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Abstract

In the present study, the influence of electron-beam irradiation on plasticity-

controlled and crack-growth-controlled failure in high-density polyethylene

(HDPE) is investigated and the effect of both molecular weight distribution

(MWD) and short chain branching (SCB) content are taken into account. Size

exclusion chromatography (SEC) is used to study the evolution of the MWD of the

sol fraction as a function of irradiation dose. Here, it is seen that chains shorter

than the percolation threshold (5 kDa) are largely unaffected by electron beam

radiation, while the fraction of longest chains (M > 300 kDa) is nearly entirely

incorporated into the cross-linked network. Both yield stress and Young's modulus

increased with irradiation dose, where the magnitude of the increase appears to be

connected to the gel fraction. The (fatigue) crack growth kinetics of the grades

changed relatively little with irradiation dose, which is unexpected. Furthermore,

convergence of the crack growth kinetics parameter to a narrow range of values

could be observed for the investigated grades at relatively high gel fractions. This

would imply that the crack growth kinetics become increasingly independent of

the MWD upon irradiation cross-linking, which could be attributed to a shift in

the underlying crack growth mechanism from chain slip to chain scission.
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1 | INTRODUCTION

High-density polyethylene (HDPE) is a subclass of poly-
ethylene that has seen increasing use in pressure pipe
applications since its conception in the 1950's.1–3 Since a
service life-time of more than 50 years is expected for
HDPE used in these applications, it's important to

determine which molecular and morphological parameters
govern the long-term performance.1,4–6 As discussed exten-
sively in literature, long-term failure under service condi-
tions is predominantly caused by two failure processes:
plasticity-controlled failure and crack-growth-controlled
failure.1,5,7–10 In previous research, it was shown that crys-
tallinity was one of the main parameters governing the
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yield stress of the material (and, with that, plasticity-
controlled failure).11 In further studies, it was shown that
crack-growth kinetics under fatigue loading at room tem-
perature displayed a strong correlation with Mw corrected
for the width of the molecular weight distribution
(MWD) through the ratio Mw=Mz (also called Mw,corr) for
both homopolymers and bimodal copolymers at room
temperature, while bimodal copolymer grades, remark-
ably, only showed improved crack growth resistance at
elevated temperatures.11 This correlation with Mw,corr

could be attributed to various chain slip processes (such as
α-relaxation) taking place in the lamellar blocks within the
craze.11 Hence, since there is evidence that links long-term
plasticity-controlled and crack-growth-controlled failure
resistance to crystallinity and Mw,corr, respectively,

11 the
use of homopolymers with a sufficiently high Mw,corr

could, hypothetically, lead to good long-term failure resis-
tance for both failure processes.11–14

While the use homopolymer grades would certainly
raise the crystallinity of HDPE compared to bimodal copol-
ymer grades,12–14 the magnitude by which it is increased
also depends on Mw.

15 This might become an issue if
extraordinarily high values for Mw,corr are required, since
Mw,corr is smaller than (or equal to) Mw by definition.11

Consequently, a new stagnation point could be reached
where attempting to improve plasticity-controlled failure
by raising the crystallinity would lead to worse slow crack
growth resistance due to a decrease in Mw. In chapter 2 of
Cerpentier,11 it has been briefly mentioned that cross-
linking of HDPE increases the yield stress and, therefore,
the resistance to plasticity-controlled failure.11,16–19 This is
most likely caused by the hindrance of molecular motion
(through crystal slip or α-relaxation) of chains through
the crystal lamella. Since cross-linking also raises the
average molecular weight by combining multiple chains,
this should technically lead to a higher Mw,corr and, there-
fore, to a corresponding increase in resistance to crack-
growth-controlled failure.11 However, this would assume
that the crack growth kinetics are governed by chain slip
processes in cross-linked polyethylene as well. This might
not be the case at (relatively) high gel contents, since
chains cannot slip along one another when they are part
of a cross-linked network. This could lead to a shift from
the chain slip process to another process (most likely
chain scission) as the governing process for slow crack
growth. Hence, investigating the crack growth kinetics as
a function of gel content is crucial to determine the evo-
lution of the transition from chain slip to chain scission.

Even though polyethylene can be cross-linked through
various different methods,20–23 irradiation cross-linking
would be the most useful method in this case, since it mod-
ifies the amorphous layer without altering the (crystalline)
morphology of the material.24–26 Hence, a predefined

morphology can be given to the material, which remains
the same regardless of cross-link density. While various
publications have been written about the influence of both
electron-beam (β-radiation) and -radiation on the
mechanical properties of polyethylene,16–19,27,28 most of
these publications have focused almost exclusively on the
influence of radiation dose on the mechanical properties,
while other variables have seen relatively little (or even
no) investigation. For instance, the effect of morphology
(crystallinity, lamellar thickness) on irradiation cross-
linking in HDPE has seen relatively little exploration.27

However, the crystallinity in particular can have a signifi-
cant effect on the formation of cross-links in HDPE, since
cross-links cannot be formed in the crystalline
lamella.24–26 In addition, the influence of MWD of the
un-cross-linked material on the cross-linkability has also
not been clarified, even though changes in MWD could
have a particularly strong influence on the dose required
to reach the gel point. Furthermore, most (modern)
HDPE grades contain a certain degree of short chain
branching (SCB) due to co-polymerization. These bra-
nches can have an adverse effect on (irradiation) cross-
linking, since they serve as sites where β-scission can take
place.29,30 However, the influence of SCB on the cross-
linking efficiency has only been sparsely investigated.28

Therefore, in this publication, greater emphasis will be
placed on the influence of these sparsely investigated vari-
ables on the mechanical properties of irradiation cross-
linked HDPE, with the prime focus being placed on the
influence of MWD and SCB content. This will be achieved
by irradiating HDPE grades, with variations in these molec-
ular parameters, with several (relatively low) doses of
electron-beam (e-beam) radiation. The influence of MWD
and SCB content on the long-term failure properties will
subsequently be compared as a function of dose. Both
plasticity-controlled failure and crack-growth-controlled fail-
ure will be investigated in this publication, since it has been
shown that both failure processes can govern long-term fail-
ure.9,31 Furthermore, size exclusion chromatography (SEC)
will be used to analyze the changes in MWD of the sol frac-
tion (as far as they can be observed) as function of irradia-
tion dose. These results will subsequently aid in clarifying
the changes in the structure of the amorphous phase that
cause the difference in long-term failure behavior.

2 | THEORY

2.1 | Irradiation cross-linking and
degradation through β-scission

As mentioned in the introduction, high-energy radiation
(β- and γ-radiation) can be used to cross-link
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polyethylene.16–19,24–26,32 The cross-linking mechanism, in
this case, is comparable to free-radical cross-linking
achieved with (organic) radical initiators,21,23 with the cru-
cial difference that polymeric radicals are generated
through interaction with radiation instead. During the first
step (see Figure 1), (polymeric) radicals are generated pre-
dominantly through scission of carbon-hydrogen
bonds.27,32 These bonds can be disrupted either through
(1) interaction with radiation, which causes excitation of
one of the electrons in the bond, or (2) hydrogen abstrac-
tion, which converts hydrogen radicals generated by
radiation-induced bond scission to molecular hydrogen.27,32

Subsequently, the polymeric radicals migrate by
abstracting hydrogen from nearby chains, until they come
in close proximity of another polymer radical.27,32 There-
upon, the polymeric radicals recombine (3) during the final
step to form a cross-link between the polymer chains.27,32

It should be noted here that migration of radicals is signifi-
cantly faster in the amorphous phase compared to the crys-
talline phase, due to the higher chain mobility of the
amorphous phase. Furthermore, recombination of radicals
is strongly inhibited within the crystalline phase, due to
(grave) distortions of the crystalline lattice upon bond for-
mation between two adjacent stems.24–26 Hence, the bulk
of the cross-linking caused by irradiation should take place
in the amorphous phase.24–26

While HDPE predominantly tends to cross-link upon
irradiation, chain scission also tends to occur to a certain
degree.32 This form of degradation is mainly caused
by the β-scission reaction,29,30,32 as shown in Figure 2.
Here, the carbon–carbon bond between the carbon atoms
in α- and β-position (with regard to the radical) is
cleaved, producing a vinyl group and a (terminal) radical
(see Figure 2A).29,30 While β-scission can occur in HDPE
homopolymers, the terminal radicals that are generated
in this case are primary carbon radicals, which are rela-
tively unstable due to lack of hyperconjugation. There-
fore, the energy barrier for the β-scission reaction is
relatively high in this case. When short chain branches
are added to polymer chain due to copolymerization,
these branches can facilitate β-scission when they are
located on the β-carbon, since a much more stable, sec-
ondary carbon radical will be formed upon scission
(see Figure 2B). This will significantly lower the energy
barrier for β-scission in HDPE copolymers as compared
to HDPE homopolymers. Hence, a greater degree of
β-scission is expected in chains containing short chain
branches. While additional chain scission will occur due
to the presence of SCB, these branches will also be con-
sumed during the β-scission reaction through a combina-
tion of scission and hydrogen abstraction (see Figure 2B
and part 2 of Figure 1, respectively). Hence, the

H H

H
H

H2

(1)

(2)

(3)

FIGURE 1 Schematic

representation of irradiation cross-

linking: (1) bond scission caused by

interaction with high energy radiation,

(2) hydrogen abstraction by a hydrogen

radical, and (3) recombination of

radicals leading to the formation of a

cross-link

C

(A)

(B)

FIGURE 2 Schematic

representation of the β-scission

reaction: (A) β-scission within a

linear polyethylene segment and

(B) β-scission adjacent to a short

chain branch
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contribution of these branches to the degree of β-scission
will remain largely constant as a function of radiation
dose. This would imply that SCB have a stronger
inhibiting effect on cross-linking at (relatively) low doses.

3 | EXPERIMENTS

3.1 | Materials

Three HDPE grades were selected for irradiation
cross-linking: HPE-8.4-51-230, HPE-12-75-350, and
HPE-4.4-197-1990. The PE grades have been coded
through a system that focuses on the molecular aspects of
the tested grades. Within the code HPE-X-Y-Z-D, X,
Y and Z indicate, respectively, the Mn, Mw, and Mz

of the unirradiated grade in kDa, while D indicates
the irradiation dose. Hence, a sample with the code
HPE-12-75-350-150 is a homopolymer grade with an Mn,
Mw, and Mz of 12, 75, and 350 kDa, respectively, irradi-
ated with a dose of 150 kGy. Additional information
about these grades is given in Table 1, where both
the molecular weight averages (Mn, Mw, and Mz) and
the crystallinity χv are given. It has to be mentioned here
that the molecular weight averages shown by Table 1
belong to the soluble fractions of the (irradiated) grades.
Hence, these averages do not represent the MWD of the
entire material when irradiated samples are regarded.
Furthermore, it has to be noted that HPE-8.4-51-230 con-
tains an SCB concentration of roughly 2 SCB/1000C,
which is approximately constant over the entire width of
the MWD. This grade should, therefore, respond differ-
ently to irradiation cross-linking compared to the other
grades.

3.2 | Wide angle X-ray measurements

Details of the X-ray setup and the performed experi-
ments have been given in a previous publication.11

The intensities of the patterns obtained for WAXD
were background subtracted and radially integrated
and plotted as a function of scattering angle 2θ. The
crystallinity of the polyethylene samples was calculated
from the integrated intensity of the crystalline fraction.
The crystalline weight fraction (χw) was derived in the
following way33:

χw ¼
Cc

Ctot
¼Ctot�Ca

Ctot
ð1Þ

where Ctot is the total integrated intensity, while Cc and
Ca are the integrated intensities of the crystalline fraction
and the amorphous halo, respectively.33 The amorphous
halo itself was obtained from a diffraction pattern of a
molten HDPE sample which was subsequently fit to each
sample diffraction pattern using a least squares method.
This technique is well suited to obtain relative crystallin-
ity differences between the various (irradiated) samples, a
typical error of 1.5% is expected.

The crystalline volume fraction χv is, subsequently,
determined from the crystalline weight fraction by33:

χv ¼
χw
ρc

χw
ρc
þ 1�χwð Þ

ρa

ð2Þ

where ρc and ρa are, respectively, the crystalline and
amorphous phase densities (approximated at 1 and
0.855 kgm�3). The values for χv are given in Table 1.

TABLE 1 Material parameters at different irradiation doses

Grade code Mn [kDa] Mw [kDa] Mz [kDa] χv [% v] Dose [kGy] [�]

HPE-12-75-350-0 12 75 350 74.4 0

HPE-8.4-51-230-0 8.4 51 230 71.4 0

HPE-4.4-197-1790-0 4.4 197 1790 74.2 0

HPE-12-75-350-50 7 120 880 75.2 50

HPE-8.4-51-230-50 9 74 610 71.8 50

HPE-4.4-197-1790-50 8 130 700 73.8 50

HPE-12-75-350-100 6 59 340 75.1 100

HPE-8.4-51-230-100 8 105 1000 71.2 100

HPE-4.4-197-1790-100 5 44 195 73.9 100

HPE-12-75-350-150 8 37 145 74.9 150

HPE-8.4-51-230-150 5 82 750 71.0 150

HPE-4.4-197-1790-150 3 21 77 73.0 150
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3.3 | Sample preparation

For the materials used in irradiation cross-linking, com-
pression molded plaques of 2.5–3 mm thick were pre-
pared in a 161 � 161 � 3 mm3 mold, according to
the method used for compression molded plaques
described in previous research.11 A controlled cooling
rate of 10�C/min was used for all the plaques prepared in
this publication. The plaques were then stored in a glove
box, which was flushed with nitrogen for at least 2 weeks
to create an oxygen-free atmosphere. The samples were
then placed in heat-sealable bags, which were sealed
inside the glovebox. The plaques were subsequently sent
to Beta-Gamma-Service GmbH, where they were irradi-
ated with electron beam irradiation (β-irradiation) at
doses of 50, 100, and 150 kGy (5, 10, and 15Mrad). After
irradiation, samples were placed in an oven at 80�C for
1 h to ensure that the majority of free radicals produced
during the irradiation process were consumed/reacted
away. For their use in crack growth experiments, both
neat and irradiated plaques were machined into 2mm
thick compact tension (CT) specimens with a width of
20mm and a height of 19mm. The CT-specimen dimen-
sion W was 16mm. A schematic of the specimens is
shown in Figure 3. The pre-crack of the 2mm thick speci-
mens was created using the procedure given in a previous
study.11 The length of the pre-crack and sawed notch was
determined with an optical microscope, details of which
are given in the same study as well.11 Average lengths for
the pre-cracks and sawed notches were 1 and 3.5mm,
respectively, resulting in a (nominal) initial crack length
of 4.5mm (Table 2).

Tensile samples of the irradiated plaques were pre-
pared by machining of the plaques into 1.5 mm thick
sheets. Un-irradiated tensile samples were prepared
according to the compression molding procedure given
for 1.5 mm thick sheets in chapter 2 of Cerpentier.11

The cooling rates of un-irradiated HPE-12-75-350
sheets was kept at 10�C/min, while the cooling rates
of HPE-8.4-51-230 and HPE-4.4-197-1790 sheets was
adjusted to 5�C/min in order to better match the crys-
tallinity of the un-irradiated samples with the irradi-
ated samples. Variation in volume percentage
crystallinity between irradiated and un-irradiated sam-
ples of the same grade was nominally around 1% for
each grade. Both irradiated and un-irradiated samples
were subsequently die-punched into dog-bone shaped
samples with a gauge length of 54 mm and a nominal
width of 5 mm. The exact thickness and width
were measured with a caliper with a precision of
0.001 mm.

3.4 | Tensile testing at constant stress
and constant strain rate

A Zwick Z010 tensile testing machine equipped with a
temperature chamber was used to perform constant
strain rate tests.1,4,34–39,43 The testing temperature was
maintained at 65�C for all of the measurements, while
the strain rate was varied between 10�5 and 10�3 s�1.
The samples were allowed to adjust to the test tempera-
ture for at least 5 min before the start of the experi-
ment. The initial clamp-to-clamp distance of 54 mm
was adjusted before the measurements to remove any
tensile or compressive stresses imposed during the
clamping of the sample. At the start of the measure-
ment, a preload of 0.1 MPa was applied. A video exten-
someter was used to optically measure the strain in the
narrow section of the tensile bar and locally control the
applied strain rate. Two round markers were deposited
on the narrow section of the tensile specimen, roughly
25–30 mm apart. An Ethernet camera with a 25 mm,
1:1.6 magnification C-mount lens was used, in combi-
nation with a light source, to detect the movement of
the markers. The strain was calculated using the Zwick

FIGURE 3 Schematic representation of a compact tension

(CT) specimen

TABLE 2 CT-specimen dimensions

Small

B [mm] 2

W [mm] 16

H [mm] 19.2
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VideoXtens software, which was used to control the
strain rate of the tensile tester. The yield stress and
Young's modulus were subsequently obtained through
the approach given in chapter 2 of Cerpentier.11

3.5 | Fatigue testing of CT specimens

The CT-specimens were tested under cyclic (fatigue)
loading on mechanical testing machines capable of
accurately providing a sinusoidal load pattern in order
to accelerate the crack growth kinetics.1,4,34–40 Mea-
surements were performed at room temperature (23�C),
a frequency of 5 Hz and a load ratio of R = 0.1, where
R = Kmin=Kmax. At least two measurements were per-
formed for each material. A Bresser macrolens (60mm,
F/2.8) with a maximum magnification of 2� was used
in combination with a high speed, monochrome camera
(Pixelink PL-D725MU) to follow the growth of the
crack front. A calibration sample was used to obtain the
pixel to mm ratio. A field of view of roughly 7mm was
used for the 2mm thick CT-specimens. At a set time
interval, a movie was made of five consecutive cycles
and the frames in which the crack was at maximum
opening were captured and analyzed to determine the
position of the crack front. The employed time interval
depended on the duration of the measurement. The
frame rate was 100 fps, which ensured 20 frames per
cycle. The crack length (in number of pixels) at maxi-
mum opening was determined as a function of time
from the difference between the position of the crack
front and the position of the end of the pre-crack. This
crack length was, subsequently, converted to mm and
added to the length of the pre-crack and sawed notch,
yielding the evolution of the crack length as a function
of time.

Subsequently, a crack growth kinetics curve (crack
propagation rate as a function of stress intensity factor,
see Figure 4B) was obtained from the crack length ver-
sus time curves (see Figure 4A) derived from the

measurements. The crack propagation rate (da/dt) was
determined by fitting a (linear) slope over a number of
crack length versus time data points at various intervals
of the curve through linear interpolation, as shown in
Figure 4A. Additional information on the procedure
used to obtain the crack propagation rate can be found
in an earlier publication.11 The interpolated intervals
were taken in such a way that the R2-value was gener-
ally above 0.95 and the 95% confidence interval was
lower than ±10% of the crack propagation rate at that
interval. The stress intensity factor Kmax was calculated,
for each crack propagation rate, from the value of the
crack length in the middle of the range through the fol-
lowing equation:

Kmax ¼ Fmax

B
ffiffiffiffiffi
W

p 2þα=W

1�α=Wð Þ32
� 0:866þ4:64 α=Wð Þ�13:32 α=Wð Þ2�

þ14:72 α=Wð Þ3�5:60 α=Wð Þ4� ð3Þ

where Fmax is the maximum applied load, B is the thick-
ness of the specimen, W is the distance between the cen-
ter of the pinholes and the end of the specimen and α
is the length of the crack, measured from the center of
the pinholes. The crack propagation rate da/dt was
plotted against Kmax in a double logarithmic plot, as
shown in Figure 4B. The Paris–Erdogan law was subse-
quently used to describe the data and the Paris–Erdogan
exponent m and pre-factor A were obtained from
this law:

da
dt

¼AKm
max ð4Þ

Within the double logarithmic plot, the slope of the curve
is equal to the Paris–Erdogan exponent m, while the
(extrapolated) crack propagation rate at Kmax = 1 is equal
to the Paris–Erdogan pre-factor A. The Paris–Erdogan
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pre-factor A, as well as the R2 value of this optimization,
is given in Appendix A.

3.6 | Size exclusion chromatography

The MWDs of the sol fraction were obtained from
SEC-DV performed at SABIC. The measurements were
performed on a Polymer Laboratories PL-GPC220
equipped with a Polymer Laboratories PL BV-400
viscometer, a refractive index detector, and a Polymer
Char IR5 infrared detector. Trichlorobenzene was used as
the mobile phase. Linear PE standards in the range of
0.5–2800 kDa were used to calibrate the system. An aver-
age deviation of 10%, 8%, and 11% for Mn, Mw, and Mz,
respectively were seen for data obtained from different
measurements within one run, while the deviations for
Mn, Mw, and Mz between measurements of different runs
were 15%, 10%, and 13%, respectively (confidence inter-
val: 95%). For the irradiated samples, a significant frac-
tion of the material did not dissolve in the mobile phase,
leading to a reduced recovery. Therefore, the gel fraction
of the irradiated grades could be estimated from the frac-
tion derived from this recovery. Additionally, since not all
the material was recovered, the MWD curves obtained for
the SEC measurements of the irradiated samples were nor-
malized based on the recovered fraction. These curves were
then compared to the MWD curves of the unirradiated
material. Furthermore, the intrinsic viscosity obtained

from the differential viscometer was plotted against the
molecular weight (on a log–log scale) to construct the
Mark–Houwink curves for the irradiated and uniradiated
grades. These curves can be found in Appendix B.

4 | RESULTS AND DISCUSSION

4.1 | SEC of untreated and irradiated
material

As mentioned in the introduction, SEC measurements
can be used to reveal some of the changes in the amor-
phous phase structure. Hence, the MWD of the sol frac-
tion was determined as a function of irradiation dose, as
is shown in Figure 5A–C. As can be observed from these
figures, the weight fractions of the low molecular weight
part of the MWD (M < 5 kDa) remain largely
unchanged, regardless of irradiation dose. This suggests
that radiation does not really affect the shorter chains of
the material. This is quite logical, since these chains are
expected to be incorporated into the crystalline lamella
entirely due to their short length.15 Therefore, since
cross-linking is strongly inhibited in the crystalline
phase, these chains cannot be cross-linked.24–26 It should
be noted here, that 5 kDa is approximately equal to the
percolation threshold found for polyethylene (assuming
the molecular weight between entanglements (Me) equal
to 1.25 kDa, see Tervoort et al.).40 This would therefore
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suggest that chains shorter than the percolation threshold
would be entirely incorporated into the crystalline phase.

The weight fraction of chains longer than the percola-
tion threshold seems to generally decrease with increasing
irradiation dose. An exception to this can be seen for the
low molecular weight grades (HPE-12-75-350 and
HPE-8.4-51-230), where a high molecular weight shoulder
seems to appear (in particular at lower doses). These results
indicate that chains longer than the percolation threshold
are incorporated into the cross-linked network, as chains
can only be removed from the soluble fraction through
cross-linking. The appearance of a high molecular weight
shoulder can also be attributed to cross-linking, since this
fraction will most likely exist of several shorter chains con-
nected to one another (but not to the network). This is also
revealed by the Mark–Houwink plots (see Appendix B),
which show the presence of (long-chain) branching at high
molecular weight through a deviation from linearity. For
HPE-4.4-197-1790, it can be observed that the high molecu-
lar weight fraction (M > 300kDa) has completely dis-
appeared from the soluble fraction at the highest
irradiation dose. This implies that chains from this fraction
have to be, at least, partially incorporated in the amor-
phous fraction. Since these chains are of significant size
(and radius of gyration) to span several crystalline
lamella,13,40,41 this would also imply that these chains will
be part of the tie-molecule fraction. The chains with a
molecular weight between the percolation threshold and
the high molecular weight threshold (5 < M < 300 kDa)
seem to have a certain probability to be incorporated in
the cross-linked network. While this could be related to
(a fraction of) these chains being entirely incorporated
into the crystalline phase, it could also be postulated that
these chains simply were not incorporated into the net-
work by chance. The chance of a chain being incorpo-
rated into the cross-linked network would logically
become higher as the chain becomes longer and more
spread out over the material, as is shown by the high
molecular weight fraction. Additionally, some of these
chains could cross-link with other short chains, leading
to long chain branching instead of network incorpora-
tion, which is also shown by the Mark–Houwink plots.

Since both the soluble and insoluble fractions are
known for the irradiated grades, the cross-linking effi-
ciency can also be described with the gel fraction
obtained from the SEC measurements, as is shown in
Figure 6. As can be seen from this figure, the gel fraction
increases with increasing irradiation dose for all of the
investigated grades. This implies that cross-linking is the
dominant process-taking place, which confirms the other
results in this section. Furthermore, the grade with the
greatest SCB content (HPE-8.4-51-230) also shows the
lowest gel fraction over the entire range of irradiation

doses, despite possessing the largest amorphous fraction.
This can be attributed to an increased degree of β-scission
caused by the presence of SCB. It can also be observed
that the grade with the highest Mw (HPE-4.4-197-1790)
shows the highest gel fraction, which can be related to
the greater amount of (very) long chains present in this
grade. Hence, HPE-4.4-197-1790 will incorporate more
chains into the cross-linked network (and create less
branched material that is not incorporated) when com-
pared to HPE-12-75-350, which is also shown by the
MWD and the Mark–Houwink plots. Furthermore, the
crystallinity for HPE-4.4-197-1790 is also slightly lower
than that of HPE-12-75-350, which would increase the
cross-linking efficiency. This implies that the cross-
linking efficiency for HDPE grades is determined by the
SCB content, the MWD and the morphology of the
material.

4.2 | Influence of irradiation on
plasticity-controlled failure

As mentioned earlier, it has previously been shown that
cross-linking of HDPE improves the resistance to plastic
deformation.16–19 This can also be seen when the yield
stress at varying irradiation doses is shown for
HPE-4.4-197-1790 as a function of strain rate in
Figure 7A (see Appendix C for the results of the other
grades). As can be seen from this figure, yield stress
increases as a function of irradiation dose over the entire
range of strain rates. The increase in yield stress, as well
as the corresponding increase in time-to-failure as a func-
tion of applied stress (see Figure 7B), can solely be attrib-
uted to cross-linking of the amorphous phase, since
cross-links can only be formed in the amorphous phase
(see the Theory section). The influence of the increasing
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cross-link density (as shown by the increase in gel con-
tent in Figure 6) on the yield stress can, furthermore, be
rationalized by a corresponding decrease in the mobility
of the amorphous phase.11,42 This decrease in amorphous
phase mobility has an indirect influence on the crystal
slip mechanism by inhibiting processes such as inter-
lamellar separation and stack rotation.44,45 An increase in
cross-link density of the amorphous phase can also be
deduced from the Young's modulus results shown for
HPE-4.4-197-1790 in Figure 8A (see Appendix D for the
results of the other grades), where it can be observed that
the Young's modulus generally increases with irradiation
dose. Since only the amorphous phase is modified, this
implies that the increase in Young's modulus originates
from an increase in stiffness of the amorphous phase,
which, in accordance with rubber elasticity theory, can
only be caused by a decrease in molecular weight between
cross-links (Mc) and, therefore, an increase in cross-link
density. Moreover, since the crystallinity of the grades
remains approximately the same during irradiation cross-
linking, these results indicate that the mobility of the amor-
phous phase has a considerable influence on yield stress
and Young's modulus, which can be separated from the
influence of crystallinity observed in previous work.11

In order to compare the evolution of yield stress with
increasing cross-link density, the yield stress (taken at a
strain rate of 10�5 s�1) is plotted against the gel fraction

for all of the investigated grades in Figure 8B. It can be
observed for the grades in Figure 8B that the slope of the
increase in yield stress as a function gel fraction is com-
parable for all of the investigated grades, which shows
that the influence of gel fraction on the yield stress is
largely factorizable. Furthermore, it can be observed that
the larger increase in yield stress with irradiation dose for
the non-branched grades (HPE-12-75-350 and HPE-
4.4-197-1790) can be predominantly related to their
(significantly) higher gel content when compared to their
branched counterpart (HPE-8.4-51-230). This can be
related to a lower cross-linking efficiency in the branched
grades due to β-scission, which is also observed in the
amount of gel fraction of PE-8.4-51-230 obtained from
Figure 6. Hence, it can generally be concluded for cross-
linked HDPE that the gel content governs the yield stress
when the crystallinity remains constant and that the
increase in yield stress with gel content is largely
factorizable with the influence of crystallinity.

4.3 | Influence of irradiation on crack-
growth-controlled failure

The crack growth kinetics curves of all grades are shown
as a function of radiation dose in Figure 9A–C. As can be
seen from these figures, the crack propagation rate as a
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function of Kmax can be properly described by a Paris–
Erdogan law curve with an exponent m equal to 3.9,
which corresponds with the results found in previous
studies.11 This, therefore, implies that irradiation dose
solely influences the Paris-Erdogan pre-factor A. Further-
more, it can be seen from the curves that irradiation dose
has a small, but significant, effect on the crack propaga-
tion rate, which is also reflected by the Paris–Erdogan
pre-factor A shown as a function of irradiation dose in
Figure 10A. This is rather remarkable, since it has been
shown in this paper that a considerable weight fraction
of chains (0.3 < wf < 0.65 at 150 kGy) has been incorpo-
rated in the cross-linked network, while the soluble frac-
tion shows very few signs of chain scission. This implies
that the molecular moments (in particular Mw and Mz)
should strongly increase with irradiation dose, which
should lead to a drastic increase in Mw,corr. This drastic

increase in Mw,corr, however, does not correspond to a
strong change in pre-factor A, as was seen for the un-
irradiated grades in previous studies.11 This would sug-
gest that the crack growth kinetics observed for (highly)
cross-linked HDPE grades are not governed by the chain
slip processes found in chapter 3 of Cerpentier.11

When the evolution of pre-factor A as function of
the irradiation dose is compared for the selected polyeth-
ylene grades, a rather remarkable division can be
observed between the grades with relatively low Mw

(HPE-8.4-51-230 and HPE-12-75-350) and grades with
relatively high Mw (HPE-4.4-197-1790). As can be
seen from Figure 10A, the grades with low Mw show a
slight improvement of crack growth resistance (lower
pre-factor A) at 150 kGy as compared to 0 kGy. The
inverse is observed for the high Mw grade, where a slight
deterioration in crack growth resistance is seen as a
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function of irradiation dose. As mentioned in the previ-
ous paragraph, cross-linking of the polyethylene grades
does not cause a tremendous change in the crack growth
resistance, despite the drastic shift in Mw and MWD. This
would suggest that the crack growth kinetics of the irra-
diated materials at large irradiation doses become largely
independent of Mw and, by extension, the MWD. This
becomes even clearer when the pre-factor A is shown as
a function of gel fraction (see Figure 10B). Here, three
different regions can be discerned as a function of gel
fraction: at low gel fractions, the crack growth kinetics
are governed (exclusively) by chain slip processes, which
expresses itself with a relatively strong dependence of the
pre-factor A on the MWD. At intermediate values of the
gel fraction, the pre-factor A of the investigated grades
seem to converge to a singular value, which would sug-
gests a transition from a chain slip to a chain scission
process. This would be logical, since a chain would not
be able to move freely along other chains once it becomes
part of a cross-linked network. At the highest gel
fractions, the pre-factor A values of two of the grades
(HPE-12-75-350 and HPE-4.4-197-1790) seem to fall on
the same curve (starting from a gel content of 0.5). This
would suggest that the crack growth kinetics in this
region would be governed solely by chain scission, since
the pre-factor A shows no dependence on the (initial)
MWD anymore. Nevertheless, verification of the chain
scission process, through determination of the activation
energy, still requires further (ongoing) investigation. As a
final note, it should be stated here that, since further
embrittlement is observed at excessively high gel
fractions,28 a steep increase in pre-factor A will be
expected at even higher values of the gel content.

5 | CONCLUSIONS

Within this study, the effect of electron beam irradiation
on plasticity-controlled and crack-growth-controlled fail-
ure in HDPE is investigated. The influence of the MWD
and the presence of SCB on irradiation cross-linking is
studied by systematically varying the irradiation for sev-
eral different grades. The evolution of the MWD is stud-
ied as a function of irradiation dose using SEC. From the
MWD curves it can be seen that chains shorter than the
percolation threshold (5 kDa) are largely unaffected by
electron beam radiation, likely due to complete incorpo-
ration into the crystalline phase. The fraction of chains
with a molar mass greater than 300 kDa, on the other
hand, is almost completely incorporated into the cross-
linked network, as these chains have a (relatively) large
presence as tie-molecules in the amorphous phase. The
low Mw grades (PE-8.4-51-230 and PE-12-75-350) showed

a high molecular weight shoulder at low irradiation doses
containing significant amounts of long chain branching.
The gel fraction, obtained from SEC recovery, is the low-
est for PE-8.4-51-230, presumably due to the presence of
SCB, while PE-4.4-197-1790 showed the highest gel frac-
tion, which could be attributed to a larger fraction of long
chains, as well as a lower crystallinity. An increase in
both yield stress and Young's modulus is observed as a
function of gel fraction, which could be attributed to an
increase in the cross-link density of the amorphous
phase, since the crystalline phase remains unaltered. This
increase in cross-link density leads to a decrease of mobil-
ity in the amorphous phase, which raises the yield stress.
Relatively small differences are observed in the crack
growth kinetics as a function of irradiation dose, which is
quite remarkable, since the MWD changes drastically
with irradiation dose. Moreover, it can be observed that
the crack growth kinetics parameter (pre-factor A) con-
verges as a function of gel fraction. This would suggest
that the crack growth kinetics become independent of
the MWD at higher gel fractions. Since it has been shown
that the crack growth kinetics of chain-diffusion-
governed slow crack growth have a strong dependence
on MWD, crack growth of cross-linked HDPE will take
place through a different underlying mechanism, most
likely governed by chain scission. The shift from the
chain-diffusion-governed mechanisms to this chain-scis-
sion-governed mechanism seems to be finalized at a gel
content of approximately 0.5.
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APPENDIX A: TABLE MOLECULAR MOMENTS,
CRYSTALLINITY, AND PARIS–ERDOGAN
PARAMETERS

TABLE A1 Crack growth kinetics at different irradiation doses

Grade code Dose [kGy] A [m s�1] R2 [�]

HPE-12-75-350-0 0 4:2�10�7 0.974

HPE-8.4-51-230-0 0 2:6�10�6 0.927

HPE-4.4-197-1790-0 0 7:0�10�8 0.973

HPE-12-75-350-50 50 2:5�10�7 0.919

HPE-8.4-51-230-50 50 2:8�10�6 0.892

HPE-4.4-197-1790-50 50 8:0�10�8 0.893

HPE-12-75-350-100 100 2:1�10�7 0.923

HPE-8.4-51-230-100 100 3:9�10�6 0.856

HPE-4.4-197-1790-100 100 1:6�10�7 0.911

HPE-12-75-350-150 150 1:8�10�7 0.935

HPE-8.4-51-230-150 150 1:1�10�6 0.812

HPE-4.4-197-1790-150 150 2:4�10�7 0.875
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APPENDIX B: MARK–HOUWINK PLOTS

The curves presented in the Mark–Houwink plots
below clearly show an increasing deviation from lin-
earity at high molecular weights as the irradiation
dose increases, with the unirradiated materials
showing a (predominantly) linear curve. This indi-

cates that, at high molecular weights, the chains
become increasingly (long-chain) branched with
increasing irradiation, as the observed intrinsic vis-
cosity falls below the intrinsic viscosity expected for
perfectly linear chains.
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APPENDIX C: YIELD STRESS CURVES
PE-12-75-350 AND PE-8.4-51-230
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