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This is the first paper in a series in which molecular fractionation (segregation) in melt-crystallized 
polyethylene (PE) has been studied by differential scanning calorimetry (d.s.c.). A number of PE's (both 
high- and medium-density materials) have been given a variety of thermal treatments, including 
isothermal crystallization from the melt and annealing. The melting of the samples as registered by d.s.c. 
has been extensively analysed and information regarding the crystallization, particularly in relation to 
molecular fractionation, is presented. 
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INTRODUCTION 

Segregation of polymer molecules of different molecular 
weights into different crystals during crystallization is 
generally referred to as molecular weight segregation. A 
more general concept would be molecular fractionation 
or segregation, applying to the separation during crystal- 
lization of molecules different from each other even in 
other respects than molecular weight. For instance, expe- 
rimental evidence has been presented for the segregation 
in polyethylene (PE) of molecules of different degrees of 
branching 1. 

Molecular fractionation is a field in polymer physics 
that has received some attention during the last decades. 
Segregation in PE on crystallization from solution was 
first reported by Richardson 2. A number of important 
studies on this topic have been published 1,3-s, but, 
segregation in melt-crystallized PE only received atten- 
tion later. Experimental studies providing evidence for 
segregation in melt-crystallized systems have been re- 
ported by a number of authors ~-18. Wunderlich 19"2° 
summarized in 1974 the experimental evidence for mole- 
cular fractionation and rationalized it in terms of a 
hypothesis in which a concept introduced by the author, 
molecular nucleation, played a vital role. According to 
Wunderlich, at each temperature of crystallization (T~) 
there exists a critical molecular weight Mcrit with the 
following meaning: molecules of a molecular weight 
greater than Mc.t(T~) are able to crystallize at T~. However, 
molecules of a molecular weight less than M.,t(T~) are 
unable to crystallize at T~. These molecules may only 
crystallize on further cooling. To explain this behaviour, 
Wunderlich introduced the molecular nucleation concept. 
It applies to the process which establishes the first part of a 
maeromolecule in the crystalline phase. Agreement was 
obtained between the size of the molecular nucleus, as 

* A part of this paper was presented at the 14th Europhysies 
Conference on Macromoleeular Physics, Vilafranea del Penedes, Spain, 
September 1982 

determined by classical nucleation theory, and the size of 
the critical species experimentally found. Later Linden- 
meyer e t  al. 21 showed that polymer crystallization includ- 
ing molecular fractionation can be described by small 
system thermodynamics. In addition to the simple tem- 
perature dependence of Mc,t experimentally indicated and 
explained by the hypothesis of Wundeflich, a dependence 
on the type of nucleation site was considered. According 
to this model there exists a Mcnt-T~ relation for each type 
of nucleation site. Hence, fractionation should not be 
absolutely sharp in terms of molecular weight at any given 

In this paper, which is the first in a series concerned with 
molecular fractionation in PE, extensive studies of melt- 
crystallized systems by d.s.c, are presented. So far, three 
reports have considered the melting of linear polyethylene 

12 13 16 (LPE) in relation to molecular fractionation ' ' . The 
findings reported in these studies were as follows: 

(a) Samples isothermally crystallized (at T) from the 
melt or isothermally annealed (at T) and then rapidly 
cooled to room temperature frequently show two melting 
peaks 1z'13. The high temperature (HT) peak showing 
superheating 13, here referred to as the non-segregated 
component, is associated with the melting of the material 
that has crystallized at T 12' 13, whereas the low tempera- 
ture (LT) peak not showing superheating t 3, in this paper 
referred to as the segregated component, is associated 
with the melting of material crystallized not at T but 
during the subsequent cooling at a lower temperature. 

(b) It was shown by Mehta and Wunderlich 13 that in 
samples isothermally crystallized for longer periods than 
5 x t0. s (to.s is the time required for 50% crystallization to 
occur), the LT peak is composed of low molecular weight 
material. 

(c) The time dependence ofcrystallization at 127°C was 
studied by Mehta and Wunderlich 13 on a Rigidex PE. 
They observed a monotonic decrease in the area under the 
LT peak for times shorter than 30 h. At longer times, no 
further change in the LT peak area could be observed. The 
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Table I Polyethylenes investigated 

Density 
Material code /~n x 10 - 3  a /~w x 10 - 3  a Mi2b (kg m-3 )  c d 

CH3/1000C 

7022 7.4 51 22 963 2 5.5 
7006 8.4 90 7 960 6 7.5 
2912 21.6 199 0.3 957 4 9 
2215 f 22.0 286 0.05 953 5 14.5 
6375 12.9 108 - >960 0.6 0.6 
3140 g 12.4 166 0.7 940 16 25 

a By gel permeation chromatography 
b Melt f low index according to ISO/R 292 
c On the material as obtained from the manufacturer according to ASTM D 1505-68  
d By infrared (i.r.) spectroscopy on solid films. The 1379 cm - !  peak (assigned to the methyl groups 22) was estimated with reference to the 
1463 cm - l  peak (assigned to the methylene groups:Z2), and calibration was carried out by recording the spectrum of liquid straight-chain 
octadecane 
e From crystall inity determinations by d~.c. using literature data 31 relating branching content and crystall inity. The highly linear material 
6375 was taken as a reference in these calculations 
f Material 2215 is a copolymer with butene-1 as the comonomer of a concentration resulting in about one ethyl group per 100 carbons 
g This material is a 50/50 (wt/wt) blend of  linear PE (MI 2 = 0.7 and density = 960 kg m -3 )  and branched PE (MI 2 = 0.7 and density = 
920 kg m -3 )  

authors rationalized these findings in the existence of 
three types of molecules at 127°C: crystallized larger 
molecules, uncrystallized molecules which at a later stage 
may crystallize at 127°C, and rejected low molecular 
weight species unable to crystallize at 127°C. 

(d) Samples of binary mixtures of LPE fractions of 
M, = 980 and 1790 cooled at a rate of 10 K min- 1 showed 
two melting peaks, indicating segregation between the 
components 16. However, samples quenched in ice water 
showed only one melting peak14. With confirmatory data 
by small-angle X-ray scattering the authors concluded 
that segregation depends on the time available for 
crystallization, which in that particular study was con- 
trolled by the cooling rate 16. 

EXPERIMENTAL 

Materials 
The polyethylenes studied were characterized as de- 

scribed in Table 1. The methyl group concentration 
determined by i.r. spectroscopy is somewhat incorrect as 
the methyl groups included in the crystals are not 
included in this analysis 22. An alternative method was 
applied therefore as shown in Table 1. Particularly for 
sample 2215 the latter method gave a value more 
consistent with that obtained from the polymerization 
conditions. 

Preparation of samples 
Heat treatment was carried out both in the d.s.c. 

apparatus (temperature correct within 0.1K) and in a 
constant temperature bath (recording better than 0.1K, 
temperature variation with time +_0.15K). The 5mg 
samples were treated in the d.s.c, in a nitrogen atmosphere 
to avoid thermal oxidation. The more time-consuming 
treatments were carried out in the constant temperature 
bath with the samples sealed in vacuum in glass tubes. 

A standard crystallization procedure, cooling at a 
constant rate from above the melting point, was carried 
out occasionally to detect undesired changes in the heat- 
treated samples. D.s.c. scans were then recorded from 300 
to 450K and in no case were changes in these curves 
detectable. 

The samples were treated in two different ways: 
(1) Isothermal crystallization (IC) from the melt (450K) 

at a temperature T~ for different times to. The systems were 
finally cooled to room temperature at either 1.25 K min- x 
or 80 K min-1. The crystallization was truly isothermal 
for treatments carried out in the d.s.c, and for most of the 
treatments carried out in the constant temperature bath. 
However, for treatments of T~ equal to 393.2K, the 
constant temperature bath crystallization starts within 
the temperature range 394-395K. 

(2) Annealing (A) at a temperature T, for different times 
ta of systems originally crystallized at a cooling rate of 
1.25 K min- 1 (crystallization is initiated at ~ 396K and 
the crystallization rate is at a maximum between 394- 
394.5K at this cooling rate) from the melt (450K). After the 
annealing phase, the samples were cooled to room 
temperature at a rate of 1.25K min-1. 

Differential scanning calorimetry (d.s.c.) 
The d.s.c, instrument, a Perkin-Elmer DSC-2 was 

calibrated at a scan rate of 10Kmin -1 according to 
standard procedures with an accuracy better than OAK. 
The instrumental base line between 300 and 450K was 
regularly controlled and held straight. The melting en- 
dotherms were normally recorded at 10Kmin-1. The 
instrument was recalibrated when other scan rates were 
used. 

The experimental procedures to obtain d.s.c, tempera- 
tures to an accuracy of 0.1K have been discussed by 
several authors 24- 26. The conditions for obtaining such 
an accuracy were fulfilled in the present study. The 
melting endotherms presented in this report are all 
corrected (by a computer) for the thermal lag between the 
sample pan and the sample holder in accordance with ref. 
25. The thermal resistance was determined from melting 
data of highly pure indium. 

With the aid of a digitizer, the melting endotherms were 
analysed by taking 60-80 points along each curve. A 
computer program made it possible to transform these 
points into melting energies, etc. 

Choice of base line 
The choice of a proper base line with reference to 

melting of PE has been discussed by several authors, e.g. 
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Figure 1 Temperature correction AT (determined according to 
the small f i g u r e )  as  a function of melting point recorded at 
10 K m in - l hea t i ng  rate (Tin(10 K min-1)) .  A f e w  d a t a  f r o m  the 
literature 13,32 are included 
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Figure 2 Melting peak temperature (Thin) plotted versus the 
logarithm of the crystallization time (tc).The samples, all 6375, 
were crystallized from the melt at A, 401 K; B, 398.2 K; and 
C, 393.2 K for different times t c. The arrows indicate the start of 
crystallization at the respective Tc'S 

Gray 27, Richardson 2s and Blundell et al. 29 One of the 
methods suggested, the total enthalpy method, was 
chosen because the base line obtained by this method 
crosses the d H / d t - T  curve at the onset of non- 
rectilinearity of this curve. Thus, this base line choice is 
consistent with the appearance of the base line con- 
structed from the specific heat data by Wunderlich and 
Baur a°. All crystallinity determinations are based on a 
value of 293kJkg -1 as the heat of fusion of 100% 
crystalline PE 31. 

Dependence of melting on heating rate 
The path of melting of polymer crystals is related to 

heating rate, as has been discussed by Wunderlich 31. 

Imperfect and small crystals rearrange on heating so that 
they finally melt at a higher temperature than if not 
rearranged. With slower heating this effect is more 
pronounced. Large crystals having a higher melting point 
show superheating which is minimized as the heating rate 
approaches zero. Melting of crystals of intermediate 
melting point are independent of heating rate. By running 
d.s.c, scans at different rates from 0.6 to 160K min-1 on 
PE samples crystallized in a specific manner (80K min- 
cooling from the melt), all three types of behaviour could 
be observed in the polycrystalline samples (Fioure 1). The 
melting peak temperatures were also recorded for another 
16 samples at different scan rates giving additional AT 
data in the high temperature region of Fioure 1. The 
temperature correction term AT refers to the melting path 
at 10K rain- 1. If AT is subtracted from Tm (10K min- 1), a 
melting temperature is obtained which is corrected for the 
effect of rearrangement and superheating. The melting 
endotherms presented in this report are all treated 
according to this procedure with the aid of a computer 
program. 

RESULTS AND DISCUSSION 

The high temperature (HT)  peak 
The relations between the peak temperature (Thtv) and 

the crystallization time (IC treatment) is shown in Figure 
2. All the data obtained follow essentially rectilinear 
relations with two different slopes. At short times, Thtp 
increases markedly with increasing crystallization time 
(stage 1 crystallization), whereas later a less marked 
increase in Thin is observed (stage 2 crystallization). Similar 
results have been reported by Weeks aa and by Dlugosz et 
ai. 14 The latter authors suggested that the mechanism of 
Kawai a4 should be partly responsible for the crystal 
thickening of stage 1. 

According to Kawai a4, the higher molecular weight 
species start to crystallize giving rise to comparatively 
thin crystals. With time, the lower molecular weight 
material starts to crystallize at a lower degree of super- 
cooling, resulting in the formation of thicker crystals. In 
stage 2, 'true' isothermal thickening, older crystals grow- 
ing in the chain axis direction, should instead be re- 
sponsible, as suggested by Hoffman and Weeks as. Values 
of the slopes of the stage 1 and 2 crystallizations are 
presented in Table 2. 

The stage 1 changes in Thto with crystallization time at 
398.2 and 401.2K are approximately the same for all the 
samples, between 0.9 and 1.5Kdecade -1. At 393.2K, 
crystallization starts so rapidly that a major part of the 
stage 1 crystallization is outside the experimental range. 
The data obtained are in agreement with dilatometric 
data of Weeks 3a. He defined the melting point as the 
temperature where 0.01 of original crystallinity exists on 
heating at 0.18K min- t. Weeks aa obtained a value for the 
stage 1 slope of 1.4K decade- 1 for crystallization tem- 
peratures between 398.2 and 403.2K. 

The scatter of the data of the stage 2 crystallization is 
larger. At 393.2K, Thtp increases at ~0.1Kdecade-1. At 
398.2K, it increases between 0.1 and 0.4K decade-z, and 
at 401.2K the increase is between 0.2 and 0.5K decade- 1. 
Weeks aa obtained the following values from dilatometric 
data: 393.2K, 0.05K decade- 1 ; 398.2K, 0.2K decade- 1 ; 
401.2K, 0.4K decade -1. Dlugosz et al. 14 observed by 
Raman spectroscopy on a LPE crystallized at 399.2K a 
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Table 2 Data of the HT peak of samples isothermally crystallized 
from the melt 

dThtp/dlog t 
Material Temperature (K/log h) Thtp i 

(K} (K) " 
stage 1 stage 2 

7022 393.2 _ a 0.1 <403.6 
7022 398.2 1.3 0.05 404.5 
7022 401.2 0.9 0.2 407.2 
7006 393.2 _ a 0.05 <404.0 
7006 398.2 1.1 0.15 404.9 
7006 401.2 1.3 0.35 406.7 
2912 393.2 _ a 0.1 <405 
2912 398.2 1.1 OA 405.9 
2912 401.2 1.2 0.5 407.2 
2215 393.2 _ e 0.4 <403.7 
2215 398.2 1.3 0.4 405.1 
2215 401.2 1.1 - 407.0 
3140 393.2 _ e _ <403 
3140 398.2 0.9 0.2 404.7 
3140 401.2 0.9 0.3 406.6 
6375 393.2 _ a 0.1 <405 
6375 398.2 1.0 0.2 <405.5 
6375 401.2 1.1 0.25 406.8 

a Outside the experimental range 

thickness growth of 2.5 nm decade- 1 which corresponds 
to an increase in melting point of 0.3Kdecade -1. In 
conflict with these data stand recent findings by Varnell et 
al) 6 They found no evidence for isothermal thickening 
(stage 2) in studies of LPE samples by SAXS or d.s.c. 

The melting point of the first-formed crystals (Thtp, i) 
depends primarily on the temperature of crystallization 
which is most evident from Table 2. By applying an 
equation according to Hoffman 39, Tm= T°(1 - 1/7)+ T=/7, 
where Tm is the melting point of a crystal grown at T=, ~ is a 
constant and T ° is the equilibrium melting point, to the 
data for T~ equal to 398.2K and 401.2K, a value of 402K is 
obtained for Thtp, i at T c = 393.2K. An extrapolation of the 
data to Tin= T= gives T°m=415K. Applying the data of 
Illers and Hendus 37, thickness data for the first-formed 
crystals can be estimated: 393.2K--less than 24.5nm 
(24.3 nm), 398.2K--26.8-29.9 nm (27.3 nm), 401.2K-- 
34.0-37.1 nm (27.9 nm). The values within brackets are 
from a recent study by Barbara et al) s 

Detailed study of the chanoes of the HT  peak as a function 
of crystallization time 

Changes within the HT peak in a system of invariant 
value of the fraction of segregated component (W~), i.e. of 
LT peak material, were studied on sample 6375 isother- 
mally crystallized from the melt at 398.2K. The weight 
fraction of crystalline segregared component W~c (mass 
fraction of crystalline segregated component W,~ (mass 
almost constant over 2.5 decades in crystallization time, 
Fioure 3. From the same Figure, it is evident that the 
crystallinity increases during the same period of time. 

As the content of segregated component is constant, the 
increase in crystallinity (2.5% per decade) must be assig- 
ned to a transformation of the amorphous material 
associated with the crystalline regions, presumably in- 
tedamellar amorphous material, to crystalline material. 
The increase of the crystalline regions amounts to 
0.025/W,,,c = 0.035 per decade. Using the melting point-- 
crystal thickness data of Illers and Hendus 37 and assum- 
ing that the crystal growth (3.5% per decade) occurs along 

the chain axis, which is reasonable on the basis of surface 
energy data, this increase in crystal thickness would 
amount to 1.3 nm decade- 1. Here, the melting point data, 
transformed into crystal thickness by the data of Illers and 
Hendus 37, reveals an increase of 1.5 nm decade-1. 

Figure 4 shows the development of the HT peak with 
crystallization time in more detail. These data are clearly 
consistent with a'true' isothermal crystal thickening to be 
identified with the stage 2 crystallization. 

Samples 7006 and 7022 isothermally crystallized at 
401.2K have been used as model materials to study 
changes within the HT peak for systems of changing W~. 
The model used in the calculations is presented in Figure 
5. 

The changes with crystallization time of mass fractions 
of the three systems (crystals melting between 406--408K, 
408-410K and 410-412K, respectively) are calculated 
from the melting endotherms. To solve this system of 

0,2 

0.15 

'< 0.1 

0.05 

8 

S 

0#0 

0,85 

0.80 

D75 

0'70 

Log t o (h )  

Figure 3 Mass fraction of the sample melting within the LT peak 
(Ws.c) and the crystallinity (We) at 300 K plotted versus the 
logarithm of crystallization time (tc) of samples (6375) 
crystallized from the melt at 398.2 K for different times t c and 
then cooled to 300 K at a rate of 80 K min-1 
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Figure 4 Mass fraction (Wi) of the sample that is melting within 
the temperatures: I ,  406-408; D,  404-406; &,  408-41 O; 
C), 402-404; 0 ,  410-412 K plotted versus the logarithm of the 
crystallization time (tc) for samples of 6375 crystallized from the 
melt at 398.2 K for different times 
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Figure 5 Model used for the calculation of the rate of formation 
of new crystals (W,1, Wn2 and W,3 ) and the rate associated with 
the 'true' isothermal thickening (W n and Wt2) 

Table 3 Results fromthe calculations of the crystal thickening 
components 

Time inter- Wtl Wt2 Wnl Wn2 Wn3 
Sample a val (h) (%) (%) (%) (%) (%) 

7006 5 --16.5 1.2 0.5 10.2 6.8 0.7 
7006 16.5--87 2.4 1.7 5.7 4.7 0.1 
7006 87 --115 0.4 0.3 0.4 0 0 
7022 5 --16.5 0.3 0.2 9.5 5.8 0 
7022 16.5--40 0.5 0.4 3.2 9.6 1.3 
7022 40 --88 0.5 0.6 0 5.9 1.5 

a The samples were crystallized from the melt at 401.2 K for 
different times 
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Figure 6 Ctystallinity (We) at 300 K as a function of the 
logarithm of the crystallization time (re) for samples of 7006 
crystallized from the melt at A, 398.2 K; and B, 401.2 K for 
different times re. The samples were finally cooled at a rate of 
80 K min-1 to 300 K 

equations (five unknown and three independent equa- 
tions), Wt~ and Wt2 are estimated on the basis of the growth 
rate prevailing during stage 2. Thus, it is assumed that the 
melting points of the crystals of the systems are shifted, on 
an average, 0.35 (7006) and 0.2 (7022) K decade -1, 
respectively. The flow (for 7006) from one system into the 
adjacent equals 0.35. (log ten d -  log t~.), W.J2. Table 3 pre- 
sents the result of these calculations. 

The data in Table 3 indicate that the rapid shift of the 
HT peak in stage 1 is primarily due to the fact that the 
newly crystallized molecules form with time crystals of 
increasingly higher melting points. This statement is 
based on the observation that W~ and W.3 decrease more 
slowly with crystallization time than W.~. 

Relations between crystallinity and fraction of segregated 
component 

Typical plots showing how the crystallinity (after 
cooling to 300K, as obtained by d.s.c.) of samples 
crystallized isothermally from the melt for different times, 
relates to crystallization time are presented in Figure 6. 

Three zones can be distinguished in the plots of Figure 
6. At short times, before initiation of crystallization occurs 
at T~, a region of constant crystallinity (W=) is observed. At 
intermediate times, a region of rapidly increasing W~ is 
apparent, corresponding to the phase of rapid crystalli- 
zation at T~, i.e. the stage 1 crystallization. At long times, a 
region of slowly increasing W~ is observed which cor- 
responds to the stage 2 crystallization. Thus, the increase 
in W~ is a consequence of the increasing crystallinity of the 
semicrystalline non-segregated component. From this 
discussion it seems reasonable to assume that W~ and W~ 
should be related. Figure 7 plots these quantities and gives 
the definitions of crystallinities of the segregated and the 
non-segregated components. The problem in using equa- 
tion (1) to calculate W°c and W°s,c is that to obtain W~ and 
W,s, W °~,c and Wn°c have to be known. To solve this 
problem, W~ was plotted versus W' s = W~,ff(W~,~ + W~s,~), i.e. 
the relative size oftbe LT peak, and approximate values of 
W ° and Wn°~ could be estimated. From these new data s, c 

another group of W~ data was calculated which gave a new 
W=- W~ plot and new correct values for W ° and o W,~,c. The 
data shown in Figure 7 are corrected in this way. 

The general appearance of all the plots of the samples 
studied is rectilinear region covering most of the W~ 
range and a non-rectilinear region in a limited W~ range. It 
is apparent that W~ increases in the region where W~ is 
approximately constant (stage 2 crystallization), i.e. W°~ 
is changing as a function of time. This is the reason for the 
non-rectilinearity of the W~-W~ plot. For the sample 
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Figure 7 Cwstallinity (We) at 300 K plotted versus the mass 
fraction of segregated component (INs) of samples of 7006 
crystallized from the melt at 398.2 K for different times t c. The 
samples were finally cooled at a rate of 80 K rain -1 . Each 
component is considered to have a certain crystallinity, I~,.c and 
W~ns, c respectively (illustrated by the small figure), related to the 
overall crystaltinity according to equation (1): 

Wc= W,'  VW~s,c-t- Wns" I~n$. c (1)  

LJ 
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Table 4 Crystallinities of segregated and non-segregated components 

Cryst. temp. a 
Material (K) W°,c W°s,cl W~ns,c2 

7022 398.2 0.65 0.78 0.82 
7022 401.2 0.65 0.81 0.84 
7006 398.2 0.65 0.79 0.84 
7006 401.2 0.65 0.81 0.84 
2912 398.2 0.60 0.73 0.79 
2912 401.2 0.60 0.77 0.81 
2215 398.2 0.575 0.70 0.76 
6375 401.2 0.70 0.81 0.87 

a The samples were cooled from the crystallization temperature to 
300 K at a rate of 80 K min -1  
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Figure 8 The mass fraction INs, c (based on the area A of the LT 
peak) plotted versus the logarithm of the crystallization time (tc) 
for different samples: A, 7006, IC-treated at 401.2 K; B, 7006, IC- 
treated at 398.2 K; C, 2215, IC-treated at 393.2 K. The samples 
were finally cooled at a rate of 80 K min -1 to 300 K 

shown in Figure 7, W~,~ ~ increases from ~ c, =0.79 to 
Wn°s.c2 =0.84. The rectilinearity of the 0.4-1.0 (W~) range 
can be explained by the fact that this change in W~ requires 
only 0.5 decade of time. The change in W°s.¢ during this 
period is very limited. Table 4 presents a summary of the 
results concerning all the samples studied. 

It is clear from the data in Table 4 that W°~.¢ values are 
higher at 401.2K than at 398.2K. Comparison with the 
data of Table 1 shows that the crystallinity values (both 
W°¢ and WnOJ decrease with increasing degree of chain 
branching. 

The low temperature (L T) melting peak 
Figure 8 shows typical plots of the mass fraction of 

crystalline segregated component W~,~ versus log t~. 
An induction period, with no crystallization at T~ 

(outside the range of curve C) where W~ is constant, is 
observed at short to. It is followed by a phase of decreasing 
W~,~ associated with a period involving the introduction of 
an increasing number of molecules into the crystalline 
phase at T~. Finally, a constant value of W~,c is approached, 
which correspond to the fraction of the sample unable to 
crystallize at T~, regardless of the time. These molecules 
require a larger degree of super-cooling to crystallize. The 
constant value approached is denoted W~I,~ and the 
corresponding value relating to the total amount of 
segregated component (both crystalline and amorphous) 
is denoted W~. These results are in principle in agreement 
with data relating the relative size of the LT peak to to 

reported earlier x z- x 5. However, as the area under the HT 
peak increases with increasing tc even after the establish- 
ment of a constant value of W~,°, a slow decrease in the 
relative size of the LT peak would appear in such a plot. 
This is avoided by taking W~.c as the judging parameter. 

Table 5 presents data for the kinetics of crystallization 
judged from plots of W~¢ versus log t¢. It is evident that the 
regions of isothermal crystallization (between t= and t=) are 
shifted to longer times with increasing T~ Significant 
differences in t= and to are observed for the different materials 
at the same T~ The materials ranked in the order of 
decreasing values in these parameters are as follows: 2215, 
2912 =7006 =7022, 3140, 6375. The time span, D, decreases 
with increasing T~: 393.2K-D is larger than 2.5 decades 
(only one value), 398.2K- D = 1.73 +0.13, and 
401.2K- D = 1.52 +0.09. Note the more extended regions of 
slowly decreasing W~ at the lower T¢'s (Figure 8). The 
existence of this difference in size of the region of slow W~ is 
the main reason for the difference in the D values. Finally, 
there seem to be no significant differences between the 
different materials with regard to the D values. 

A determination of W~ (WJ should consider the lower 
crystallinity of the segregated component and the contri- 
bution to the LT peak of the surface melting of the thicker 
crystals which mainly melt in the HT peak. The former is 
considered by the application of W°¢. The increase in W~ 
taking this into consideration, compared with the value 
obtained by measuring this quantity as the relative size of 
the LT peak, ranges from 0.01-43.07 (absolute mass 
fraction). The contribution from the surface melting 
should be relatively small, of the order of 0.01-0.02 
(absolute mass fraction) of W~l. 41. 

Figure 9 shows the development of the peak tempera- 
ture T~tp with log t¢ for one of the samples. The same three 
stages as earlier quoted for the W~,¢ versus log tc plot 
appear at the same values of t¢. The decrease in T~t p is due 
to the fact that the species which crystallize first during the 
post-isothermal cooling, forming crystals melting in the 
high temperature region of the LT peak, also have the 
greatest tendency of the molecules of the LT peak to 
crystallize at To. The following values for T~tp were 
obtained for the samples treated at the different Tjs and 
finally cooled at 1.25 or 80K rain-1 (values within brac- 

Table 5 Kinetics of isothermally crystallized samples 

Cryst. temp. log tst log tel  log re2 
Material (K) (h) (h) (h) D 

7022 393.2 < - 1 . 5  -0 .9  0 >1.5 
7022 398.2 -0 .5  0.85 t .0 1.5 
7022 401.2 0.55 1.9 2.0 1.45 
7006 393.2 <--1.5 -0 .75  -0 .25  >1.25 
7006 398.2 -0 .8  0.75 1.0 1.8 
7006 401.2 0.5 1.8 1.9 1.4 
2912 393.2 < - 1 . 5  -0 .7  0 >1.5 
2912 398.2 -0 .8  0.75 1.0 1.8 
2912 401.2 0A  1.85 1.95 1.55 
2215 393.2 < - 1 . 5  0.5 1.0 >2.5 
2215 398.2 -0 .3  1.3 1 A5 1.75 
2215 401.2 1.0 - - - 
6375 393.2 < - 1 . 5  -1 .2  -1 .0  >0.5 
6375 398.2 < - 1 . 5  -0 .3  0 >1.5 
6375 401.2 -0 .7  0.8 0.9 1.6 

Definitions: t i t  is the t ime for the onset of isothermal crystal(ization, 
te l  is the t ime at which Ws, c deviates by 0.02 from Wsl,c, te2 is the 
t ime at which Ws, c deviates by 0.01 from Wsl,c, and D equals the 
difference between log re2 and log tst 
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Figure 9 Temperature of the LT peak maximum (Trip) plotted 
versus the logarithm of the crystallization time (re) o f  samples of 
7006 crystallized from the melt at 401.2 K. The samples were 
cooled after the isothermal treatment at two different rates: 
O, 1.25; and C), 80 K min -1 

perfectly linear molecules, these differences in crystalliza- 
bility can be assigned to differences in molecular weight. 
On prolonged crystallization at T~, the latter molecules 
crystallize and the remaining uncrystallized species of low 
crystallizability, crystallize on subsequent cooling at 
lower temperatures than if co-crystallization between the 
different molecules had occurred. The melting points are 
shifted correspondingly, in the present case from above 
394K to below this temperature. 

(3) The fraction melting between 396 and 400K goes 
through a maximum at short t,'s, decreases and finally 
approaches a constant value. This is due to a dominance 
of the process described in (2) at the short t,'s, whereas on 
prolonged isothermal treatment the process of (1) is of 
major importance. 

(4) The low temperature region, below 386K, is not 
significantly affected by changes in t,. 

O-O3 

O'O3 

~OS - ' - - " - - - - ' ~ ' ' =  ~-~"'^ e 
398~00 

. 
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Figure 10 Mess fraction (Wi) of the sample melting within the 
temperatures: @, 396-398; A. 398-400; I-I, 400-402; 
A, 394-396; O, 386-390; I ,  392-394; O, 390-392 K plotted 
versus the logarithm of the crystallization time (t c) of samples of 
7006 crystallized from the melt at 398.2 K. After the isothermal 
treatment the samples were cooled at a rate of 1.25 K min -1 to 
3OO K 

Observations relating to molecular fractionation on crystal- 
lization at constant cooling rates 

Here, the manner in which the melting endotherms of 
the samples (7022) treated in the different ways shown in 
Figure 11 (treatment type 1, treatment type 2 of various 
cooling rates J') relate to each other is considered. It has 
been shown previously that the LT peak is invariant after 
approximately 10h crystallization at 398.2K. All the 
subsequent comparisons refer to systems having a LT 
peak of equilibrium size. 

Curve A of Figure 12 refers to the systems obtained after 
the original cooling from the melt, at different rates. As 
expected, the fraction of the sample of melting point 
< 398.2K increases with increasing cooling rate. After 
0.1 h annealing at 398.2K, ~ is almost independent of.Tand 
after 12-16 h annealing it decreases with increasing T. The 
crystaUinity of the systems of d.ifferent Tannealed for 12-16 h 
are almost independent of T. Hence, the decrease in the 
relative LT peak size for these systems is due to a decrease in 
the absolute size of the LT peak. 

The W's value for the treatment 1 system is 0.32 whereas, 
as shown in Figure 12, the values for the treatment 2 
systems are considerably lower. This discrepancy in the 

TREATMENT 1 TREATMENT 2 

kets): T~ = 393.2K-387.5K (387K), T~ = 398.2K-397.5K 
(395.5K), T~=401.2K-401.0K (398.0K). Thus, it appears 
that the dependence of T,p on the f'mal cooling rate 
increases with increasing T~. 

Figure 10 provides detailed information concerning the 
development of the LT peak as a function of tc and the 
following features are evident: 

(1) The high temperature region (4(X)-402K) is gra- 
dually suppressed with increasing tc until finally a con- 
stant value is approached. A considerable part of this 
fraction (present after short crystallization times) will 
Crystallize at T~ on prolonged isothermal treatment. This 
is also reflected in the gradual decrease of T~tp with 
increasing tc as shown in Figure 9. 

(2) Between 386-394K, however, the B~'~s increase with 
increasing to until constant values are approached. This 
can be explained on the basis of a co-crystallization 
occurring at low to, during the cooling stage, involving 
molecules of low crystallizability and molecules of a 
somewhat greater tendency to crystallize. In the case of 

Imin 

BO Klmin 

I Heifing endofherm 
by DSE 

"J" (0.62-80 K/rain) 

r 

I Melting endotherm 

80 K/rain 

Figure 11 Heat treatments type 1 and type 2. The treatments 
were carried out in the d.s.c, apparatus. Note that the rate /~ of 
the initial cooling step of treatment 2 was varied between 0.62 
and 80 K min -1 
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Figure 12 The relative size of the LT peak (INs') of the 
treatment 2 systsms as a function of the initial cooling rate T 
(logarithmic scale). A, As obtained after the initial cooling. W s' is 
defined as the fraction of the sample melting below 398.2 K; 
B, as obtained after 0.1 h of annealing at 398.2 K; C, as obtained 
after ~15 h of annealing at 398.2 K 

0'30 - ~ 0 2 0  
W[<398"2 K] 

0"19 

0.20 - • 0.18 
W[>398"2 K] . , 

in crystals of melting point > 398.2K in the systems obtain, ed 
after the initial cooling step of treatment 2, whereas B(T) is 
the fraction of the crystallizable material (by treatment 1, at 
398.2K) which is included in crystals of melting point 
< 398.2K in the systems obtained after the initial cooling 
phase of treatment 2. Both A(7) and B(T) are defined in 
Figure 13. The equations presented consider the differences 
in crystallinity of the components.using the.data of Table 4. 

Figure 13 shows that .both A(7) and B(T) increase with 
increasing cooling rate 77. This indicates that: (a) crystals 
melting at > 398.2K are contaminated with less crystalliz- 
able species (segregated material by treatment 1) to a greater 
extent in the rapidly cooled systems than in the slowly 
cooled ones; and (b) crystals melting at <398.2K contain 
more of the highly crystallizable material (non-segregated 
material by treatment 1) in the rapidly cooled systems than 
in the slowly cooled systems. 

The following conclusions are derived from Figures 14-16 
regarding the changes of the LT peak as a function of 
thermal history: 

(1) The reduction of ~V~ with increasing Tis a consequence 
of the progressive .reduction in the l~gh temperature region 
with increasing T. This effect is also reflected in the 
monotonic decrease in T~tp with increasing T. 

(2), A smaller but still significant increase is observed in 
the low temperature region with increasing 77. 

392 

/ J  1 0"15 - 0.17 

/ /  o 0.10- -4o.16 

_ , j  v 
005 / -10.15 

0 / /  -IO.lZ, 

-0.05 d t n I t t 10.13 
0.5 1 5 10 SO 100 

1" (K/min) 
Figure 13 The quantities A(T) and B(T) plotted versus the initial 
cooling rate T (logarithmic scale). The meaning of ihese 
quantities, illustrated by the small figure is described in the text. 
The precise calculation of A ( ~  and B(f)  is as follows: 

A ( ~  = ((Wcl/g~l © Ws{- (Wc2/W~s.c) Ws2' (T))/W(T> 398.2 K) (T) 
B(I )=(W(<39~.2 K) (T ) -  Ws2' ~T) × 

(Wc2/W~s.o))/W(< 398.2 K) (T) 

where W( <398.2 K) and W(>398.2 K) are associated with the 
fractions of the sample melting below and above 398.2 K, 
respectively (in the systems as obtained after the initial cooling 
step of treatment 2), Wsl' and Ws2' are the relative size of the LT 
peak for samples treated according to 1 or 2, Wcl and We2 are 
the crystallinities for the treatment 1 and treatment 2 systems 
(15 h of annealing), respectively 

W's is due to the fact that a fraction of the species, not 
crystallizable at 398.2K by treatment 1, is included in the 
crystals ofmelting point > 398.2K in the systems obtained 
after the initial cooling phase of treatment 2. 

The quantity A(7) refers to the fraction of uncrystallizable 
material (by treatment 1, at 398.2K) which has been included 

391 

390 

I I I I 389 • 
0"5 1 5 10 SO 100 
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Figure 14 The LT peak temperature (T=~) plotted versus the 
initial cooling rate T (logarithmic scale) for the treatment 2 
samples annealed at 398.2 K for 15 h 
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Figure 15 LT peak shape (mass fraction W i melting within the 
temperatures: O, 350---386; 0 ,  386-390; I ,  390-392; 
&, 392-394; I-I, 394-396 K) of the treatment 2 systems at 
398.2 K for 15 h as a function of the initial cooling rate T 
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Figure 16 Comparison be~wean the treatment 1 and the 
treatment 2 systems focussing on the LT peak shape. The 
scattering of the latter is due to the variation of the initial cooling 
rate T, The mass fraction of the samples melting within the 
temperature ranges indicated are presented 
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(3) The higher W', value of the treatment 1 system 
compared with those of the treatment 2 systems is 
reflected in the reduced high temperature region of the 
treatment 2 systems. The low temperature region, ho- 
wever, is slightly more developed in the treatment 2 
systems. 

A system of the type investigated here should be 
considered as a multicomponent system having a distri- 
bution of chain defects for the ensemble of molecules. The 
defects can in principle be of different types: chain ends, 
chain branches, segments of unsaturation, etc. The num- 
ber of defects and their severity in a molecule will 
determine its ability to crystallize at a certain tempera- 
ture. In LPE systems the chain ends are of major 
importance and consequently molecular weight segre- 
gation has been observed 2-2°. In the ideal case, each 
component with a certain ability to crystallize should 
crystallize separately. In reality, the molecules will not 
crystallize in this simple way. Some co-crystallization 
between different kinds of molecules, mainly between 
those of the molecules which are rather similar, will occur. 
A more complex relation between the distribution in 
molecular structure of the ensemble of molecules and the 
crystallization (melting) point distribution, also involving 
factors such as cooling rate, applies to such a system. This 
is, of course, the extended conclusion of the data shown in 
Figures 12-16. 

A consequence of this discussion is the observed 
reduction in the high temperature region of the LT peak 
with increasing Tfor the treatment 2 systems. The molecules 
which are almost crystallizable at 398.2K (by treatment 1), 
have a relatively high tendency to crystallize forming crystals 
of a melting point just less than 398.2K in the slowly cooled 
treatment 2 systems. However, in the rapidly cooled systems, 
these species show an increased tendency to co-crystallize 
with more easily crystallizable molecules and form crystals 
with a melting point > 398.2K. The pronounced difference 
between the treatment 1 and the treatment 2 systems 
regarding the ~ values and the high temperature region of 
the LT peak indicate that, even at the lowest cooling rate 
studied, a certain amount of co-crystallization occurs. This 
co-crystallization has another observable effect on the LT 

peak of the treatment 2 systems (item 3 above) due to the 
following reason: The solidification of the LT peak material, 
which occurs during the final cooling stage, involves less co- 
crystallization between molecules almost crystallizable at 
398.2K (by treatment l) and molecules of somewhat lower 
tendency to crystallize in the treatment 2 systems of high T 
than in e.g. the treatment 2 systems of low Z The crystalli- 
zation point distribution and hence the melting point 
distribution are shifted, as observed, toward.s lower tempera- 
tures for the treatment 2 systems of high T(compared with 
the other systems). 

Earlier studies by Smith and St. John-Manley 16 on 
binary mixtures of long-chain straight-chain alkanes have 
shown that segregation of the components into different 
crystals is dependent on the time available (cooling rate) 
during the solidification. The present study shows that 
this finding also applies to systems such as high-density 
PE with a continuous molecular weight distribution. A 
method for the quantification of the degree of co- 
crystallization of molecules having different tendencies to 
crystallize has been developed. The quantifies, A(T) and B(T) 
obtained by this method provide information concerning 
the segregation of systems crystallized during constant rate 
cooling. 

The effect of annealing (A ) on the melting behaviour--a 
comparison with the melting behaviour of samples isother- 
mally crystallized from the melt (I C) 

The aim ofthese studies was to study the differences and 
the similarities in melting behaviour between samples 
subjected to the two treatments (A and IC treatment). Due 
to the qualitative similarity between the different ma- 
terials studied, only one PE, namely 7006 is used to 
illustrate the features of this comparison. 

Figure 17 shows that the two-stage form of the 
T h t  p - -  log t plots of the IC systems (see Figure 2) are absent 
or at least less pronounced for the A systems. The almost 
complete elimination of the stage 1 crystallization for the 
A systems is due to the almost complete constancy in Ws 
with treatment time. The stage 1 crystallization which is 
very dearly observable for the IC samples occurs within a 
period ofsignificantly changing W~. For the A systems, the 
Th,p-- log t lines of the different T~ approach each other at 
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Figure 17 HT peak temperature Tht p plotted versus the logarithm 
of time (t) of isothermal treatment at T c or T a. The samples (7006) 
were either IC-treated ( ) or A-treated ( . . . .  - )  at three 
temperatures: A, 401.2 K; B, 398.2 K; C, 393.2 K 
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Figure 18 Crystallinity (W c) at 300 K plotted versus the 
logarithm of time of isothermal treatment at T¢ or at T a. The 
samples (7006) were either IC-treated ( ) or A-treated 
( . . . .  - )  at A: 401.2 K; ~ ,  IC; A, A. B: 398.2 K; I-1, IC; I I ,  
A. C: 393.2 K; O, IC; O, A 
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Figure 19 Comparison between systems treated according to IC 
(- )  and A ( - O - )  regarding the LT peak. The mass fraction of the 
sample (7006, isothermally treated at 401.2 K for 300 h and 
finally cooled to 300 K at a rate of 1.25 K min -1) melting within 
the denoted temperature ranges are shown 

short times in a starting value of Thtp. This starting value is 
settled by the temperature range (from 396K and lower) at 
which crystallization occurs during the initial cooling 
phase of this treatment. The melting points of the crystals 
first formed in the IC samples are uniquely related to T~. 
The difference in rht p between the IC and A systems 
treated at 398.2 and 401.2K is to some extent due to this 
discrepancy in the melting points of the first formed 
crystals. 

In Figure 18 the smoothly shaped curves of the A 
samples contrast with the characteristic S-shaped curves 
of the IC samples. The absence of a period of strongly 
increasing W~ for the A samples is associated with the 
constancy of W~ for these systems (see Figure 20). The 
generally lower crystallinity of the A samples compared 

with the IC samples reflects the lower W°,,~ values of the A 
systems. This is most probably a memory effect, assigned 
to the fact that crystals formed during the initial cooling 
stage of the A treatment are comparatively thin, i.e. of a 
relatively low melting point, with a relatively large 
fraction of amorphous material in between the crystals. 

Figure 19 shows the occurrence of a lower W~I value, a 
5K lower temperature of the peak maximum, a smaller 
mass fraction of the sample melting in the high tempera- 
ture region of the LT peak, and a slightly larger mass 
fraction melting in the low temperature region of this peak 
for the A sample than for the IC sample. The explanation 
to this discrepancy in melting behaviour has been given 
previously. 

Figure 20 shows the lower equilibrium values of W~,~ of 
the A samples compared with the IC systems. This 
difference becomes more pronounced at the higher tem- 
peratures of treatment. For the A samples, there is only a 
small change in W~.~ with t,. The times at which a constant 
W~,~ is established seem to be approximately the same for 
samples of both the treatments. The only minor decrease 
in W~,~ with treatment time for the A samples is due to the 
fact that a major part of the segregation is already 
completed after the initial cooling stage. Thus, the fraction 
of the sample present in the melt at the start of the 
annealing stage is only of a low concentration of mo- 
lecules crystallizable at T,. The difference in the W~l.c 
values between the IC and A systems is due to the fact that 
the crystals melting above T~ in the A samples contain 
molecules which by the IC treatment are non- 
crystallizable at a temperature equal to T,. 

CONCLUSIONS 

The high temperature (HT) melting peak, appearing for 
samples isothermally crystallized at T~ from the melt, is 
associated with the melting of the material that has 
crystallized at T~. Two stages are apparent, denoted, 
respectively, stage 1 and stage 2, in the development ofthe 
HT peak as a function of the crystallization time. Stage 1, 
featured by the rapid increase of the peak temperature Thtp 
with the crystallization time is associated with a phase of 
rapid crystallization at T~. It is shown that the melting 
points of the newly formed crystals increases with increas- 
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Figure 20 Mass fraction of the sample melting within the LT 
peak (Ws,c) plotted versus the logarithm of the time of isothermal 
treatment (at T c or at Ta). The samples (7006) were either IC- 
treated (- )  or A-treated ( - . - )  at A: 401.2 K; ~ ,  IC; A, A. 
B: 398.2 K; 17, IC; I I ,  A. C: 393.2 K; O, IC; O, A 
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ing crystallization time. Stage 2, characterized by a much 
slower increase in Thtp with increasing crystallization time, 
appears after the establishment of a constant size of the 
low temperature melting peak. Evidence is provided for a 
slowly increasing crystallinity of the non-segregated com- 
ponent with time during this period. With the aid of the 
melting point--crystal thickness data by Illers and He- 
ndus 37, under the assumption that all the increase of 
crystallinity is accomplished by the growth of the crystals 
along the chain axis, a relatively good fit is obtained 
between the set of data relating Thtp and crystallization 
time with the data relating crystallinity and crystallization 
time. 

Data for the crystallinity (at 300K) as a function of time 
of crystallization for samples isothermally crystallized 
from the melt provide the basis for a model representing 
the material. The material is considered to consist of a 
non-segregated component (crystallized at T~) and a 
segregated component (crystallized at temperatures be- 
low T~), each of a certain crystallinity. The crystallinity of 
the non-segregated component increases with both T~ and 
the time of crystallization. It is shown that both these 
crystallinity values decrease with increasing degree of 
chain branching. 

The low temperature (LT) melting peak, shown for 
samples isothermally crystallized (at T~) from the melt, is 
associated with the material remaining uncrystallized at 
T,. The development of the LT peak with the crystalli- 
zation time proceeds through three stages: At the start 
there is a period with no isothermal crystallization, which 
is followed by a second stage of isothermal crystallization 
resulting in a decrease in both the size of the LT peak and 
the peak temperature, until fmally constant values of these 
entities are approached. This fraction of the sample is 
truly uncrystallizable at T~. A determination of this 
rejected, segregated material should take into account the 
differences in crystallinity between the segregated and the 
non-segregated components and also the surface melting 
of the crystals mainly melting in the HT peak. During the 
second stage it is observed that the mass fraction of the 
sample melting in the high temperature region of the LT 
peak decreases with crystallization time and that the mass 
fraction melting in the intermediate temperature range 
increases with crystallization time. These findings are 
consistent with the idea of a progressively decreasing 
crystallizability of the components of the remaining melt 
existing at T¢. An expected consequence of this fact is a 
reduction in the co-crystallization occurring between 
molecules of low and intermediate crystallizability. This 
seems to be the most plausible explanation for the data in 
the intermediate temperature range of the LT peak. 

A method has been developed for studying segregation 
in samples crystallized during cooling at constant rate 
from the melt. There is evidence that the degree of co- 
crystallization between molecules of different ability to 
crystallize increases with increasing cooling rate. It is also 
shown that the co-crystallization predominantly involves 
molecules of crystallizability only slightly different from 
each other. 

The development of Tht p, W,, and W~ with the annealing 
time shows that a great deal of the segregation is already 
completed after the initial cooling stage of the A treat- 
ment. The occurrence of a significant amount of co- 
crystallization primar.ily involving molecules not signi- 
ficantly different from each other concerning their crystal- 

lizability, during the initial cooling in the A treatment is 
demonstrated. 
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