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Abstract

Poly(dimethylsiloxane) (PDMS) interpenetrating networks (IPNs) of two different molecular weight PDMS were prepared. Six series of IPNs
were obtained by first tetra-functionally end-linking long vinyl-terminated PDMS (molar mass 23� 103 or 21� 103 g mol�1) neat or in a 50%
solution with unreactive PDMS chains. These networks were then dried and swollen with short reactive telechelic PDMSs (molar mass 800,
2.3� 103 or 5.7� 103 g mol�1) that were subsequently end-linked. The mechanical, toughness and swelling properties of these IPNs were inves-
tigated. We found that the correlation between modulus (E ) and equilibrium swelling (Q) in toluene of the PDMS IPNs obeys a scaling relation
identical to that of a normal unimodal PDMS network. This result strongly suggests effective load transfer between the networks. The results of the
elastic modulus and of the toughness of the networks represented by the energy required to rupture them were analyzed in terms of a recent model
by Okumura [Europhys Lett 2004;67:470.]. Although the modulus results are in reasonable agreement with the equal-stress model of Okumura,
the toughness results are not. In addition, our measured toughness decreases instead of increases with composition in an opposite trend to that
predicted by the equal-strain model. An empirical model based on fracture mechanics gives a good representation of the toughness data.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Interpenetrating polymer networks (IPNs) consist of two
polymeric components that are separately cross-linked into
two interpenetrated networks with no chemical bonds between
them. The great interest in IPNs stems from the potential of
designing materials with a range of properties and perhaps
generating a synergistic effect on one or more of the properties.

There are two ways of synthesizing IPNs: sequential cross-
linking and simultaneous cross-linking. A sequential IPN is
formed by polymerizing the first mixture of monomer, cross-
linking agent, and initiator or catalyst to form a network; the
network is then swollen with the second combination of
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monomer and cross-linking agent and polymerized to form an
IPN. Reactive polymer chains instead of monomers can also
be used along with initiator or catalyst to synthesize the net-
works. A simultaneous IPN is formed by polymerizing two dif-
ferent monomers or by using two different polymer chains along
with complementary cross-linking agent pairs together in one
step. The key to the success of this process is that the two
components must polymerize or cross-link by reactions that
will not interfere with one another. This is often accomplished
by polymerizing one network by a condensation reaction, while
the other network is formed by a free radical reaction.

IPNs have found widespread use in important materials
such as sheet-molding compounds (SMCs), selective/perme-
able membranes, dental fillings, sound and vibration damping,
tough rubber and plastic materials, ion-exchange resin, impact-
modifier for thermoset materials, rimplast thermoplastics,
pressure-sensitive adhesives, coatings materials and artificial
joints [1].

mailto:cc112@cornell.edu
http://www.elsevier.com/locate/polymer


6227S.H. Yoo et al. / Polymer 47 (2006) 6226e6235
Poly(dimethylsiloxane) (PDMS) is the major building block
of many silicone fluid-based products and silicone elastomers.
The properties of PDMS can be modified by the substitution
of the methyl groups on the silicon atom by hydrogen, alkyl,
phenyl, or organo-functional groups. Due to their unique prop-
erties polysiloxanes have applications in medical, electric,
electronic, automotive and other industries [2]. The properties
of PDMS networks obtained by end-linking di-functional
vinyl-terminated precursor chains to tetra-functional silanes
have been well studied, but the properties of PDMSePDMS
interpenetrated networks have not received much attention
since the work of Mark and Ning 20 years ago [3]. These
authors studied both simultaneous PDMS IPN and sequential
IPN. They found that sequential IPNs formed from two differ-
ent molar masses have limited extensibility, whereas simulta-
neous IPNs have unusually large extensibilities, making their
energies for rupture comparable to those of the corresponding
interconnected bimodal networks. None of the previous
researchers on interpenetrated PDMS networks investigated
the moduluseswelling correlation and toughness enhancement
factors of these networks in a quantitative way.

Our interest in IPNs was stimulated by a recent theoretical
paper by Okumura [4] on the modulus and toughness of such
networks. Okumura makes predictions on both the elastic
modulus and the toughness of these interpenatrating networks
based on the elastic properties of each of the individual net-
work and on the composition of the interpenetrating network.
Predictions for the modulus and the toughness of the IPN un-
der uniaxial deformation are made assuming that the two inde-
pendent networks of the IPN are either under an equal-stress
condition or under an equal-strain condition. The synthesis
of end-linked PDMS IPNs has allowed us to test some of these
predictions. In addition, we have also examined the swelling
properties of PDMS IPNs in toluene.

2. Experimental procedures

2.1. Synthesis of precursor chains

With the exception of the 800 g mol�1 vinyl-terminated
PDMS precursor chains that were purchased from Gelest,
Inc., all other vinyl-terminated precursor chains (2300, 5700,
21,000 and 23,000 g mol�1) were synthesized from hexame-
thylcyclotrisiloxane monomer (Gelest, Inc.) by anionic ring
opening polymerization in a 50 wt% toluene solution at
60 �C using benzyltrimethylammoniumbis(o-pheny1enedioxy)-
phenylsiliconate as a catalyst and dimethylsulfoxide (DMSO)
as a promoter. Calculated amounts of HPLC water based on
an empirical calibration curve were added to control the
molar mass of the resulting polymer. After the polymerization,
pyridine, an acid scavenger was added to the resulting polymer/
toluene mixture. The living chains were end-capped with vinyl
groups by adding vinyldimethylchlorosilane. The polymer
samples thus obtained were washed with water, dissolved,
and reprecipitated with toluene and methanol, and then dried
in a vacuum oven at 60 �C for 3 days. The details of the catalyst
preparation and the synthesis of polymer are reported
elsewhere [5e8].

The PDMS polymers were characterized by gel permeation
chromatography (GPC) to determine the molar mass and its
distribution. The GPC was calibrated using polystyrene stan-
dards and toluene was used as the carrier solvent. The molar
mass obtained was corrected to PDMS equivalent by using
a calibration developed by Lapp et al. [9]. Four different molar
mass PDMSs were synthesized in this study. Their number
average molar masses were 23,000, 21,000, 5700 and
2300 g mol�1, and their polydispersity indexes were deter-
mined to be 1.33, 1.36, 1.19 and 1.13, respectively. The large
molar mass precursors were used for the base networks to be
swollen by the short chains for the formation of the IPNs.

2.2. Synthesis of base networks

Base networks were formed by end-linking the long-chain
PDMS (Mn of 23k and 21k) with the tetra-functional cross-
linker tetrakis(dimethylsiloxy)silane in the presence of a plati-
num catalyst [10e12]. The optimum amount of cross-linker
tetrakis(dimethylsiloxy)silane was added to the polymer mix-
ture and the reaction was catalyzed by cis-dichlorobis(diethyl
sulfide)platinum(II) in toluene. Based on a previous study
[13,14], the optimal molar ratio r of silane hydrogens to vinyl
groups was fixed at 1.7 for the networks considered here. The
21k PDMS base networks were formed in solution with
non-reactive trimethoxy-terminated PDMS solvent to reduce
the modulus of the base network and to provide a larger dif-
ference in moduli between the two interpenetrated networks.
The networks were allowed to cure at 35 �C for 3 days in
Teflon� molds. The trimethoxy-terminated PDMS solvent
and the soluble fraction were then extracted from the net-
works by swelling in toluene. The weight fraction of the
soluble material and the equilibrium swelling ratio in toluene
of the base networks were determined using standard gravi-
metric procedures [15]. Samples of uniform dimensions for
the mechanical measurements were obtained by using a sample
puncher.

2.3. Synthesis of PDMS IPNs

Samples of the extracted and dried base networks were
swollen to various extents with short chains (molar mass
800, 2.3k, or 5.7k) and proper amount of the catalyst cis-di-
chlorobis(diethyl sulfide)platinum(II)/toluene solution. The
networks were put in an oven at 30 �C to facilitate the swell-
ing, and to evaporate the toluene present with the catalyst. For
high concentration of absorbed short chains, more time was
needed to swell the base networks with the short chain
PDMS. After the networks were fully and uniformly swollen,
a stoichiometric amount of cross-linker was incorporated with
a small amount of toluene onto the inverse side of the network.
The samples were put in a refrigerator overnight to allow the
cross-linker to diffuse before extensive reaction takes place.
After sufficient time had elapsed for homogeneity to be
attained, the PDMS short chains were tetra-functionally
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cross-linked by heating the samples to 35 �C for 2 days.
Re-extractions and swelling gave soluble fractions from the
second end-linking process and the equilibrium swelling ratios
of the interpenetrated networks in toluene. The soluble frac-
tion WS of the IPN reported in Table 1 is based on the soluble
amount extracted after the second end-linking step and is rel-
ative to the total mass of the IPN. Table 1 also lists the values
of the equilibrium swelling ratio Q.

2.4. Mechanical and ultimate properties’ measurement
in extension

A PerkineElmer 7e Dynamic Mechanical Analyzer
(DMA) was used to measure the Young’s modulus of our
samples. The networks after cure or the interpenetrating net-
works after reaction were punched using a sample puncher,
and samples with uniform width and flat surfaces were ob-
tained. Exact dimensions (4e5 mm in width, 0.5e1 mm in
thickness and 7e10 mm in length) of the samples were mea-
sured using a micrometer. These data were entered into the
DMA software to calculate the stress applied to the sample.

The Young’s modulus of the samples is measured in the ex-
tension mode at a strain of about 1%. The region around 1%
strain is in the linear region of the stressestrain diagram for
rubber-like materials, and produces an accurately measurable
strain. Ten different values of stresses were applied to give
strains ranging from 0.7 to 1.5%. The Young’s modulus of
the sample was taken as the slope of the best-fit line to the
data of stress versus strain. The modulus of at least three sam-
ples from the same IPN network was measured and the limits
of the error bars in Fig. 3 indicate the maximum and minimum
values obtained.
Table 1

IPNs composition and properties

Mn of base

network

Vol% of trimethoxy-terminated

PDMS solvent in base network

Mn of short

chain

mol%, mass%

of short chains

E (MPa) Q WS (%) Toughnessa

(MPa)

Maximum stress

(MPa)

23k 0 800 0 0.63 4.13 1.6 0.49 0.45

70, 6.1 0.66 4.03 1.9 0.54 0.48

80, 13 0.68 3.90 0.0 0.52 0.51

90, 23 0.87 3.46 1.9 0.13 0.34

92.5, 30 0.94 3.35 1.7 0.14 0.37

95, 40 1.04 3.23 1.9 0.068 0.35

100 3.69 2.07 4.5 0.11 0.76

2.3k 0 0.46 4.89 2.4 0.41 0.41

70, 19 0.61 4.23 5.6 0.38 0.48

80, 28 0.71 3.94 3.3 0.18 0.45

90, 47 0.94 3.42 0.8 0.37 0.47

92.5, 55 1.03 3.3 1.4 0.18 0.45

100 2.19 2.42 0.33 0.15 0.59

5.7k 0 0.63 4.13 1.6 0.73 0.50

50, 21 0.80 3.85 3.7 0.39 0.48

60, 29 0.84 3.73 1.8 0.29 0.45

67, 33 0.88 3.57 1.1 0.33 0.45

73, 38 0.95 3.49 1.9 0.20 0.42

100 1.88 3.03 0.42 0.34 0.77

21k 50 800 0 0.22 7.96 0.6 0.28 0.17

92.5, 32 0.52 4.11 2.8 0.37 0.47

95, 45 0.71 3.42 1.1 0.23 0.39

97.5, 62 0.96 3.37 1.3 0.083 0.30

98.5, 74 1.11 2.91 1.4 0.058 0.30

99, 81 1.36 2.73 1.3 0.060 0.34

100 3.69 2.07 4.5 0.11 0.76

2.3k 0 0.22 7.96 0.6 0.28 0.17

80, 26 0.47 4.94 7.0 0.41 0.40

85, 37 0.53 4.25 3.1 0.20 0.40

90, 49 0.66 3.63 2.1 0.061 0.39

95, 67 0.71 3.76 2.4 0.17 0.35

100 2.19 2.42 0.33 0.15 0.59

5.7k 0 0.22 7.96 0.6 0.28 0.17

60, 29 0.25 6.69 2.1 0.39 0.24

65, 30 0.40 4.91 7.1 0.41 0.25

70, 36 0.50 4.66 6.4 0.30 0.36

75, 44 0.65 4.30 1.7 0.19 0.33

80, 52 0.71 4.47 0.6 0.27 0.42

100 1.88 3.03 0.42 0.34 0.77

a Toughness reported is the maximum value observed in 4e7 samples (see text).
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Engineering stress (force ( f )/initial cross-section area (A*))
versus extension ratio (final length/initial length) measure-
ments were also taken using an automated Instron� uniaxial
testing machine at room temperature. The dimensions of the
specimens were 0.5e1 mm in thickness, 6e7 mm in width
and 50e70 mm in length. Each sample was clamped in its un-
deformed state and then stretched at a strain rate of 20 mm/min
until rupture. The values of the elastic modulus reported by the
data acquisition system of the Instron were typically within
a few percent of the values obtained with the DMA with the
exception of the more brittle samples obtained solely from
the short chains (800, 2.3k and 5.7k) where the discrepancy
was of the order of 10%.

3. Results and discussion

3.1. Mechanical and swelling properties

The equilibrium Young moduli E and swelling ratios Q in
toluene, defined as the ratio of the volume of a swollen network
to its dry volume, of IPNs are summarized in Table 1. The mod-
ulus values E increase and the equilibrium swelling ratio Q
decreases as expected with increasing mol% of short chains
in the IPNs.

The results of the modulus (E ) of the dry network and the
degree of equilibrium swelling ratio (Q) in toluene of the vari-
ous IPNs are listed in Table 1. Fig. 1 shows the data of E versus
Q in a logelog plot. The best-fit line to the experimental data
yields:

EwQ�1:88

This power-law behavior is practically identical to previous
reported results for unimodal PDMS networks with an expo-
nent of �1.91 [14]. This may at first appear as a surprising
result because the structure of the IPNs might be thought to
be very different from that of unimodal networks. It is easily
argued, however, that the unimodal networks end-linked in
the melt state are highly self-interpenetrated as the volume of
a polymer chain of molar mass 20,000 g mol�1 will contain
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Fig. 1. Behavior of E versus Q for PDMS interpenetrating networks swollen

in toluene. The slope of the best-fit line is �1.88.
approximately 5 other chains in the melt [15]. Once end-linked,
these chains will be highly interpenetrated. The swelling results
from the IPNs show that the two networks forming the
IPNs cannot be treated as mechanically independent. As a
consequence, there must be effective load transfer between
the two networks.

The stressestrain curves for two of the PDMS IPNs series
are presented in Fig. 2. The area under each curve is the energy
density of rupture (Er) that represents the standard measure-
ment of toughness of an elastomer. Values of toughness in
MPa are listed in Table 1 for the six series considered here.
Four to seven samples were run for each specimen and the
curves shown are the ones with the highest elongation. The
stressestrain data of all the samples from a given specimen fol-
lowed closely the same curve but broke at different elongations
due to the inherent defects or improper mounting on the
Instron. For consistency, the data presented are therefore for
the maximum toughness observed among 4e7 samples of
a given specimen. We expect that taking an average value of
the toughness for a large number of identically prepared sam-
ples when the failure occurs at the mid-section of the sample
(as opposed to near the grips or at other points of stress concen-
tration) would lead to conclusions that would not significantly
differ from those obtained here. A standard way to carry out
toughness tests is to perform such tests on samples with a large
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preexisting crack or tear introduced in the sample. We are
currently investigating such procedures.

Toughness enhancement over the toughness of the long-
chain base network in the IPNs was observed at moderate
mol% short chain (70e85 mol%). The toughness values began
to decrease as the proportion of short chains in IPNs increased
(see Table 1). We note that in all the series, the experimentally
determined maximum stress at break was always lower than
that of the pure short chain networks.

3.2. Okumura’s model and comparison with
experimental results

Okumura’s assumes that IPNs consist of two ‘‘energetically
independent’’ networks, usually one is relatively much stiffer
than the other. In a recent attempt to elucidate the properties
of such materials based on their composition, Okumura [4] pro-
posed a model to explain the toughness enhancement obtained
by interpenetrating a soft network with a stiff network based on
the properties of each of the two networks that make up the IPN
(modulus or mesh size, maximum stress) as well as the compo-
sition of the IPN (volume fraction of its constituents). He pre-
sented results based on the assumption that the two networks of
the IPN are subjected to either equal-stress or equal-strain. Un-
der the equal-strain condition, the stress loaded on the IPN is
determined by the contribution of the stress of each network
according to their volume fraction. In this case (networks in
parallel), the modulus of IPN will have linear relationship of
the moduli of two networks weighted by their volume fraction
(solid line in Fig. 3). Under the equal-stress condition (net-
works in series), the total strain that is proportional to the recip-
rocal modulus will be the average of the strain of each network
based on their volume fraction. This leads to a dependence of
the IPN modulus on volume fraction given by Eq. (2) below
and represented by the dashed line in Fig. 3. It should be noted
that the moduli obtained using the equal-stress and strain as-
sumptions are the well-known Voigt and Reuss bounds, respec-
tively [16]. Furthermore, it can be shown rigorously that the
Voigt bound is a lower bound while the Reuss bound is an up-
per bound [17]. This is confirmed by our data that lie between
these two bounds in Fig. 3.

We note that for the IPNs synthesized with short chains of
800 g mol�1, with the exception of very high volume fractions
(fS> 0.6), the concentration of short chains is not sufficient to
produce interpenatrating networks where the short chain net-
work spans the entire volume. For the short chains of molar
mass 2.3k and 5.7k, the overlap concentration under the theta
conditions can be estimated roughly [18] to be 0.4 and 0.25,
respectively. The experimental data ranges from low volume
fractions of short chains (forming cross-linked clusters in the
IPN) to high volume fractions (forming interpenetrating net-
works spanning the entire volume). Nonetheless, the modulus
data are fairly continuous as a function of fS. Even though the
smaller chains are not able to form a percolating network at
low volume fractions, the formation of interpenetrated do-
mains is sufficient to increase the modulus of the base network
in a continuous way as a function of concentration.
The equal-stress model appears intuitively more appealing
and consistent with the fact that short length scale deforms
less affinely than longer length scale in a network [19] and
therefore the short chains are expected to be less strained
than the longer chains. Our experimental data on moduluse
volume fraction relationship of the six series of IPNs investi-
gated are shown in Fig. 3. The experimental modulus data
are in general much closer to the prediction of the equal-stress
condition. We summarize below Okumura’s results of the
constant stress model that we then use to quantitatively analyze
our toughness data.

Each network component comprising an IPN is symboli-
cally illustrated in Fig. 4. Under the equal-stress condition,
the stress s on the IPN is equal to the stress on both the
long-chain network sL as well as the stress sS on the short
chain network:

s¼ sL ¼ sS ¼ ELeL ¼ ESeS ð1Þ

where eL and eS represent the strain of each of the compo-
nents, respectively. The modulus E of the IPN is then given
by [4]:

1

E
¼ fL

EL

þfS

ES

ð2Þ

The stress distribution of the IPN near the tip of a crack of
length a in a macroscopic sample at incipient fracture is given
by [20]:

sðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
gE=r

p
ð3Þ

where r is the distance from the tip and g is the fracture energy
of the IPN. This equation based on continuum theory is valid
only when the crack length and the distance r in Eq. (3) are
larger than the largest mesh size, xL. The maximum stress of
the IPN is therefore cut off at xL and is:

smw
ffiffiffiffiffiffiffiffiffiffiffiffiffi
gE=xL

p
ð4Þ

according to Eq. (3).
On the other hand, the failure stress of the short chain

network in IPN is expressed as:

sSw
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gSES=aS

p
; ð5Þ

where gS is the fracture energy of the short chain network and
aS is a size of a microscopic Griffith cavity in the short chain
network with xS< aS< xL. Assuming that the short chain
network breaks before the long one and using the equal-stress
assumption, Okumura sets the maximum failure stress of the
IPN, sm, to equal the inherent failure stress sS:

smwsS: ð6Þ

Comparison of Eqs. (4) and (5) then yields:

gw
xL

aS

ES

E
gS: ð7Þ
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Fig. 3. Elastic modulus versus volume fraction of short chain in IPNs: (a) 800/23k, (b) 800/21k (50% solvent), (c) 2.3k/23k, (d) 2.3k/21k (50% sol), (e) 5.7k/23k,

(f) 5.7k/21k (50% solvent), solid line: E¼ fSESþ fLEL (equal-strain condition, Ruess bound), and dashed line: 1/E¼ fS/ESþ fL/EL (equal-stress condition, Voigt

bound).
The enhancement factor of the toughness of the IPN over
that of the short chain network is obtained by combining
Eqs. (2) and (7):

lh
g

gS

¼ xL

aS

�
fSþfL

ES

EL

�
: ð8Þ

According to Eq. (8), the most critical factor in the tough-
ness enhancement besides the composition and xL is the mod-
ulus ratio of the two networks forming the IPN. Note that for
large ES=EL, Eq. (8) implies that toughness enhancement is
proportional to fL ¼ 1� fS, which suggested that toughness
enhancement decreases with increase in mol% of short chains,
not entirely consistent with our experimental observations (see
Table 1). On the other hand, the prediction from the constant
strain model is even less favorable. This model [4] predicts
that l would increase with (fSESþ fLEL)/ES. Our data
presented in Fig. 5 show that, in general, an opposite trend
is observed.

The theoretical work of Okumura was motivated largely by
the intriguing experimental results of Gong et al. on super-
tough hydrogels [21,22]. To our knowledge, the structure of
these gels is not well-defined and the determination of the nec-
essary parameters from these gels to test the model is elusive.
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Our interpenetrating PDMS networks on the other hand are
synthesized from well-established end-linked chemistry that
is known to lead to well-defined structures and the properties
of the base networks have been studied extensively.

Fig. 6 shows the plot of our experimental data based on
Eq. (8). High toughness enhancement was found when the
molar mass difference of the two precursor chains making up
the two networks of the IPN is large (high ES/EL), in qualita-
tive agreement with Eq. (8). Furthermore, the experimental
data in Fig. 6 appear to be clustered in two groups according
to the long-chain base network. All the data for the 23k base
network fall reasonably well on a straight line. The data for the
21k base networks are more spread out. Nonetheless, the effect
of the parameter aS in Eq. (8) appears negligible and indepen-
dent of the molar mass of short chains (at least in the range of
molar mass studied here). This implies that the only relevant
microstructural factor in Eq. (8) is the mesh size xL of the
long chains. The 21k long-chain network end-linked in
a 50% solvent should have a larger xL than that of 23k network
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Fig. 5. Plot of the enhancement factor based on the equal-strain model. The
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Fig. 4. Illustration representing an IPN made up of a short chain network ‘‘S’’

and a long-chain network ‘‘L’’ with mesh sizes xS and xL, respectively, (b)

illustration of a crack of size a in a continuum subjected to a tensile stress s.
and has lower modulus value. According to Eq. (8) the data
from IPNs formed with 21k (in 50% solvent) base network
as plotted in Fig. 6 must have a higher slope than those of
the 23k base network IPNs. Our results, however, show the
opposite trend.

Okumura [4] assumed that the short chain network breaks
before the long one and took the maximum stress of the
IPNs as that of the short chain network. It should be noted
that this assumption is somewhat inconsistent with his equal-
stress assumption, i.e., Eq. (6). Indeed, if the stresses acting
on the soft and hard chains are equal, then it is difficult to un-
derstand why short chains will break before the long ones. Our
results indicate, however, that the rupture of all the IPN series
is governed by the maximum stress of the long-chain base
network because IPNs with 23k base network showed higher
stress at break than those with 21k (prepared in 50% solvent)
at the same molar mass and similar mol% of short chains.

Of course, the fact that the equal-stress assumption leads
to a satisfactory estimate of the composite modulus E does
not imply that such an assumption can be used to study frac-
ture, which is primarily governed by local processes. Indeed,
it is well-known that the fracture behavior of a material can
be affected dramatically by very small changes in local
microstructure with negligible effect on the elastic modulus.
Therefore, the equal-stress assumption, expressed by Eq.
(6), is likely to be incorrect near the crack tip. In addition,
our swelling experiment strongly suggested that there is
effective load transfer between the stiff and soft networks,
contrary to the hypothesis of Okumura, who assumes that the
two networks are energetically independent. Therefore, it is
not surprising that the toughness enhancement factor given
by Eq. (8) fails to capture the failure characteristic of our
samples.

A simple way to resolve this situation is to abandon the
assumption of equal-stress assumption and to note that if the
failure of our specimens is caused by the growth a major
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Fig. 6. Plot of the enhancement factor based on the equal-stress model, Eq. (8).

The data symbols are for the following IPNs (-) 800/23k; (A) 2.3k/23k;

(:) 5.7k/23k; (,) 800/21k; (>) 2.3k/21k; (6) 5.7k/21k. The 21k base

networks were prepared in 50% solvent.
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defect of length a, then at failure, we must have, using a
standard result in fracture mechanics,

ffiffiffiffiffiffi
gE

p
zsmax

ffiffiffi
a
p

; ð9Þ

where smax is the maximum stress in the tension test. It should
be noted that the size of the defect a can be a function of the
composition. Eq. (9) is also valid for the case where fS ¼ 1,
i.e.,

ffiffiffiffiffiffiffiffiffiffi
gSES

p
zsmax;s

ffiffiffiffiffiffiffiffi
aðsÞ

p
; ð10Þ

where aðsÞ is the size of a macroscopic flaw and smax;s is the
maximum stress in a tensile test of a sample consisting entirely
of stiff chains. As commented above, aðsÞ needed not to be the
same as a. Dividing Eq. (9) by Eq. (10) results in

g=gSy
a

aðsÞ

�
fSþfL

ES

EL

��
smax

smax;s

�2

; ð11Þ

where we have used Eq. (2) to compute ES=E. Despite the scatter
in the data, the results shown in Fig. 6 indicate an insensitivity to
the parameter a(s) for a given base long-chain network and a
dependence on the properties of the long-chain network
(xL, smax,L). We therefore assume the empirical relation:

a

aðsÞs
2
max ¼ bxLs2

max;L ; ð12Þ

where b is a proportionality factor with unit of inverse length
that is independent of the mesh sizes of both networks and
smax;L is the maximum stress in a tensile test of a sample con-
sisting entirely of long chains. The toughness enhancement
factor based on Eq. (12) is then written as:

g=gSybxL

�
fSþfL

ES

EL

��
smax;L

smax;s

�2

; ð13Þ

As shown in Fig. 7, Eq. (13) gives a reasonably good
description of the effect of xL on the toughness enhancement.
This result is consistent with our earlier comment that the rup-
ture of our IPN samples is governed by the maximum stress of
the long-chain base network. In Gaussian networks, the mesh
size x is related to the molar mass between effective cross-link
Mc by:

Mcwx2 ð14Þ

and the relationship between modulus and Mc is:

E¼ 3rRT

Mc

: ð15Þ

Therefore, x will be proportional to (1/E )1/2. The predicted
slope ratio of the 21k (end-linked in 50% solvent) base network
IPNs to the 23k base network IPNs will be 1.7 because the mod-
uli of the base networks are 0.22 and 0.63 MPa, respectively.
Our experimental value of the ratio of slopes in Fig. 6 is 1.9,
which is not too far from 1.7 given the uncertainties of the
best-fit slopes in Fig. 7.
In Table 2, the values of the MooneyeRivlin coefficients
2C1 and 2C2 are listed for all the samples examined. To extract
these values, experimental data of the type shown in Fig. 2 are
plotted according to

f � ¼ f

A�ða� a�2Þ ¼ 2C1þ 2C2=a

and the coefficients are extracted from the portion of the data
that give a linear plot of f* versus a�1. We note that the value
of C1 that represents the covalent cross-links’ contribution to
the modulus [18] increases fairly systematically as the amount
of short chains increases in any given IPN series as would be
expected because of the increase in the average number density
of cross-links in the samples. The value of C2, on the other hand,
appears almost unchanged as a function of short chain concen-
tration in the 23k base network but increases for the 21k base
networks. Because C2 has been related to the effect of entangle-
ments (and interdispersion), we may conclude that short chains
achieve a greater extent of interpenetration into the 21k base net-
work as compared to the 23k base network. The larger mesh size
of the 21k network seems to favor this greater interpenetration.

Values of 3[ f *]a¼1 extrapolated from the MooneyeRivlin
plots are also listed in Table 2. These values should in theory
match the elongational modulus E obtained from the initial
slope of f versus a. In general, there is a reasonable consis-
tency between the two values except for the IPNs from the
2.3k short chains. We suspect that the discrepancies are due
to errors in the extrapolation of the MooneyeRivlin plots.

4. Conclusion

We have prepared six series of IPNs with three different
short chains (molar mass 800, 2300, 5700 g mol�1) interpene-
trated with one of the two long-chain base networks (molar
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Fig. 7. Plot of the enhancement factor based on the modified equal-stress

model, Eq. (13). The data symbols are for the following IPNs: (-) 800/

23k; (A) 2.3k/23k; (:) 5.7k/23k; (,) 800/21k; (>) 2.3k/21k; (6) 5.7k/

21k. The 21k base networks were prepared in 50% solvent.
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Table 2

MooneyeRivlin constants

Mn of base

network

Vol% of trimethoxy-terminated PDMS

(initial solvent) in base network

Mn of short

chain

mol%, mass%

of short chain

E (MPa) 2C2 (MPa) 2C1 (MPa) 3[ f*]a¼1

(MPa)

23k 0 800 0 0.63 0.11 0.12 0.69

70, 6.1 0.66 0.11 0.14 0.74

80, 13 0.68 0.12 0.16 0.83

90, 23 0.87 0.10 0.20 0.90

92.5, 30 0.94 0.12 0.22 1.01

95, 40 1.04 0.15 0.34 1.47

100 3.69 0.32 0.98 3.90

2.3k 0 0.46 0.11 0.10 0.63

70, 19 0.61 0.14 0.17 0.93

80, 28 0.71 0.13 0.26 1.17

90, 47 0.94 0.11 0.22 0.99

92.5, 55 1.03 0.11 0.24 1.06

100 2.19 0.29 0.43 2.16

5.7k 0 0.63 0.12 0.12 0.70

50, 21 0.80 0.12 0.17 0.88

60, 29 0.84 0.14 0.18 0.96

67, 33 0.88 0.11 0.18 0.87

73, 38 0.95 0.11 0.22 0.97

100 1.88 0.202 0.42 1.88

21k 50 800 0 0.22 0.04 0.04 0.25

92.5, 32 0.52 0.05 0.17 0.66

95, 45 0.71 0.07 0.18 0.74

97.5, 62 0.96 0.08 0.23 0.94

98.5, 74 1.11 0.08 0.33 1.23

99, 81 1.36 0.04 0.42 1.4

100 3.69 0.32 0.98 3.9

2.3k 0 0.22 0.04 0.04 0.25

80, 26 0.47 0.05 0.11 0.50

85, 37 0.53 0.07 0.20 0.81

90, 49 0.66 0.08 0.20 0.83

95, 67 0.71 0.09 0.18 0.82

100 2.19 0.29 0.43 2.16

5.7k 0 0.22 0.04 0.04 0.25

60, 29 0.25 0.03 0.05 0.26

65, 30 0.40 0.04 0.07 0.35

70, 36 0.50 0.07 0.11 0.54

75, 44 0.65 0.09 0.15 0.72

80, 52 0.71 0.10 0.20 0.89

100 1.88 0.20 0.42 1.88
mass 23,000 or 21,000 g mol�1 in 50% solvent). The modu-
luseswelling relationship of the IPNs followed a scaling law
identical to that for unimodal PDMS elastomers previously re-
ported. This result supports the hypothesis that load can be
transferred effectively between the networks. Therefore, the
networks in an IPN cannot be considered as energetically in-
dependent, as assumed by Okumura [4]. Our attempt to corre-
late the relationship between toughness enhancement and
property/composition factors of the IPNs using the equal-
stress or equal-strain model for IPN of Okumura has not
been successful. Our results show that the toughness improve-
ment is achieved at moderate mol% of short chains. An empir-
ical model based on fracture mechanics seems to provide
a reasonable way to correlate the experimental results and
shows a complex relation between toughness enhancement
in IPN with composition, modulus and maximum stress of
the individual components of the interpenetrated network.
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