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The bulk modulus is a fundamental elastic property that quantifies a material’s resistance to changing
volume and is critical in loading situations where significant hydrostatic stresses develop. Rubbery
polymer networks represent a class of nearly incompressible materials whose bulk modulus is orders
of magnitude larger than the tensile elastic modulus. The current physical understanding of the bulk
modulus in nearly incompressible polymer networks suggests that it is insensitive to structural features

MSC: of polymer networks, such as the network topology and spatial distribution of crosslinks and chains;
00-01 however, there is a lack of experimental evidence available in the literature to thoroughly examine
99-00 this understanding. In this work, radially confined compression is used to quantify the bulk modulus of

silicone blends with variable crosslinking density and sol fraction. These measurements demonstrate
that the bulk modulus is systematically altered when changing the network structure. Poisson’s ratio
of the silicone blends is also characterized. These findings provide a deeper understanding of the
connection between bulk modulus and molecular structure of nearly incompressible polymer networks.
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1. Introduction

Developing a physical understanding of the elastic proper-
ties of rubbery polymer networks is a foundational problem in
polymer science. Connecting the elastic modulus E to network
structure required contributions from many researchers over the
last 80 years and has been largely successful [ 1-14]. The introduc-
tion of more complex network structures such as multinetwork
gels [15], mechanochemically active networks [16], slide-ring
gels [17], and bottlebrush elastomers [18] over the last 20 years
have kept this an active field of study. While significant ef-
fort has been invested in understanding E, developing similar
structure-property relationships for bulk modulus K and, by ex-
tension, Poisson’s ratio v for polymer networks has received
limited attention.

The bulk modulus can be defined in terms of E and v,

E
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and quantifies a material’s resistance to changing volume [19].
K 1is critical in loading situations where the material response
is influenced by hydrostatic stress which has been shown to be
the case in the stiffness of confined elastic layers [20-25], failure
and cavitation of elastomers [26,27], and during needle insertion
and injection [28-32]. Theoretical treatment of K for polymer
networks has been limited by the scarcity of available literature
data that characterizes this property with both high precision and
variable network structure.

Methods for measuring the bulk modulus largely fall into one
of two categories and often require specialized instrumentation
to achieve a high level of precision. The first category indirectly
reports K by characterizing both E and volume changes during
deformation to estimate v. Techniques that fall into this category
include dilatometry [33-40], strain gauge analysis [41,42], and
digital image correlation (DIC) [43-47]. DIC and strain gauge
analysis are the simplest methods to perform; however, they are
limited in precision as it appears that v can only be readily deter-
mined to the first three decimal points [45]. While dilatometry is
capable of higher precision, measurements to estimate v to 4 dec-
imal points often involve hazardous fluids, such as mercury which
has low compressibility and high thermal conductivity, during
operation [33,39]. The second category includes techniques that
directly quantify bulk modulus by applying a large hydrostatic
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Fig. 1. Plots showing literature data measuring K against (a-b) E and (c) sulfur content while systematically altering material structure by changing (a) the chemical
species tested, (b) filler content as well as pendant group on the backbone chain, and (c) crosslinking density. The data from Rightmire in (a) confirms Tabor’s
prediction that the identity of the chemical species impacts K [56]. The data of Holownia in (b) shows that the amount of carbon black filler added to rubber as well
as the chemical identity of the pendant group of the rubber influences K [59]. The data of Adams and Bridgman [49] (green circles) and Weir [48] (black squares)
in (c) shows that K is sensitive to the sulfur content in natural rubber samples. This data suggests that K should have a positive dependence on the crosslinking
density. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

stress. This includes techniques that use a confining fluid to apply
large pressures [48-58] as well as systems that exploit boundary
conditions to convert large applied forces to hydrostatic stress
[22,57-59]. The need to apply large pressures/forces in order to
generate significant hydrostatic stress is a consequence of the
nearly incompressible nature of most elastomers. For example,
if K 1 GPa then applying a 10% volumetric strain would
require a pressure of 100 MPa (approximately 1000x greater
than atmospheric pressure). Achieving the same pressure through
constrained compression of a disk with a 1 cm radius would
require 31.4 kN of force. Techniques in this category offer the
highest level of precision and, under certain circumstances, can
be used to estimate v to the fifth decimal point [57]. These diffi-
culties in precisely measuring K and v have limited the physical
understanding of these properties in rubbery networks.

Theoretical understanding of K and v of polymer networks
from a molecular perspective has been lacking. Previous attempts
at modeling either of these properties have largely focused on
the influence of filler particles [60] or time dependent viscoelas-
ticity [61] by treating the material at the continuum scale. A
notable exception is the model proposed by Tabor [19], who
recognized that K of rubbery polymer networks, unlike E, is not
entropic in nature and relates to intermolecular forces. Tabor
modeled K of polybutadiene by representing two neighboring
CH, groups along the polymer backbone as rigid spheres. This
enabled calculating K by estimating the intermolecular forces that
would resist compressing such spheres together,

1.8C
K=-—5" (2)

where C is an interaction parameter from a Lennard-Jones type
potential and a is the lattice spacing for a face-centered cubic
(FCC) array of uniform spheres. As discussed in the SI, C and a
can be estimated from the surface energy and molecular volume
of the polymer. Eq. (2) was found to produce an estimate that was
within a factor of 2 for a reference value [19].

While Tabor’s model provided an adequate starting point for
further models, it ignores the presence of structural features of
polymer networks, including the network topology and density
fluctuations, that are key in determining other elastic properties
like E. The exclusion of these features is likely due to (1) the
different physical origin of K relative to E and (2) the scarcity
of available literature data that have quantified bulk modulus
while systematically altering material structure. Bulk modulus
data extracted from literature sources that have systematically
altered material structure are shown in Fig. 1 [48,49,56,59]. Note
that K is plotted against E as it is a conveniently measured

mechanical property that has a well-established connection to
network structure. However, this is not intended to suggest that
K and E have similar physical origins. The data of Rightmire,
shown in Fig. 1a as red squares, primarily alters the identity of
the chemical species present by testing a number of commercial
systems, confirming that molecular chemistry impacts K as Tabor
suggested [56]. The data of Holownia, shown in Fig. 1b as blue
circles, focuses instead on the chemistry of pendant groups on
the backbone chain and amount of filler present in the system
[59], where K increases with increasing filler content [59]. Both
Adams and Gibson [49] as well as Weir [48] examined the impact
of altering the crosslinking density of natural rubber; however,
neither reported E for their samples and thus these data are
plotted against the added sulfur content, which should scale
directly with crosslinking density, in Fig. 1c. These data suggest
a slight increase in K when increasing the crosslinking density.
To the authors’ knowledge, no experimental data set currently
exists involving systematic alteration of the volume fraction of
the polymer network. Based on these results, we hypothesize that
the bulk modulus of an elastomer will vary as features of the
network structure are systematically altered by tuning both the
crosslinking density and volume fraction.

In the present work, this hypothesis is examined by charac-
terizing K of silicone blends with variable crosslinking density
and volume fractions through radially confined compression. First
the methods and materials used in this experiment are presented.
Then a discussion of E with particular care towards characterizing
the sol fraction, defined as the fraction of polymer that is not
anchored to the mechanically percolated network, is presented.
This is then used to examine the relationship between K and E
when altering network structure. Finally, a measurement of v is
presented alongside a discussion of the error in estimating this
property. These findings represent a significant expansion of the
bulk modulus data available in the literature and establish the
measurements necessary to develop a more complete theoretical
treatment of this property that considers network structure.

2. Methods and materials
2.1. Uniaxial extension

Uniaxial extension was used to determine E for samples. Force
and displacement were monitored using a TAXT Plus Connect
Texture Analyzer with a 50 N load cell. Deformation of the sam-
ples was monitored using a Dino-Lite Edge Plus AM4117 series
1.3 MP camera. Samples were cut into rectangular strips (exact
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Fig. 2. (a) Sketch and (b) image showing the fixture used to perform radially confined compression, as well as (c) a plot of force vs. displacement with an inset

showing displacement vs. time for a typical measurement.

Table 1

Gel fractions and E for the silicone blends used in this study. Sample refers to the sample name. Mixing ratio refers to the weight ratio of prepolymer base to curing
agent. Weight fraction in linear chains refers to the weight fraction of Sylgard that is diluted with non-reactive short PDMS chains (approximately 6000 g/mol).
Gel fraction ¢ refers to the measured gel fraction. Predicted ¢ refers to the predicted gel fraction if adding the chains acts as a simple diluent in the network.
E refers to the value of Young’s modulus measured via uniaxial extension. Note the close agreement between the observed gel fractions and those predicted by
diluting the values measured for the undiluted samples suggesting that the presence of diluent does not significantly alter the network that forms. NA stands for not

applicable.

Sample Mixing ratio Weight fraction in linear chains Gel fraction ¢ Predicted ¢ E (kPa)
10:1-100 10:1 1 0.95 NA 2187
20:1-100 20:1 1 0.90 NA 617
30:1-100 30:1 1 0.79 NA 205
40:1-100 40:1 1 0.72 NA 91.3
10:1-875 10:1 0.875 0.84 0.83 1505
20:1-875 20:1 0.875 0.80 0.79 463
30:1-870 30:1 0.87 0.68 0.69 160
40:1-875 40:1 0.875 0.59 0.63 424
30:1-750 30:1 0.75 0.58 0.59 75.3
30:1-625 30:1 0.625 0.49 0.49 443
30:1-500 30:1 0.5 0.36 0.4 25.1

dimensions in supplementary table) and stretched with a dis-
placement rate of 1 mmy/s (approximately a strain rate of 0.025
s~1) to a turnaround displacement of 25 mm (approximately a
strain of 0.625). Summary data and plots showing these tests are
contained in the SI

2.2. Radially confined compression

Radially confined compression was used to determine K for
the samples. Force and displacement were monitored using an
MTS Model 810 Servo Hydraulic Universal Test Machine with a
100 kN load cell. Samples were punched into disks with a thick-
ness of approximately 2 mm and a diameter of approximately
11.8 mm. Exact dimensions as well as summary data are available
in the SI. Samples were compressed in a steel die, originally de-
signed for powder compaction, at a displacement rate of 10 pm/s
to a turnaround force of 25 kN. As shown in Fig. 2a-b, this setup
consists of a cylindrical jacket and two sliding rams lubricated on
the face and at the walls with a teflon spray. The inner and outer
diameters of the jacket were 12 mm and 38.1 mm, respectively.
The diameter of the rams was 11.9 mm leaving a 50 wm gap
at the walls of the die. This gap was small enough to prevent
material extrusion in most samples. The turnaround force was
reduced for samples where extrusion was observed. Typical data
gathered from this test are shown in Fig. 2c. The stiffness of the
test fixture was measured at 153 MN/m and was used to extract
the sample stiffness from the observed stiffness. Based on this

geometry, it is possible to estimate a poroelastic relaxation time
Tporo during confined compression. [62] Taking a contact radius
a = 6 mm and a diffusivity D = 3.01 x 10~'?> m?/s (estimated
for migration of PDMS chains through a PDMS network) gives
Tporo = a2 /D ~ 107 5. [63] This is significantly longer than the test
time of approximately 100 s indicating that poroelasticity should
not significantly contribute in this measurement. A summary of
the data gathered with this technique is contained in the SI.

2.3. Materials

Silicone blends were used in order to probe the impact of net-
work structure on bulk modulus. Samples were formed by mix-
ing a commercially-available polydimethylsiloxane (PDMS) elas-
tomer kit, Sylgard 184, with different prepolymer:curing agent
ratios to alter the crosslinking density. Importantly, the prepoly-
mer base component used in Sylgard 184 contains fumed silica
as a filler. Literature estimates report the amount of silica filler
in the range of 10-30 wt%. [64,65] Note also that changing the
mixing ratio alters both the network crosslinking density and
sol fraction. Hence, gel fractions ¢, defined as the fraction of a
polymer connected to the mechanically percolated network, were
measured for each sample by swelling in excess toluene for seven
days and are reported in Table 1. Samples used for swelling had
cross-sectional dimensions of approximately 6 x 6 mm with a
thickness of approximately 2 mm and no observation of fracture
due to shrinkage stresses during the swelling and deswelling
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Fig. 3. Plot of E against gel fraction ¢ for sets of samples with different
crosslinking densities, indicated by the mixing ratios. The 30:1 samples show
that E ~ ¢283*028 which may indicate a filler effect.

process was observed. To alter the volume fraction of the network
formed, 100 cSt trimethylsiloxy terminated linear polydimethyl-
siloxane chains were added to the crosslinking system and mixed
with the pre-cured material before crosslinking. The added PDMS
chains are too short to form entanglements (approximately 6000
g/mol) and therefore act as a non-volatile, unreactive solvent.
PDMS chains were chosen as a diluent because their chemical
structure closely matches that of the PDMS network and should
minimize any differences in the chemical species present in the
system, which Tabor suggested would alter the bulk modulus
[19]. Samples were mixed and then degassed under vacuum
before films were cured at 70 °C for 21 h and then immediately
removed and left to cool at room temperature (22 °C) for several
hours. Samples used for uniaxial extension and radially confined
compression were taken from the same film.

3. Results and discussion

Gel fractions ¢ and E of the prepared silicone blends are
reported in Table 1. Values of ¢ measured in the undiluted
samples agree well with those predicted in the diluted state.
This suggests that tuning the sol fraction does not significantly
alter the crosslinked network that forms and can be treated as
a straightforward dilution of the network. A plot of E vs. ¢ for
various mixing ratios (Fig. 3) indicates that E ~ ¢>83*0-28 Note
that the values of E were measured at the same strain rate to
avoid the influence of rate effects. This scaling exponent, while
only observed with data spanning half a decade, may indicate
a filler effect from the silica that is present in the commercial
silicone kit. According to the Guth-Gold model, E ~ Ep(¢r)?
where E); is the modulus of the matrix and ¢r is the fraction of
filler in the system [66]. Adding unreactive chains into a system
with filler should cause a reduction in both Ey; and ¢r which
leads to a predicted scaling of E ~ ¢3, close to the value of
E ~ ¢*83%028 ghserved in experiment. Thus, the observed scaling
of E ~ ¢*83%028 enables the isolation of the effect of crosslinking
density from changes in sol fraction in the samples with varying
mixing ratio.

Plots of K against E for samples that alter the volume fraction
and the crosslinking density are shown in Fig. 4. Note that E was
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corrected for sol fraction effects, using the empirical scaling from
Fig. 3 (shift factors reported in supplementary information), in
Fig. 4b to isolate the effect of crosslinking density. An estimate
of K = 1.7 GPa from Tabor’s model, developed in the SI, is
included on these plots. In both cases, K appears to systemati-
cally increase with volume fraction and crosslinking density. The
data indicate that K ~ E%%*005 when altering volume fraction
while K ~ E%28+0.05 wyhen altering the crosslinking density. The
observation that K depends on E when altering network structure
shows that Tabor’s model provides an incomplete understanding
of K in nearly incompressible polymer networks. These results
demonstrate that K is sensitive to both polymer volume fraction
and network crosslinking density.

Measurements of E and K can be used to estimate v using
Eq. (1). For this, it is important to consider how uncertainty
in the measurement of both E and K propagate to uncertainty
in the value of v [57]. Rearranging and including error in the
measurement gives,

_E |(4E\* (2K 5
“a((%) (%) v

where 4E represents the relative uncertainty in the measurement
of E. The form of this equation shows that any error in E and
K is scaled by &. Since E and K are orders of magnitude apart,
large errors in the measurement of the moduli can translate to
very small errors in v. This insensitivity to errors in modulus
measurement is why quantifying E and K offers such a high level
of precision [57]. For example, if K = 1 GPa and E = 1 MPa then
& = 1.6 x 107* giving an exact value of v = 0.49983. Now
assuming a +25% error for both E and K gives Av = .00006.
This translates to 0.01% uncertainty in the value of v, which
means that this measurement would only be precise to the fourth
decimal point and should be reported as v = 0.4998. Based on
this argument, samples with a mixing ratio of 10:1 should be
precise to the fourth decimal point while all other tested samples
are precise to the fifth decimal point.

Plots of v against E are shown in Fig. 5 for (a) altering volume
fraction and (b) altering crosslinking density. Note that E has
been shifted to isolate the effect of altering crosslinking den-
sity in Fig. 5b. An estimate of v calculated using the value of
K = 1.7 GPa from Tabor’s model is also included on each plot.
Each of the values at constant mixing ratio in Fig. 5a are only
differentiated by the fifth decimal point. This indicates that the
difference between these data is beyond the resolution limit of
the measurement technique and so no scaling can be confidently
extracted. Interestingly, predictions of the Tabor model are close
to the observed values at different mixing ratios. The data sets
in Fig. 5b are differentiated by the fourth decimal point and
v appears to be linearly dependent on E. However, the effect
appears to be very slight, as a increasing E by two orders of
magnitude only decreases v by 0.04%. Together, these results
indicate that v is sensitive to crosslinking density and is largely
insensitive to volume fraction, at least within the resolution limit
of this technique.

It is interesting to note the agreement in both plots between
the measured values of v and those predicted using a constant
value of K from Tabor’s model. This agreement is a consequence
of the insensitivity of v to errors in the measurement of K relative
to E, and suggests that while Tabor’s model may be an incomplete
description of K, it can be used to estimate v in the nearly
incompressible regime. The observed linear scaling of v with E
indicates a relative difference in the sensitivity of E and K to
network structure. v is proportional to % and E shifts by two
orders of magnitude as crosslinking density and volume fraction
are altered in the blends. In comparison, K shifts by a factor of
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approximately 3 for the same samples. These relative sensitivities
result in an apparent linear trend of v with respect to E, even
without correcting for changes in K.

Together these results demonstrate that the bulk modulus of
an elastomer varies as the network structure is systematically al-
tered by tuning both the crosslinking density and volume fraction.
It was found that K ~ E%##*005 when altering the crosslinking
density and K ~ E%2+005 when changing volume fraction.
Notably, v is less sensitive to network structure than K with
only a slight reduction when altering the crosslinking density
and an unresolvable difference when altering volume fraction.
This shows that the current theoretical understanding of K in
polymer networks is incomplete; however, it should be sufficient
for estimating v of nearly incompressible networks given the
insensitivity of this property to errors in K.

While the results presented above illustrate a relationship
between network structure and K in nearly incompressible poly-
mer networks, it is important to discuss the limitations of these
findings. First, the use of a commercial kit to create the silicone
blends offers limited control over the network structure. The
observation that fillers may play a role when altering the polymer

volume fraction suggests that the influence of this filler may be a
confounding variable for the scalings reported here. This is likely
important given that changing the mixing ratio alters the sol
fraction without dramatically changing the filler concentration.
Performing similar measurements with a material system that of-
fers greater molecular control is of interest in the future. Second,
while bulk modulus appears to be sensitive to network structure,
it is not immediately clear how varying volume fraction and
crosslinking density alter K. We suspect that both decreasing the
crosslinking density and increasing the diluent concentration in-
creases the number of chain ends in the system which could lead
to a reduction in the effective packing ratio that Tabor assumed
to be an unrealistic, dense-packing FCC structure. Combining
direct structural characterization, to measure a realistic packing
structure in a material with more precise network control, with
further measurements of bulk modulus to test modified versions
of Tabor’s model is of interest in the future.

4. Conclusions

Radially confined compression was used to quantify the bulk
modulus of nearly incompressible polymer networks. It was
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found that the bulk modulus systematically changes with both
polymer volume fraction and crosslinking density. Poisson’s ratio
was found to be approximately insensitive to network volume
fraction, and appears to linearly decrease as crosslinking density
increased, which is a consequence of the relative difference in
sensitivity to crosslinking density between Young’s modulus and
the bulk modulus. These results expand the experimental under-
standing of bulk modulus and present an opportunity to deepen
the physical understanding of this property.
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