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ABSTRACT: Silane moisture-cured metallocene-catalyzed
polyethylene (mPE) to form an elastomer has been prepared.
Metallocene polyethylenes with two different levels of
comonomer contents were grafted with various amounts of
vinyltriethoxy silane. “Threshold” fracture energy is
roughly proportional to the reciprocal square root of
Young’s modulus. By relating tensile strength to tear
strength, the corrected average depth of flaw is in the range
of 40.5 � 11.0 �m, which successfully confirms the extension
of conventional elastomeric theory to the low crystalline
vulcanizates under some limitations. The cutting strength of

mPE vulcanizates gives an intermediate value when com-
pared with crystalline plastics and conventional elastomer,
and is comparable with other evaluations of cutting strength
for different types of materials, which further signifies the
importance of crystalline yielding even in the nano-fracture
zone of deformation. © 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 101: 2472–2481, 2006

Key words: metallocene polyethylene (mPE); silane
crosslinking; fracture behaviors; depth of flaw (natural flaw
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INTRODUCTION

Thermoplastic elastomers (TPEs) generally possess
elastomeric characteristic, yet can be efficiently pro-
cessed as thermoplastics. Thus, TPEs have received
much attention recently.1 Major classes of TPEs in-
clude block copolymers, such as styrene–butadiene–
styrene (SBS), and blends of elastomers with thermo-
plastics. To further upgrade the performance of TPE, a
new generation of elastomer, metallocene polyethyl-
ene (mPE), is chosen here. In particular, mPE can be
employed as TPE and conventional elastomer as well.
When a low compression set is required, a complete
cure of mPE should be imparted. This work was car-
ried out to investigate the properties of this cured
elastomer. The successful development of mPE is con-
sidered to be one of the most significant achievements
in polymer history for the past 20 years.2–4 Numerous
works have been devoted to new applications for this
tailored unique polymer.

As metallocene polyethylene is a low-crystalline
elastomer and is different from a conventional elas-
tomer, factors to affect fracture behavior could be
complicated such as, crystallinity, curing degree, mor-

phology, etc. No much details of work in the fracture
behavior were investigated. Our earlier work has par-
ticularly elucidated the effect of the crosslinking types
on the strength of polybutadiene and styrene–buta-
diene copolymer under a viscoelastic response.5 Frac-
ture energy could be measured using tear test, etc.
Threshold fracture energy under a minimized energy
dissipation condition was proportional to the square
root of the number average of the molecular weight
between crosslinks for a COC crosslinked elas-
tomer.5–7 The deformation of a typical elastomer was
characterized by a model of natural flaw size (edge
crack) with an effective crack tip diameter. The
strength of material was governed by the effective
crack tip diameter varied with a viscoelastic condi-
tion.8 For crystalline material, the dissipation of mate-
rial is not limited to a viscoelastic response. Enhanced
energy dissipation is ascribed to factors from crystal-
line, filler, etc. Highly crystalline material like high-
density polyethylene (HDPE) was studied to signify
the importance of crystalline region on the strength of
materials. Fracture zone of deformation in an order of
spherulite size was deduced.9,10 Except for those con-
ventional thermoplastics and amorphous elastomers
that were studied, to the authors’ knowledge, there is
no literature available in discussing the aforemen-
tioned factors on the strength of the newly prepared
postcured crystalline elastomer. The objective of this
work is in attempt to apply the previous theories for
the thermoplastic materials with a relatively low crys-
tallinity like mPE. Most importantly, the evolution of
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the depth of flaw using a similar approach in amor-
phous elastomeric materials has not been extended to
this type of low crystalline elastomer before. Care
should be taken to apply the previous theories in
many aspects, such as the basic assumption of the
conventional elastomer possessing elasticity.

Recently, some works were focused on the dynam-
ical properties, rheological properties, and various
types curing effects on mPE.11–13 For a silane cure
approach, it is well known that this silane-cured tech-
nology was developed earlier in 1970 for conventional
polyethylene.14 Silane cure products have been ap-
plied to the cable industry since then. Recent works
have been devoted to silane-cured mPE in various
applications. Shieh et al.15 have investigated water
crosslinking reactions of silane-grafted polyolfin
blends under static vulcanization. The crystallinity ef-
fect on the degree of crosslinking was discussed. One
particular article regarding the formulation, morphol-
ogy formation, property profiles, and processing char-
acteristics for PP/mPE thermoplastic vulcanizate
(TPV) was described by Fritz et al.16 This new TPV
prepared via dynamic water crosslinking offers a col-
orless feature for the automotive application. Unfor-
tunately, there was only a limit discussion on mechan-
ical properties. Further work is in great need to un-
derstand the fracture behavior of this new type of
vulcanizate.

In this study, mPE is chosen as a typical elastomer.
MPE grafted with silane was prepared to obtain wa-
ter-cured mPE vulcanizate. Both factors (crosslinking
and crystallization) would affect the interfacial
strength and ultimate properties of materials.5,17 The
recently developed correlation of tear strength and
tensile strength for the conventional elastomer would
also be applied to derive a corrected depth of flaw for
a thermoplastic elastomer like mPE for the first time.6,8

The effective crack tip diameter and threshold fracture
energy were also calculated.18–22 The cutting test to
confine a crack tip was carried out to signify the
importance of the crack tip diameter.8,19,22 Several
types of other polymers listed in the literature are
summarized and compared to assess the effect of crys-
talline yielding for mPE vulcanizates.

EXPERIMENTAL

Materials

The materials used in this study were metallocene
polyethylenes (mPEs). mPEs with a melt index of 1.0
were supplied from Dow Corporation under the trade
names of EG8100 and EG8003, corresponding to oc-
tene comonomer contents (%) of 24 and 18, respec-
tively. The initiator, dicumyl peroxide (DCP, Coin
Akzo Nobel Co.), vinyl triethoxy silane (VTEOS,
Fluka), and dibutyltin dilaurate (DBTL, Aldrich) are

reagent grade and used to impart silane grafting of
mPE followed by a subsequent curing.

Sample preparations

The grafting reaction of mPE with various dosages of
silane containing 0.1 phr of peroxide and 0.05 phr of
the catalyst was carried out using an internal mixer
(Brabender 815605, Plastograph) under 50 rpm for 10
min at 180°C. The resulting batches were hot pressed
to form a thin sheet in a compression-molding ma-
chine. Curing was then effected and completed
through a water bath for 4 h at the prescribed temper-
ature of 80°C for most prepared samples. Note that a
lower temperature of 50°C was used to activate water
curing of mPE 8100 with a relatively low melting
temperature to prevent a distortion of sample. Tensile
test specimens complied with ISO-37 Type (III) stan-
dard were then prepared through a die cut. Trousers
tear test specimens with a thickness of 1 mm were
prepared with backing cloth at one side and with a
center groove of 0.2 mm deep at both sides to guide a
crack propagation. Thus, the thickness remained to be
torn through is about 0.6 mm. Cutting test specimens
with a thickness of 1 mm were also prepared with
backing cloth at one side to prevent an extension of
sample legs under load.

Measurements

Structure and thermal characterizations

The Infrared spectra for graft polymer were recorded
on an attenuated total reflection spectrophotometer
(Perkin-Elmer) at a resolution of 4 cm�1 for 32 scans
from 4000–650 cm�1. The glass transition temperature
(Tg) was determined via a dynamic mechanical ana-
lyzer DMA (Perkin-Elmer, DMA 7e) under a three-
point bending mode at a frequency of 1 Hz at a heat-
ing rate of 5°C/min from �100 to 120°C. The melting
temperature (Tm) was measured using a DSC (DuPont,
TA2010) at a heating rate of 10°C/min from 5 to 200°C.
The crystallinity was calculated by taking the heat of
fusion divided by the enthalpy required for 100%
crystallinity equal to 289 J/g here.23 Continuous ex-
traction of cured samples in boiling p-xylene (140°C)
was carried out corresponding to ASTM D 2765-90
using a Soxhlet extraction method. Gel content was
calculated by the ratio of the weight of dried insoluble
samples and the weight of samples before swelling.

Rheological and mechanical tests

Rheological measurements were carried out using
Gottfert 1501 to determine shear viscosity against
shear rates ranging from 10 to 800(1/s) at 200°C. Ten-
sile measurements were conducted based on ASTM-
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D638 at a crosshead speed of 20 cm/min under vari-
ous test temperatures ranging from room temperature
to 110°C using a Universal Tensile Testing Machine
model GY6040A4. Tensile strength, elongation, and
yield strength were recorded. Energy density (Ub) un-
der a stress–strain curve was determined as well.
Trousers tear test was carried out in a similar condi-
tion to determine fracture energy (Gc) for this type of
vulcanizate.

Gc � 2F/t (1)

where F is the minimum force required to propagate a
crack and t is the torn thickness.

The evaluation of effective edge crack depth (c) was
calculated through the following equation:6,8

Gc � Ub � 2�co � Ub � c (2)

where co is the depth of the flaw and c is the effective
edge crack depth.

Here, the effective edge crack depth is much larger
than the crack tip diameter.

In addition, the cutting test was also employed to
measure the fracture energy (Gc) using a razor blade at
a cutting speed of 10 mm/min around room temper-
ature. The schematic sketch of cutting test is shown in
Figure 1. Pulling energy (P) and cutting energy (C)
were calculated as follows:8,22

P � 2fA(1 � cos�)/t (3)

C � f/t (4)

where fA is the load, f is the cutting force, 2� is the
angle between two legs, and t is the cut thickness.

By measuring the cutting force and angle, the frac-
ture energy Gc was calculated from the sum of ener-
gies expended in both pulling and cutting, that is,

Gc � P � C (5)

RESULTS AND DISCUSSION

In this study, two types of mPEs were investigated. A
representative mPE 8003 was presented unless other-
wise stated. The authors have no intention to compare
the strength of these two materials. The purpose of
presenting two materials is to demonstrate the appli-
cation of earlier theories for conventional elastomers
(without crystalline effect) under some limitations to
these newly prepared mPE vulcanizates with low
crystallinity. Various types of properties including
tensile strength, tear strength, and cutting strength
were carefully correlated to derive natural flaw size
and effective crack tip diameters.

Structure and thermal characterizations

To ensure a successful grafting reaction of silane onto
mPE and have a better understanding on structure
and thermal characteristics of mPE, the following
measurements are performed on mPE resin. Taking
mPE 8003 as representative material, the FTIR spectra
of unmodified mPE and silane-grafted mPE8003 are
depicted in Figure 2 for a comparison.20 According to
the literature,24 the characteristic values of absorption
bands range from 700–1200 cm�1 for silane grafting
and crosslinking reaction. Thus, only this region is
discussed here. As a result, the characteristic absorp-
tion bands of SiOOOC and SiOOOSi are specified at
1090 and 1030, respectively, which confirms silane
grafting reaction and a subsequent silane crosslinking.
Similar findings are also seen for mPE 8100 graft re-
action.

After graft reactions, samples were subjected to sub-
sequent crosslinking in the water bath. Gel levels were
measured for each resin cured under different silane
concentrations. Figure 3 shows gel contents for two
types of mPE investigated in this study.20 As the dos-
ages of silane increase, gel contents increase and ap-

Figure 1 Schematic sketch of the cutting test.
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pear to level off at higher amounts of silane. Maxi-
mum values of gel content are attained at 71.8 and
77.8%, for mPE 8100 and mPE 8003, respectively.
These values are in a similar order to those of silane
crosslinking of conventional polyethylene.14 At the
same dosage of silane concentration, mPE 8003 gives a
higher degree of crosslinking efficiency. As several
factors including comonomer content, comonomer
distribution, molecular weight distribution, polydis-
persity, etc., are complicatedly involved, a concrete
explanation is not given here. However, these results
are in parallel to a peroxide cure system for both
resins.

To investigate the effect of curing on the thermal
behavior of mPE, the glass transition temperature (Tg),
the melting temperature (Tm), the heat of fusion (�H),

and the crystallinity recorded from a dynamic me-
chanical analyzer and differential scanning calorime-
try are listed in Table I for mPE with various silane
contents.20 Taking mPE 8003 as an example, glass
transition temperatures slightly increase from �45.7 to
�41.4°C due to a possible constraint stemming from
the silane curing effect. Additionally, no notable dif-
ferences are found on the effect of degree of cure on
the melting behavior and crystallinity. Presumably,
the degree of cure attained in this system is not ex-
tremely high, as seen in other curing system such as a
peroxide cure case. As for mPE 8100, similar effects
are observed. Some of these results have been re-
ported earlier in our other study.20

Rheological properties

When mPE was grafted with silane to form mixing
batches, torque values recorded from the internal

Figure 2 FTIR spectra of silane crosslinking of mPE 8003
modified with (a) 0 phr silane, (b) 0.5 phr silane, (c) 1.0 phr
silane, (d) 2.0 phr silane, (e) 3.0 phr silane (0.1 phr DCP, 0.05
phr DBTL catalyst).20

Figure 3 Gel contents of mPE 8100 and 8003 with different
silane concentrations.20

TABLE I
Thermal Analysis of mPE with Different

Silane Contents20

Silane (phr) Tg (°C) Tm (°C) �H (J/g)
Crystallinity

(%)

(a)mPE 8003
0.0 �45.7 79.7 44.7 15.5
0.5 �42.6 78.7 43.3 15.0
1.0 �42.3 78.1 42.6 14.7
2.0 �41.6 77.9 42.4 14.7
3.0 �41.4 77.6 42.1 14.6
(b)mPE 8100
0.0 �59.3 60.4 19.8 6.8
0.5 �59.1 59.8 18.4 6.5
1.0 �57.2 59.7 17.4 6.0
2.0 �56.3 59.5 17.1 5.9
3.0 �56.0 59.3 16.6 5.7
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mixer to monitor the progress of silane grafting reac-
tion steadily increased with the level of silane concen-
trations, as shown in Figure 4. This is a dual effect
resulting from an enhanced interaction between
grafted silanes and a minor curing effect contributed
from the SiOOOSi and COC bond forming under
heat and peroxide. The values of viscosities also indi-
cate a similar trend. Viscosities of mPE 8003 grafted
with different silane concentrations at various shear
rates are shown in Figure 5. After a grafting reaction of
mPE, the viscosity increases significantly up to four
times when compared with the pristine mPE 8003. In
addition, when the dosages of silane concentrations
increase, the viscosity values appear to increase corre-

spondingly. Similar conclusion is also reached for
mPE 8100 grafted with different silane concentrations.

“Threshold” fracture energy

Mechanical properties of the prepared vulcanizate
were evaluated in an attempt to have a better under-
standing on the fracture behavior. Tensile strength of
mPE 8003 elastomer at various silane curing degrees
under different test temperatures is depicted in Figure
6. Tensile strength basically, as expected, decreases
from 23.5 � 0.8 MPa at 25°C to 0.034 � 0.01 MPa at
110°C from a viscoelastic behavior point of view. As
for the effect of curing degree, tensile strength varies
slightly with increasing the levels of silane concentra-
tions at all test temperatures. In the case when the
crystalline region of mPE melts at the test temperature
reaching 80°C, tensile strength tends to increase (not
clearly shown here for brevity), which is probably due
to an increase in gel content as seen in Figure 3 for gel
measurements. Apparently, both crosslinking and
crystallinity play important roles and mutually are
affected by each other; these observations are more
complicated at the temperature below the melting
temperature. If one considers that the previous
changes in crystallinity are marginal, the current re-
sults represent the sole effect of curing degree, espe-
cially at the temperature above melting temperature of
mPE. As a matter of fact, when tensile strength was
measured at the test temperature above 80°C, the phe-
nomena became obvious.

To further compare the strength of this material,
tear strength to measure fracture energy is evaluated.
Figure 7 illustrates tear strength of a representative
vulcanizate (mPE 8003) at various dosages of curing
under different test temperatures. Tear strength de-

Figure 4 Mixing curves of mPE 8003 grafted with different
silane concentrations.

Figure 5 Viscosities of mPE 8003 grafted with different
silane concentrations at various shear rates.

Figure 6 Tensile strength of mPE 8003 at various silane
curing degrees under different test temperatures.
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creases with increasing test temperature as well. A
significant drop at the temperatures above 60°C close
to the melting temperature of mPE 8003 of ca. 80°C is
observed. At a specific temperature, tear strength con-
tinues to decrease with increasing the degree of
crosslinking. For instance, the difference of tear
strength could vary from 64.9 � 2.7 kJ/m2 (0 phr) to
18.5 � 1.5 kJ/m2 (3.0 phr) at room temperature. Some
data points are not available due to melting above
100°C for materials with a low degree of cure. As the
degree of curing increases, the number of mobile
chains between crosslinks in mPE decreases. This, in
turn, reduces energy dissipation in deforming those
molecular chains before one bond is broken to cause
failure of test specimens.7 Again, if one could leave
out the effect of marginal change in crystallinity, the
sole effect of curing degree is clearly dominant in tear
strength.

As crystalline regions also affect the strength of
materials besides the crosslinking phenomena men-
tioned earlier, an attempt to rule out this effect is made
to deliberately increase test temperatures above the
melting temperature of mPE. With this arrangement,
the effect from crystal deformation of mPE on tear
strength is minimized. Fracture energy drops signifi-
cantly up to one-tenth of values obtained at room
temperatures. Contributions to the low strength of
fracture energy are only from the crosslinking effect at
high temperature. An attempt to quantitatively relate
the tear strength to the modulus (an indication of
degree of cure) measured at 110°C according to the
theory developed by Lake and Thomas for an elas-
tomer18 shows fair agreement.

In their study, threshold fracture energy of an elas-
tomer with COC crosslinks where energy dissipation
is minimized is linearly proportional to the square

root of the molecular weight between crosslinks. Ac-
cording to the theory of elasticity, the molecular
weight between crosslink is reciprocal to the modulus.
Here, a rate dependent of the modulus at high tem-
perature is minimized due to a reduced viscoelastic
effect. So, Young’s modulus was determined at the
highest temperature (110°C) available for mPE 8003,
because some of the results at higher temperatures are
not available due to a low degree of cure to cause
melting of materials. Representative results at the
highest temperature termed the “threshold” fracture
energy are thus plotted against the reciprocal square
root of the modulus, shown in Figure 8. It appears that
the linear relationship is roughly held under a reduced
dissipation at this temperature for both resins. This
slight deviation is rather understandable, because ba-
sically the degree of cure for this type of SiOOOSi is
still not high (see gel content in Fig. 3). A portion of
uncured molecular chain might flow significantly at
high temperature, which causes the current theory to
be invalid. This is based on the assumption that all
bonds of one molecule between crosslink points must
be stressed to break one. It is implied that the less the
elastomer is crosslinked, the higher the value of the
fracture energy. This accounts for the results of tear
strength in Figure 7. Note that, at lower temperature,
this linear relationship might not be valid. The reason
of which is still the subject of interest in the field of
fracture phenomena.

Corrected depth of flaw (natural flaw size): A
correlation between tensile strength and tear
strength

By relating tensile strength to tear strength, energy
density is calculated and shown in Figure 9. Taking
the results at room temperature, energy density does

Figure 8 “Threshold” fracture energy plotted against the
reciprocal square root of the modulus.

Figure 7 Tear strength of mPE 8003 at various silane curing
degrees under different test temperatures.
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not vary greatly with increasing the silane concentra-
tions. In addition, the values of mPE 8003 are higher
than those of mPE 8100. When a comparison is made
at different temperatures, energy density decreases
with test temperatures due to the aforementioned ex-
planations for Figure 6.

To further understand the details of fracture phe-
nomena for this vulcanizate, the flaw of depth de-
duced from the energy density and tear strength ac-
cording to eq. (2) to test the previous theory is shown
in Figure 10. These values decrease slightly with in-
creasing silane concentrations, and tend to level off at
the silane concentration above 2 phr. Also, when the
comparison is made at other temperatures, the values
of the depth of flaw vary widely. In some cases un-
reasonable numbers up to five times the previous
measures occur above the melting temperature (not
shown here for brevity). This is contradictory to a
physical sense of the depth of the flaw, as the value
should be independent of the test temperature. The
reason to account for this observation is that the ap-
plication of theory becomes invalid for the materials
loss of elasticity. Both crystalline domains to cause
severe dissipation and low degree of cure losing elas-
ticity would be major limitations of the previous the-
ory. Thus, at 0 phr of curing, the deviation from elastic
behavior is noticeable. Thus, the corrected average
depth of flaw should be determined at a relatively
higher curing degree and low crystalline effect (but
below the melting temperature of the resin), that is,
40°C for mPE8100 and 60°C for mPE 8003 at silane
concentrations from 2 to 3 phr. However, to consider
the experimental errors in measuring the strength of
materials, all test temperatures below melting temper-
atures at silane dosage levels from 2 to 3 phr are
considered. The corrected average depth of flaw is

thus in the range of 40.5 � 11.0 �m. These values are
close to the natural flaw size of 40 � 20 �m obtained
from several different approaches.21 This concludes
another possible approach in the extension of previous
theory for conventional elastomer (without crystalline
effect) to these newly developed low crystalline vul-
canizate materials for the first time in the literature.

Effective diameters of fracture zone

To further give an insight of fracture phenomena for
the novel vulcanizate, effective diameters of fracture
zones deduced from intrinsic energy density and tear
strength according to the following equation range
from 13.0 to 0.4 �m for mPE8003 and from 9.8 to 0.2
�m for mPE8100, respectively, for test temperatures
between room temperature and 110°C, if one takes
intrinsic strength from the literature as 5 GJ/
m3.8,18,22,25 The values at higher temperatures gener-
ally follow a similar trend for tear strength. This cor-
relation was established by Thomas.6

Gc � Ut * d (6)

where Ut is the energy density at the crack tip and is
an intrinsic strength of the material, and d is the crack
tip diameter. The results at room temperature for both
resins are illustrated in Figure 11 for a comparison.
Effective crack tip diameters range from 13.0 to 3.7 �m
for mPE8003 and from 9.8 to 1.7 �m for mPE8100,
respectively, at room temperature. Basically, the crack
tip diameters decrease with increasing silane contents.
Similar treatments on the fracture zone were com-
pared and gave an effective diameter of the order of 15
�m for HDPE and 18 �m for LDPE.10 Apparently, it
comes to a good agreement based on this simple ap-

Figure 10 The depth of flaw of mPE with different silane
contents at various temperatures.

Figure 9 Energy density of mPE with different silane con-
tents at 25°C.
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proach. For a specific condition, tear strength to rep-
resent fracture energy is a characteristic property of
the material. As tear strength changes in association to
the rate of deformation and test temperature, the ef-
fective diameter varies corresponding to the viscoelas-
tic behavior as well.8 As a result, the effective diame-
ters change with the degree of cure.

To further confine the crack tip diameters at a
nanoscale using a sharp razor blade, the cutting
strength was evaluated. A typical curve of cutting
strength for mPE8003 at 0 phr of silane is shown in
Figure 12. A negative of slope of �1 is successfully
drawn to obtain a cutting strength of 908 � 62 (J/m2),
which indicates a good accordance of theory for this
type of vulcanizate. The value is dramatically smaller

than the tear strength of 64.9 � 2.7 (kJ/m2). The dif-
ference of fracture energy obtained in the two tests lies
in the zone of fracture deformation (i.e., crack tip
diameter, d) attained for different loading behavior.
For the tear test the crack tip is not confined, as seen in
the cutting test, depending on the blade tip diameter.

More measurements toward the comparison of cut-
ting strength were carried out to reduce the mac-
royielding effect for two types of mPE vulcanizates.
The results are depicted in Figure 13. The lowest value
attained is ca. 541 � 57 (J/m2). Those values are not
evaluated in the literature before but are comparable
with other evaluations of cutting strength for different
types of materials, for instance, HDPE,10 SBR,8 SBS,25

and PP/EPDM TPV19 (see Table II). Lower values of
cutting strength are normally observed for the conven-
tional elastomer without crystalline effect, such as sil-
icon rubber and SBR. Higher values of cutting
strength for crystalline materials (LDPE and HDPE)
indicate that a crystalline yielding effect still domi-
nates the strength of material even using a blade to
reduce the zone of deformation. A thermoplastic elas-
tomer (SBS and mPE) displays the intermediate order
of the cutting strength. In particular, cutting strength
also decreases with increasing the degree of cure,
which was demonstrated using cured mPE and SBS.
Because the blade tip should be the same as the crack
tip diameter on behalf of this cutting design, the crack
tip diameter seems to change according to the previ-
ous manner. Accordingly, induced yielding from the
blade is surmised and possible. An attempt to reduce
all the energy dissipation from crystalline region is not
possible in the current cutting design.

Note that previous comparisons on tensile strength
and tear strength to yield the effective edge crack
depth show large scatters at higher temperature. Mea-
surements of cutting strength at other test tempera-

Figure 11 The effective crack tip diameter of mPE with
different silane contents at 25°C.

Figure 12 Cutting strength of mPE8003 (0 phr silane) at
25°C,

Figure 13 Cutting strength of mPE at various silane con-
tents at 25°C.
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tures are therefore not discussed here, and will be
discussed in a separate study. However, it does reduce
the zone of deformation to a certain degree when
compared with tear measurements. If one takes intrin-
sic strength as 5 GJ/m3 from the literature,8,18,22,25 the
effective diameter seems to range from 0.18 to 0.11 �m
for mPE8003 vulcanizate, and 0.16 to 0.10 �m for
PP/mPE8100. These values are close to estimated
blade diameter of ca. 0.1 �m at the room temperature
in a controlled manner and are about two orders of
magnitude smaller than results from tear measure-
ments. Apparently, these values are in a measure of
the extent of plastic yielding around the tear tip, and
good agreements are reached for this newly devel-
oped vulcanizate.

Energy dissipation: A comparison of tear strength
and cutting strength

As reported in our previous study, the higher the
energy dissipation the higher the strength.5 The
strength is predominately governed by the energy
dissipation process, such as viscoelastic process, crys-
talline yielding effect, etc., which determines the mag-
nitude of effective crack tip diameter. The difference
of tear strength and cutting strength lies in the zone of
fracture deformation (i.e., crack tip diameter, d) at-
tained for different loading behavior. For the tear test,
the crack tip is not confined, as seen in the cutting test,
depending on the blade tip diameter. When the test
temperature increases in the case of the tear test, the
crack tip diameter decreases. Even in the case of
“threshold” fracture energy (the lowest measurable
tear strength) for mPE vulcanizates, the values are in
an order of kJ/m2 and are still higher than those
values of few hundred J/m2 obtained at cutting test
(see Figs. 8 and 13). As discussed earlier, the blade tip
diameter is in the order of 0.1 �m. Apparently, the

fracture zone of deformation attained for tear mea-
surement for low crystalline and low crosslinked mPE
vulcanizate is still higher than that for the cutting
measurement. On the other hand, the “threshold”
fracture energy is lower than that of the cutting
strength in our previous study for highly crosslinked
SBR without a crystalline effect.8 Those differences
again are attributed to the energy dissipation process.
A high crosslinking degree of elastomer without a
crystalline yielding effect gives low fracture energy.
Here, mPE vulcanizates with a low crosslinked degree
as well as a low crystalline yielding effect confers
higher fracture energy unless a limited controlled
crack tip diameter is enforced as seen in the cutting
measurement. The strength of materials was clearly
dominated more by the crystalline yielding effect than
the viscoelastic effect, even in this nano-fracture zone
of deformation.

CONCLUSIONS

Silane moisture-cured metallocene polyethylene to
form a novel vulcanizate has been prepared. FTIR has
been employed to confirm the graft reaction of silane.
As for the effect of curing degree, the tensile strength
varies slightly with increasing the levels of silane con-
centrations at all test temperatures. Tear strength gen-
erally decreases with reduced energy dissipation at a
higher degree of cure. Representative results at the
highest temperature termed “threshold” fracture en-
ergy appear to be linearly proportional to the recipro-
cal square root of modulus under reduced energy
dissipation for both resins. By relating tensile strength
to tear strength, the corrected average depth of flaw
(natural flaw size) is in the range of 40.5 � 11.0 �m,
which agrees with the values obtained from several
different approaches for conventional elastomers.

TABLE II
Cutting Strength of Various Types of Polymers

Polymer types Examples Gc (J/m2) Reference

Conventional elastomer Silicon rubber 70 10
Styrene–butadiene rubber (high styrene content)

crosslinked with 0.5 phr DCP 250 � 15 8
Styrene–butadiene rubber (high styrene content)

crosslinked with 2.5 phr DCP 140 � 10 8
Thermoplastic

elastomer Styrene–butadiene–styrene copolymer (SBS) 570 � 20 25
SBS crosslinked with 0.1 phr DCP 375 � 12 25
PP/EPDM (Santoprene) 970 � 65 19
Two metallocene PEs (mPE) with different

crystallinity
908 � 62,
783 � 82 This work

Two mPEs crosslinked with 3 phr silane
571 � 29,
541 � 57 This work

Semicrystalline plastics LDPE 1000 � 200 10
HDPE 4000 � 500 10
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Note that the depth of flaw should be determined at
relative higher curing degree and low crystalline effect
(but below melting temperature of the resin) to fulfill
the assumption of earlier theory for elastomeric mate-
rials. Under this careful treatment, the application of
Rivlin and Thomas’s theory has been successfully ex-
tended to this newly developed low crystalline vulca-
nizate for the first time in the literature. The effective
diameters of fracture zones deduced from intrinsic
energy density and tear strength are in an order of few
micromoles at room temperature. Cutting strength of
mPE vulcanizates gives an intermediate value when
compared with crystalline plastics and a conventional
elastomer. Those values are generally two orders of
magnitude smaller than the results from tear measure-
ments. The strength of materials was clearly domi-
nated by the crystalline yielding effect more than the
viscoelastic effect, even in this nano-fracture zone of
deformation for low crystalline mPE vulcanizates.
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