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Studies of the effect of inter-lamellar linkages on environmental stress cracking resistance (ESCR) of polyethylene have traditionally
focused on changes in the amorphous phase. Since polyethylene is a semi-crystalline polymer, the crystalline phase also plays an
important role in the mechanical behavior of the polymer. In this work, percentage crystallinity and lamella thickness of several high
density polyethylene (HDPE) resins were studied to determine their effect on ESCR. It was observed that when average molecular
weights of resins were widely different, these crystalline phase indicators could not adequately reflect changes in interconnectivity
between crystalline and amorphous phases of polyethylene, and therefore, could not be correlated to ESCR of the resins in a
straightforward fashion. Since polyethylene lamellae are three-dimensional crystals, the study of the crystalline phase effect on ESCR
was extended to investigating the lateral surface characteristics of the lamella. An increase in ESCR was observed with increases
in lateral lamella area of resins. It was postulated that a larger lateral lamella area results in higher probability of formation of
inter-lamellar linkages. This increase in phase interconnectivity directly results in increasing ESCR of resins.

Keywords: Crystalline phase, environmental stress cracking resistance, inter-lamellar links, phase interconnectivity, polyethylene

1 Introduction

Polyethylene (PE) is one of the most versatile commercial
polymers today. The semi-crystalline nature of PE allows
it to operate over a wide range of temperatures. The crys-
talline phase of the polymer gives it strength, while the
amorphous phase allows PE to be flexible. High density
polyethylene (HDPE) is used in the manufacturing of a va-
riety of products, from paint containers to gas line pipes.
Compared to pipes of other materials, HDPE pipes have
the advantages of being light-weight, corrosion-resistant
and easy to install. However, one of the major problems
for polyethylene in pipe and other structural applications
is environmental stress cracking (ESC). HDPE pipes that
should have a service life of fifty years can fail in just one
year due to ESC (1). Therefore, environmental stress crack-
ing resistance (ESCR) of polyethylene is of key interest to
manufacturers and researchers alike.

The semi-crystalline nature of PE influences many of its
mechanical properties (2). Melt-crystallized polyethylene
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has a spherulite morphology, where lamellae made up of
spherulites are embedded in a matrix of amorphous ma-
terial (3, 4). The structure of lamellae generally consists
of regular chain-folding arrangements with the molecular
chains perpendicularly aligned to the lateral lamellar sur-
faces. The regular chain-folding growth of a lamella results
in crystals with lateral direction dimensions (1–50 µm) be-
ing much larger than their thickness (2–25 nm) (5, 6).

The bulk crystallinity of polyethylene is largely influ-
enced by the processing conditions. Slow cooled and an-
nealed materials have higher crystallinity than quenched
polyethylene (7–10). Under the same processing conditions,
the crystallinity of PE is influenced by molecular weight
and chain structure. The crystallinity of PE increases with
increasing molecular weight (8) because longer polymer
chains can form larger lamellae. The presence of short
chain branching (SCB) hinders the lamella formation pro-
cess, because chains with SCB cannot be readily incorpo-
rated into the lamellar structure. Thus, smaller lamellae
are formed and the crystallinity of PE is decreased (11,
12). Research has shown that side branches longer than
two-carbon atoms cannot be incorporated into the lamella
(11). Linear low density polyethylene (LLDPE) with its
many side chain groups is known to have lower crystallinity
than high density polyethylene, which has fewer side
chains (9).
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Environmental stress cracking is a form of brittle fracture
(13). The mechanism of failure is believed to be a process
of disentanglement of inter-lamellar linkages/connections
(tie-molecules (13) and entanglements (14)) from the crys-
talline phase. Research has shown that ESCR of HDPE
increases with increasing molecular weight (MW) and SCB
content. High MW indicates the presence of long polymer
chains that can crystallize into two or more lamellae and
form inter-lamellar connections that improve ESCR (10,
15, 16). High SCB content disrupts the formation of the
crystalline phase and forces polymer chains into the amor-
phous phase. Increase in amorphous phase material is be-
lieved to lead to formation of more tie-molecules (17, 18).
SCB also hinders chain slippage from a lamella by acting as
an “anchor point” (19). Since inter-lamellar linkages are an
important factor influencing ESCR of polyethylene, most
research on ESCR in the past has traditionally focused on
the amorphous phase of the material.

Published work on the effect of the crystalline phase of
PE on ESCR has revealed unclear relationships. Earlier
work by Hittmair and Ullman (20) showed an increase
in ESCR with increase in crystallinity. A probabilistic ap-
proach to the calculation of tie-molecule concentration, as
developed by Huang and Brown (15, 21), stated that ESCR
of polyethylene is inversely proportional to the thickness
of the lamella, because more chains of lower MW can act
as tie-molecules when the lamellae are thinner. This im-
plies an increase in ESCR with decreasing crystallinity. Lu
et al. (7) observed that annealing of PE below 113◦C im-
proves its slow crack growth resistance (SCGR). At anneal-
ing temperatures above 113◦C, the SCGR of PE decreases
with increasing anneal temperature. Lu et al. (7) attributed
the former observation to an increase in crystal perfection
with annealing. The latter observation was concluded to
be caused by a decrease in tie-molecules due to increased
incorporation of chains into the crystalline phase. Most
experimental observations of the relationship between PE
crystallinity and ESCR were made as a side note on re-
search about the effect that molecular characteristics have
on tie-molecule concentration (19, 22, 23). These publica-
tions generally show that a decrease in crystallinity is merely
a side effect of an increase in inter-lamellar links due to an
increasing SCB content.

There is no doubt that the influence of crystallinity on
ESCR of polyethylene is complicated and further clar-
ification is needed. Previous work on crystallinity and
ESCR was mostly restricted to a few resins of limited MW
and molecular weight distribution (MWD) range. In the
work presented herein, high density polyethylene resins
of a wide range of MW and MWD are studied to in-
vestigate and quantify the effect of crystalline phase on
ESCR. ESCR of resins is associated to classical crystalline
phase property indicators, such as crystallinity and lamella
thickness. In addition to these indicators, a lamella lat-
eral surface analysis and its effect on ESCR is pursued
further.

2 Experimental

2.1 Size Exclusion Chromatography - SEC

Molecular weight (MW) and molecular weight distribu-
tion (MWD) of resins were characterized using high tem-
perature size-exclusion (gel permeation) chromatography
(SEC/GPC). The equipment used was a Waters GPCV
150+ equipped with a refractive index detector and a Vis-
cotek 150R viscometer (operating at 140◦C, using

1,2,4-trichlorobenzene (TCB) as solvent). Average
molecular weights were calculated based on narrow
polystyrene standards.

2.2 13C–NMR

Short chain branch (SCB) content per one thousand carbon
atoms of resins was determined using Carbon-13 nuclear
magnetic resonance spectroscopy (13C-NMR).

13C-NMR analysis was done with an AVANCE 500
Bruker NMR. Experiments were run at 120◦C. Each sam-
ple consisted of 5 mg of polymer dissolved in trichloroben-
zene, with trichloroethylene (TCE) as the tracer.

2.3 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was used to determine
the crystallinity of polyethylene resins. The analysis was
carried out on a TA Instruments DSC 2920 module. A
10◦C/min ramp from 40◦C to 240◦C was used for all sam-
ples. The theoretical value of heat of fusion for a 100%
crystalline polyethylene used in the calculation of percent
crystallinity of samples was 293.6 J/g (24). The sample size
used per run was approximately 5 mg.

The peak melting temperature from DSC was used for
the calculation of the lamella thickness based on the well
established Gibbs-Thomson equation (Equation 1) (25).

Tm = To
m

(
1 − 2σe

�hml

)
(1)

Tm is the observed melting temperature of the resin at
the peak of the DSC curve. l is the lamella thickness. The
other parameter values used for polyethylene were based
on the work by Wlochowicz and Eder (25). To

m = 415 (K) is
the equilibrium melting temperature of an infinite crystal;
σe = 60.9 × 10−3 (Jm−2) is the surface free energy of the
basal plane; and �hm = 2.88 × 108 (Jm−3) is the enthalpy
of fusion per unit volume.

2.4 X-Ray Diffraction

2.4.1. Wide angle X-ray scattering (WAXS)
Two types of X-ray scattering techniques were used in
this study. The first was the standard X-ray diffraction,
also known as wide angle X-ray scattering (WAXS).
Discs of 25mm diameter and 1mm thickness were
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574 Cheng et al.

compression-molded at 190◦C, 10000 lbf and then quench
cooled. WAXS experiments were conducted using a Stoe
two circle goniometer in a Bragg-Brentano geometry
equipped with a Moxtek solid state detector and sourced by
an Enraf Nonius 571 rotating anode generator. The scatter-
ing angle was from 6◦ and greater. Scattering intensity max-
ima were observed at 21.5◦ and 23.9◦. The integrated area of
the scattering intensity peaks has been shown to be propor-
tional to the mass of the crystalline phase (26). Therefore,
the overall crystallinity of a semi-crystalline polymer can
be calculated using Equation 2.

%crystallinity =
∫ ∞

o Icr∫ ∞
0 Icr + ∫ ∞

o Iam
× 100 (2)

Icr is the scattering intensity of the crystalline phase peaks.
Iam is the scattering intensity of the amorphous phase, taken
as the remainder area under the total scattering curve that
is outside of the crystalline peaks.

2.4.2. Small-angle X-ray scattering (SAXS)
Small-angle X-ray scattering tests were used to obtain long
period (L) measurements of resins. Experiments were car-
ried out on a Bruker AXS NaoStarU with a Hi-Star 2D
detector. Compression-molded discs of 25 mm diameter
and 1 mm thickness were used, as in the WAXS experi-
ments. The long period (L) of each resin was calculated
based on Equation 3, with λ fixed from the equipment, and
ε and n obtained from the spectra. Lamella thickness of
polyethylene was subsequently calculated using Equation
4 and the long period (L) information, combined with the
results of percentage crystallinity information either from
the DSC or the WAXS methods.

Lε = nλ (3)

L-long period, ε - Bragg’s angle of the intensity maximum,
n-level of scattering (usually has the value of 1), λ - wave-

length of the X-ray

Lamella thickness = %crystallinity × L (4)

2.5 Environmental Stress Cracking Resistance (ESCR)

Environmental stress cracking resistance of polyethy-
lene was measured using the notch constant load test
(NCLT). Experiments were run following the guidelines
of ASTM D5397, at 50◦C in a temperature bath containing
10% Igepal (nonyl phenyl ether glycol, C19H19-C6H4-O-
(CH2CH2O)8-CH2CH2OH) solution. A load at 15% of the
yield stress of the material was used to ensure fracture oc-
curred in the brittle failure region (1). Dogbone shaped
samples were cut out from plates of polymer made by com-
pression molding at 190◦C ± 5◦. Specimen dimensions are
shown in Figure 1. The thickness of the sample was 1.8 ±

Fig. 1. Dogbone dimensions for NCLT.

0.1 mm. A notch was introduced into the samples at the
middle of the dogbone using a sharp razor blade. For our
tests, we used a notch that was 40% of the thickness of
the sample instead of 20% as indicated by ASTM D5397.
Conclusions on ESCR results were not affected by this
modification. A detailed discussion regarding the effects of
notch depth on NCLT results can be found in Cheng et al.
(27).

3 Results and Discussion

3.1 Environmental Stress Cracking Resistance

High density polyethylene (HDPE) resins from various in-
dustrial sources have been considered in this project. These
resins (Table 1) have been designed for a variety of applica-
tions. PE1-3 are blow molding resins, PE4-5 are injection
molding resins, and PE7-10 are pipe resins. Different resin
characteristics are listed in Table 1. Mn, Mw, and Mz stand
for number-average, weight-average and z-average molec-
ular weights, respectively. PDI is the polydispersity index
based on Mw/Mn. The SCB column gives the number of
short chain branches per one thousand carbon atoms for
the resins. All resins were copolymers with the butyl group
as a side chain. PE9 also had a small amount of methyl
group side chains.

The ESCR values of the pipe resins were found to be
much higher than all the other resins (Table 1). Since pipe
resins are designed to have high ESCR (28), this is expected.
PE7, PE9 and PE10 are PE100-grade pipe resins. PE8 is a
PE80-grade pipe resin, and so it is expected to have lower
ESCR than a PE100-grade. The ESCR values in Table 1
reflect the difference in pipe resin grading. Of all the PE100
resins, PE10 has the “best” (largest) ESCR. Samples of
PE10 did not fail in NCLT even after 3000 hours. This is
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Table 1. Material characteristics of resins

ESCR Mn Mw Mz SCB
Resin (hours) (kg/mol) (kg/mol) (kg/mol) PDI (/1000C)

PE1 4.8 16.3 127.5 814.0 7.8 2.8
PE2 1.2 15.7 118.5 837.1 7.6 1.1
PE3 2.8 17.9 140.1 889.8 7.8 0.9
PE4 3.6 19.7 79.4 239.3 4.0 3.8
PE5 N/A 11.4 49.7 157.8 4.4 7.0
PE6 N/A 14.0 62 195.0 4.4 4.7
PE7 1396 11.8 222.8 1593.5 18.9 4.3
PE8 198 14.0 202.1 1398.4 14.4 4.5
PE9 843 10.4 217.9 1244.2 20.9 7.0
PE10 >3000 5.9 315.4 2129.3 53.3 11.8

due to the higher MW of PE10. For non-pipe resins, PE1
and PE4 have the best ESCR values. Two resins, PE5 and
PE6, could not be tested using NCLT because they were
brittle and could not survive the notching process.

A higher ESCR value is associated with higher MW be-
cause longer chains can form inter-lamellar links more ef-
fectively (15). PE7-10 have higher MW than PE1-4. Hence,
they exhibited higher ESCR (Table 1). The influence of the
higher MW tail of the MWD is reflected more so in the Mz-
average molecular weight values than in the other averages.
In general, resins with higher Mz values have higher ESCR.
Another indicator that can reflect presence of large chains
in a polymer system is the PDI. PE7-10 have larger PDI val-
ues than PE1-4. A large PDI value indicates a MWD with a
large high-MW-end-tail, hence, the presence of more chains
of higher MW in the system. Higher MW chains improve
the ESCR of the resin, thus resins with high PDI (Table 1)
have higher ESCR.

Differences in MW alone cannot explain differences in
ESCR values. Comparing PE1-4, PE3 has the highest MW
of the four resins, yet its ESCR is relatively low. Looking
at the SCB/1000C atoms measurement of these resins, it

can be seen that PE2 and PE3 have lower SCB content
than the others. The lower SCB content gives these resins
lower ESCR. As mentioned earlier, an increase in SCB
content is known to increase formation of inter-lamellar
links and prevent chain slippage from lamellae, hence, it
overall improves the ESCR of polyethylene.

3.2 Crystallinity and Lamella Thickness

Crystalline phase characteristics of resins were investigated
using DSC and X-ray diffraction methods. Since percentage
crystallinity and lamella thickness values were obtained us-
ing both techniques, in order to avoid confusion a definition
of certain terms is in order from the outset of this section.
In the following, DSC-crystallinity refers to the percentage
crystallinity of polymer obtained using the DSC method
outlined in section 2.3; WAXS-crystallinity is the percent-
age resin crystallinity based on Equation 2 in section 2.4.
DSC-lamella thickness is calculated using Equation 1 and
the peak melting temperature from the DSC curve. On
the other hand, SAXS-lamella thickness refers to lamella
thickness based on the long period information from SAXS
(Equations 3 and 4 of section 2.4).

3.2.1. Resin crystallinity measurements
Information regarding percentage crystallinity of resins is
presented in Table 2. All resins have crystallinity values that
are 50% or higher, characteristic of HDPE. Crystallinity
values of resins in this study mainly reflect the SCB influ-
ence. Presence of SCB is known to interrupt formation of
crystalline lamellae; hence, higher SCB content decreases
the overall crystallinity of a polymer (11). PE10 has lower
crystallinity than other resins because of higher SCB con-
tent (Table 1). In contrast, PE2 and PE3 have higher crys-
tallinity than all other resins because of their low SCB
content.

From Table 2, it is observed that the WAXS-crystallinity
values are systematically higher than the DSC-crystallinity

Table 2. Crystallinity and lamella thickness of resins

DSC SAXS

DSC WAXS Melt temperature Lamella thickness L - long Lamella thickness
%crystallinity %crystallinity (◦C) (nm) period (nm) (nm)

PE1 55.4% 61.9% 130.5 15.3 24.27 13.3
PE2 58.8% 70.2% 135.5 26.8 28.68 16.7
PE3 57.9% 66.4% 134.1 22.3 25.53 14.7
PE4 55.1% 60.2% 130.1 14.7 23.31 12.7
PE5 53.9% 61.1% 129.1 13.6 19.94 10.7
PE6 56.6% 63.0% 129.8 14.4 21.60 12.1
PE7 53.3% 60.0% 130.7 15.5 24.75 13.1
PE8 56.2% 60.3% 128.6 13.1 26.61 14.8
PE9 61.5% 63.3% 129.9 14.6 24.27 14.9
PE10 51.1% 59.5% 127.0 11.7 24.54 12.4
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Fig. 2. Percentage crystallinity of resins by DSC and WAXS.

values. Other published work also observed that the WAXS
method tended to give a higher measured crystallinity value
than that from the DSC method (29, 30). The differences be-
tween crystallinity determinations obtained using the two
methods are believed to be due to the different nature of the
two methods. DSC-crystallinity is based on the enthalpy of
fusion of polymer crystals, whereas WAXS-crystallinity is
based on scattering intensity peaks. Thus, the two methods
reflect aspects of the crystalline phase that are fundamen-
tally different from each other. Therefore, differences be-
tween the DSC-crystallinity and WAXS-crystallinity val-
ues can be expected. In Figure 2, the crystallinity values
of resins are plotted in ascending order. The linear regres-
sion confirmed (as expected) that the DSC-crystallinity and
WAXS-crystallinity have similar slope values, but different
intercepts. The WAXS-crystallinity has a larger intercept
value (58.18%) than the DSC-crystallinity (50.61%). This
result indicates that despite the differences in actual crys-
tallinity values between the two methods, the trend in resin
crystallinity is the same from both methods. This consistent
trend (Figure 2) confirms the real crystallinity differences
between the resins.

Independently replicated tests and repeats were carried
out on both DSC and WAXS determinations in order to
investigate further the precision of the measurements. For
DSC, the average coefficient of variation (standard devi-
ation/mean) for the measurements was 0.059, based on
an average of 10 independently replicated measurements
per resin, thus demonstrating the good reproducibility of
the DSC measurements. For WAXS experiments, being
not such a commonly used or studied technique, indepen-
dent replication with selective resins started with step one,
namely the molding of plates. ANOVA (ANalysis Of VAri-
ance) technique was used to investigate different sources
of variability. In Table 3, ANOVA of PE9 is presented. The

F-observed value is smaller than the F-critical value of 7.71
according to a 5% significance level and (1,4) degrees of
freedom. This means that the test procedure does not con-
tribute statistically significant variability to the measure-
ments. Therefore, the WAXS measurements can be trusted
to reflect material property differences.

3.2.2. Lamella thickness measurements
Lamella thickness (DSC and SAXS) information of resins
is also presented in Table 2. The values of lamella thickness
are within the range of reported lamella thickness values
for polyethylene (6). The differences in lamella thickness
values seem to follow the differences in SCB content of
resins. Resins with lower SCB content (PE2 and PE3) have
thicker lamellae.

Overall, the lamella thickness values obtained from DSC
and SAXS are similar. This can be seen in Figure 3, where
the ratio of the DSC-lamella thickness value to the SAXS-
lamella thickness value fluctuates about 1. However, for
PE2 and PE3 the DSC method gives a much higher lamella
thickness value than the SAXS method (Table 2). SAXS
long period is a measurement of the average periodic spac-
ing in a polymer system (26). Therefore, SAXS-lamella
thickness is a measurement of the average lamella thick-
ness of the system. On the other hand, the DSC result is
based on the peak melting temperature, which is associ-
ated with the most abundant lamella thickness present in a

Table 3. ANOVA of WAXS measurements for PE9

df SS MS F

Different molding of plates 1 0.00144 0.00144 6.26
Same molding of plates 4 0.00094 0.00023
Total 5 0.00238

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
2
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Phase Interconnectivity and ESCR of PE 577

Fig. 3. Ratio of DSC-lamella thickness value to SAXS-lamella thickness value.

polymer system. The SAXS-lamella thickness is analogous
to the mean of a data set, while the DSC-lamella thickness
is the mode of the data set. Therefore, some difference be-
tween the most abundant lamella thickness value and the
average lamella thickness value can be understood.

SAXS-lamella thickness values are calculated using the
SAXS long period information and the percentage crys-
tallinity of the resin (Equation 4). In this study, resin crys-
tallinity was obtained from both the DSC and WAXS meth-
ods. SAXS-lamella thickness values presented in Table 2
are calculated using DSC-crystallinity. It was established
in section 3.2.1 that the DSC-crystallinity and the WAXS-
crystallinity showed the same trends. Therefore, regardless
of which crystallinity measurement is used, the calculated
SAXS-lamella thickness would show the same trend. This

fact is confirmed by Figure 4, where the ratio of SAXS-
lamella thickness calculated based on DSC-crystallinity
and WAXS-crystallinity is plotted. The ratio is about 1,
thus indicating that lamella thickness values are in good
agreement regardless of which crystallinity determination
alternative is used. Henceforth, in the remainder of the pa-
per, discussions regarding SAXS-lamella thickness values
are based on DSC-crystallinity.

Lamella thickness values for PE are reported in nanome-
tres. Therefore, the precision of these determinations is im-
portant. For DSC peak melting temperature, the average
coefficient of variation is 0.009, based on an average of
10 independent replicate measurements per resin. There-
fore, once again, the precision of SAXS experiments was
explored using selective independently replicated tests and

Fig. 4. Ratio of lamella thickness calculated using WAXS-crystallinity and DSC-crystallinity.
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Table 4. ANOVA of SAXS measurements for PE9

df SS MS F

Same molding of plates 4 0.22803 0.05700 8.333
Different molding of plates 1 0.00684 0.00684
Total 5 0.23487

ANOVA. Independent replication started again from the
sample molding step. For comparative purposes, the analy-
sis results for PE9 are presented (Table 4). The F-observed
value in Table 4 is smaller than the F-critical value of 224.6
(based on a 5% significance level and (4,1) degrees of free-
dom), indicating again that there is no significant contribu-
tion to the measurement variability by the test procedure.

3.3 Crystalline Phase Characteristics and ESCR

3.3.1. Crystallinity and ESCR
The coexistence of crystalline and amorphous phases gives
rise to the semi-crystalline nature of polyethylene. Mechan-
ical behavior of PE is influenced by both phases. ESCR
of polyethylene is believed to be mainly controlled by the
amorphous phase of the material. PE resins with more
inter-lamellar linkages have higher ESCR. However, the
number of inter-lamellar links in the amorphous phase does
not matter if their ends could not be fixed in the crystalline
phase. This is a relationship of “anchors” and “ropes”. The
precise number of inter-lamellar connections in the amor-
phous phase cannot be directly measured despite a variety
of approaches that have been attempted (6, 31). Since the
number of “ropes” cannot be measured, we decided to look
at the nature of the “anchor”.

It is well established that an increase in crystallinity in-
creases the tensile yield strength of polyethylene (9). Weight
percentage crystallinity is the most often quoted crystalline
phase measurement for polyethylene. In Figure 5, ESCR is
plotted against the DSC-crystallinity for all resins in this
study. Log scale is used because of the large differences in
ESCR values of the resins (Table 1). The data points are
rather scattered in Figure 5, indicating that no clear cor-
relation exists between percentage crystallinity and ESCR.
The lack of an established correlation pattern is most likely
due to major MW differences between resins (Table 1).
PE crystallinity is strongly influenced by SCB content. On
the other hand, ESCR of polyethylene is influenced first
by MW, and only secondarily influenced by SCB content.
This lack of correlation pattern when the MW range is
wide may explain the inconsistent observations reported
regarding crystallinity and ESCR in the literature.

On closer inspection of the lower MW resins (PE1-4
in Table 1), there exists a trend of lower crystallinity (both
DSC-crystallinity and WAXS-crystallinity) associated with
higher ESCR (Table 2). PE1 and PE4 have lower crys-
tallinity compared to PE2 and PE3 because of higher SCB
content (Table 1). SCB is known to disrupt lamella for-
mation and decrease crystallinity (11). Lower crystallinity
means there is a higher percentage of amorphous phase,
and this higher percentage of amorphous material could
lead in its turn to formation of more inter-lamellar link-
ages, which is known to increase ESCR (15).

For the high MW range HDPE resins in this study (PE7-
10), the relationship between crystallinity and ESCR is
more complicated. PE9 has one of the highest crystallinity
values of all resins, yet its ESCR is high (see Tables 1 and
2). It seems that when MW is high, an increase in crys-
tallinity does not result in large reduction of chains in the

Fig. 5. ESCR vs. DSC-crystallinity for PE1-4 and PE7-10.
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Fig. 6. ESCR vs. SAXS-lamella thickness for PE1-4 and PE7-10.

amorphous phase because the chains are of sufficient length
to form crystalline lamellae and amorphous links. When
there is a sufficient number of inter-lamellar links, large
crystals may in fact improve ESCR of the material because
the crystals are stronger. This confirms observations by Lu
et al. (7) on the annealing effect on slow crack growth of
PE. It needs to be noted that this postulation only applies
to polyethylene copolymers, because high MW high crys-
tallinity PE homopolymer is known to have poor/lower
ESCR (32).

3.3.2. Lamella thickness and ESCR
Lamella thickness is another frequently used crystalline
phase indicator for polyethylene. For resins in this study,
DSC-lamella thickness and SAXS-lamella thickness values

were presented in Table 2. Lamella thickness has been pro-
posed to be inversely related to formation of tie-molecules
(15), therefore, inversely related to ESCR of PE. For resins
of similar MW (PE1-3), smaller lamella thickness values
can be seen to correlate with higher ESCR values (Tables
1 and 2). PE1 has thinner lamellae and higher ESCR than
PE2-3 because of its higher SCB content than the other
two resins. However, when the same analysis is extended
to all resins in this study, no significant correlation can be
observed between lamella thickness and ESCR of resins.
In Figure 6, a plot of ESCR and SAXS-lamella thickness
is presented. SAXS-lamella thickness values are used be-
cause they represent average lamella thickness as discussed
in section 3.2.2. The lack of trend for the data points in
Figure 6 indicates that when MW differences of materials

Fig. 7. Schematic illustration of spherulite and lamella, adapted from ref. (13, 35).

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
2
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



580 Cheng et al.

Fig. 8. Rectangular prism representation of lamella.

are large, there is no easily established correlation between
lamella thickness and ESCR of polyethylene.

3.3.3. Lamellar lateral surface and ESCR
A tough polymer has superior brittle crack resistance.
It was recently proposed that the toughness of semi-
crystalline polyester films depends on the interconnectivity
of their crystalline and amorphous phases (33). It seems
that changes in phase interconnectivity could not be ad-
equately reflected in changes in crystallinity and lamella
thickness of resins. Inter-lamellar links reside predomi-
nantly at the lateral lamella surface (34), as illustrated in
Figure 7, therefore changes in lamella lateral surface area
should reflect changes in phase interconnectivity.

The crystalline phase of polyethylene consists of
spherulites made up of flat shape lamellae (Figure 7), where
the lateral dimensions of the crystals are much larger than
their thickness. Researches have shown that inter-lamellar
links form part of the lamella “stems” and protrude from
the crystal surfaces more or less perpendicular to the lat-
eral dimensions (6). It has also been reported that 10% or
more of lamella “stems” consist of inter-lamellar connec-
tions (6, 36). Therefore, it is reasonable to presume that
PE with larger lamella lateral surface areas will have more
inter-lamellar linkages and higher phase interconnectivity.

Unlike a solid catalyst, the surface area of polyethylene
lamellae cannot be measured using a technique such as
BET surface analysis. However, the total lateral surface
area of lamellae can be calculated based on some under-
standing of polyethylene microstructure. Since its lateral
dimensions are much larger than its thickness, a lamella
can be viewed as a thin flat crystal. PE lamellae are often
represented by rectangular blocks in micromechanical sim-
ulations for mechanical response studies (37). In this study
lamellae are also viewed as thin rectangular prisms (Figure
8.). For a prism of known volume, its cross-sectional area
can be calculated based on its height. The same idea can be
applied to rectangular lamella crystals as well. Then the to-
tal lamella lateral surface area would be equal to twice that
of its cross-sectional area because a lamella has two lateral
surfaces. However, inter-lamellar links extended from the

lower lateral surface of one crystal are associated with links
anchored in the upper lateral surface of the lamella below
(see Figure 7). Therefore, when calculating lamella lateral
surface area in relation to phase interconnectivity, only one
side of the lamella should be accounted for. The lamella
lateral surface area per mole, henceforth referred to sim-
ply as lamella area, can be calculated from the following
equation:

lamella area [m2/mole]

= specific volume of crystal[m3/kg]
lamella thickness[m]

•MW of crystal[kg/mole] (5)

The packing of chains in the crystalline lamella is gov-
erned by the steric interaction of molecules (6). Therefore,
PE crystals can be considered to be incompressible and of
constant density. The lamella density is very nearly equal to
the unit-cell density of a perfect polyethylene crystal, which
is equal to 1 kg/m3(24). Therefore, the specific volume of a
PE crystal is 1 m3/kg.

The lamella thickness value can be obtained from either
DSC or SAXS measurements (Table 2). To simplify calcu-
lations, it is assumed that there is no variation of thickness
within each lamella crystal, and hence lamella thickness

Table 5. Lamella area estimates of resins

Lamella area based on Lamella area based on
DSC-lamella thickness SAXS-lamella thickness

(m2/mole) (m2/mole)

PE1 4.62E+09 5.25E+09
PE2 2.60E+09 4.13E+09
PE3 3.64E+09 5.49E+09
PE4 2.97E+09 3.41E+09
PE5 1.96E+09 2.49E+09
PE6 2.44E+09 2.87E+09
PE7 7.63E+09 9.00E+09
PE8 8.64E+09 7.59E+09
PE9 9.27E+09 8.98E+09
PE10 1.38E+10 1.29E+10
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Fig. 9. Lamella area estimates based on SAXS-lamella thickness and DSC-lamella thickness measurements.

values can be applied to the entire crystal. As with other
properties of a polymer, such as MW, there is a dis-
tribution of lamella thickness in a polymer system. In
our calculations the lamella thickness distribution is as-
sumed to be uniform because the average lamella thick-
ness value (SAXS-lamella thickness) and most abundant
lamella thickness value (DSC-lamella thickness) for resins
were shown to be similar (see section 3.2.2).

The MW of a crystal for a resin is taken as its Mw
(Table 1) multiplied by its percentage crystallinity (Ta-
ble 2). The DSC-crystallinity and WAXS-crystallinity val-
ues have been shown to exhibit the same trends in section

3.2.1. Separate crystal-MW calculations based on these two
crystallinity measurements would only be different by a
scaling factor, therefore, only DSC-crystallinity values were
used in subsequent calculations.

The lamella area calculated based on Equation 5 is an
aggregate representation of the total lamella lateral sur-
face area in a polymer system. In Table 5, lamella thick-
ness values are shown based on calculations done using
SAXS-lamella thickness values and DSC-lamella thickness
values. As mentioned in section 3.2.2, SAXS-lamella thick-
ness is a measure of the average lamella thickness, while
DSC-lamella thickness values represent the most abundant

Fig. 10. SCB influence on lamella thickness and lamella area for PE1-3.
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Fig. 11. ESCR vs. lamella area of resins based on SAXS-lamella thickness values.

lamella thickness. The pipe resins (PE7-10) have larger
lamella area values than non-pipe resins (PE1-6). PE10
has the largest lamella area value of all resins. In Figure 9,
the lamella area values calculated based on SAXS-lamella
thickness and DSC-lamella thickness are plotted against
each other. It can be seen that lamella area values based on
DSC and SAXS methods align at the y = x line, indicating
that both type of thickness measurements give exactly the
same trends.

The lamella area estimate is affected by the lamella
thickness value, and hence strongly influenced by the SCB
content of the resin. In Figure 10, lamella thickness and
lamella area are plotted together as a function of changes
in SCB/1000 carbon atoms for PE1-3. PE1-3 are used to
illustrate this point because they have similar MW, con-
sequently the effect of SCB can be seen with minimum
influence from MW differences. Among the three resins, as
the SCB content of the resins increases (Figure 10), lamella
thickness values decrease while lamella area values increase.

In earlier sections, plots between crystallinity, lamella
thickness and ESCR did not show any meaningful cor-
relations. Resins, such as PE1 and PE7 that have similar
SAXS-lamella thickness values, have significantly differ-
ent ESCR values (Tables 1 and 2). In Figure 11, ESCR is
plotted against the lamella area of resins (based on SAXS-
lamella thickness values). The graph shows an increasing
ESCR with increasing lamella area values, thus verifying
the postulation that larger lamella area means a higher
probability for occurrence of inter-lamellar linkages, which
eventually improves ESCR. By taking into account both
MW and SCB influences on the crystalline phase, lamella
area values more accurately reflect changes in phase inter-
connectivity, thus offering a better correlation to ESCR
of the resins than simply crystallinity or lamella thickness
values.

4 Conclusions

A large body of research exists on crystalline phase in-
fluences on ductile deformation behavior of polyethylene.
For brittle fracture behavior, the effect of crystallinity on
ESCR of polyethylene has remained unclear. It is generally
accepted that an increase in the number of inter-lamellar
linkages in the amorphous phase would result in decreases
in PE crystallinity. Therefore, PE with high ESCR should
have low crystallinity. In this study, behavior of resins with
similar MW (PE1-3) confirmed this observation. However,
correlations between crystallinity and ESCR over resins of
different MW showed no meaningful results. Resins with
very different ESCR values, such as PE4 and PE8, can have
similar crystallinity values. Based on the resins in this study,
we conclude that when MW differences are large, overall
crystallinity cannot be correlated to ESCR of PE. Attempts
to correlate lamella thickness to ESCR showed a similarly
ambiguous relationship as that between crystallinity and
ESCR.

Inter-lamellar links, which are critical to ESCR of
PE, must “anchor” in lamellae as the term suggests.
Theorization on the ESCR behavior from the point
of interconnectivity between crystalline and amorphous
phases leads to the study of the relationship between
lamella lateral surface area and ESCR. Unlike crys-
tallinity and lamella thickness that predominantly show
SCB effects, lamella area calculations take into ac-
count both SCB and MW influences. Our work showed
that increasing ESCR is associated with an increasing
lamella lateral surface area of PE. Larger lamella lat-
eral surface area increases the probability of inter-lamellar
linkage formations, which leads to improved phase in-
terconnectivity and hence, higher ESCR for polyethy-
lene.
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