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By means of stepwise crystallization or heat treatment of high-pressure polyethylene 
samples with several melting peaks can be produced. The melting curves truly reflect 
the thermal pre-history of the sample, and during melting a distinct "thermal memory 
effect" can be observed. The stepwise heat treatment produces individually and in- 
dependently melting crystallites. The thermal and mechanical stability of crystallites 
formed by stepwise heat treatment has been studied. The crystallites are stable below 
the temperature of heat treatment, and also possess a remarkable mechanical stability, 
retaining the original thermal properties even under very high specific elongation. 
The change in the character of melting curves as a function of elongation is in unani- 
mous correlation with the structural changes taking place under stretching. The memory 
effect, strongly expressed in the case of high-pressure polyethylene, can be traced back 
to the irregular, branched chain structure. 

The structures and properties of polymers are greatly influenced by the con- 
ditions of crystallization and the thermal and mechanical pre-history of the poly- 
mers [1]. Their thermal properties and melting characteristics are also affected 
by the above factors. 

Polymer samples prepared under certain conditions have frequently been ob- 
served to give melting curves containing several peaks [2-7].  Thus, the stepwise 
heat treatment of polyethylene crystallized from melts [2], or polypropylene [3], 
or rolled and stretched polyethylene foils [4, 5] may produce samples the melting 
curves of which have several peaks. However, different opinions exist as regards 
the origin of the melting peaks of heat-treated high-pressure polyethylene [2, 4, 5]. 

As reported in our previous papers [6, 7], an arbitrary number of melting peaks 
can be caused to appear in the melting curve of high-pressure polyethylene by 
applying the method of stepwise isothermal crystallization. We have found that 
the peaks of the melting curves are due to melting and recrystallization processes 
[7], and that the melting of high-pressure polyethylene faithfully reflects the ther- 
mal history of the sample. This phenomenon was given the name "thermal me- 
mory effect". 

This paper deals with the characteristic features of the melting of high-pressure 
polyethylene subjected to stepwise heat treatment, and with the interpretation 
of the peaks of the melting curves. 
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We also discuss the thermal and mechanical stability of the structural elements 
produced by the stepwise thermal treatment (i.e. the carriers of" thermal  memory"). 
Finally, we describe a simplified thermal treatment method developed for the pro- 
duction of polyethylene with many melting peaks. 

Experimental 

The measurements were performed on foils 200 #m in thickness, made of high- 
pressure polyethylene, Tipolen FA 2210, produced by the Tiszai Vegyi Kombin~tt. 
The polymer has the following characteristics: T m = 388 K, melt flow index 
(MFI) = 0.2, M w = 148,000, number of CH~ groups/1000 carbon atoms = 15.3. 
As reference, foils based on Hostalen GF 4760 (Farbwerke Hoechst A.G.) low- 
pressure polyethylene, and on an ethylene-vinyl acetate copolymer (Miravithen 
D-2-3 EA) were also studied. 

The thermal measurements were run on a Perkin Elmer DSC-2 calorimeter. 
Heating and cooling rates were uniformly 5 K/min. The approximate weight of 
specimens was 5 rag. 

The mechanical properties of samples were determined with a thread-tearing 
instrument of Chevenard MI-44 type. The heat-treated samples were stretched in 
the same instrument. 

The foils were treated in a silicone bath. 

Results and discussion 

Preparation of samples with several melting peaks 

High-pressure polyethylene samples with several melting peaks can be prepared 
by stepwise heat treatment (annealing) or crystallization. The heating programs 
of these processes are shown in Fig. 1. 
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Fig.  1. The  p r o g r a m s  of  s tepwise  hea t  t r ea tmen t s ;  a --  s tepwise  annea l ing ,  b - -  s tepwise  iso-  
t he rmic  c rys ta l l iza t ion ,  c - -  c o m b i n e d  m e t h o d  
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Fig. 2. The melting curves of samples heat treated with methods a, b and c in two temperature 
steps (T~ = 382 K, T2 = 379 K). Durations of heat treatments: tl = 15 rain, tz = 15 min for 

methods a and e, t~ = 210 rain, t 2 = 15 min for method b 

Curve a of Fig. 1 shows the heating program of stepwise annealing developed 
by Gray and Casey [2], and curve b the program of stepwise crystallization [6]. 
However, the preparation of larger specimens, which permit various physical and 
mechanical properties to be studied, is quite complicated by means of these 
methods. 

In the case of stepwise annealing, problems are caused by the fast cycles of 
temperature changes. With stepwise crystallization, the time required by the first 
temperature step may cause problems, and the preparation of specimens with 
pre-determined size is complicated. 

Investigating the effects of the cooling rate and the temperature of re-cooling 
on the character of the melting curve obtained by stepwise annealing (Fig. 1, curve 
a), we have found that the heating program shown in curve c of Fig. 1 produces 
samples with nearly the same melting curves. This new method is essentially a 
combination of the above procedures, consisting of a high-temperature annealing 
step (in which the sample undergoes partial melting) and subsequent isothermal 
crystallization steps. 

The time required by the combined method is shorter, and the method can also 
be applied to the preparation of large samples with high heat capacity and pre- 
determined size. 

The melting curves of samples heat-treated in micro dimensions (in the speci- 
men holder of the DSC instrument) by the above three methods, with the appli- 
cation of two temperature steps, are shown in Fig. 2. As can be seen, all three 
methods produce samples with the required number of melting peaks. Methods 
a and c lead essentially to the same melting curve, whereas the higher melting 
peak of the sample prepared by method b is less developed even after longer 
crystallization. In the simplest cases of stepwise annealing or stepwise crystalliza- 
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Fig. 3. The melting curves of samples treated with the combined method. Temperatures and 
durations of heat treatments: a -- untreated; b -- 386 K/1.5 hours; e -- 386 degree/1.5 hours, 
381 degree/l.5 hours; d-- 386 degree/1.5 hours, 381 degree/1.5 hours, 376 degree/l.5 hours; 
e -- 386 degree/1.5 hours, 381 degree/1.5 hours, 376 degree/1.5 hours, 371 degree/1.0 hour; 
f -  386 degree/1.5 hours, 381 degree/1.5 hours, 376 de~ree/1.5 hours, 371"degree/1.O hour, 

366 degree/1.0 hour 

tion, the melting curves have n + 1 peaks, where n is the number of temperature 
steps. The peaks can be assigned to the melting of crystallites formed in the various 
temperature steps and in the cooling step in which the sample is re-cooled f rom 
the last temperature step to room temperature. 

Illustrating the above, Fig. 3 shows the melting curves of  polyethylene foils 
treated by the combined method, various numbers of temperature steps being 
applied. (More complicated cases of  stepwise crystallization and heat treatment 
are discussed in other papers of our research group [7, 8]. 

The thermal stability of the structure produced by heat treatment 

The character of the melting curve is determined by the nature of  the structural 
elements formed under the heat treatment, i.e. of  the carriers of "thermal memory".  
In the lack of unanimous information on the nature of these structural elements, 
we may assume that they are lamellar crystallites of  various size or perfection [5], 
the melting point of  which is a function of thickness [9]. 
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We first investigated the stability of structural units carrying the thermal 
memory, i.e. the problems of erasing the thermal memory. 

It was found that the melting characteristics of heat-treated samples do not 
change appreciably upon extensive storing (over one year), indicating that the 
structural elements formed under heat treatment are quite stable, and detectable 
post- or re-crystallization does not take place at room temperature. 

The thermal stability of these structural elements was investigated on samples 
characterized by the melting curve shown in curve f of Fig. 3. The samples were 
heated up to temperatures corresponding to the foot-ends of melting peaks (Tb), 
then cooled to 310 K, and the melting curves were measured. It should be noted 
that the temperatures corresponding to the foot-ends of melting peaks were 
practically identical to the temperatures applied in the stepwise heat treatment 
(Ta), i.e. T h --- T~. The thermal effects occurring in the partial heating steps and 
in the cooling step were also recorded. 

Figure 4 shows the results of a series of measurements. Curve a corresponds 
to the partial and stepwise melting which takes place upon heating. Curve b 
proves unanimously that the molten part is crystallized in the cooling step. The 
melting curve of the partially heated and then re-cooled sample (curve c, Fig. 4) 
indicates that all the peaks located below the temperature of heating disappear, 
being replaced by a broad peak which arises from the melting of crystals produced 
by re-cooling. It is also evident from the curves that the melting peaks beyond 
Th remain unchanged. The above results are shown in Fig. 5, which contains the 
melting curves of specimens heated to different temperatures and then cooled 
back to 310 K. It follows unambiguously from the experimental data that the 
peaks of the melting curves are really melting and not recrystallization peaks. 
In the case of recrystallization the melting curve would also change beyond Tt, 
and the area under the section of the curve above Th would increase in proportion 
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Fig. 4. The effect of partial melting on the melting curve; a -- partial melting on heating to 
386 K, b -- crystallization on cooling, c -- melting curve of partially melted and recooled 

sample 
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to  the  f r a c t i o n  o f  r ecrys ta l l i z ed  s u b s t a n c e .  A n  increase  in  h e a t i n g  rate  d o e s  n o t  

i n f l u e n c e  the  re la t ive  in tens i t i e s  a n d  p o s i t i o n s  o f  the  p e a k s  in  the  m e l t i n g  curve ,  

s u p p o r t i n g  the  a b o v e  c o n c l u s i o n .  
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Fig. 5. Melting curves of  samples partially melted and recooled to 310 K; a --  original sample 
subjected to stepwise heat treatment, b - -  f :  partially melted samples, b --  371 K, e --  376 K. 

d - -  3 8 1 K ,  e - -  3 8 6 K ,  f - -  4 2 3 K  
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Fig. 6. Partial erasing of  thermal memory by heating to 381 K and restoring of  the third melting 
peak by heat treatment (T = 376 K, t = 90 min); a --  melting on heating to 381 K, b --  crys- 
tallization on recooling from 381 K to 310 K, e --  crystallization on recooling after heat 

treatment at 376 K, d --  final melting curve after the cycle a --  e 
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Consequently, during the stepwise heat treatment, well-defined crystallites 
with independent melting peaks are formed in the individual treatment steps, and 
these peaks are separated from those of crystallites formed in other heat treatment 
steps. The crystallites are stable below the given annealing temperatures Ta 
(i.e. they do not melt or recrystallize), and thus the thermal memory produced 
can be thermally erased only by melting the crystallites. Since a heat treatment 
below Ta does not affect the melting curve beyond this temperature, the thermal 
memory erased by partial melting (and the structure corresponding to it) can be 
restored, or replaced by a new arbitrary memory by means of a new heat treat- 
ment. This possibility is shown in Fig. 6. 

The mechanical stability of structural elements formed by heat treatment 

Upon the effect of mechanical stresses, crystalline polymers may undergo 
recrystallization processes which involve various structural changes [10]. The 
structural changes are particularly important in the neck formation stage of 
stretching. Such structural changes may also be reflected in the characteristics 
of melting. It is therefore worth studying the melting properties of heat-treated 
samples as a function of elongation, and simultaneously determining the stability 
of structural elements with independent melting peaks with respect to mechanical 
stresses. 

The samples heat-treated with the combined method have a stress vs. elongation 
diagram characteristic of crystalline polymers, and show a distinct neck formation 
period during stretching. Depending on the conditions of thermal treatment, 
the stress corresponding to neck formation is around 107 N/m 2, and the rel~tive 
deformation is in the range of 1 5 - 2 0 ~ ,  close to that of untreated samples. 
The melting curves of specimens stretched to different extents have shown that, 
in the deformation stage preceding neck formation, stretching does not influence 
the properties of melting curves. The melting curves of specimens taken from the 
necked portions of samples stretched to various extents in the neck formation 
stage can be seen in Fig. 7. It is apparent from the curves that, upon increase of 
the percentage elongation, the original melting peaks gradually disappear, being 
replaced by a broad melting peak. With increasing percentage elongation the 
overlap of the melting peaks becomes more expressed, starting at low-temperature 
peaks, and gradually involving peaks at higher temperatures. It can also be seen 
that some traces of the peak at the highest temperature still remain at very high 
specific elongations. It is very interesting that at relatively high elongations 
(e.g. 161 ~), far beyond the neck formation stage (15-20~) ,  the melting curve 
is practically unchanged. This proves that the structural elements formed by heat 
treatment have remarkable mechanical stability (they do not melt or recrystallize); 
the structure remains intact in the necked part, and disintegrates only at very high 
elongations. 

According to generally accepted opinions on the stretching of crystalline poly- 
mers [10], the spherolytic structure is gradually transformed into a fibrillar one. 
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Fig. 7. The melting curves of samples stretched to various degrees 
(see the labels on the curves) 

During this process, the originally lamellar crystals disintegrate into smaller blocks, 
which, by becoming ordered along the direction of stress but retaining chain fold- 
ing, produce the fibrillar structure. With further increasing elongation, the fibrils 
contvining microblocks with folded chains may be transformed into crystallites 
with expanded chains by sliding of the polymer chains on one another. 

The results of thermal measurements can be brought into full agreement with 
the changes occurring upon stretching, if the melting peaks are assigned to la- 
mellar crystallites of various thicknesses formed during heat treatment, or to 
crystallite fractions disintegrated into microblocks, and if the elimination of 
melting peaks is regarded as the disintegration of crystallites with folded chains. 

The above results, supporting the model which interprets the changes in struc- 
ture by thermal measurements [10], provide a more accurate picture of the proc- 
esses taking place during neck formation. Comparing our results on the thermal 
stability of structural units formed by thermal treatment with the data of Fig. 7, 
it can be ruled out that neck formation and subsequent deformation (to elongations 
of ca. 160-200 ~)  may involve the melting of lamellar crystallites. The thermal 
investigations also indicate that in the stepwise rearrangement of the original 
structure, the smaller or less perfect crystallites (with lower melting points) are 
completely destroyed at lower specific elongations. 

The crystallites produced by stepwise heat treatment are particularly resistant 
to compression strains; the character of the melting curves shows no observable 
changes even after compressions of 4 0 0 - 5 0 0 ~ .  
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Structural  interpretation o f  thermal  m e m o r y  effect 

Our investigations indicate that  the melting of  high-pressure polyethylene very 
truly reflects the thermal history o f  the sample (thermal memory  effect). Com- 
parisons with other polymers have shown that  under  a stepwise heat t reatment  
the e t h y l e n e - v i n y l  acetate copolymer  o f  irregular structure behaves similarly to 
high-pressure polyethylene. In  contrast,  no thermal memory  effect could be ob- 
served in the case of  low-pressure polyethylene of  regular structure subjected to 
the combined stepwise heat treatment. However,  after disruption o f  the regularity 
of  the low-pressure polyethylene chain by cross-linking (with X-rays), blurred 
peaks became observable in the melting curve upon  the effect o f  a heat t reatment  
with the combined method. With increasing degree o f  cross-linking, the phenom- 
enon of  thermal memory  becomes increasingly more pronounced.  

Consequently,  the thermal memory  effect can be traced back to the irregularity 
(branching, foreign monomer ic  units, cross-linking) of  the molecular chains. 
Arising f rom the irregularities o f  the chains, polymoleculari ty according to chem- 
ical structure is enhanced, whereby a spectrum of  crystallites different in size 
(lamellar thickness) and perfaction is formed. The structural characteristics and 
hence the melting properties of  these crystallite components  are effected by the 
conditions of  crystallization and heat treatment. 

References 

1. B. WUNDERLICH, Physics of Macromolecules, II. B., Academic Press, New York, San 
Francisco, London 1976. 

2. A. P. GRAY and K. CASEY, J. Polymer Sci., B 2 (1964) 381. 
3. K. D. PAE and J. A. SAUER, J. Appl. Polymer Sci., 12 (1968) 1901. 
4. I. J. POINT, M. GILLIOT, M. DOSI~RE and A. GOFFIN, J. Polymer Sci., C 38 (1972) 261. 
5. D. J. PoisE, J. Polymer Sci., Polym. Phys. Ed., 14 (1976) 811. 
6. J. VARGA, J. MENCZEL and fit. SOLTI, J. Thermal Anal., 10 (1976) 433. 
7. J. VAR~A, fit. SOLTI and J. MENCZEL, Magyar K6miai Foly6irat (to be published). 
8. J. VARGA, fit. SOLTI and J. MENCZEL, Magyar K6miai Foly6irat (in preparation). 
9. J. D. HOFFMAN and J. J. WEEKS, J. Res. Nat. Bur. Std. 66A (1962) 13. 

10. A. PETERLrN, J. Materials Sci., 6 (1971) 490. 

NI~SUMI~ -- Par cristallisations ou traitements thermiques graduels du poly6thyl6ne haute 
pression, on parvient ~ produire des 6chantillons ~ plusieurs pics de fusion. Les courbes de 
fusion refl6tent, de fagon fid61e, l'histoire thermique de l'6chantillon et, lors de la fusion, un 
"effet de m6moire thermique" distinct peut ~tre observ6. Le traitement thermique graduel 
produit des cristallites qui fondent de faqon individuelle et ind6pendante. On a 6tudi6 la 
stabilit6 thermique et m6canique des cristallites form6s par traitement thermique gradueI. 
Les cristallites sont stables au-dessous de la temp6rature du traitement thermique et poss6dent 
aussi une stabilit6 m6canique remarquable, conservant les propri6t6s thermiques originales 
m6me lors d'une 61ongation sp6cifique tr6s forte. La variation du caract6re des courbes de 
fusion en fonction de l'61ongation est en corr61ation avec les changements structuraux qui ont 
lieu lors de l'6tirage. L'effet de m6moire, fortement exprim6 dans le cas du poly6thyl6ne haute 
pression, peut 6tre rattach6 ~t la structure irr6guli6re, ~t chaine ramifi6e. 
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ZUSAMMENFASSUNG --  D u r c h  s tufenweise  Kr is ta l l i sa t ion  ode r  W / i r m e b e h a n d l u n g  von  H o c h -  
druck-Poly / i thylen  k 6 n n e n  P r o b e n  mi t  m e h r e r e n  S c h m e l z p u n k t e n  hergeste l l t  werden .  Die  
Schme lzku rven  reflekt ieren deut l ich  die W/ i rmeve rgangenhe i t  der  P robe  u n d  w/ ihrend des  
Schmelzens  k a n n  ein b e s t i m m t e r  " t h e r m i s c h e r  Memor i ee f f ek t "  beobach te t  werden .  Die  
s tufenweise  W~i rmebehand lung  erzeugt  individuel l  u n d  yon  e inander  unabh/ ing ig  s chme lzende  
Kristal l i te .  D ie  t he rmische  u n d  m e c h a n i s c h e  Stabilit~it der  du rch  s tufenweise  W/~rmebehand-  
l ung  gebi ldeten  Kris tal l i te  wurde  s tudier t .  Die  Kris ta l l i te  s ind  u n t e r h a l b  der T e m p e r a t u r  der  
W~i rmebehand lung  stabil  u n d  bes i tzen a u c h  eine b e m e r k e n s w e r t e  m e c h a n i s c h e  Stabilit~it, 
w o d u r c h  die urspr f ingl ichen  t he rmi schen  E igenschaf ten  selbst  bei sehr  h o h e n  spezif ischen 
E l o n g a f i o n e n  be ibehal ten  werden .  Die  . ~ n d e r u n g e n  des Cha rak t e r s  der  Schme lzku rven  Ms 
F u n k t i o n  der  E longa t ion  s t ehen  in e indeut iger  Kor re l a t i on  zu den  St ruktur~inderungen,  welche 
w/ ihrend D e h n u n g  s ta t t f inden.  D e r  im Fal le  yon  Hochdruck-Po ly i i thy len  s tark  z u m  A u s d r u c k  
k o m m e n d e  Memor iee f fek t  k a n n  a u f  die unregelmiiBige S t ruk tu r  mi t  verzweig ten  Ke t t en  
zurf ickgeff ihr t  werden .  

Pe3~oMe - -  C nOMOI~LIO cTynenqaTOl~ KprlcTa~JII~3aurI~I nari  TenJIoBoR o6pa6oTKrI no~InaTrlJIerla 
BI, ICOKOrO ~aBJIeH~I~t, MOFyT 6blTla noJiytlenbi o6pa3iabi c HeCKOZlI~KHMII um~aMri n~aBaeHrlfl. 
Kprml~ie nJiaBJienrln TOqHO OTpaXalOT TepMrt~ecryro npeAHcToprliO o6pa3IIa ~I Bo BpeM~ 
nzaa2ienrla i~a62ai~anc~t OTqeTJnlBlalI~ ,,TepM/4tlecKI~IR aqbqberT I/aM~/TI4". Ilpl, I cTynerI~aToR TepMo- 
o6pa6oTxe o6pa3ylOTCa xpncTamlI, i, naaBnmHecn nn~inBri~xyazll~nO rI nesaBacrlMO ~pyr  OT ~py- 
ra .  I43y~IeHa TepM~I~IecKa~ !,1 Mexau~IqecKa~t yCTO~qI~IBOCTIa KprlCTaJIYmTOB, o6paBylolIInxc~t 
IIpI,I CTylTeI-I~aTOfi TepMoo6pa6OTKe. KpHcTaYI~HTbI CTa6HymHI~I HI, DKe TeMIIepaTypbI TeFuIOBOE[ 
06pa6oTKrI rI o6JiaAalOT 3Haq~ITe~Lno~ Mexarlrlqecro~ yCTO~rlBOCTI~IO, coxpaH~r~ IlepBOHa- 
~aJIbHl,]e TepMi~ecKHe CBOfflCTBa ztaxe nprI oKeHI, BI~ICOKOM cnelii, i~IqecKoM yJInHUeHI, I~I. I/I3Me- 
i-ierme xapaKTepa rp~aBr~x ii2~aBzierlrlfl, raK ~aynrlileln yAJInneHn~, x o p o m o  Koppe2arlpyeTcfl co 
cTpyKTypHBIMH H3MeHeHH~IM~I, HMetOIIIHM!,I MeCTO np~I BI,IT$1rHBaHHH. ~)~qbeKT naM~ITH~ CH2IbHO 
BBIpaXeHHbI~ B c~Iyqae nOJIrI3THJIeHa BBICOKOFO ~a~IeHrm, Mo)KeT 6BITB BOCCTaHOBYleH o6paTHO 
~O Hepery~I~prlo~ cTpyKTyp/,I C pa3BeTBYleHHO~ I~enb~o. 
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