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Non isothermal  crystallization  of  low  density  polyethylene  (LDPE)  samples  irradiated  under  three  dif-
ferent  atmospheres  was  analyzed.  The  used  doses  were  between  33  and  222  kGy  and  the  atmospheres
content  0,  21  and 100%  of oxygen.  At  a given  radiation  dose,  the  amount  of  produced  gel  is higher  when
the  oxygen  content  present  in  the radiation  process  is  lower.

The  temperature  and  the  enthalpy  of crystallization  of the  modified  polymer  decreased  almost  linearly
with  the radiation  dose.  Different  classic  models  were  used  to predict  the  development  of  the  relative
degree  of  crystallinity  (in the  range  0.01–0.3  crystallinity  fraction)  as  a function  of temperature  and
adiation
rosslinking
odeling
on-isothermal crystallization

several  parameters  were  analyzed.  The  values  of half-time  of  crystallization  (t1/2) and  the  parameter  Zc,
from Avrami’s  method  which  characterize  the  kinetics  of  non-isothermal  crystallization,  showed  that
the  crystallization  rate, at the  same  cooling  rate,  decreased  with  increasing  radiation  dose and,  at the
same  dose,  with  the  decrease  in  the  oxygen  content.  The  activation  energy  for  crystallization  increased
with  the radiation  dose  and  with  the  reduction  of  the  oxygen  content,  indicating  that  the  increment  in
molecular  crosslinking  restricts  the crystallization  process.
. Introduction

The properties of many semicrystalline polymers are routinely
odified by molecular structural changes induced by free radicals

hat are generated by peroxides decomposition or other processes
ike high energy radiation or electron beams. In situ formed free
adicals produce a variety of reactions on the main chain atoms that
odifies the molecular macrostructure. Depending on the specific

urpose of the molecular changes to be conducted; polyolefins can
e modified in the solid or the melt states [1–3].

The generated free radicals, located at the high-mobility amor-
hous regions, will react relatively fast, mainly by reaction with
ther radicals, antioxidants, oxygen or other macromolecules.
ome free radicals are located in the crystalline phase and will react
t a much slower rate [4]. Reactions of free radicals with macro-
olecules main chain atoms may  produce both, chain scissions or
rosslinking, depending mainly on whether the reacted carbon is a
econdary or a tertiary one. Secondary carbons produce much more
rosslinking than tertiary ones [5].

∗ Corresponding author. Tel.: +54 2234816600x226.
E-mail address: cjperez@fi.mdp.edu.ar (C.J. Perez).

1 Tel.: +54 223 4816600x323.

040-6031/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.tca.2013.07.026
© 2013 Elsevier B.V. All rights reserved.

The effect of crosslinking on the thermal properties and crystal-
lization behavior of polyethylene has also received some attention
in the past; nevertheless, the reports are still limited. Most of the
studies have analyzed the influence of the produced molecular net-
work on diverse types of polyethylene. In general, it was  observed
that increments in the amount of gel reduce the rate and the
temperature of crystallization and also the degree of crystallinity
[6–10].

The final properties of polymeric materials are dependent on
the morphology generated during processing steps. So that, the
knowledge of the parameters that influence the crystallization
behavior is substantial, in order to optimize the processing steps
and conditions and the final product properties. The analysis of
the crystallization process can be done under isothermal or non-
isothermal conditions. The behavior of semicrystalline polymers
during non-isothermal crystallization from the molten state is of
increasing technological importance because real industrial pro-
cesses such extrusion and film forming, usually proceeds under
dynamic non-isothermal conditions. Generally, studies of crys-
tallization are limited to idealized conditions, in which external

conditions are constant. In such situations, the theoretical analysis
is relatively easy and problems connected to cooling rates gradi-
ents within the specimen are avoided. In real situations, however,
the external conditions change continuously; this fact makes the

dx.doi.org/10.1016/j.tca.2013.07.026
http://www.sciencedirect.com/science/journal/00406031
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reatment of non-isothermal crystallization more complex.
hough, the study of crystallization in a continuously changing
nvironment is of greater interest, since industrial proceed gen-
rally under non-isothermal conditions. Moreover, from scientific
oint of view, the study of crystallization in dynamic conditions
ay  expand the general understanding of crystallization behavior

f polymers since many isothermal methods are often restricted to
 narrow temperature range [11,12].

The aim of this work was to study the influence of obtaining
he LDPE samples irradiating with different content of oxygen on
he non-isothermal crystallization behavior. The other goal was  to
btain a global kinetic model for the analysis and design of real
rocessing operations. It should be also pointed out that there are

 great number of papers regarding the dynamical behavior of dif-
erent types of irradiated polyethylenes [8,13,14] or the influence
f oxygen present in the radiation process [15–17] but practically
here are no works regarding the effect of oxygen on the non-
sothermal crystallization process of irradiated polyethylene.

. Experimental

.1. Material and sample preparation

Low density polyethylene (LDPE (203M)) supplied by Dow-PBB
olisur (Bahía Blanca, Argentina) was used throughout this study.

Samples of 0.2-0.3 mm  of thickness were prepared by compres-
ion molding at 150 ◦C, without the antioxidant content provided
y manufacturer.

To strip the antioxidant, about 100 g of polymer were dissolved
n boiling xylene, and quickly precipitated in stirred cold methanol
o obtain a fine powder. Most of the antioxidant and other additives
re expected to remain in the thus formed xylene-methanol solu-
ion. The precipitated polymers were exhaustively dried at room
emperature.

The films were inserted into tightly capped Pyrex flasks. The
otal film in each flask was set in order to get equivalent total mass.
lasks were placed in a gloves box and kept under constant atmo-
phere for 2 days. Before closing the flasks, the gloves box was  kept
lled with mixtures of nitrogen/oxygen to give oxygen concentra-
ions of 0, 21 and 100% v/v at a total pressure of 1 atm and at room
emperature. Subsequently, these samples were exposed to �-rays
enerated by a 60Co source, at room temperature. The dose rate,
etermined by dosimetry with a radiochromic thin-film dosimeter,
as 8 kGy/h. Equal doses between 33 and 222 kGy were applied to

he samples. The error in dose can be estimated in 5%.

.2. Determination of gel content

The gel fraction was determined by extracting the soluble
ortion of different specimens of each modified polymer with
ylene at 125 ◦C. The extraction was performed by placing a given
mount of each sample (between 0.4 and 0.8 g) into a basket made
f cellulose paper. The baskets were immersed in hot xylene for dif-
erent periods of 4 h. After each period, the specimens were dried
o constant weight. The extraction was considered complete when,
fter two consecutive periods of extraction, there was no detectable
hange of weight in the dried gel. The total time of extraction var-
ed between 36 and 72 h depending on the sample. Fresh solvent

as used in every extraction period. In order to prevent oxidation
f the samples, nitrogen was bubbled continuously into the system

nd a small amount of Irganox 1010 was added as antioxidant.

The percentage of gel reported in this work is an average of those
btained from four specimens of each one of the modified polymers.
he standard deviation of data was about 3-5%. Manipulation of the
mica Acta 570 (2013) 64– 73 65

samples, necessary for carrying out the extraction of soluble and the
small mass weighted, contributes to such dispersion in the values.

2.3. Non-isothermal crystallization process (differential scanning
calorimetric tests)

Non-isothermal crystallization tests were carried out in a Perkin
Elmer Pyris 2 DSC. Pure indium was used as a reference material
to calibrate both the temperature scale and the melting enthalpy.
All DSC runs were performed under nitrogen atmosphere. Sam-
ples of approximately 10.0 ± 0.1 mg  were placed in aluminum pans
and loaded at room temperature to the DSC, heated up rapidly to
150 ◦C and maintained at this temperature for 2 min  to remove
thermal history. Then, the non-isothermal crystallization studies
were carried out by cooling the samples down to 20 ◦C at 5, 10, 20
and 30 ◦C/min.

Whole (not extracted) samples were used throughout for all DSC
characterization.

3. Theoretical background

3.1. Modeling of non-isothermal crystallization process.

The relative degree of crystallinity as a function of temperature,
˛(T), can be calculated as:

˛(T) =
∫ T

To
((∂Hc/∂T)dT)

∫ T∞
To

((∂Hc/∂t)dT)
(1)

where To and T∞ represent the onset and final crystallization
temperatures, respectively; and Hc is the crystallization enthalpy.
Assuming that non-isothermal crystallization process may  be com-
posed by infinitesimally small isothermal crystallization steps,
Ozawa [18] extended the Avrami equation to the non-isothermal
case as follows:

1 −  ̨ = exp
(−K(T)

ϕm

)
(2)

where K(T) is the function of cooling rate; ϕ is the cooling rate and
m is the Ozawa exponent depending on the crystal growth. Eq. (2)
can be transformed in:

ln(− ln(1 − ˛)) = ln(K(T)) − m. ln � (3)

By plotting ln(− ln(1 − ˛)) vs ln �, at a given temperature, a straight
line should be obtained allowing to determine K(T) and m.

This approach was applied to the early stages of crystallization,
in order to avoid complications arise from the effects of secondary
crystallization process. Thus, relative crystallinity data in the range
from 10 to 40% were used.

It should be noted that n and Zt (K(T)) in non-isothermal crys-
tallization do not have the same physical significances as in the
isothermal crystallization because, during non-isothermal crys-
tallization, temperature is lowered constantly. Considering the
non-isothermal character of the investigated process, Jeziorny [19]
extended the isothermal Avrami’s equation to the nonisothermal
situation by proposing that the rate parameter, Zt, should be cor-
rected by cooling rate as follows:

ln Zc = ln Zt

�
(4)
where Zc is the corrected kinetic rate constant.
A method developed by Mo  [20] can be also employed

to describe the non-isothermal crystallization process of
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Fig. 1. Effect of oxygen concentration on the gel content of irradiated LDPE.

emicrystalline polymers. Both Eqs. (3) and (4) can be related
s follows:

n Zt + n ln t = ln K(T) − m ln � (5)

y rearrangement at a given crystallinity ˛, the equation is con-
erted into:

n � = ln F(T) − a ln t (6)

here F(T) = [K(T)·Zt
−1]1/m refers to the cooling rate, which must be

hosen within unit crystallization time when the measured system
mounts to a certain degree of crystallinity and a = n·m−1 is the ratio
etween the Avrami’s and the Ozawa’s exponent.

As it was described above, the crystallization temperature
epends on the cooling rate. For non-isothermal crystallization it is

nteresting to evaluate the effective energy barrier for the process
hat can be obtained by applying the differential iso-conversional

ethod of Friedman, that uses the following equation [21]:

n
d˛

dt
= A − �Ea

RT
(7)

here d˛/dt is the crystallization rate for a given relative crys-
allinity, A is an arbitrary factor and �Ea is the effective energy
arrier of the process for a given relative conversion.

Thus the relative crystallinity as a function of time, ˛(t), was
ifferentiated to obtain the crystallization rate as a function of
ime. Then, by plotting ln (d˛/dt), measured at various cooling rate,
gainst the corresponding inverse temperature for a given relative
rystallinity, �Ea can be estimated from the slope.

It should be pointed out that evaluation of the activation energy

resumes that the Arrhenius equation holds only within a region
f the temperatures related to a given value of relative crys-
allization degree. Each of these regions is much smaller than
he complete non-isothermal crystallization temperature range

able 1a
rystallization peak temperatures (Tp) obtained at a cooling rate of 10 ◦C/min of samples p

Tp (◦C)

0% oxygen 

Non-irradiated 97.3 

33  kGy – 95.9 

83  kGy – 95.5 

153  kGy 97.3a 93.8 

222  kGy 97.3 93.5 

Very soft shoulder.
mica Acta 570 (2013) 64– 73

(usually smaller than 10 ◦C). So that, iso-conversional methods can
be applied to non-isothermal crystallizations in order to evaluate
the dependence of the effective activation energy on the relative
crystallization degree and temperature [22].

4. Results and discussions

4.1. Effect of oxygen concentration on the gel content

The effect of oxygen concentration and radiation dose on the gel
content of irradiated LDPE is shown in Fig. 1.

From the previous figure, it is clear that the gel content depends
on both the irradiation dose and the oxygen concentration used
during irradiation. In absence of oxygen, the gel content aug-
ments significantly with the radiation dose. On  the other hand,
the increasing oxygen concentrations accelerate the reaction with
the free radicals formed by the irradiation process, reducing the
chains crosslinking efficiency and, thus, favoring the chains scis-
sion processes [23–25]. In order to study the effect of oxygen in the
non-isothermal crystallization tests, the higher dose was chosen
because the differences are more significant than at lower doses.

4.2. Differential scanning calorimetric tests

The previous point is qualitatively reflected in the changes on
the crystallization peak temperature (Tp), shown in Table 1a. The
crystallinity degree (˛) is displayed in Table 1b. Smaller changes
were found for samples irradiated under atmosphere richer in oxy-
gen, because there are two competitive process occurring at the
same time: scission frees chains ends and crosslinking reduces
chains mobility, needed for crystallization, by introduction of topo-
logical restraints [25,26]. Overall, the changes on the crystallization
peak temperature with the radiation dose are not large, with a
maximum of about 4% for the highest radiation dose under nitro-
gen atmosphere. This is in accordance with the results previously
reported by other authors [15,27,28]. They have found no signif-
icant changes in the melting temperature and enthalpy of fusion
after irradiation of polyethylene. On the other hand, the crys-
tallinity of the polymer decreased mildly with the radiation dose
(Table 1b). The gamma  radiation produces modifications in poly-
ethylene, preventing new crystal formation and, thus, reducing the
crystallinity degree [1,25,29].

Fig. 2 shows the crystallization curves obtained at a cooling rate
of 10 ◦C/min for samples irradiated at three different oxygen con-
centrations and with different doses (33, 83, 153 and 222 kGy). The
incorporation of crosslinking in the molecular structure of LDPE
influences in the crystallization process and causes that exothermic
peak temperature moves slightly toward lower temperatures. The
non irradiated LDPE has a single peak centered at 97.3 ◦C; only very
small changes were observed in all irradiated samples with 100%

oxygen. In the case of samples irradiated with 153 and 222 kGy
(with 0 and 21% oxygen), double peak can be observed. The appear-
ance of a new peak at lower temperature can be related with the
crosslinking reactions and coincides with the appearance of gel in

repared with different atmospheres (% oxygen) and irradiated with different doses.

21% oxygen 100% oxygen

97.3 97.3
– 97.3 97.7
– 96.3 96.9

97.3 94.1 96.5
97.3 93.4 96.5
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Table 1b
Crystallinity (%) obtained at a cooling rate of 10 ◦C/min of samples prepared in different atmospheres (% oxygen) and irradiated with different doses.

Crystallinity (%)

0% oxygen 21% oxygen 100% oxygen

Non-irradiated 35.9 35.9 35.9
33  kGy 31.9 33.9 35.2
83  kGy 31.5 33.3 34.8
153  kGy 30.9 32.9 34.0

32.4 

t
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w

t
c
a
i
t
a
t
o

F
3

222 kGy 30.5 

he samples. A similar behavior was previously reported by Hutzler
t al. [8]. Some authors [15,25] have reported that the double peak
s caused by reactions of peroxy radicals and is less pronounced for
amples irradiated in oxygen than for samples irradiated in air. The
ample irradiated at 83 kGy, in 21% oxygen, presents a wide peak
hich is coincident with low gel content [28].

Due to the crosslinking the macromolecular chains cannot crys-
allize; the crosslinks disrupt the molecular order and reduce
rystallinity and melting point. On the other hand, the irradiation
lso produces chain scission and reduces the branching. The result-
ng shorter chains are able to pack together more easily, allowing

he most of the branched segments to crystallize separately and
t lower temperatures. The existence of two exotherms indicates
he occurrence of a multiphase system and that the crystallization
ccurs in two stages: each part of the irradiated polymer crystallizes

ig. 2. Non-isothermal crystallization curves obtained at a cooling rate of 10 ◦C/min of s
3  kGy, (b) 83 kGy, (c) 153 kGy and (d) 222 kGy.
33.9

according to a characteristic distribution. The lower temperature
peaks are attributed to solidification and crystallization of more
branched polyethylene chains, whereas the higher temperature
ones may  be associated to the methyl regions and to the crystal-
lization of irregular structures, such as carbonyl groups [24].

4.3. Non isothermal crystallization kinetics

Fig. 3 shows the relative degree of crystallinity as a function of
time, at 10 ◦C/min, for all irradiated samples in atmosphere with
0% of oxygen (a) and samples irradiated at 200 kGy in different

atmospheres (b). In concordance with other studies [30–32], it was
shown that the crystallization process of the LDPE takes place over
a broad range of temperature; this is characterized by a major high
temperature exotherm followed by a small exotherm extending

amples prepared with different oxygen concentrations (% v/v), irradiated with (a)
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ig. 3. Relative degree of crystallinity (˛) as a function of time at 10 ◦C/min for (a)
riginal and irradiated LDPE (nitrogen atmosphere) and (b) irradiated with 222 kGy
n  different atmospheres.

o lower temperatures. The existence of a primary crystallization
ollowed by secondary one is a frequent feature observed during
he non isothermal crystallization of neat and crosslinked LDPE.
he previous described behavior is associated with the existence of
wo crystallization mechanisms occurring in separate temperature
anges [8,9,32]. The mechanism that occurs at high temperature is
elated to the formation of lamellar crystalline structures. On the
ther hand, the low temperature one is tentative ascribed to the for-
ation of secondary crystal-fringed micellar type or to the growth

f new lamellas crystal between the lamellae formed during the pri-
ary process [33,34]. It can be seen, in Fig. 3a, that the generation of

rosslinking into the molecular structure of the polymers causes the
igher temperature exotherm to move slightly toward lower tem-
eratures while the small exotherm does not appreciably change,

n terms of both, peak temperature position or intensity. These
hanges in the characteristics of the crystallization exotherms were
imilar for all studied samples and cooling rates. On the other hand,
ig. 3b shows that the presence of oxygen, during the radiation pro-
ess, accelerates the crystallization process, which is related with
he reduction on the crosslinking levels.

From the thermograms, at different cooling rates, some data that
re useful to describe non-isothermal crystallization behavior can

e extracted. Those are: the exothermic peak temperature (Tp), the
rystallinity degree and the half-crystallization time (t1/2), defined
s the time at which the relative degree of crystallinity approaches
o 0.5.
Fig. 4. Overall crystallization rate as a function of cooling rate for: (a) original and
irradiated LDPE (nitrogen atmosphere) and (b) irradiated with 222 kGy in different
atmospheres.

Tables 2a and 2b show the Tp obtained at different cooling rate
of samples irradiated at 222 kGy in different atmospheres. In the
case of the irradiated samples with 0 and 21% oxygen, two Tp are
reported, as a consequence of the existence of two exotherms as
previously mentioned.

It was  observed that in all cases, Tp decreased (between 5 and
7 ◦C) with increased cooling rate; this is ascribed to the fact that
nuclei became active at lower temperatures conducting to smaller
spherulites during the heterogeneous nucleation process [35].

Fig. 4 shows the overall crystallization rate (measured as 1/t1/2)
as a function of cooling rate for all irradiated samples in 0% oxygen
(a) and samples irradiated at 222 kGy in three atmospheres (b). For
a given sample, the rate of non-isothermal crystallization increased
with the cooling rate. In addition, the rate of crystallization of pure
LDPE is the highest and decrease as a function of radiation dose,
which is in accordance with all previous findings.

4.4. Modeling of non-isothermal crystallization process

Fig. 5 shows the parameters obtained by using the Avrami’s
model as a function of the cooling rate. It can be observed that
n has a decreasing tendency as a function of the radiation dose
and with the decrease in the oxygen content. On the other hand, Zc
increased and then finds a pseudo-plateau (1.1-1.0 and lower to the
value of the original LDPE) with the dose of radiation in a nitrogen
environment. The last behavior is related with the decrease in the
gel content and the degree of crystallinity with the radiation dose.
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Table 2a
Crystallization peak temperatures (◦C) obtained at different cooling rate in different atmospheres of samples irradiated at 222 kGy.

� (◦C/min) Tp (◦C)

Non irradiated 0% oxygen 21% oxygen 100% oxygen

5 99.5 99.1 95.5 99.1 95.5 98.6
10  97.3 97.3 93.5 97.3 93.4 96.5
20  95.3 95.2 91.3 95.5 90.7 93.9
30  92.8 93.9 88.9 94.2 88.7 91.3

Table 2b
Crystallinity (%) obtained at different cooling rate in different atmospheres of samples irradiated at 222 kGy.

� (◦C/min) Crystallinity (%)

Non irradiated 0% oxygen 21% oxygen 100% oxygen

5 35.7 32.5 33.0 34.4
.5 

.0 

.8 

I
f
g
i
i
w

F
d

10  35.9 30
20  35.6 31
30  35.4 30

n addition, for a fixed radiation dose (222 kGy), n increased as a
unction of oxygen content, because the material exhibited lower

el fraction and crosslinking degree. Zc displayed a similar behav-
or than that observed in the previous case. Zc increases with the
ncrease of cooling rate; similar behavior was observed in previous

orks [9,13].

ig. 5. Parameters of the Avrami’s model as a function of the cooling rate for: (a) origin
ifferent atmospheres.
32.4 33.9
32.5 33.4
32.1 32.7

Fig. 6 shows the application of the method of Ozawa.
The parameters obtained from Ozawa’s model are included in

Tables 3a and 3b.

The application of Ozawa’s model presents contradictory results
in the literature. Krumme  et al. [36] have shown that the model
is not valid for high density polyethylene blends with broad

al and irradiated LDPE (nitrogen atmosphere) and (b) irradiated with 222 kGy in
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Fig. 6. Parameters of the Ozawa’s model for (a) original and irradiated LDPE (nitro-
gen atmosphere) and (b) irradiated with 222 kGy in different atmospheres.

Table 3a
Non isothermal crystallization kinetic parameters based on the Ozawa’s method of
irradiated samples with different doses in nitrogen atmosphere.

Sample Temperature (◦C) m K (T) (◦C/min)

0 kGy 100 2.72 19.5
99 2.62 39.6
98 2.57 66.7

33  kGy 100 3.28 31.2
99 2.98 33.1
98 2.48 34.5
96 2.06 67.3

83  kGy 100 2.88 10.8
99 2.64 18.2
98 2.37 23.1
96 1.76 28.8

153  kGy 100 2.50 2.2
99 2.41 5.3
98 2.34 10.7
96 1.64 15.2
94 1.52 20.7

222  kGy 100
99 2.01 3.0
98 1.82 3.5
96 1.48 9.1
94 1.33 10.3

Table 3b
Non isothermal crystallization kinetic parameters based on the Ozawa’s method of
irradiated samples in different atmospheres at 222 kGy.

Sample (◦C/min) Temperature (◦C) m K (T)

222 kGy-0% oxygen 100 – –
99 2.01 3.0
98 1.82 3.5
96 1.48 9.1
94 1.33 10.3

222  kGy-21% oxygen 100 – –
99 2.27 17.6
98 2.15 19.9
96 1.97 31.2
94 1.19 19.0

222  kGy-100% oxygen 100 2.52 9.5
99 2.53 19.9
98 2.47 33.1
96 2.94 53.4
molecular weight distribution, but is successful in the prediction of
crystallinity development of short chain branched PE with narrow
molecular weight distribution. On the other hand, Eder et al. [37]
have reported that cooling crystallization of HDPE does not follow
the Ozawa’s equation, probably because of factors neglected in the
theory of Ozawa, such as secondary crystallization, dependence
of lamellar thickness on crystallization temperature and variation
of Avrami’s exponent with crystallization temperature. In general
terms, polyethylene and its blends and composites exhibit compli-
cated crystallization behavior due to an additional slow process,
referred to as secondary crystallization, which is considered to
involve the improvement of the crystalline order. The secondary
crystallization effect for polyethylene may  be due to the unfulfilled
Ozawa equation [12].

However, we failed to get a linear plot when Ozawa’s equation
was applied. Possible reason is that no secondary crystallization
is assumed in Ozawa’s theory. Nevertheless, the overlapped crys-
tallization temperature range at various cooling rates corresponds
to the early crystallization stage at large cooling rate, but it corre-
sponds to the late crystallization stage at small cooling rate. As it is
well known, secondary crystallization frequently occurs in the late
crystallization stage [38].

In order to obtain reliable and comparable results, from least-
square lines drawn through plots of at least three points, the
temperature ranges vary from sample to sample, lying in the range
of 94-100 ◦C for all samples, considering the range 1-30% of relative
crystallinity. It was obviously in Fig. 6 that the lines of the Ozawa
plots for a certain sample were linear and parallel.

For each sample, the Ozawa’s exponent, m,  increased as a
function of temperature and the rate constant k(T) decreased
with increasing temperature, indicating that at higher tem-
perature the material crystallizes slower [9,39]. On the other
hand, for a given temperature, k(T) decreased with the radi-
ation dose suggesting a decrease in the crystallization rate.
This result was  in agreement with the previous results of
the overall crystallization rate. In addition, at a constant dose
(222 kGy) and a fixed temperature, k(T) increases with the oxygen
content.

Moreover, values between 0.98 and 1 were found for the cor-
relation coefficient (R2); this is an indication that the Ozawa’s
method satisfactory describes the non-isothermal crystallization
kinetics of LDPE, regardless of whether or not is crosslinked

[39].

Fig. 7 shows the parameters obtained from Mo’s model. These
parameters (  ̨ and F(t)) were obtained by using the Eq. (5); by plot-
ting ln � versus ln t, the parameter F(t) is obtained from slope and
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Fig. 7. Parameters of the Mo’s model for (a) original and irradiated LDPE (nitrogen atmosphere) and (b) irradiated with 222 kGy in different atmospheres.
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Table 4
Activation energies of studied materials as a function of the relative degree of
crystallinity.

Sample  ̨ −Ea (kJ/mol)

Non-irradiated 0.1 237 ± 10
0.2  188 ± 5
0.3  184 ± 7

33  kGy-0% oxygen 0.1 289 ± 12
0.2  261 ± 8
0.3  235 ± 9

83  kGy-0% oxygen 0.1 292 ± 2
0.2  275 ± 3
0.3  249 ± 2

153 kGy-0% oxygen 0.1 305 ± 15
0.2  281 ± 10
0.3  255 ± 4

222 kGy-0% oxygen 0.1 330 ± 14
0.2  267 ± 13
0.3  261 ± 2

222 kGy-21% oxygen 0.1 279 ± 10
0.2 257 ± 2
0.3  246 ± 8
 from intercept. As it was previously indicated, values between
0 and 40% of relative crystallinity were considered.

The values of F(T) systematically increased as a function of the
elative degree of crystallinity. On the other hand, at a given degree
f crystallinity, F(T) slightly increased with the radiation dose, indi-
ating the higher difficulty of polymer for crystallization [9]. In
ddition, by considering the same radiation dose (222 kGy) and at a
iven degree of crystallinity, the values of F(T) remained practically
onstant with the increase in the oxygen content. It is important
o note that the model does not allow showing the differences
bserved by other studied methods [25].

As it was described above, the crystallization temperature
epends on the cooling rate. Thus, for extending the analysis of
he non-isothermal crystallization process, the effective energy
arrier for crystallization was evaluated. It was found that the val-
es of �Ea were dependent on the conversion degree [21,22]. The
esults are presented in Table 4, and were evaluated in the range
f crystallinity between 10 and 30% [32]. Similar behavior was
btained for all studied samples. The experimental values of the
ctivation energy take greater negative values at low extents of
rystallization that correspond to the temperatures closer to the

elting point, which adequately reflects the changes in the crys-

allization kinetics that occur with changing the temperature of
he process [22]. It can be seen in the table that at same crys-
allinity degree, the activation energy increased with the radiation

222 kGy-100% oxygen 0.1 262 ± 22
0.2  236 ± 12
0.3  193 ± 9
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Fig. 8. CCT plots for (a) original and irradiated LDPE (nitrogen atmosphere) and (b)
irradiated with 222 kGy in different atmospheres.
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ose; this is in agreement with the crystallization process restric-
ions imposed by the molecular crosslinking that increases with the
adiation dose. Similar behaviors were reported by other authors
13]. Another interesting result is that at a given radiation dose
222 kGy), the activation energy decreased with the oxygen content
sed during irradiation; this is in accordance with the fact that as
he content gel decreased the crystallization process was acceler-
ted.

Fig. 8 shows the CCT, continuous cooling transformations plots
constant cooling rate) where the crystallinity is related with time
nd temperature at a constant cooling rate. This approach allows
he knowledge of the entire crystallization process [40,41]. The
urves representing the relative degree of crystallinity at 0.3 are
lotted as a function of time. Each point on these curves has
een obtained by the integration of the full model (nucleation and
rowth) at given cooling rate. So, when the degree of crystallization
urve is intercepted by a constant cooling rate one, the obtained
oint represents the time necessary to reach a specific relative
egree of crystallization under specific thermal conditions. From
ig. 8a it can be observed that the time necessary to reach the rel-
tive crystallinity degree of 30% increased with the radiation dose,
ndicating a retarding effect with the dose increase. On the other

and, the diagrams of samples irradiated in different atmospheres
t 222 kGy (Fig. 8b) disclose that the retarding effect increased
hen the oxygen content decreased.

[

[

mica Acta 570 (2013) 64– 73

5. Conclusions

The crystallization behavior of polyethylene crosslinked by radi-
ation in different atmospheres, under non-isothermal conditions,
was studied by differential scanning calorimetry.

The crystallization rate, the crystallization temperature and the
crystallinity degree decreased with the radiation dose in nitrogen
atmosphere, and with decreasing oxygen content at same dose.
On the other hand, the activation energy increased with the radia-
tion dose and decreased with the oxygen content. These results are
related to the increase in the degree of crosslinking, which restricts
the crystallization process.

The full model was  also used in order to build the CCT dia-
grams. These diagrams allow the determination of the evolution
of crystallinity degree for different processing conditions, which
will be very useful for the design and optimization of processing
steps and clearly showed the retarding effect with the irradiation
dose increase and with oxygen content decrease.
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