

Uae (cms/ergt) x 108 

Figure 10 Incremental crystal fraction (X) of (A) 
CGCTLMW87-0 and (0) CGCT8702-0. 
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CGCT8708-B and (0) CGCT8702-0. 
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Figure 11 
15"C/min. 

A thin section of CGCT8708-B cooled at  

surface energy as determined by the surface ordering. 
The terms L and a, appear in eq. (1) as a ratio: 

-1 L 2  

To calculate the ratio from eq. (a) ,  the annealing 
temperature was taken as the melting temperature. 
The cumulative crystallinity X is plotted vs. L/u, 
in Figure 6(b) for the copolymers with the lowest 
and the highest density. 

The derivative of the cumulative crystallinity 
with respect to T, yields an incremental crystal 

fraction X that more clearly reveals differences in 
the melting behavior of the copolymers. When X is 
plotted as a function of L/u, (Fig. 7), the CGCT863- 
0 copolymer shows a single peak, compared to 
CGCT9016-0, which has two peaks, a smaller one 
close to that of CGCT863-0 and a larger peak at a 
higher L/a, ratio. The plots for the two copolymers 
with intermediate densities are included in Figure 
7. The CGCT8702-0 copolymer has a single peak 
at  about the same L/a, ratio as does CGCT863-0. 
On the other hand, CGCT8817-0 resembles 
CGCT9016-0 with two peaks. The smaller peak is 
at about the same L/a, ratio as the single peak of 
the lower-density copolymers. The larger peak is at 
a somewhat lower L/a, ratio than is the larger peak 
of CGCT9016-0. 

I 
.so .zs a a M 75 too izs 1 

Temperature 

I 

Figure 12 

= 0.8). The annealing temperature (T,) is indicated. 

Selected thermograms of annealed (----) 
CGCT8708-B (Z2 = 0.8) and (- ) CGCT8702-0 ( 1 2  

Figure 14 A thin section of slowly cooled MIT88-P. 
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The annealing temperature (To> is indicated. 

Selected thermograms of annealed (----) 
MIT88-P ( I ,  = 1.1) and (- ) CGCT8702-0 ( 1 2  = 0.8). 

The L/a, ratio is a measure of the combined ef- 
fects of comonomer on crystal thickness and surface 
order. When there are two peaks, it suggests that 
there are two crystal populations: a more ordered 
population with a higher L/a, ratio and a less or- 
dered population with a lower L/a, ratio. An obvious 
approach is to identify the two populations as la- 
mellar crystals and bundled crystals. The morpho- 
logical observations tend to support this interpre- 
tation: CGCT9016-0 has two L/a, peaks and 
micrographs of slowly cooled CGCT9016-0 reveal 
both lamellar and bundled crystals. Conversely, 
CGCT863-0 and CGCT8702-0 have a single L/a, 
peak and micrographs exhibit only the features of 
bundled crystals. 

0 CGCT87020 
C 
0 - 5 0.015 
r 
I& 

0.2 0.3 0.4 0.5 0.6 

Llae (cms/ergs) x 108 

Incremental crystal fraction (X) of (+) Figure 16 
MIT88-P and (0) CGCT8702-0. 

Figure 17 A thin section of slowly cooled MIT88-B. 

Molecular Weight and Comonomer-type Effects 

The effect of molecular weight was examined with 
two copolymers of approximately the same density, 
0.87 g/cc, but different melt flow indices. A thin sec- 
tion taken from a rapidly cooled sample of 
CGCTLMW87-0 shows almost the same morpho- 
logical features as those of CGCT8702-0 (Fig. 8). 
The overall texture is granular and often the gran- 
ules are aligned in beaded strings about 75-100 A 
thick. In places, the strings are arranged in small 
stacks. The short, unbeaded segments resembling 
lamellar fragments that appeared in micrographs of 
CGCT8702-0 are not seen in the lower molecular 
weight sample. 

Selected thermograms from annealed samples of 
CGCT8702-0 (MI = 0.8) and CGCTLMW87-0 (MI 
= 80) are compared in Figure 9. The thermograms 

I l 
-50 -25 o 25 50 75 1po 125 150 

Temperature (%I 

Figure 18 

The annealing temperature (T,) is indicated. 

Selected thermograms of annealed (----) 
MIT88-B (I2 = 3.6) and (- ) CGCT8817-0 (12 = 0.9). 
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Figure 19 Incremental crystal fraction (X) of (x) 
MIT88-B and (0) CGCT8817-0. 

are basically the same except for slight differences 
in the size of the second endotherm above T,. The 
total crystallinity is about 15% for both copolymers. 
The subtle differences are brought out when the in- 
cremental crystallinity is plotted as a function of L/ 
(re (Fig. 10). Although both copolymers exhibit a sin- 
gle peak centered at  the same L/a, ratio, the peak 
is much broader for the low molecular weight co- 
polymer and includes crystals with larger and 
smaller L/o, values. If the distribution of ethylene 
sequence lengths is similar in the two copolymers, 
the broader distribution in L/u, of CGCTLM87-0 
can be attributed to easier diffusion of the shorter 
chains to the crystal front. 

The morphology of CGCT8708-B, a butene co- 
polymer with the same molecular weight and density 
as that of CGCT8702-0, is shown in Figure 11. As 
in the octene copolymer, there are numerous stacks 
of beaded strings 75-100 A in thickness. The absence 
of the occasional short, unbeaded string segment 

that resembles a lamellar fragment is the only mor- 
phological difference between the two copolymers. 
This is probably a consequence of shorter ethylene 
sequences in the butene copolymer. About 20% more 
comonomer on a molar basis is needed to achieve a 
CGCT butene copolymer with the same density as 
that of the CGCT octene copolymer. Consequently, 
there are not as many ,of the longer ethylene se- 
quences, which are the ones that would form the 
lamellar fragments. 

The thermograms of the annealed samples are 
very similar in both peak positions and relative in- 
tensities (Fig. 12). The only discernible difference 
is the slightly smaller high-temperature endotherm 
in the butene copolymer. When the incremental 
crystallinities of the octene and butene copolymers 
are compared (Fig. 13), a single peak is seen for both; 
however, the peak occurs at a slightly lower value 
of L/a, for CGCT8707-B. This is consistent with 
the higher comonomer content and shorter ethylene 
sequences in the butene copolymer. 

Comparisons were also made with copolymers of 
similar densities polymerized with a different cat- 
alyst system. The comonomer distribution might be 
more blocky in these copolymers, which would result 
in long ethylene sequences and sharper melting en- 
dotherms. Additionally, the propylene copolymer 
(MIT88-P) has methyl branches which may be in- 
corporated into the polyethylene crystal. Conse- 
quently, a much higher mol % of propylene is needed 
to achieve the same density as that of an octene 
copolymer. A thin section taken from a slowly cooled 
sample of MIT88-P is shown in Figure 14. Com- 
pared to the octene copolymer of similar density, 
CGCT8702-0, there were fewer beaded strings in 
the propylene copolymer and these were slightly 
thinner (70 A), stacking of the beaded strings oc- 
curred less frequently, and none of the unbeaded, 
lamellarlike fragments were visible. 

Table I11 Crystal Thickness and Surface Energy Estimated from the Incremental Crystallinity (a 

Copolymer 

Peak 1 Peak 2 

CGCT9016-0 
CGCT88 17-0 
CGCT87LMW - 
CGCT8702-0 
CGCT8708-B 
CGCT863-0 
MIT88-B 
MIT88-P 

-0 

75-100 
75-100 
75-100 
75-100 
75-100 

100-130 
75-100 
75-100 

214-286 
268-357 
313-417 
234-313 
268-357 
357-464 
268-357 
288-385 

140 
100 
- 

233 
227 
- 
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The total crystallinity of MIT88-P, 1776, is only 
slightly higher than that of CGCT8702-0. However, 
the endotherms of MIT88-P do not extend to as 
high a temperature as those of CGCT8702-0 (Fig. 
15). Melting of MIT88-P is complete at 65"C, 15°C 
lower than complete melting of CGCT8702-0. As a 
consequence, a second melting peak above the an- 
nealing temperature is often not observed in ther- 
mograms of annealed MIT88-P. The narrower 
melting range of MIT88-P is reflected in the plot 
of incremental crystal fraction (Fig. 16). The single 
peak for MIT88-P is sharper and is a t  a lower L/ 
u, ratio. 

A similar comparison was made between a butene 
copolymer, MIT88-B, and the octene copolymer, 
CGCT8817-0, with the same density and the same 
crystallinity of 25%. A section of a slowly cooled 
MIT88-B sample in Figure 17 shows numerous short 
strings 75-100 8, thick. Occasionally, short segments 
of strings are not beaded. In terms of morphology, 
slowly cooled MIT88-B more closely resembles the 
lower-density, lower-crystallinity CGCT8702-0 
than it does CGCT8817-0. 

Thermograms of annealed MIT88-B and CGC- 
T8817-0, however, are quite similar (Fig. 18). Both 
copolymers when annealed at  25 and 6OoC have two 
endotherms above T,; the high-temperature endo- 
therm is at a slightly lower temperature for MIT88- 
B. Instead of two distinct peaks in the incremental 
crystal fraction, as for CGCT8817-0, MIT88-B has 
a single peak with a shoulder (Fig. 19). The peak is 
at a slightly lower L/u, ratio than is the larger peak 
of CGCT8817-0; the shoulder is in the same L/u, 
range as the smaller peak of CGCT8817-0. 

The effects of comonomer on crystal thickness 
and surface order are combined in the L/u, ratio; 
an independent measure of L would make it possible 
to estimate the surface energy term. Thickness 
measurements from micrographs are at best esti- 
mates; for example, the effect of thermal history on 
crystal thickness of copolymers with the bundled 
crystal morphology cannot be discerned in micro- 
graphs although the annealing experiments clearly 
show the existance of such an effect. Nevertheless, 
it seems reasonable to use approximate L values 
from the micrographs to obtain rough estimates of 
a,; these are tabulated in Table 111. The values are 
considerably higher than those generally cited for 
regular folding, which are on the order of 100 erg/ 
om2 (Ref. 20), but are closer to the range cited for 
bundled crystals, at least 300 erg/cm2.'l In compar- 
ing octene copolymers of similar molecular weight, 
the trend for the surface energy to increase as the 
comonomer content increases is reasonable. If the 
two L/u, peaks of CGCT9016-0 are assigned to the 

two crystal populations in the micrographs, the sur- 
face energies calculated for lamellar crystals and 
bundled crystals are virtually the same. This would 
suggest that even when the copolymers crystallize 
in the form of lamellar crystals they do not possess 
a high degree of regular folding. 

CONCLUSIONS 

There is ample evidence from DSC that even in the 
lowest-density CGCT copolymers the bundled crys- 
tals recrystallize during isothermal annealing. Be- 
cause it is likely that this also occurs during the 
DSC heating scan, it is not possible to relate the 
crystal thickness distribution calculated from the 
DSC endotherm to the crystal thickness distribution 
at ambient temperature unambiguously. An alter- 
native approach in which copolymers are isother- 
mally annealed at temperatures within the melting 
range was used to estimate the crystal distribution 
in CGCT copolymers with densities in the range 

The results provide a clear distinction between 
Type I and Type I1 copolymers and, in this regard, 
strengthen the classification of CGCT ethylene-oc- 
tene copolymers proposed previously.* Type I co- 
polymers (density less than 0.89 g/cc) have a single- 
crystal population that is identified with the bundled 
crystals seen in transmission electron micrographs. 
A Type I1 copolymer (density of 0.90 g/cc) has two 
crystal populations that are identified, respectively, 
with lamellar crystals and bundled crystals. Al- 
though the morphology of a copolymer intermediate 
between Types I and I1 (density of 0.89 g/cc) con- 
sists of bundled crystals only, results of thermal 
analysis indicate that there is more than one crystal 
population. 

Comparison of octene and butene copolymers of 
similar molecular weights and densities indicates 
that the crystal distribution of Type I copolymers 
is not strongly affected by the comonomer type. 
However, decreasing the molecular weight leads to 
a broader crystal distribution. Rough estimates of 
the surface energy suggest that even when the co- 
polymers crystallize as lamellar crystals they do not 
possess a high degree of regular folding. 

0.86-0.90 g/CC. 
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