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ABSTRACT: On the bases of small-angle X-ray scattering (SAXS) and differential scanning calorimetry (DSC) tech
niques it is possible to show that low density polyethylene (LDPE) annealed at 40"C divides its original crystal popula
tion into two: the first one melts at the annealing temperature, recrystallize and continuously thicken to improve its sta
bility. The fraction that does not melt at 40"C is unable to increase its lamellar thickness, although it shows crystal lat
eral growth. Finally, an interesting phenomenon was detected through the SAXS analysis: a transition of polymer seg
ments from the interphase towards to the amorphous phase. This process occurs inside the stacks of the original crystals 
which remain unmelted at 40°C. 
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The presence of a size distribution of non equilibrium 
folded chain crystals makes the crystalline polymer very 
susceptible to size distribution changes depending on 
physical conditions, such as temperature,1- 3 drawing4 

or pressure.5 

Different reorganization processes can occur when the 
crystalline polymer is thermally treated. If the applied 
temperature on the polymer is lower than the ones ob
served for the crystallization of the less stable crystal 
fraction the following transitional phenomena can occur: 
nucleation and growth of new crystals directly from the 
amorphous state6; lateral growth of the preexistent crys
tals1·6·7 and thickness growth (thickening) of the crys
tals.1·3 On the other hand, if the temperature is higher 
than the ones observed during crystallization of a par
ticular fraction inside the crystal distribution, besides 
the above transitions, the melting of the fraction can oc
cur. This new amorphous material can crystallize. The 
overall process is known as partial melting
recrystallization. 5·8 

Most of the studies about annealing in semicrystalline 
polymers use temperatures not far from that of the melt
ing of the original distribution. Therefore, at least the 
partial melting of the less stable fractions occurs leading 
to a possible ulterior recrystallization process.1·2·8 

For polymers that present a broad crystallite size dis
tribution, as LDPE,9

•
10 the structural changes discussed 

above may happen even far from the melting tempera
ture of the overall distribution. They can show a very un
stable crystal population with very low melting tempera
ture. Furthermore, although the crystals with higher Tm 
unmelt, a fraction of they can undergo crystal lateral 
growth and thickening. 

The annealing in semicrystalline polymers usually re
sults in more than one endothermic peak in a posterior 
DSC heating experiment.1·6·11 If the annealing tempera
ture is higher, the endotherms can overlap and only the 
overall heat enthalpy can be calculated.1·11 

In this work we study the possible structural changes 
showed by LDPE at a temperature around 70-80°C be-
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low that of its melting point. This procedure intends to 
avoid the generation of overlapped endotherms. By com
bining DSC and SAXS techniques we discuss, by one 
hand, the behavior of different crystal populations inde
pendently of each other. And, by the other, the quantita
tive changes at the level of amorphous, crystalline and 
diffuse transition layers. 12•13 

EXPERIMENTAL 

Films of 100 µm of unfractionated low density poly
ethylene (Mn = 19.075, polidispersity = 5,9) were ob
tained by thermopressing between two copper plates at 
l 70°C during 10 min followed by quenching in water 
bath at 30°C. The films were then placed in a bidistil
lated water bath at 40°C for different time intervals, be
tween 2 min and 361 h. After this thermal treatment the 
sample was quickly transfered to another water bath at 
30°C. 

The thermal analysis was carried out in a DSC-Du 
Pont 2000 equipment. All thermograms were obtained at 
a heating rate of l0°C min - 1. The enthalpies under the 
endotherms were converted to degree of crystallinity 
through division by 69 cal g-1, the polyethylene crystal 
perfect enthalpy.14 

The small-angle X-ray scattering experiments were 
performed at the SAXS station of the Laborat6rio Na
cional de Luz Sfncrotron (LNLS)* .15 The wavelength 
used was A = 1.608 A. The photon detection was per
formed by a linear position sensitive detector with 1024 
channels. The acquisition time was 20 min for each sam
ple. The data were treated in order to correct the para
sitic scattering, the absorption and the position depend
ence of the efficiency of the detector. The resulting scat
tering curves are presented with the scattering vectors 

2 
=;:(sin 28), where 28 is the scattering angle. The 

quantitative analysis of the SAXS data were performed 
through the TOP AS computer code*. 
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Figure 1. Thermograms evolution as a function of annealing 
time. 

RESULTS AND DISCUSSION 

Differential Scanning Calorimetry 
Figure 1 shows a DSC heating thermogram for all the 

annealed LDPE films as well as for the unannealed one. 
From the thermal treatment becomes clear that with the 
main endotherm (I) is generated a second endotherm 
(II), which begins immediately above the annealing tem
perature Ta of 40°C. The possibility of crystalline poly
mers to exhibit more than one endotherm after anneal
ing is well known. 1

•
6

•
16 In general this is obtained by us

ing high Ta values.1
•
17 The results in Figure 1 show, how

ever, that even at low annealing temperatures (about 75 
°C below the melting temperature of the untreated film), 
a second endotherm arises. 

This endotherm is reflecting the melting of the popula
tion of crystallites (fraction II) generated at Ta by a par
tial melting-recrystallization mechanism.5

•
8 The fraction 

that melts was generated during the quenching proce
dure, in a temperature range between 40 and 30°C. Such 
fraction is formed by very thin crystallites which could 
be melted at 40°C, generating amorphous material ame
nable to the recrystallization at this same temperature. 
The high temperature endotherm I reflects the melting 
of the crystalline fraction I with melting temperature 
above40°C. 

The melting temperatures of the low temperature en
dothermic peak, T mz, and the high temperature melting 
peak, T ml, are displayed in Figure 2, as a function of an
nealing time. The last is constant, while the former in
creases continuously with Ta, The T ml behavior shows 
that, even for long time, an annealing temperature as 
low as 40°C is unable to promote in the crystalline frac
tion I any effect, e.g., refolding, that would improved its 
thermal stability. 

Since the melting point is related to the lamellar 
thickness14 the continuous increasing of T mz with the 
annealing time cannot be explained only by a partial 
melting-recrystallization mechanism. In the primary 
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Figure 2. Time dependency of the melting temperatures of the 
high temperature endotherm, Tm1 (squares) and the low tempera
ture endotherm, T m2 (circles). 
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Figure 3. Time evolution of the mean lamellar thickness of the 
fraction II crystals. 

crystallization step the final lamellar thickness value is 
attained at the first moments of the process.18 Therefore, 
the increasing of the T mZ with the annealing time must 
be a consequence of some kind of thickening by solid 
state refolding, as it have been reported for other sys
tems. 3,8,17 

The mean lamellar thickness C2 of the crystallite frac
tion II cal). be obtained by its melting point through the 
Gibbs-Thomson equation, 14 

(1) 

where Tm O is the equilibrium melting point, t:,,hr is the 
perfect crystal heat of fusion by unit volume and ere, the 
specific fold surface free energy. 

The data in Figure 3 were obtained using 141.2°C, 
4.11 kJ mol- 1 CH2 and 0.0918 J m- 2 for T m0

, !':,.hr and O"e, 

respectively. 14 The data show that the thermal treat
ment at 40°C generates very thin crystallites, which is 
typical of LDPE.9

•
10 On the other hand, the sigmoidal 

shape reflects a continuous increasing of C2 with the 
time, although within a short range of values. The con
tinuous decreasing of the thickening rate dC2 /dt for the 
longer times could be related to a greater difficulty of the 
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Figure 4. Time dependency of the DSC derived degree of crystal
linity of the fraction II crystals. 

polymer segments in the crystallite stem to translate 
through the crystal lattice. 19 The result expressed in 
Figure 3 is of particular interest because the thickening 
is generally analized under the total crystal population 
and not especifically on that fraction generated at the 
annealing temperature. 

The low temperatures region encompassed by endo
therm II is a consequence of low Ta used and allows the 
quantitative determination of its melting enthalpy Af-l2 

without any influence of the main endotherm. Here no 
endotherms overlapping is observed, even at long an
nealing times, differently from other cases. 1•11 This per
mits the determination of the amount of the crystalline 
material generated at the annealing temperature, in an 
independent way of the previous crystalline fraction, un
melted at Ta. Furthermore, as the heat of the endotherm 
II is much lower than that of the main endotherm, it 
may be very difficult to extract informations about the 
processes at the level of endotherm II through an overall 
heat analysis. 

Figure 4 shows the degree of crystallinity (1- l)n as
sociated to the fraction II as a function of the annealing 
time. The curve is quite similar to those commonly ob
tained in polymer crystallization from an amorphous in
itial state.20

•
21 This may indicate that the presence of the 

fraction I crystals practically does not induce any change 
on the crystallization mechanism of the fraction II when 
compared to that one from amorphous initial state. As 
there is an inverse relation between the branching con
centration and lamellar crystallite size,22 the melt of the 
thinnest crystals and their following crystallization 
must occur in a restrict spatial domain, possibly charac
terized by a higher branching content, within the overall 
branch distribution. 

The total crystallinity (1- l)T related to all enthalpy 
under the thermogram is plotted as a function of anneal
ing time in Figure 5. Its increasing in time is higher 
than the one for fraction II (Figure 4), therefore it must 
be connected with some changes in fraction I crystals. As 
the melting point of this last fraction is constant (Figure 
2), the same occurs with its lamellar thickness. Then, 
the increases in crystallinity of the fraction I should be 
related to the lateral growth. The very rapid cooling in 
the quenching procedure generates at the neighborhood 
of the crystals unstable chain segments. They are able to 
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Figure 5. Time dependency of the DSC derived overall degree of 
crystallinity. 
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Figure 6. Modified Porod's plot to interphase determination for 
sample annealed during 361 h. The straight line shows the consid
ered region. 

incorporate into the crystal even at the condition of low 
temperature of 40°C. 

Small-Angle X-Ray Scattering 
It is known23 that the Porod's law is not followed by 

crystalline polymers, either by the presence of a diffuse 
transition layer between the crystalline and amorphous 
domains or by the existence of electron density fluctua
tions inside this domains. For these cases the scattering 
for the region of the large values of s obey the so-called 
modified Porod's law23

: 

(2) 

where the exponential is related to the Porod's deviation 
by the existence of the transition layer, KP is the Porod's 
constant, CJ" is the thickness of the transition layer and In 
is the intensity due to electron density fluctuations 
within the phases. This last parameter is obtained by ex
trapolation from the wide-angle scattering region. Then, 
from a plot ofln Uexp - In) s 4 us. s 2 the parameter CJ" can 
be obtained, Figure 6. 

By multiplying the experimental intensity by the 
square of the scattering vector s,24 it is obtained the one
dimensional Lorentz-corrected scattering curves, which 
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Figure 7. Lorentz-corrected scattering curve for sample an
nealed during 361 h. 
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Figure 8. One-dimensional correlation function for sample an
nealed during 361 h. 

are shown in Figure 7. 
The Fourier transformation of the Lorentz corrected 

scattering curve is the one-dimensional correlation func
tion, y(z )24 

y(z) = J~ l(s) s 2 cos (2llzs) ds (3) 

The y(z) function can be seen as a probability of find
ing a given electron density as a function of distance z 

parallel to the lamellar thickness axe. 
Figure 8 shows a typical result for the one

dimensional correlation function. How to obtain the long 
period L, the parameter C' and the overall crystallinity 
volume fraction Ve are indicated in the Figure 8.25 Con
sidering the polymer as a triphasic system, including the 
amorphous, crystalline and interphase, one can write26

: 

L = C+A+2a 

C'=C+a 

A'= A +a 

(4) 

(5) 

(6) 

Since a is determined independently, both amorphous 
and crystalline layer thicknesses can be calculated. Fig
ure 9 shows the time dependency of the parameters L, C, 
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Figure 9. Effect of the annealing time on the characteristics di
mensions of the LDPE. 

A and (T. Although from the thermal analysis it was ob
served some time thickening for a specific crystal popu
lation (Figure 3), there is no change in the mean lamel
lar thickness of the overall crystallite distribution. The 
invariability of the lamellar thickness of the overall crys
tallite distribution of the LDPE during annealing is 
known. 27- 29 

It is important to notice that the "SAXS/correlation 
function value" of the mean lamellar thickness is practi
cally the value of the fraction I crystals. On one side, it is 
very larger than the fraction II crystals for all annealing 
times as can be seen from the inspection of the Figures 4 
and 5. On the other side, the scattering value of 56 A, 
Figure 9, is out of the range of the values obtained by eq 
1 for fraction II crystals as showed in Figure 3. 

On the other hand, the thermal value of the mean la
mellar thickness of the fraction I crystals calculated 
through eq 1 is 91 A, which is higher than the 56 A re
sulting from the SAXS/correlation function analysis 
(Figure 9). The difference can be attributed to a recrys
tallization during the DSC heating30 that generates a 
higher mean lamellar thickness than the original distri
bution. It is interesting to note that this recrystallization 
affects only the fraction I crystals because the crystals of 
the fraction II were formed at a temperature immedi
ately below the onset of their melting. Therefore there is 
not any temperature range above that of the previous 
annealing and, at the same time, below that of the be
ginning of the melting. 

The polymer can be thought as an infinite one
dimensional stack formed continuously by the sequence 
of crystalline layer, interphase, amorphous layer and in
terphase again. 25 Under this description the thicknesses 
of the two noncrystalline phases derived by SAXS/corre
lation function and showed in Figure 9 are those which 
form a given stack together to the fraction II crystals. 

The constancy of both, lamellar thickness and long pe
riod (Figure 9), shows that the kind of behavior of A and 
(T is a consequence of the continuous conversion of the 
diffuse transition layer to amorphous domains. 

This is an interesting result, which was not reported 
before for LDPE. Most of the studies of annealing in 
LDPE shows the partial melting and the constancy27- 29 

or slight change12 of the lamellar thickness of the overall 
crystal distribution. Although some of this works have 
used the SAXS techniques, their data were obtained 
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Figure 10. SAXS derived overall degree of crystallinity as a 
function of annealing time. 

without an independent determination of the diffuse 
transition layer. 12

•
28 Hence, the analysis of phases 

changes are limited to crystalline and noncrystalline 
(amorphous plus interphase). 

The reasons of the transition between the two non
crystalline domains are not obvious. From a thermody
namic point of view, the transition for LDPE at 40°C 
should occur from the disordered phase to the more or
dered one, since this temperature is quite distant from 
its thermodynamic melting point (141,2°C). 14 However, 
the presence of both, high concentration and large size of 
branching segments, can diminish the tendency to crys
tallize. Therefore, those segments highly branched with 
very long branching could have their best thermody
namic condition as amorphous. For this reason, it is 
likely that this kind of segments are those ones that take 
place on the interphase/amorphous transition. 

The overall volume fraction crystallinity Ve is plotted 
as a function of time in Figure 10. As it happens with the 
total crystallinity derived by DSC (Figure 5), Ve in
creases with time, especially at the beginning of the an
nealing. The numerical values of the crystallinity de
rived from both techniques are in quite good agreement. 
Following the same arguments used for the DSC discus
sion above, we have that the constancy of the lamellar 
thickness (Figure 9), implies that the crystallinity in
creasing is related to the crystal lateral growth, which 
takes place due to the incorporation of the chains or 
chain segments near to the crystal. The effect of this lat
eral growth on the overall crystallinity overcomes that of 
the increasing of the amorphous phase by interphase de
struction, therefore the degree of crystallinity increases. 

Both, the lateral growth and the unthickening show 
that the lateral deposition of the chains into the crystal 
lateral surfaces is a process which needs less energy 
than the translation of the polymer segments from the 
crystallite stem to the fold surface, a kind of solid state 
mechanism proposed to explain the thickening. 19 As the 
fraction II crystals thickens (Figure 3) while the mean 
lamellar thickness of the overall crystal distribution 
stays constant (Figure 9), it may be indicating that the 
thickening process is getting more difficult as the initial 
lamellar thickness value increases. 
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CONCLUSIONS 

By suitable combination between DSC and SAXS tech
niques, it is possible to show that LDPE annealed at 40 
°C exhibits three main processes. The first one, it is the 
melt of a very unstable crystal fraction followed by both, 
recrystallization and solid state lamellar thickening. 
The second process is related to the unmelted fraction, 
which, although enable to show this kind of thickening, 
presents lateral growth by inclusion of molecular seg
ments, placed on the neighborhood of the crystals by the 
rapid cooling procedure. Finally, the third process is a 
transition of material from the interphase toward to 
amorphous region. It occurs inside those stacks that con
tain the crystals which remain unmelted at the anneal
ing temperature and the long period stays unchanged. 
The net result of all processes is the increasing of the 
overall crystallinity degree with the annealing time. 
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