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ABSTRACT: Samples of each of two high-density polyethylenes with various initial
degrees of crystallinity, but otherwise identical, were exposed under a vacuum to
moderate doses of gamma irradiation. The results indicate that, for otherwise initially
identical polymer samples, the dose required to reach the gel point increases with
increase of the initial degree of crystallinity. Above the critical dose for gelation, the gel
content decreases with higher degrees of crystallinity at equal radiation doses. The
mechanical behavior of the polymers changed progressively from ductile to brittle as
the crystallinity was increased. The extensibility of originally ductile samples decreases
with increasing radiation dose. The irradiation of samples having intermediate behav-
ior produces a change to ductile behavior. Mechanical behavior is not modified sub-
stantially when brittle samples are irradiated. The initial modulus is little altered by
irradiation, while the yield stress shows a slight increase with irradiation. The me-
chanical properties, such as draw ratio at break and ultimate tensile stress, decrease
with dose in ductile samples. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 71: 1375–1384, 1999
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INTRODUCTION

The treatment of polyethylene with high-energy
ionizing radiation is used to control the melt prop-
erties and/or to improve the physical properties of
the polymer in the solid state.1–6 The melt prop-
erties of polyethylene can be changed and its
physical properties in the solid state improved
by exposure to ionizing radiation.1–6 Radiation
causes various chemical reactions, mainly involv-
ing free radicals, that alter the molecular struc-
ture and, consequently, the properties of the irra-
diated materials. In the case of the linear poly-

ethylene family, the most important reaction that
occurs during irradiation is the combination of
free radicals that leads to molecular chain link-
ing.1–10 During the early stage of the irradiation
processes, chain linking produces an increase in
molecular weight. Then, at a given dose, usually
known as the “critical dose for gelation” (CDG),
the weight-average molecular weight becomes in-
finite. At this point, the molecular structure of the
polymer is partitioned into two fractions, an in-
soluble three-dimensional network or gel, and a
soluble part composed of isolated molecules. Be-
yond the CDG, the amount of gel increases with
the dose level.1–3,5,8–10 Studies on the response of
polyethylene to irradiation led to the recognition
of a set of factors that affect the critical dose for
gel formation.1,3,5,8–10 One of these factors is the
morphology of the polymer during irradiation.
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When the radiation process is carried out at a
relatively low temperatures, that is, room tem-
perature, it is generally observed that, in samples
with low crystallinity, radiation is much more
effective in forming a gel than in samples with
highly developed crystallinity.5,8

The effect of the levels of crystallinity of poly-
ethylene samples crystallized from the melt on
the structural modifications induced by irradia-
tion is an important area of research. Despite the
large number of reported studies on the effect of
morphology on radiation-induced changes in poly-
ethylene, there are still various factors that re-
main to be clarified. In particular, the effect of
crystallinity on the critical dose required to form
an incipient gel and on the amount of the gel at a
given dosage are not well understood for specific
irradiation conditions.

Mechanical properties constitute an additional
point of interest regarding the response of poly-
ethylene to irradiation. It is well known that the
tensile properties of polyethylene are notably af-
fected by irradiation.6,11–14 For polyethylene, the
extensibility generally decreases while the elastic
modulus grows with increase in the radiation
dose. However, there is limited information about
the influence of the initial morphology on the
changes in tensile properties upon irradiation.
The investigation in this field has been mainly
done by comparing different morphological sys-
tems which were obtained by changing the molec-
ular structure of a polymer.11,12,15

To our knowledge, there is as yet no systematic
study addressing the effect of the initial morphol-
ogy on the mechanical properties of a given irra-
diated polyethylene. In recent studies, it was
shown that the initial morphology profoundly af-
fects the tensile behavior, as well as specific me-
chanical properties, of nonirradiated polyethyl-
ene.16,17 As an example, the change from ductile
to brittle behavior has been observed in a small
range of crystallinity in linear polyethylene.16

The purpose of the present work was to provide
information about the role played by crystallinity
in the response of linear polyethylene to irradia-
tion. To do this, we studied the influence of the
initial crystallinity on the evolution of the gel-
dose relation and the tensile behavior and specific
mechanical properties over an extended radiation
dosage. Samples having different levels of crys-
tallinity were prepared following various well-
controlled crystallization conditions. These sam-
ples were then irradiated with different doses at
room temperature under a vacuum. The gel pro-

portions were determined by the extraction of
solubles. The tensile mechanical behavior was
studied at room temperature.

EXPERIMENTAL

Materials

Two high-density polyethylenes supplied by DuPont
de Nemours (Wilmington, DE) and Oxy Petro-
chemical (Dallas, TX) were used in this study.
The polyethylenes, which we call PE1 and PE2,
have a weight-average molecular weights (Mw) of
56,900 and 80,600, respectively. The polydisper-
sity (Mw/Mn) was about 2.6 for both polymers.

Sample Preparation

Films of the initial material were prepared by
compression molding at 150°C using a hydraulic
press with thermostatically controlled platens.
The samples were molded between 1.5-mm-thick
steel plates held apart by 0.5-mm-thick brass
spacers. Crystallization conditions were chosen so
as to obtain samples having various levels of crys-
tallinity as follows: (1) The first set of samples
called IWQ was obtained by quenching from the
melt to ice-water temperature; (2) the second set
was obtained by cooling down the mold to room
temperature out of the press; these samples were
labeled as SCA; (3) the third set was prepared by
slow cooling from the melt to ambient tempera-
ture keeping the samples between the press plat-
ens; these samples were named SCP; (4) the fol-
lowing group of samples was prepared by isother-
mal crystallization at 110°C of polymer PE1; this
set was denominated I110; (5) and, finally, the
last group was obtained by isothermal crystalli-
zation at 127°C of polymer PE2; these samples
were named I127. The sample code is summa-
rized in Table I.

Table I Code Used to Identify Samples

Sample
Codes Thermal Treatment

IWQ Ice-water quenched
SCA Slow cooled out of press
SCP Slow cooled in press
I110 Crystallized at 110°C
I127 Crystallized at 127°C
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Sample Characterization

The degree of crystallinity of the samples was
determined from the enthalpy of fusion. It was
measured in a Perkin–Elmer DSC-2 using a heat-
ing rate of 10°C/min. The melting endotherm was
defined by drawing a straight line from the onset
to the end of melting. The area of each endother-
mic peak was determined by planimetry. The de-
gree of crystallinity was calculated using 69 cal/g
for the enthalpy of fusion of completely crystalline
polyethylene.18 Table II presents the measured
crystallinity mean values for the samples pre-
pared following the different crystallization con-
ditions. The tensile behavior of linear high-den-
sity polyethylene changes substantially over this
crystallinity range.16 The heat of fusion of irradi-
ated samples was also determined. We have ob-
served no substantial differences in the heat of
fusion beyond the experimental uncertainty, with
respect to the parent sample.

Irradiation Procedure

Dumbbell-shaped samples with a gauge length of
12 mm, thickness about 0.5 mm, and 4-mm width
were cut from the films and inserted into Pyrex
tubes. The tubes were evacuated to 1024 Torr for
2 days and then sealed off. Subsequently, these
samples were exposed to g-rays generated by a
60Co source at room temperature. The dose rate
was 3.3 kGy/h, determined by dosimetry with a
radiochromic thin-film dosimeter.19 Equal doses
of 20, 50, 100, and 200 kGy were applied to all
samples. The error in dose is estimated to be
610%. After irradiation, samples were stored in a
vacuum at room temperature for 1 week before
opening the tubes for sample characterization.

Sample Analysis

The gel fraction was determined by the extraction
of solubles with xylene at 125°C. The extraction
was performed by placing about 30 mg of each
sample into a basket made from stainless-steel
mesh. Then, the baskets were immersed in hot
xylene for periods of 6 h. After each of these
periods, the samples were dried in a vacuum oven
at 60°C to a constant weight. The extraction was
considered complete when, after two consecutive
periods of extraction, there was no detectable
change of weight in the dried gel. The total time of
extraction varied between 36 and 48 h depending
on the sample. The solvent was changed to a fresh
solvent between each consecutive extraction.

Samples below the gel point were analyzed by
gel permeation chromatography (GPC) following
standard procedures. IR analysis was performed
on samples using a Nicolet 520 FTIR spectrome-
ter. The evolution of the 1715-cm21 absorption
peak attributed to carbonyl stretching was fol-
lowed to determine the oxidation level in the sam-
ples qualitatively.

Mechanical Behavior

Tensile measurements were carried out using an
Instron tester at a crosshead speed of 2 cm/min.
The dumbbell-shaped samples had equidistant
ink marks placed 2 mm apart in order to facilitate
the measurement of the draw ratio after break.
The specimens were deformed at room tempera-
ture (23–25°C).

The elastic modulus, yield stress, and ultimate
tensile stress were obtained from nominal stress-
elongation curves. The initial modulus (E) was
determined from the slope of the stress–strain
curve at 1% strain. The yield stress (YS) was
taken from the maximum in nominal stress ob-
served in the curves at low deformation levels.
The draw ratio after break, lB, was obtained from
the relation between the spacing of the fiducial
marks immediately after break and their initial
spacing. The ultimate tensile stress (UTS) was
estimated from the stress at the breaking point
xlB. The reported data are average values for
from five to seven samples. The standard devia-
tion is about 9–10% of the mean for the initial
modulus; about 2–7% for the yield stress, about
2–9% for the draw ratio after break, and about
10–20% for the ultimate tensile stress.

RESULTS AND DISCUSSION

The variation of gel content with irradiation dose
for polymers PE1 and PE2 is shown in Figure 1. A

Table II Percentage of Crystallinity
of Nonirradiated Samples

Polymer Sample Crystallinity (%)

PE1 IWQ 61.4
SCA 73.0
SCP 74.0
I110 79.6

PE2 IWQ 57.5
SCA 67.6
SCP 78.0
I127 82.0
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20-kGy dose was not sufficient to produce a gel
fraction. With 50 kGy of irradiation, a significant
proportion of the gel was observed in all PE2
samples. As expected, an increase of the gel frac-
tion with irradiation dose is observed for all sam-
ples. With the low molecular weight polymer PE1,
a small amount of gel was formed in samples IWQ
(10% by weight) and SCA (5%) at the same dose of
50 kGy. Samples SCP and I110 of the polymer
PE1, which have more highly developed crystal-
linity, are still soluble at that dose.

These data indicate that the gel point for poly-
mer PE1 changes from about 40 to 60 kGy when

the degree of crystallinity increases from 60 to
80%. As there are no data points at levels of
irradiation between 20 and 50 kGy, it is difficult
to determine accurately the gel point for polymer
PE2 in Figure 1. However, the same trend of
higher gel contents with lower degrees of crystal-
linity is observed. This effect is clearly confirmed
by the changes in the molecular weight distribu-
tion of the irradiated samples below the critical
dose for gel formation as it is in Figure 2, which
corresponds to measurements for PE2 irradiated
with 20 kGy. In the plot, the GPC curves were
normalized to the same total area. The broaden-
ing of the high molecular weight side is evident
for all the samples irrespective of the level of
crystallinity. This is to be expected when the poly-
mer becomes more branched as species of high
molecular weight appear.20 The GPC curves are
ordered according to the level of crystallinity of
the initial samples; the mass fraction of high mo-
lecular weight species increases as the level of
crystallinity decreases. This is a clear indication
that the intermolecular linkage is more effective
in forming high molecular weight species in sam-
ples with lower fractions of crystalline polyethyl-
ene. Thus, we would expect that highly developed
crystallinity samples require higher irradiation
doses to reach the gel point.

At dosage levels higher than the gel point, the
plots of Figure 1 indicate that the proportion of
gel increases constantly with dose. The rate of

Figure 1 Gel amount against radiation doses for
samples having different crystallinities. Polymer PE1:
(F) 61.4%; (■) 73%; (Œ) 74.0%; (}) 79.6%. Polymer PE2:
(E) 57.5%; (h) 67.6%; (‚) 78.0%; ({) 82.0%.

Figure 2 GPC curves for PE2 samples having different initial crystallinity levels: (F)
57.5%; (1) 67.6%; (Œ) 78%; (✳) 82%. The dose was 20 kGy. Full line corresponds to the
original PE2 polymer.
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gelation is greater in samples with lower crystal-
linity.

If the gel fraction is taken as a measure of the
effectiveness of the irradiation process, then an
increment in crystallinity levels reduces the effi-
ciency of irradiation. For example, Figure 1 shows
that in order to produce 40% gel the sample with
crystallinity of 82% has to be irradiated to a dose
of 200 kGy, while for the sample with crystallinity
of 58%, the dose required to produce the same
amount of gel is 50 kGy.

A more illustrative way to display the effect of
crystallinity is to plot the gel content against the
initial crystallinity level of the samples, as shown
in Figure 3. These plots clearly show the impor-
tant effect of the crystallinity level on the re-
sponse to radiation. The gel content decreases
rapidly with crystallinity at a constant dose. It
should be observed that there is not a linear re-
lationship between gel amount and crystallinity
level. At doses of 100 and 200 kGy, the drop in the
gel fraction seems to be more pronounced at crys-
tallinity levels over 70%.

A comparison of the results from the irradiated
samples of polyethylenes PE1 and PE2 reveals
similarities that can be associated with the differ-
ences in molecular weight that exist among the
parent polyethylenes. The samples of PE1 irradi-
ated to a dose of 200 kGy lies approximately on
the same curve that describes the data points of
PE2 samples irradiated with a dose of 100 kGy. A
similar situation occurs when samples of PE1 ir-
radiated to dose of 100 kGy are compared with
those of PE2 irradiated to 50 kGy.

In the search for an interpretation of the re-
sults described above, we found that a combina-
tion of different reasons can explain the change in
the efficiency of gel formation with crystallinity in
the case of melt-crystallized bulk polyethylene.
Considering the experimental irradiation proce-
dure adopted here, one plausible alternative is
that some of the free radicals produced may not
have combined to produce chain linking, thus re-
maining trapped in the semicrystalline medium.
If this is the case, then it is expected that upon
exposing the samples to air these free radicals
could react with oxygen, producing different oxy-
genated products in polyethylene.1,2,5,7,9 In this
way, the radicals could have followed alternative
reactions to those conducting to chain linking,
precluding the formation of higher amounts of gel.

To explore this possibility, we analyzed the
samples by IR spectroscopy to detect the presence
of oxidized species. Different absorption peaks
were observed in the 1730–1700-cm21 region.
These peaks are associated with the absorption of
different species having carbonyl groups, namely,
acidic, ketonic, or aldehydic groups.21

To compare the samples in terms of the extent
of carbonyl formation, we defined a “carbonyl in-
dex” as the relationship between the absorption
bands of highest intensity observed at 1715 cm21

and the 720-cm21 band associated with the
stretching mode of the OCH2O group. The data
are presented by plotting the gel fraction against
the carbonyl index as is shown in Figure 4. The
absorption peaks for the samples irradiated with
20 kGy were very weak, making impossible the
estimation of the carbonyl index. The value of the

Figure 4 Gel amount against carbonyl index at the
following doses: (F, E) 50 kGy; (■, h) 100 kGy; (Œ, ‚)
200 kGy. Filled and open symbols correspond to PE1
and PE2, respectively.

Figure 3 Gel amount against crystallinity level.
Dose: (F, E), 50 kGy; (■, h) 100 kGy; (Œ, ‚) 200 kGy.
Filled and open symbols correspond to PE1 and PE2,
respectively.
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carbonyl index for higher doses are relatively low,
indicating that the samples are lightly oxidized.
The gel fraction decreases continuously with the
carbonyl index for different doses. These results
suggest that part of the radicals produced during
irradiation were trapped by the medium and then
scavenged by oxygen. Thus, the differences ob-
served in the gel amount between samples at a
given dose may be due, in large part, to those
radicals that follow reactions other than those
leading to chain linking.

Mechanical Behavior

There is information concerning the influence of
the irradiation process on the mechanical behav-
ior and specific mechanical properties for polyeth-
ylene.2,3,5,11,12,22–26 However, there is limited ev-
idence on the role played by the morphology in
controlling the mechanical behavior of irradiated
polyethylene.

The structural changes described above were
found to affect noticeably the mechanical proper-
ties of the polyethylenes. The tensile behavior at
room temperature for some of the irradiated sam-
ples is shown as a function of the dosage in Fig-
ures 5–7. These plots show stress-elongation
curves for a selected set of polymer PE2 samples.
They were chosen as examples to illustrate the
mechanical behavior observed as a function of
dose.

In coincidence with other studies, we observed
that the initial morphology has a profound influ-
ence on the character of the plastic deforma-

tion.27,28 In the nonirradiated polymer, there is a
change in the failure mode from ductile to brittle
passing through a transitional mode, when going
from samples with a low crystallinity level to
those with highly developed crystallinity. We con-
sidered, as a transitional mode, that behavior
when the neck formed after yielding does not
propagate over all the deformation zone of the
tested specimen.

At low deformation levels, the irradiated spec-
imens show the typical drop in stress associated
with yielding. The stress level at which each sam-
ple yields shows a tendency to increase with dose.
These results are in accord with those reported by

Figure 5 Stress-elongation curves for IWQ samples
of PE2, Xc 5 57.5%. The dose (kGy) is indicated
beside each curve.

Figure 6 Stress-elongation curves for SCP samples of
PE2, Xc 5 78%, demonstrating the effect of dose. The
dash line indicates all plausible elongation levels that
can sustain the same sample. The dose (kGy) is indi-
cated beside each curve.

Figure 7 Stress-elongation curves for I127 samples
of PE2, Xc 5 82%, demonstrating the effect of doses.
The dose (kGy) is indicated beside each curve.

1380 FAILLA, VALLÉS, AND LYONS



other authors.6,15 At high deformation levels,
above the yield point, the stress–strain character
of these samples depends largely on the irradia-
tion dose and initial morphology. Figure 5 shows
stress–strain curves displayed by an irradiated
sample of PE2 having the lowest crystallinity
level. The same characteristic curves, not shown
here, were observed in the IWQ and SCA of PE1
and PE2, respectively. It can be seen that the
slope at the end of the curve increases and the
stress at failure passes through a maximum as
the dose increases. This feature bears a close sim-
ilarity with the strain-hardening pattern that is
observed when the molecular weight increases in
linear polyethylene.17,29

In contrast with this, Figures 6 and 7 show
that the deformation pattern after yielding is very
different for samples with higher crystallinity.
The irradiation of a sample with a transitional
behavior, such as the SCP samples in Figure 6,
produces a change from transitional to ductile
when irradiated at the lowest dose: 20 kGy. In
this case, the formation of chain linking helps in a
certain way to stabilize the cold-drawing process,
allowing the propagation of the neck throughout
all the length of the deformation zone until the
samples break apart. When the irradiation dose is
increased further, the samples again show a tran-
sitional behavior. The sample irradiated to a dose
of 200 kGy breaks right after necking, in such a
way that it can be considered to be a brittle frac-
ture.

Figure 7 shows the deformation curves corre-
sponding to the sample with a crystallinity level
of 82%. The original sample displays a brittle
behavior with ductile fracture: It breaks right
after yielding. The irradiation of this sample does
not alter the general shape of the deformation
curves; there is just a slight reduction in the de-
formation level that the sample can sustain. The
notable effect here is that the yielding phenome-
non occurs at higher stress levels as the dose
increases.

The set of samples studied here also allows us
to make some comparison of the mechanical be-
havior between samples having about the same
gel fraction obtained from a different initial mor-
phology. As an example, we compared samples
IWQ, SCP, and I127 of the PE2 polymer that were
irradiated to a total dose of 50, 100, and 200 kGy,
respectively. Figure 8 shows the stress–strain
curves for these samples that have about 40% of
the gel. From these figures, the differences that
exist in mechanical behavior among the samples

are evident. The deformation process occurs at
notably higher stress levels when the crystallinity
of the initial polymer increases. A notable feature
is that the relative difference in the stress level at
which the deformation of the initial material
takes place is not modified by the irradiation pro-
cess. All these results indicate that the initial
morphology of the semicrystalline state is a very
important factor in controlling the mechanical
deformation characteristics of the material after
being irradiated at room temperature.

The changes in the characteristics of the
stress–strain curves can be associated with the
modification in the topological details that affects
the noncrystalline regions. It is generally recog-
nized that the structure of noncrystalline regions
solely is affected by the events that occurs during
irradiation.30 The crystal core is not affected to
any extent at low irradiation doses, like those
used in this work.5,30

The combination of molecular bonding and the
presence of bulky oxided species alter the manner
that molecular segments interact in the noncrys-
talline region. The mobility of the chain segments
could be severely restricted, leading to an impor-
tant reduction in elastic extensibility when a
stress is applied. The chemical junctions formed
after irradiating ductile samples contribute to re-
duce the final extension and to increase the max-
imum tensile stress which the molecular network
is capable of sustaining. In samples that show a
transitional behavior, there is an initial contribu-
tion of chain linking to the deformation in the
early stage of the irradiation process. The chem-
ical junctions could provide additional molecular

Figure 8 Comparison of nominal stress-elongation
curves for PE2 samples having about 40% of gel. The
crystallinity and dose are indicated beside each curve.

INITIAL CRYSTALLINITY EFFECT ON HDPE TO RADIATION 1381



connections to the structure that favors a stable
drawing process after yielding. The creation of
additional chain linking, above the gel point, to-
gether with an increase in oxidation limits the
extensibility of the structure. Material failure oc-
curs at decreasing deformation levels as the dose
increases.

The differences in mechanical behavior be-
tween samples having about the same amount of
gel may be explained by a combination of at least
two factors: If we assume that the sample could
have about the same number of effective intermo-
lecular links in order to have similar gel propor-
tions, then these links should be localized in the
noncrystalline regions that decrease in proportion
with the crystallinity. Thus, the density of molec-
ular unions would increase in samples with
higher crystallinity and also its spatial distribu-
tion could be altered in a way that reduces the
capability of the noncrystalline region to sustain
large deformation. The other factor is the increase
in the concentration of oxygenated species with
both the crystallinity and the doses. The presence
of this species could also change the density of
that region and modify the interaction between
chain segments in a way that reduces the deform-
ability of the structure. We will now examine
some specific mechanical properties such as ini-
tial modulus, yield stress, draw ratio after break,
and ultimate tensile stress.

The measured values of the initial modulus are
presented in Table III. The difference in the mod-

ulus among the original samples can be related to
the distinctness in crystallinity levels. These re-
sults are consistent with studies on different poly-
ethylenes.17,29 The irradiation process does not
seem to alter in a noticeable manner this prop-
erty. The small differences in modulus values for
the samples are within the variation normally
observed for this property obtained from the me-
chanical test used here. The relative difference
that exists in the value of the modulus between
samples having different structures seems to be
maintained over all the dose ranges studied here.

The elastic modulus of semicrystalline poly-
mers depends in a complex way on the morpho-
logical factors.17,30 The relative amount of crys-
talline and noncrystalline regions and their elas-
tic properties contribute to the values of this
property.17,27–29 The noncrystalline structure is
affected mainly by irradiation at the moderate
dosage used here which may affect its elastic re-
sponse.30 These effects may be reflected in some
way by the value of the measured macroscopic
modulus. Other studies have reported that the
initial modulus increases with dosage for irradi-
ated polyethylene.22,25,31 However, we have not
observed such an effect in our samples. This is
likely due to that the crystalline regions make the
major contribution to the modulus value in these
highly crystalline samples at room tempera-
ture.17 Thus, the slight expected changes in the
properties of the noncrystalline region might not

Table III Initial Modulus and Yield Stress of Nonirradiated and Irradiated Samples

Polymer
Dose
(kGy) Modulus (MPa) Yield Stress (MPa)

Sample Sample

IWQ SCA SCP I110 IWQ SCA SCP I110

PE1 0 436 592 594 574 21.7 26.7 26.0 27.0
20 444 522 536 570 23.4 27.3 28.3 29.3
50 464 501 527 558 23.0 25.6 28.4 30.6

100 455 546 544 646 23.7 28.5 28.2 29.0
200 400 505 649 22.0 28.2 31.4

IWQ SCA SCP I127 IWQ SCA SCP I127

PE2 0 432 551 594 20.8 25.2 27.4 28.0
20 475 581 591 579 22.3 28.6 27.8 27.7
50 371 486 523 574 18.6 25.9 27.9 29.8

100 443 523 537 662 22.5 27.2 29.0 29.7
200 452 590 655 24.4 27.9 31.1 33.4
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be detected by the mechanical test performed
here.

Values of yield stress are also presented in
Table III. The differences of yield stress between
nonirradiated samples are in concordance with
the differences in their crystallinity level. This is
in good agreement with the results obtained in
different studies.17,27,29 The yield stress of irradi-
ated samples shows a slight tendency to increase
with the dose. Other reported results coincide
with these observations.6,22,25

Yielding has been associated to different phe-
nomenon involving crystalline and noncrystalline
regions.6,17,29 There is a proportional relation be-
tween the yield stress and crystallinity level for
unirradiated polyethylene. We have not observed
appreciable changes in the crystallinity level in
the irradiated sample with respect to the original
ones. Thus, the slight increment in the yield
stress values may be associated with the modifi-
cation that occurs in the noncrystalline regions.

Ultimate properties are affected at large exten-
sion by irradiation as can be deduced from Fig-
ures 9 and 10. The draw ratio after break, lB,
decreases continuously with the irradiation dose
as can be seen in Figure 9. For samples that show
brittle behavior, we assigned a value of 1 to lB.
Transitional samples display lB values which
have a large error because they represent the
average of a broad distribution of values.

The draw ratio after break decreases continu-
ously with dosage for samples that were initially
ductile. When samples at doses above the gel
point are measured, all data points seem to de-
scribe the same general curve. Moreover, the data

point for samples from both polymers having dif-
ferent crystallinity fall on the same curve. The
data points at 100 kGy have been shifted slightly
along the y-axis in order not to superposed data.
The change in lB with dose agrees quite well with
those results reported for linear polyethylene as a
function of molecular weight in the range from
105 to 106.

The irradiation of samples that display transi-
tional behavior leads, initially, to an increment in
lB. Then, lB decreases until it reaches a value of
1, corresponding to a brittle sample.

The ultimate tensile stress at break (UTS) for
ductile samples is plotted against the dose in Fig-
ure 10. This property is defined as the ultimate
engineering stress times lB.17,29 The UTS shows
similar dependence on the dose as does lB. The
changes in the values of these ultimate properties
with dose are consistent with those observed for
lB. Also, as occurs with lB, the UTS value com-
pares very well with those reported for linear
polyethylene in the range of molecular weight
from about 105 to 106.17,29

The effect of radiation on the ultimate proper-
ties for different polyethylenes has been reported
by others.2,6,11,12,22–24 It has been suggested that
there is an equivalence of the network obtained
by irradiation and the physical network produced
by molecular entanglements in nonirradiated
polyethylene in respect to its mechanical response
to an applied stress.6 The dependence of the ulti-
mate properties with dose observed here com-
pares with the effect of molecular weight reported
for linear polyethylene which gives support to
that point of view.

Figure 10 Ultimate tensile stress against dose. For
symbols, see Figure 1.

Figure 9 Draw ratio after break, lB, against dose. T
identifies transitional samples. For brittle samples lB

5 1. For symbols, see Figure 1.
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CONCLUSIONS

The results obtained from this study demonstrate
that the initial morphology becomes of great sig-
nificance in determining the structural character-
istics and the tensile behavior of irradiated high-
density polyethylene. As crystallinity increases,
the gel point shifts to higher doses and the gel
proportions at a given dose level decrease notice-
ably. This suggests that the increased amount of
crystallinity is preventing the combination of free
radicals, reducing the gel proportion.

The irradiation of ductile samples limits the ex-
tensibility of the material. The ductility is improved
when transitional samples are irradiated at a dose
below or just above the gel point. At higher dose
levels, there is a trend to brittleness. The irradia-
tion of brittle samples does not modify substantially
the characteristics of the deformation pattern.

The initial modulus is not altered to a great
extent by irradiation, but the yield stress shows a
tendency to increase with dose. The ultimate
properties, such as draw ratio after break and
ultimate tensile stress, are substantially modified
by irradiation. Although the samples show signs
of oxidation that may have some effect on the
mechanical behavior and related properties, we
believe that the molecular bonding is the overrid-
ing factor responsible for the changes in the de-
formation patterns and the specific mechanical
properties observed in this study.

The results observed here are governed by the
experimental conditions under which the me-
chanical tests were performed. Changes in the
mechanical behavior and properties are expected
if the mechanical tests are performed at other
temperatures and/or draw rates.
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