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a b s t r a c t

End-linked PDMS bimodal and trimodal networks display enhanced mechanical properties in uniaxial
extension over those of unimodal networks with similar modulus when the molar masses of their
precursor chains are widely separated. These multimodal networks have optimal mechanical properties
when the short chains are near their overlap concentration and sustain most of the load, but the volume
of the system is still dominated by the ductile long chain component. Such elastomers can be stretched to
large elongations before fracture while displaying an upturn in stress at high strain. Improvement in
fracture energy of pre-cut bimodal and trimodal networks over that of unimodal networks is much less
pronounced and appears to be dictated by the average molar mass of the effective elastic strands in each
network.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Bimodal polymer networks are produced by combining and
end-linking two sets of telechelic chains of different molar masses.
These end-linked elastomers have attracted a great deal of interest
since they often show enhanced mechanical properties when the
two precursor molar masses are widely separated [1]. For instance,
bimodal networks often absorb a greater energy before failure
(toughness) than unimodal networks, and can display a distinct
upturn in stress when deformed to high elongation ratios [2]. This
stress upturn has often been attributed to an increased loading on
the short chains, whose stress increases as they approach their
limited extensibilities [2e7]. These authors speculate that the
presence of the long chains also allows optimal bimodal networks
to be stretched to large elongations before fracture. This proposed
mechanism for reinforcement suggests that elastomers with three
distinct precursor molar mass distributions could provide a further
advancement in mechanical properties. Such trimodal networks
would have chemically-identical short, medium, and long chains
cross-linked into the same structure. Addition of the medium
precursor molar mass would add a more flexible component than
the brittle short chains, while still contributing to the stress upturn
as the network was stretched to increased elongation ratios.
x: þ1(607) 255 9166.

All rights reserved.
Despite the potential of trimodal networks, very few studies of
these types ofmaterials have beenpublished. The first experimental
investigations of trimodal polydimethylsiloxane (PDMS) networks
revealed a disappointing stressestrainperformance. The elastomers
studied were quite brittle since the long chain molar mass was only
18,000 g/mol [8]. Subsequent theoretical calculations indicated that
trimodal networks can outperformunimodal or bimodal elastomers
because they can store an increased amount of elastic free energy
before the network chains are stretched to their maximum exten-
sibilities [9]. These calculations revealed that trimodal networks
would be particularly attractive if the long chain was quite long
(with molar mass w100,000 g/mol) and the three precursor molar
masses werewidely separated (each by at least a factor of 10). More
recently, multiple quantum NMR (MQ-NMR) experiments have
demonstrated that filled trimodal PDMS networks can show two or
three distributions of residual dipolar couplings when in the
unstrained state [10,11], indicating multiple domains of residual
chain segment order. These results appear to be consistent with
MQ-NMR studies of bimodal networks that found a distinct residual
dipolar coupling from both the short chains and the long chains
[12,13]. Having recently related 2H NMR multiple chain segment
orientations in bimodal networks to their improved mechanical
properties [6], we expect trimodal networks with two or three
distributions of segment order should be capable of absorbing
a high energy before fracture.

In this paper, we investigate PDMS multimodal network prop-
erties through two types of experiments: uniaxial extension
(simple extension) testing, and cut growth tests on samples with
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pure shear (constrained shear) geometries. Mechanical properties
for unimodal, bimodal, and trimodal networks with similar molar
mass between effective cross-links Mc are compared to assess the
degree of improvement brought about by increasing the number of
molarmass distributions in the elastomers. Cut growth test fracture
energies of unimodal networks are analyzed using the classical
Lake-Thomas theory [14]. Improvement in toughness [defined in
section 2.2] values of multimodal over unimodal networks
measured via simple extension experiments is contrasted to
improvement in fracture energy from cut growth tests. A previously
proposed mechanism for mechanical reinforcement in bimodal
networks [15] is extended to trimodal networks and is utilized to
explain the results of each type of experiment.

2. Experimental

2.1. Materials

All vinyl-terminated PDMS chains were synthesized via
methods detailed in an earlier publication [15] except for the
800 g/mol chains, which were purchased from Gelest, Inc. Molar
massesMn and polydispersity indices of the precursor chains were
determined by gel permeation chromatography (GPC). Vinyl-
terminated precursor chains and tetrakis(dimethylsiloxy)silane
cross-linker were vigorously stirred with a spatula and left on
a rotator overnight to ensure homogeneous distribution of the
components. The mixture was cured by addition of cis-dichlorobis
(diethylsulfide)platinum(II) catalyst and by heating at 35 �C for
three days in an oven.

It is difficult to perform a systematic series of experiments on
trimodal networks due to the large number of design variables that
include three molar masses and two independent molar fractions.
Therefore, we have chosen to synthesize trimodal networks with
varying amounts of shortemediumelong precursor chains of
800e8500e91,000 g/mol. These precursor molar masses are
similar to those predicted to have enhanced toughness by Erman
and Mark [9]. We also examine 800e91,000 g/mol bimodal
networks and unimodal networks with similar elastic moduli for
comparison.

An optimal amount of tetrakis(dimethylsiloxy)silane cross-
linker was used in each sample to produce networks with as few
defects as possible. This is achieved in end-linked unimodal PDMS
networks at a ratio of cross-linking arms to polymer chain ends r of
1.7 for Mn greater than about 10,000 g/mol [16]. Since optimal r is
smaller for networks of shorter precursor molar masses [17], the
ideal ratio is not obvious for bimodal or trimodal networks con-
taining chains of widely varying precursor molar mass. Therefore,
we varied r for selected 800e91,000 g/mol bimodal and
800e8500e91,000 g/mol trimodal networks and found r ¼ 1.7
producedmodel networks with the lowest possible soluble fraction
(wsol) and mass swell in toluene (Q). Optimal 800e26,000 g/mol
bimodal networks for cut growth testing were produced at r ¼ 1.1.

2.2. Uniaxial extension tests

Samples of uniform width and thickness for simple extension
tests were punched out of the cured PDMS networks. These test
pieces were 0.5e1 mm thick and 4.3 mm wide. We measured
elongation ratio a and engineering stress s (force/initial cross-
sectional area) at room temperature on an Instron 1125 with the
clamps initially separated by 40e45 mm. Each sample was
deformed at 20 mm/min, which we verified to be a slow enough
crosshead speed such that the data for our model networks were
independent of strain rate. Young’s modulus E was calculated from
the slope of the best fit line through the stress-elongation ratio data
from a ¼ 1.0 to 1.05. Average molar mass between effective cross-
links Mc was determined from:

Mc ¼ 3rRT=E (1)

Here, r is the density of the polymer, R is the gas constant, and T is
absolute temperature. Young’s modulus, ultimate stress smax,
elongation ratio at fracture ac, and toughness (area under sea

curve to ac) were recorded on 4e6 samples for each network
formulation tested.
2.3. Cut growth tests

Fracture energy Gc was determined using samples with geom-
etry for pure shear extension [18,19], where the width of the test
piece must be at least 4 times the thickness and initial length [20].
Thus, we stamped out samples that were 25 mm wide and
0.5e1 mm thick, and the initial distance between the clamps l0 was
3e4 mm. The Instron 1125 was outfitted with a wider set of clamps
that could hold such a sample. For the cut growth experiments,
a 6 mm edge cut was made along the width of the test pieces
(perpendicular to the loading direction).

The fracture energy Gc was determined following procedures
adapted from those originally developed by Rivlin and Thomas [20].
First, the stress-elongation ratio data were recorded on uncut
samples of each type of network in pure shear. Each pre-cut sample
was then extended at a constant crosshead speed until the crack had
propagated through its entire width. The elongation ratio at which
the crack began to grow in these samples acg was determined from
the maximum of the force-displacement curve measured by the
Instron, since the force immediately began to drop when the crack
began to grow. We verified the accuracy of this method to deter-
mine acg by taking video footage of the crack propagation for
selected samples. The elastically stored energy per unit volume
required to initiate fracture (W0) was calculated by integrating
under the uncut stresseelongation ratio curve up to the acg of the
corresponding pre-cut samples. Finally, Gcwas calculated from [20]:

Gc ¼ W0l0 (2)

We have attempted to measure only the threshold fracture energy
of our materials through careful experimental methods. Additional
contributions to Gc can come from viscous dissipation, strain-
induced crystallization, and deviation of the tear path in reinforced
materials [21,22]. Crystallization and deviation of the tear path are
not factors in our unfilled PDMS networks. Viscous dissipation is
already minimized in our model networks, since they contain
relatively few dangling ends and defects [16] and room tempera-
ture is far above the glass transition temperature for PDMS
(Tg ¼ �127 �C). We have eliminated any remaining viscous
contribution to our measured Gc by performing experiments at
a low crosshead speed of 0.5 mm/min, after verifying that the
stress-elongation data were identical to those taken on the same
sample tested at 0.05 mm/min. At these low crosshead speeds, the
propagating crack speedwas slowand relatively constant instead of
accelerating (as can occur when elastomers are rapidly loaded
[23,24]).

The MooneyeRivlin constants C1 and C2 were determined using
simple extension tests on small pieces cut from the pure shear
samples. Each of these samples was extended to a¼ 1.5. These data
were fit to the MooneyeRivlin equation [25,26]:

s=
�
a� 1=a2

� ¼ 2ðC1 þ C2=aÞ (3)
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Fig. 1. a) Stresseelongation ratio curves and b) average toughness vs. Mc plots for
trimodal networks with 20 mol% medium (8500 g/mol) chains. The networks are more
extensible and show a stress upturn at high strain as the long chain content is
increased. The toughness value of B-80 is coincident with U-800 at Mc w 2700 g/mol.

G.D. Genesky, C. Cohen / Polymer 51 (2010) 4152e41594154
3. Results and discussion

3.1. Toughness from uniaxial extension tests

Mechanical properties for all of the networks tested are dis-
played in Table 1. While the shape of the stressestrain curve was
reproducible from sample to sample, each test piece broke at
a slightly different a. Therefore, we report the average and standard
deviation for 4e6 test pieces on each composition studied in Table
1. For clarity, we have chosen to display full stressestrain curves
(Figs. 1a, 2a and 3a) for only the sample from each composition that
reached the highest a before fracturing. Each series of networks has
been assigned a name based on the number of molar mass distri-
butions included and the mol% of short chains in the network. For
instance, the 800e8500e91,000 g/mol trimodal network with
45e45e10 mol% of each respective chain length is referred to as
T-45. Unimodal networks are distinguished by the molar mass of
their precursor chains (i.e. U-4500), while a previously reported
[15] 4500e91,000 g/mol bimodal series is referred to in the style
B-4500-short chain mol%.

Stresseelongation ratio curves for a series of trimodal networks
with increasing amounts of 91,000 g/mol chains are displayed in
Fig.1a. The 8500 g/mol chains were held constant at 20mol% in this
series to assess the effect of adding long chains at the expense of
800 g/mol chains. Not surprisingly, the elastic modulus decreases
a great deal as long chains are added. As shown by the results
reported in Table 1, B-80 (a bimodal network containing only 800
and 8500 g/mol chains) has mechanical properties that are almost
identical to the brittle 800 g/mol unimodal network. Addition of
91,000 g/mol chains to the system greatly increases the ductility of
the trimodal networks, such that T-70 can be stretched to nearly
three times further than T-79. The networks with higher long chain
content also show an upturn in stress at high a. Fig. 1a and Table 1
reveal that each of these trimodal elastomers break at smax values
Table 1
Network Properties e Uniaxial Extension.

g/mol precursor chains Nickname E (MPa) Q ws

Unimodal networks
800a U-800 2.72 � 0.11 2.06 0.9
4500a U-4500 1.34 � 0.06 3.06 0.9
10,000a U-10000 1.04 � 0.03 3.16 0.3
16,500 U-16500 0.83 � 0.02 3.94 1.0
29,000a U-29000 0.74 � 0.04 3.75 0.7
45,000 U-45000 0.57 � 0.05 4.87 0.8

mol% short chains (mass %) Nickname E (MPa) Q ws

Bimodal networks 800e91,000 g/mol
60 (1) B-60 0.70 � 0.01 4.49 0.6
95 (14) B-95 0.72 � 0.01 4.14 1.9
98 (30) B-98 1.45 � 0.02 2.63 0.4

Bimodal networks 4500e91,000 g/mola

60 (7) B-4500-60 0.64 � 0.03 5.17 3.7
90 (31) B-4500-90 0.94 � 0.01 3.62 0.2
95 (48) B-4500-95 1.09 � 0.03 3.40 0.2
98 (71) B-4500-98 1.24 � 0.04 3.06 1.0

mol% short, medium chains (mass %) Nickname E (MPa) Q ws

Trimodal networks 800e8500e91,000 g/mol
80,20 (27,73) B-80 2.75 � 0.02 2.26 0.1
79,20 (19,53) T-79 1.08 � 0.02 3.35 0.8
78,20 (15,41) T-78 0.89 � 0.01 3.64 1.8
77,20 (12,34) T-77 0.79 � 0.01 3.81 0.9
70,20 (5,15) T-70 0.60 � 0.01 4.70 1.6
80,10 (6,8) T-80 0.60 � 0.03 4.67 1.1
65,25 (4,18) T-65 0.77 � 0.05 4.12 0.9
45,45 (3,29) T-45 0.95 � 0.02 3.70 0.1

a Previously reported in reference [15].
that are essentially identical. Sample T-70 absorbs the most energy
before rupture because it breaks at similar smax as the other tri-
modal networks but can be extended to higher ac. Average
toughness vs.Mc data are displayed in Fig.1b for this trimodal series
and unimodal networks of varying precursor Mn. The lower Mc
ol (mass %) Toughness (MPa) smax (MPa) ac Mc (g/mol)

0 0.09 � 0.02 0.59 � 0.10 1.21 � 0.09 2700
3 0.24 � 0.01 0.57 � 0.02 1.71 � 0.02 5400
4 0.20 � 0.06 0.44 � 0.06 1.74 � 0.13 6900
1 0.39 � 0.06 0.48 � 0.01 2.27 � 0.18 8700
8 0.53 � 0.12 0.48 � 0.04 2.71 � 0.24 9700
1 0.58 � 0.31 0.34 � 0.05 3.41 � 0.93 12,700

ol (mass %) Toughness (MPa) smax (MPa) ac Mc (g/mol)

4 0.42 � 0.20 0.40 � 0.06 2.56 � 0.52 10,300
9 0.77 � 0.23 0.68 � 0.15 3.09 � 0.32 10,000
8 0.89 � 0.12 1.69 � 0.15 2.21 � 0.07 5000

4 0.64 � 0.10 0.45 � 0.02 3.13 � 0.23 11,300
6 0.90 � 0.09 0.79 � 0.04 2.93 � 0.12 7700
2 0.79 � 0.09 0.82 � 0.04 2.64 � 0.11 6600
0 0.28 � 0.09 0.57 � 0.07 1.80 � 0.16 5800

ol (mass %) Toughness (MPa) smax (MPa) ac Mc (g/mol)

2 0.09 � 0.03 0.60 � 0.09 1.27 � 0.05 2600
1 0.41 � 0.13 0.65 � 0.10 2.09 � 0.18 6700
2 0.49 � 0.16 0.61 � 0.10 2.37 � 0.28 8100
8 0.75 � 0.28 0.63 � 0.14 2.92 � 0.44 9200
9 1.00 � 0.29 0.56 � 0.08 3.89 � 0.53 12,000
1 0.82 � 0.43 0.52 � 0.14 3.48 � 0.76 12,100
3 1.34 � 0.56 0.79 � 0.19 3.88 � 0.84 9400
8 1.62 � 0.47 1.11 � 0.25 3.74 � 0.37 7600
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Fig. 2. a) Stresseelongation ratio curves and b) average toughness vs. Mc plots for
trimodal networks with 10 mol% long (91,000 g/mol) chains. Networks T-45 and T-65
in particularly show outstanding mechanical properties when compared to unimodal
networks of similar moduli.
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trimodal networks only show a moderate increase in toughness
over unimodal networks with similar low-strain elastic modulus
(or similar Mc, equation (1)). However, the toughness values for
each series begin to diverge in the more ductile networks. There-
fore, networks with higher long chain content appear to be more
likely to display improved ultimate properties, showing qualitative
agreement with the predictions of reference [9].
Fig. 3. a) Stresseelongation ratio curves and b) average toughness vs. Mc plots for
bimodal networks with very widely separated precursor chains (800e91,000 g/mol).
B-98 shows a very large stress upturn and sustains a high stress before fracture.
Based on the properties of T-70, we synthesized a series of tri-
modal networks with a constant 10 mol% of 91,000 g/mol chains
and varying short and medium chain contributions. These
networks can be classified as high long chain content systems
because 10 mol% long chains correspond to 68e86 mass % in the
compositions tested (Table 1). Representative stressestrain curves
are shown in Fig. 2a. The networks display a relatively high elastic
modulus while still maintaining extraordinary ductility. T-45
(Mc ¼ 7600) in particular exhibits a noticeable upturn in stress that
persists for quite some time before fracture. Therefore, it is not
surprising that the toughness values for this trimodal system are far
superior to the end-linked unimodal networks (Fig. 2b). In contrast
to Fig. 1b, the higher toughness values for the 10mol% 91,000 g/mol
systems are found for networks with lower Mc.

In order to establish that these trimodal networks show
enhanced mechanical properties, they must also be compared to
analogous bimodal networks. We have already reported on the
properties of a bimodal 4500e91,000 g/mol system in a previous
publication [15]. These networks contain short chains that have
essentially the average molar mass of the short and medium chains
employed in the trimodal networks. While this bimodal system
showed improvement over unimodal networks, Table 1 reveals
trimodal networks with 10 mol% long chains to have superior
toughness.

It is instructive to calculate overlap concentrations using the Rg

of an ideal linear chain in these bimodal and trimodal networks. For
instance, the overlap volume fraction concentration of 4500 g/mol
chains is 0.47, which is almost identical to the mass % of short
chains in B-4500-95 [15]. In the 4500e91,000 g/mol bimodal series,
B-4500-90 and B-4500-95 have the highest toughness values. The
overlap concentration for the medium (8500 g/mol) chains in the
trimodal networks studied here is 0.35. The trimodal network with
the best mechanical properties, T-45, incorporates medium chains
at a mass fraction of 0.29. This is the highest concentration of
8500 g/mol chains used and the closest to their overlap concen-
tration. Thus, the medium chains in T-45 may act similarly to the
short chains in B-4500-90 e they form a connected skeleton that
spans the network structure [15]. However, the trimodal networks
are more ductile since these medium chains have twice the back-
bone length of the short chains in 4500e91,000 g/mol bimodal
networks. The trimodals also contain a small amount of 800 g/mol
chains, so the sweeping upturn in stress in T-45 can be interpreted
as a result of the short and medium molar mass chains becoming
highly stressed at high elongation ratios.

We also tested bimodal networks with very widely separated
molarmassdistributions (800e91,000g/mol). The stresseelongation
ratio curves and toughness vs. Mc results are shown in Fig. 3. While
sampleB-98 isnot asductileasB-60orB-95, it exhibits anexceptional
stress upturn and thus reaches a higher smax than any other sample
examined in this study (Table 1). As seen in Fig. 3b, B-98 absorbs
a large amount of energy before fracture for an end-linked PDMS
network with a relatively high modulus.

To further analyze these interesting properties, stress data for B-
98, T-45, and U-29000 are each normalized by their respective
modulus E and plotted on a logelog plot vs. a in Fig. 4. This allows
for comparison to the model of ideal rubber elasticity, which can be
written as:

s=E ¼ �
a� a�2��3 (4)

While each curve follows the ideal model at low strains, T-45
and U-29000 drop below this prediction at moderate elongation
ratios. This typical behavior is attributed to “slippage” in inter-chain
interactions (entanglements) as the network is deformed (modeled
by the C2 term in the MooneyeRivlin equation). At high strains,
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limited extensibility of the shorter chains in T-45 leads to an upturn
in stress and the curve again reaches the ideal rubber prediction
before fracture. The data from sample B-98 present an interesting
case since they never fall below the theoretical prediction (i.e.
devoid of a C2 term). This might suggest that this network has very
few chain entanglements; however, this seems impossible since 70
mass % of the chains in the system are of the “very long” 91,000 g/
mol variety (Table 1). Therefore, it appears that the 800 g/mol
chains approach the limit of their extensibility at low a because the
load is shared between long and short chains. The increase in stress
resulting from deformation of the short chains is strong enough to
offset the C2 damping of the stressestrain curve due to the long
chain entanglements. Examination of Table 1 makes obvious the
importance of the presence of the long chains on the mechanical
properties of B-98. Sample U-800 has a high modulus but is very
brittle (ac ¼ 1.21 � 0.09), while B-98 can be stretched to about six
times further on average (ac ¼ 2.21 � 0.07).
3.2. Fracture energy from cut growth tests

Unimodal networks sweeping awide range of precursorMnwere
synthesized and tested, along with 800e26,000 g/mol bimodal
networks similar to those previously shown to have enhanced
mechanical properties [15] and 800e8500e97,000 g/mol trimodal
networks. These trimodal networks are very similar to those
described in Section 3.1, except that the long chain Mn is slightly
higher. The properties of these networks are listed in Table 2 and an
Table 2
Network Properties e Cut Growth.

g/mol precursor chains Nickname Gc (J/m2)

Unimodal Networks
4500 U-CG-4500 34 � 8
8000 U-CG-8000 34 � 7
16,500 U-CG-16500 65 � 13
26,000 U-CG-26000 65 � 8
29,000 U-CG-29000 82 � 21
45,000 U-CG-45000 105 � 25

mol% short chains (mass %) Nickname Gc (J/m2)

Bimodal Networks 800e26,000 g/mol
60 (4) B-CG-60 67 � 18
85 (15) B-CG-85 65 � 9
90 (22) B-CG-90 65 � 9

mol% short, medium chains (mass %) Nickname Gc (J/m2)

Trimodal Networks 800e8500e97,000 g/mol
45,45 (3,28) T-CG-45 125 � 19
65,25 (4,17) T-CG-65 127 � 12
80,10 (6,8) T-CG-80 122 � 5
analogous naming convention is adopted, except for the additional
prefix CG to denote cut growth samples.

3.2.1. Analysis of fracture energy of unimodal end-linked networks
with the Lake-Thomas theory

The classic Lake-Thomas theory [14] directly correlates the
threshold fracture energy of an elastomer with the length of the
elastic strands making up the polymer network and the dissocia-
tion energy of the main-chain chemical bonds comprising these
strands. This simple theory has predicted threshold strength to
reasonable accuracy for a number of different elastomers [27,28].
According to Lake and Thomas [14], the fracture energy expressed
as the energy to tear through a unit area can be calculated from:

Gc ¼ KM1=2 (5)

In this equation,M is the molar mass of the elastic strand that is
to be ruptured and K is a prefactor calculated from the polymer
chain properties

K ¼ ð3=8Þ1=2rAUq1=2l=M3=2
0 (6)

Here, r is the density of the polymer, A is Avogadro’s number, U is
the dissociation energy of a bond along the polymer chain, q is the
chain stiffness, l is the bond length, andM0 is the molar mass of the
repeat unit. Equations (5) and (6) were developed by considering
ideal elastic chains with Gaussian distributions of end-to-end
lengths. The derivation of this theory is available in a number of
publications [14,21,28,29]. It is worth noting that nearly identical
equations can be derived from a scaling argument assuming the
size of the tip diameter to be on the order of the distance between
adjacent cross-links [14]. The only difference found from this
treatment is that the (3/8)1/2 prefactor in equation (6) is replaced by
(8/3p)1/2, leading to approximately a 50% increase in the prediction
for the fracture energy.

Since the Lake-Thomas treatment ignores inter-chain entan-
glements, the appropriate molar mass M to use in equation (5) is
unclear. Is it the molar mass between actual covalent cross-links or
is it Mc that takes into account the effect of entanglements on the
modulus? After discussing the issue, Gent and Tobias [28] find good
agreement between their threshold fracture energy data on
randomly cross-linked PDMS networks with equations (5) and (6)
using M ¼ Mc. Far fewer results on end-linked PDMS are available
in the literature, but tests by Yanyo and Kelley on a single end-
acg Q wsol (mass %) Mc (g/mol)

1.13 � 0.02 2.52 0.32 4000
1.14 � 0.01 2.96 0.30 5400
1.24 � 0.02 3.64 0.71 7900
1.26 � 0.02 3.92 1.68 9200
1.45 � 0.08 4.57 0.82 12,000
1.40 � 0.06 4.87 0.81 12,700

acg Q wsol (mass %) Mc (g/mol)

1.28 � 0.04 3.94 0.86 8800
1.23 � 0.02 3.40 2.23 7300
1.23 � 0.01 3.49 2.28 7000

acg Q wsol (mass %) Mc (g/mol)

1.36 � 0.03 3.74 0.23 8400
1.42 � 0.03 4.74 0.58 11,100
1.49 � 0.03 5.36 2.63 13,600
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linked unimodal network also appeared to match the theory with
M ¼ Mc relatively well [30]. Calculation of Mc via equation (1)
considers the low-strain modulus, where both chemical crosslink
constraints and inter-chain entanglements (modeled by the C1 and
C2 terms in the MooneyeRivlin equation, respectively) are signifi-
cant. However, chains that tear at the crack tip are expected to be in
a state of high stress/strain and as shown for the unimodal network
in Fig. 4, the effect of entanglements dissipates at high strain.

In Fig. 5a, fracture energy data for our end-linked unimodal
networks and for the randomly cross-linked networks of Gent and
Tobias are plotted versus Mc. Also plotted is the Lake-Thomas
prediction for PDMS given by Eqs. (5) and (6) with r ¼ 0.97 g/cm3,
U ¼ 6.1 � 10�19 J, q ¼ 6.25, l ¼ 0.143 nm, M0 ¼ 37 g/mol, and
A ¼ Avogadro’s number. The previously reported data on randomly
cross-linked networks are much better represented by the model.
The data from the previously reported unimodal end-linked
network with low Mc compares well with our data for similar low
Mc networks. However, our experimental fracture energies become
significantly higher than the theoretical prediction as Mc increases.
One concern that may arise is that our results are influenced by
viscoelastic relaxation [31]. However, our data were collected at
a low strain rate where the measured stress is not influenced by
strain rate. To verify this, we made equilibrium stress measure-
ments at different fixed strains that reproduced the same stress
levels under our selected low strain rate. We also note that for our
properly end-linked elastomers (with few pendant chains), the
stress levels off rapidly to higher than 98% of its initial value [32].
We expect therefore that any errors in our measuredW0 (in Eq. (2))
are negligible.

In an attempt to provide an explanation for our results, we
consider analyzing our data with the original Lake-Thomas model
taking M to represent the molar mass between actual covalent
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Fig. 5. Threshold fracture energy of end-linked model networks, along with results
from an end-linked network (Yanyo & Kelley [30]) and randomly cross-linked
networks (Gent & Tobias [28]). a)M ¼Mc in equation (5) and b)M ¼Mc(C1) in equation
(5). The first Lake-Thomas prediction (dashed line) uses the prefactor (3/8)1/2, while
the second (solid line) uses (8/3p)1/2.
cross-links. To this end, we calculate M by using only the Moon-
eyeRivlin 2C1 contribution to the modulus as it represents the
effect of chemical cross-links [25,26,28]:

M ¼ McðC1Þ ¼ rRT=2C1 (7)

Fig. 5b displays Gc vs. Mc(C1) results compared with the same
theoretical prediction. The unimodal end-linked network data has
now shifted closer to the dashed line generated by equations (5)
and (6). Also plotted as a solid line is the Lake-Thomas prediction
with a prefactor of (8/3p)1/2 (the alternative prefactor based on
crack tip diameter).

The closer correspondence of the Mc(C1) data to the theory for
the end-linked elastomers suggests that the chemical constraints
are the most important factor in the fracture process of such
networks. In this point of view, “slippage” of trapped entangle-
ments at high strains causes the elastic strand length to be gov-
erned primarily by the chemical cross-links. In fact, the data for Gc
vs. Mc(C1) are well predicted by the Lake-Thomas theory with
a (8/3p)1/2 prefactor (solid line). In cut growth tests, the stress is
concentrated at the crack tip and the material in its immediate
vicinity is in a highly stretched and complicated state [33]. Thus,
the stretched chains that are ruptured once threshold fracture
begins (those just ahead of the crack tip) have a local a that is likely
much greater than acg. Here, one would expect a significant
decrease in the contribution to fracture energy from inter-chain
entanglements.

We now return to the results of Fig. 5a. Additional threshold
fracture energy experiments on randomly cross-linked PDMS by
Mazich et al. [29,34] have also correlated the characteristic elastic
strand length for fracture with the entanglement spacing for PDMS.
The Gc results of Gent and Tobias can also be plotted againstMc(C1)
to isolate the effect of the chemical cross-links on fracture energy
because these authors have provided values of the MooneyeRivlin
coefficients of their samples. However, we must now consider the
influence of pendant chains on the effective density of elastic
chains in each network. The Lake-Thomas theory assumes all
chains to be elastic, which is a reasonable approximation for our
model end-linked networks with negligible amount of defects, but
not for randomly cross-linked networks. The fraction of elastic
chains in randomly cross-linked networks can be estimated from
the initial molar mass in the melt state Mn,init and the molar mass
between chemical cross-links Mc(C1) upon network formation
(equation (7)). The ratio ofMn,init toMc(C1) is the average number of
sections between cross-links into which each initial chain will be
partitioned into. Because each initial chain will have two inelastic
sections, the fraction of elastic chains fel in randomly cross-linked
networks can be estimated from:

fel ¼ Mn;init=McðC1Þ � 2
Mn;init=McðC1Þ

¼ 1� 2
Mn;init=McðC1Þ

(8)

The subtracted term in the equation accounts for the two ends of
the initial molecule that become pendant strands upon cross-
linking. The measured fracture energy Gc,meas for the randomly
cross-linked networks can be compared to the Lake-Thomas theory
by adjusting the raw data to account for the fewer number of elastic
chains actually crossing the fracture plane. Since the fracture plane
is two-dimensional but fel is a volume term, the adjustment factor
must be raised to the 2/3 power:

Gc ¼ ð1=felÞ2=3Gc;meas (9)

We note that this correction is not required for Gc vs. Mc plots (as
shown in Fig. 5a) since Mc represents the molar mass of effective
elastic strands when calculated from the elastic modulus E.
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The Gc values determined from equation (9) are plotted for the
Gent & Tobias data against Mc(C1) in Fig. 5b. The Lake-Thomas
model with the (3/8)1/2 prefactor still does provide an acceptable
representation of these data. However, the fracture energy of end-
linked networks only appears to follow the original Lake-Thomas
scaling prediction with the molar mass between chemical cross-
links. We suspect that the different behaviors exhibited in Fig. 5
between the randomly cross-linked networks and the end-linked
networks may be due to the different structure of these networks.
We examine therefore the extent of chemical cross-links relative to
trapped entanglements in each type of network. As shown in the
inset of Fig. 6, C2 is considerably larger than C1 for the majority of
the randomly cross-linked networks and thus the elastic response
and stored energy at low strain is dominated by trapped entan-
glements. On the other hand, the end-linked networks are much
more highly cross-linked and C2 is less than C1 for most of these
samples (Fig. 6). Energy storage in these networks is dominated by
chemical crosslink deformation. This may explain why Gc of these
networks is well correlated with the theory when the factor M is
taken to be Mc(C1).

3.2.2. Comparison of unimodal and multimodal results
Values of the fracture energy Gc are plotted against Mc for

unimodal, bimodal, and trimodal networks in Fig. 7. It is immedi-
ately apparent than any enhancement in Gc for multimodal
networks is substantially weaker than that seen in toughness
measured by uniaxial extension (Section 3.1, Figs. 2 and 3). In fact,
the bimodal networks show almost identical fracture energy to
unimodal networks of similarMc, while we have shown that similar
networks to B-CG-85 and B-CG-90 have enhanced toughness in
simple extension [15]. These results are somewhat at odds with
some previously reported studies. For instance, Yanyo and Kelley
found increased fracture energy in a bimodal network as compared
to unimodal, but this was only for a single sample of each and the
networks were of relatively poor quality (wsol w 5%) [30]. Other
researchers have found the fracture energy of bimodal networks to
peak at certain short chain compositions [35,36], but these exper-
iments did not compare to equivalent unimodal networks and the
network qualities were not reported. The trimodal networks
studied here fared slightly better than the unimodal networks, but
only T-CG-45 (and perhaps T-CG-65) has a Gc value that is distinctly
higher than the corresponding unimodal networks.

Elongation ratios at fracture ac for the uniaxial extension tests
(Section 3.1) are plotted against Mc in Fig. 8a, while average elon-
gation ratios at the moment when crack growth began in cut
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growth testing acg are displayed in Fig. 8b. In simple extension, the
bimodal and trimodal networks usually reach higher ac before
fracture than unimodal networks with similar values of elastic
modulus. These results reiterate that enhanced mechanical prop-
erties in multimodal networks are manifested at high strains [15].
When a pre-cut sample is prepared, network fracture begins at
a much lower elongation ratio since the stress is concentrated at
the crack tip. While it is difficult to speculate on the sharpness or
bluntness of natural imperfections, enclosed flaws are considered
less serious stress raisers than edge cuts [37]. Since the pre-cut
samples in the tests reported here always utilize edge cuts and we
expect the crack tip to be sharp, it is not surprising that the acg
values from Fig. 8b are much lower than the ac values from Fig. 8a.
In the cut growth tests, acg follows roughly the same trend withMc
whether the networks are unimodal or multimodal. The resulting
Gc values are similar for most networks with similar Mc except for
the trimodal networks that have slightly higher values. We suspect
that the shape of the crack tip as the crack grows plays an important
role in these results.
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4. Conclusion

Unimodal, bimodal, and trimodal networks are investigated
using uniaxial extension and pure shear cut growth experiments.
Trimodal networks can show outstanding mechanical properties in
simple extension when the majority of the volume fraction of the
networks is taken up by long chains. Such elastomers can be
extended to a large elongation ratio in uniaxial extension before
fracture and have a large upturn in stress at high elongation,
resulting in toughness values that are much higher than unimodal
networkswith similar elasticmodulus. Bimodal networkswith very
widely separated chain lengths are not quite as tough as trimodal
networks, but can sustain high stress before fracturewhen the short
chains reach 98 mol% in the system. The enhanced mechanical
properties in multimodal networks are attributed to the ability of
the shorter chains to sustain most of the applied stress, while the
more flexible long chains provide ductility. These properties are
maximizedwhen the short ormedium chains are near their overlap
concentration, such that the resulting microstructure consists of an
interconnected skeleton of the shorter chains with intermittent
regions heavily populated by the long chains.

Multimodal networks do not show the same degree of
improvement in threshold fracture energy. This is a consequence of
the inability of the bimodal or trimodal elastomers to reach higher
elongation ratios at crack growth onset than unimodal networks
with similar low-strain properties. Unimodal network fracture
energies correlate closely to predictions from the Lake-Thomas
theory [14] when the pertinent elastic chain length is taken to be
the distance between chemical cross-links. Therefore, entangle-
ments appear to have less influence on the fracture process in these
end-linked model networks. We conclude however that the rela-
tive roles of cross-links, entanglements and pendant chains on the
fracture energy of elastomers are not yet fully understood.
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