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Stepwise crystallization and successive melting of Tipolen low density poly- 
ethylene was studied by DSC. As a result of the stepwise crystallization of the poly- 
ethylene, there were as many peaks on the melting curve as the number of steps used 
for the crystallization of the sample. Similar results were obtained on Tipolen low- 
density polyethylene fractionated by gel permeation chromatography, and on Celene 
low-density polyethylene, too. 

Crystallization and melting processes of polymers show many features different 
from those of materials of low molecular weight [1, 2]. It is well known that the 
crystallinity of polymers depends on the temperature, and their melting processes 
take place in wide temperature intervals. Experimentally determined melting 
processes and melting point of polymers depend on conditions of previous crys- 
tallization. These features are attributed to the macro- and polymolecular nature 
of they polymers, to the significant role of kinetic factors in their crystallization 
process, as well as to morphological characteristics of the polymer crystals [3]. 

It is assumed that a great number of crystallites with different melting points 
are formed during the crystallization process. Richardson et al. [4] studied in 
detail melting characteristics of polymethylene copolymers containing short 
branches. The samples in their investigation were made by stepwise crystallization. 
In order to be able to reach thermodynamic equilibrium conditions, the samples 
were held at each temperature for a long time (some days). Mentioned authors 
have established that the melting point is decreased and the melting interval is 
increased as a consequence of introducing comonomer units. 

This paper deals with the influence of the crystallization conditions and thermal 
prehistory of polymers on their melting. It is experimentally proved that the separa- 
tion of crystals with different melting points is possible in their melting processes. 

Experimental 

In most of our experiments non-fractionated Tipolen FA 2210 low density 
polyethylene (produced by Chemical Works of Leninvfiros, Hungary) was used 
(m. p. 388 K; CHa/1000 C = 15.3; M w = 148 000). Some experiments were made 
using fractions of Tipolen PE produced by gel permeation chromatography 
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m.p. :  387 and 392 K, M w ---76 000 and 515 000, respectively, and Celene 
DFD 6005 low-density PE (produced by Union Carbide, m p. : 389 K). 

Perk in-Elmer  differential scanning calorimeter Model DSC-2 was used, suit- 
ably calibrated at different points of temperature. 

Before the stepwise crystallization the samples were melted and held at 423 K 
until no change resulted in their Cp values. 

Results and discussion 

The isothermal crystallization of non-fractionated PE was studied. In our ex- 
periments the crystallization curves shown in Fig. 1 were obtained. It can be seen 
that low-density PE can slightly be supercooled, and therefore the induction time 
of crystallization at temperatures below 383 K is very short. As a consequence, 
before finishing of the ordinate displacement of the recording pen (due to the 
transition to isothermal condition) the crystallization process begins, and the 
initial period of crystallization can not be recorded by DSC. As this period 
is rather short, the initial part of crystallization curves was determined by 
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Fig. 1. Superimposed isothermal crystallization curves of Tipolen low-density PE at 
different temperatures 
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extrapolation to the isothermal baseline. Results of isothermal crystallization 
will be published elsewhere [6]. 

In order to check the precision of extrapolation, the sample crystallized iso- 
thermally was melted and the enthalpy values (which are proportional to the crys- 
tallinity) have been tried to determine from the melting curves. In this case the 
same methodical problem was found. When the recording pen finishes its shift 
due to the transition to non-isothermal condition (the shift of the pen is proportion- 
al to the sample weight and heat capacity, the sensitivity of  the instrument, as 
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Fig. 2. Shift of the recording pen on the instrument DSC-2 
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Fig. 3. Melting curve of low-density PE crystallized isothermally 
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well as to the heating rate, see Fig. 2), a part of the sample has already been melted 
(Fig. 3). We wanted to avoid this methodical difficulty by freezing the state of 
the material by rapid cooling (320 ~ �9 min-~). In this case, the heating was started 
from a lower temperature, and the melting curves of the samples were recorded. 
As seen from Fig. 4 three peaks can be observed in the melting curves of these 
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samples at lower temperatures a wide, blurred peak (on Fig. 4 denoted by Ill), 
and a sharp double peak at higher temperature region (denoted by II and I). It 
has been established that the position of the peak at the highest temperature (I) 
does not depend upon the isothermal crystallization temperature, and its ampli- 
tude related to the amplitude of peak II decreases when the temperature of iso- 
thermal crystallization is raised. On low temperature isothermal crystallization 
the height of peak II is rather small, and this peak is sharply separated from 
peak I. 
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Fig. 5. Post.crystallization of isothermallyocrystallized PE on rapid cooling to room 
temperature 

By increasing the isothermal crystallization temperature peak II shifts in 
the direction of peak I, and at very high isothermal crystallization temperatures 
the two peaks merge. It may be suggested that peak II corresponds to that 
part of the sample crystallized on isothermal conditions whereas peak I comes 
from the melting of that part of the sample crystallized during the cooling process 
to the isothermal crystallization temperature. 

To check whether the state of the material crystallized isothermally could 
be frozen or not the thermal behaviour of PE during rapid cooling was 
registered. In Fig. 5 can clearly be seen that post-crystallization occurs. We 
suggest that peak III appearing at lower temperature region corresponds to 
the melting of regions crystallized during the rapid cooling process from the iso- 
thermal crystallization temperature. From curves in Fig. 4 it can be concluded 
that in the case of low-density P E a  separate melting peak corresponds to the 
sample part crystallized under different conditions. 

In order to check this conclusion stepwise crystallization was carried out as 
follows: the PE melt was held at 423 K, then the temperature was lowered to 
381 K. At this temperature the sample was crystallized isothermally and the tem- 
perature was lowered further in a stepwise manner by steps of 20, 10, 5 and 3 ~ 
down to room temperature. At each temperature the completion of the crystalli- 
zation was waited for. Melting curves of samples crystallized in such a manner 
are demonstrated on Fig. 6. It was established that a separate peak in the 
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melting curve corresponds to each step in the crystallization, except for the low 
temperature steps (in Fig. 6 a melting curve of gradually cooled PE is shown 
as well). 

A similar stepwise crystallization was performed without the melting of all of 
the material: here the first step was a 2 hours annealing process at 385 K. After the 
annealing the temperature was lowered in the stepwise manner described above. 
The melting curve is similar to those shown in Fig. 6. The only difference is that 
the peaks are separated more sharply in the case of "stepwise annealing". 
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Fig. 6. Melting curves of low-density PE samples crystallized in a stepwise manner 

d. Therma l  Anal .  10, 1976 



V A R G A  et aI.:  M E M O R Y  E F F E C T  O F  P O L Y E T H Y L E N E  439 

The described phenomenon (which can be called a "memory effect of stepwise 
crystallization") was observed by us first in Tipolen FA 2210 low density PE, but 
the same experiments were carried out using fractions of this PE obtained by 
gel permeation chromatography (Fig. 7), and Celene PE, too. In all cases similar 
melting behaviour was observed. However, using high-density Hostalen PE, the 
peaks could be separated slightly. It is assumed, that the branching of the PE 
plays a decisive role in the described memory effect. 
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Fig. 7. Melting curves of a fraction of low-density PE crystallized in a !stepwise manner and 
by continuous cooling (-M w = 515 000) 

In order to get information as to whether this phenomenon is caused by re- 
crystallization, PE crystallized in the stepwise manner was rapidly heated [5] (the 
heating rates were 20 and 40~ �9 min-1). In both cases similar melting curves 
were obtained. Therefore, it is probable that the memory effect is not caused by 
recrystallization processes. 

Comparison of the thermal behaviour of low-density PE with those of high 
density PE, Moplen polypropilene (for which two peaks are obtained), as 
well as Miraviten copolymer (ethylene-vinylacetate copolymer) shows that the 
described memory effect is a consequence of irregularities in the molecular 
structures of the polymers. It is probable that under different crystallization con- 
ditions crystallites of different sizes and different defectivities are obtained, 
which, of course, melt at different temperatures. 

Investigation of the memory effect of stepwise crystallization is in progress in 
our laboratory. Results obtained by other methods will be published later. 
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ZUSAMMENFASSUNG - -  Die stufenweise Kristallisierung und das graduelle Schmelzen des 
Poly~ithylens geringer Dichte "Tipolen"  wurden mittels DSC studiert. Als Ergebnis der 
stufenweisen Kristallisierung des Poly/ithylens befanden sich so viele Peaks in der Schmelz- 
kurve wie die Zahl  der zur Krista llisierung der Probe angewandten Stufen. ~hnl iche  Ergebnisse 
wurden bei der Frakt ionierung des Poly~ithylens geringer Dichte "T ipo len"  mittels Gel- 
permeationschromatographie,  sowie im Falle des Poly/ithylens geringer Dichte "Celene"  
erhalten. 

R~SUMI~ -- On a 6tudi6, par  analyse enthalpique diff6rentielle (DSC) la cristallisation graduelle 
et la fusion successive du poly6thyl~ne h faible densit6 "Tipolen" .  La cristallisation graduelle 
du poly6thyl6ne fournit  autant  de pics sur la courbe de fusion qu'i l  n 'y  en avait  d'6tapes lots 
de la cristallisation de l '6chantillon. On a obtenu de r6sultats similaires en effectuant la frac- 
t ionation,  par  chromatographie ~t perm6ation de gel, du poly6thyl6ne ~t faible densit6 Tipolen 
et aussi en 6tndiant le poly6thyl6ne Celene, 6galement ~t faible densit6. 

PeBmMe - -  C nOMOmLm ;mqb~epenrmaymao~ cKarmpym~e[t xaaopaMeTpna 6J, i~a ~3y~ena 
CTynea'~aTa~ Kpr~cTa:ma3aum~ noan~TH~erm m~3Ko~ n~oTrmCT~ rm~a Trmozren c noc~e~ymmmvl 
ero n0xaBz~ermeM. KaK cne~cTBue cTyrIeHqaTO~ KpncTa.rt~a3a~m~, na  ~r n n a B n e i ~ r m  Ha6mo- 
~ay~A CTO3IbIr nqaKOB, CKOYIt,KO CTyl~eHe~ ~ICIIO~,3OBa~ nprt Np~cTaYIJIH3aI~In o6pa3Ha. 1-1o)xo6- 
Hble pe3ysI~TaTbI 6blYin iio:iy,tertbi Ha I-ITI3KO-IIJIOTHOM nOJIH3THJIeHe Tmla Tnlioaert, qbpaI~imo- 
~rlpoBalmoro c IIOMOlJll, IO reJi~-xpoMaTorpaqbI~rI, a TaI~Ke rla ttH3KO-II~IOTnOM ilozm~TlaZlei~e Trma 
qe~ea.  
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