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Polymer gels are subjected to large-strain deformation during their applications. The gel
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deformation at large-strain is non-linear and can often lead to failure of the material. Here, we

report the large-strain deformation behavior of a physically cross-linked, swollen triblock
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copolymer gel, which displays unique strain-stiffening response at large-strain. Investigations
were performed using large amplitude oscillatory shear (LAOS) and custom developed

cavitation rheology techniques. Gent constitutive equation, which considers finite extensibility
of midblock, was fitted with the LAOS data, therefore, linking the estimated parameters from
LAOS analysis to the structure of the gel. The pressure responses obtained from the cavitation
experiments were modeled using neo-Hookean and Gent constitutive equations. Our results
capture the failure behavior of a gel with finite chain extensibility, initiated from a defect

within the gel.

Introduction

Gels are chemically or physically cross-linked polymer network
swollen with a large amount of solvents. Despite large amount
of solvent content, gels behave like solid and the mechanical
properties of gel can be tuned to match that of human tissues.'™
In addition, selecting polymers with appropriate chemical
structure, gels can be made responsive to external stimuli such
as temperature, pH, electrical field, and light.l’z""10 All these
interesting properties make gels to be useful in many potential
applications including tissue engineering, drug delivery
vehicles, superabsorbent, gel-based Sensors, soft
robots/machines, etc.?*!'"'® Understanding of gel mechanical
properties is essential, particularly, if the gel is expected to be
mechanically deformed during its applications. The mechanical
properties of a gel depends on the polymer volume fraction;
degree, nature and strength of crosslinking; polymer chain
architecture; time and length scales involved with the diffusion
of small solvent molecules in and out of the network
structure.*>”'* At low-strain, the polymer chains do not deviate
significantly from the equilibrium conformation, as a result, the
modulus almost remains constant. However, with increasing
applied-strain, the polymer chains are deformed from their
equilibrium conformation, often followed by chain-scissions or
dissociation of physical bonds, leading to failure of the
material. During the large-strain deformation process, the
elastic modulus of a gel can decrease (strain-soften) or increase
(strain-stiffen) before fracture takes place.*'"?° Finite-
extensibility of polymer chains has been attributed to the strain-
stiffening behavior at large-strain, whereas, slippage at the

entanglement points, defects present in the free-radical
polymerized network can result in strain-softening
behavior.'”'>?'  However, our understanding of failure

mechanism of gels at large-strain is incomplete.

This journal is © The Royal Society of Chemistry 2013

At low-strain, in linear viscoelastic region, gel mechanical
properties can be determined by conventional rheological
experiments, such as small amplitude oscillatory shear.”? In
comparison, characterizing mechanical properties of a gel or
any soft-materials at large-strain is challenging. This is
attributed to the soft and slippery nature of gels, for which
performing conventional mechanical tests such as tensile tests
are difficult. As a result, large-strain deformation behavior of
swollen gels is not well understood and several theoretical
framework and experimental methodologies are being
developed to overcome this challenge.*! Compression
technique, in which a cylindrical sample is compressed at
different strain rates, is one of the most widely used techniques
to investigate the gel mechanical properties.*®*! This method
provides interesting insight into the gel mechanical
properties.’®*! However, in these experiments the samples need
to be prepared with specific dimensions, which can be difficult
to obtain for very soft gels.

LAOS (Large Amplitude Oscillatory Shear) experiments are
increasingly being used to evaluate the large-strain (in
nonlinear viscoelastic region) behavior of soft materials.’*
Fourier transformation (FT) of raw stress-strain data provides a
number of parameters describing the viscoelastic response of a
material in nonlinear region.** Ewoldt et al.*® utilized the
geometric interpretation of stress-strain data proposed by Cho
et al.*® and applied orthogonal Chebyshev polynomial of the
first kind to describing stress-strain responses. Here, we apply
this framework to investigate the gel mechanical properties at
large-strain, therefore, linking the mathematical parameters
estimated from LAOS analysis to gel structure.

Cavitation rheology is another measurement technique to
investigate the large-strain deformation behavior of polymer
gels at different length scales and at any arbitrary locations
within a gel.’” This technique involves inserting a syringe-
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needle within a gel and pressurizing a fluid (e.g. air, water)
inside the syringe-needle to deform the gel at the tip of the
needle. Beyond a critical pressure, the gel either cavitate or
fracture and the critical pressure is related to the elasticity of
the soft material and the surface energy of the media and gel
interface. Varying the needle radius allow us to investigate the
deformation behavior of soft materials as a function of length
scale (~ 10 pm to 1000 pm). Cavitation rheology has been
adapted to various polymer gels and biological network.*®
““‘However, determining the true relationship between the
critical pressure, the mechanism of cavity growth inside an
elastomer or gel, and the local elastic modulus is a complex
problem,*** particularly for a strain-stiffening gel, as
explained here. We also attempt to model the gel cavitation
phenomena using Gent model, in comparison to neo-Hookean
models used in earlier studies.**™*

Here, we investigate the large-strain deformation behavior of a
physically associating, thermoreversible, model gel using both
LAOS and cavitation rheology. This model gel is consisting of
a triblock copolymer, poly methylmethacrylate-poly n-
butylacrylate-poly methylmethacrylate (PMMA-PnBA-PMMA)
dissolved in a midblock selective solvent.** Cavitation
rheology measurements as a function of temperature have been
conducted. LAOS experiments capture the strain-stiffening
responses of the model gel. The estimated parameters from
LAOS data describing the strain-stiffening responses are linked
to the Gent constitutive model, which considers finite chain
extensibility and the resulting strain-stiffening behavior. We
applied such understanding to explain the experimental
observations from cavitation rheology. Our results capture the
failure behavior of triblock copolymer gels with finite chain
extensibility, initiated from a defect within the gel. In addition,
strain-stiffening response of our gel is similar to that observed
in biological tissues and our results will also be relevant to the
cavitation phenomena observed in biological tissues.>

Experimental section

Materials

A triblock copolymer, PMMA-PnBA-PMMA, with end-blocks
(PMMA) molecular weight of 9000 g/mol and mid-block
(PnBA) molecular weight of 53000 g/mol, was kindly provided
by Kuraray Corporation. Gels with different polymer
concentrations (5, 7, and 10% v/v) were prepared by dissolving
polymer of appropriate quantity at 70 °C in 2-ethyl-1-hexanol
(Fisher Scientific), a midblock selective solvent.

Rheological experiments

Rheological measurements were conducted using a TA
instrument HR-2 rheometer. Most of the experiments were
performed using a 25 mm cone-plate geometry. Also, 25 mm
parallel-plate geometry was used to visualize the fracture of gel
at large-strain. Results from both cone-plate and parallel-plate
geometries did not show a significant difference in responses.
The rheometer is fitted with a Peltier system. The samples were
loaded in the rheometer in liquid state (at 50 °C) and were then
cooled to obtain gels.

Cavitation experiments

Cavitation experiments were performed using a custom-built
set-up at 22 °C (room temperature) and at 6 °C. An ice bath
was used to maintain the temperature at 6 °C. In cavitation
experiments, a syringe-needle was inserted into a gel at an
arbitrary location. The syringe-needle was connected to a
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syringe and the air within the system (confined by the syringe
plunger and the gel at the tip of the needle) was pressurized
using a syringe pump (New Era). A pressure transducer (Px26
series from Omega Engineering) was used to record the system
pressure as a function of time. Images of gel deformation at the
tip of the needle were captured using a digital camera (Basler).
A custom written program in LabVIEW was used to control the
experiments and to collect data and images.

Results and Discussion

PMMA-PnBA-PMMA gel

A thermoreversible, physically associating model gel, studied
in details by Shull and coworkers,??*4°152 i5 considered in
this study. Here, a PMMA-PnBA-PMMA triblock copolymer is
dissolved in a midblock selective solvent, 2-ethyl-1-hexanol. At
high temperature the polymer is completely soluble in the
solvent, but as the temperature is reduced, solubility of the
PMMA end-blocks in the solvent decreases. Subsequently, the
end-blocks of multiple polymer chains self-assemble into
aggregates or micelles and these aggregates are then connected
by the soluble PnBA midblock chains. As a result, a three
dimensional network structure is obtained, where the PMMA
aggregates act as the physical crosslinking points.

Transition from liquid to gel like structure with decrease of
temperature was monitored using rheological experiments (Fig.
S1).2%% At the transition temperature, defined as the critical
micelle temperature or cmt,”** the elastic modulus is equal to
the viscous modulus and below the cmt elastic modulus is
higher than viscous modulus, i.e., the sample behaves like a soft
solid. Near the cmt, the aggregates are still swollen with some
amount of solvents and the relaxation process involving
exchange of endblocks in and out of the aggregates is fast. With
further decrease of temperature, solubility of the endblocks in
the solvent decreases and the solvent is expelled from the
aggregates. During this process, the aggregates reach a glassy
state, correspondingly, a glass transition temperature (7,) is
observed.?>* Below T o the relaxation process slows down
significantly.*”>* The long relaxation time leads to stretching of
midblock to its fully-stretched length before being pulled-out of
the aggregates and the resulting strain-stiffening behavior of
this gel as a result of mechanical deformation. For the triblock
gel considered here, Tg is higher than the room temperature®
and the sample behaves like a gel at the experimental
temperatures of 22 °C and 6 °C. The gelation process is
thermoreversible in nature, i.e, the gel sample can be heated to
liquid form and the deformation history can be erased. It is
beneficial, as a single sample can be tested multiple times
without any previous deformation history and the experimental
uncertainties caused from sample to sample variations can be
minimized.

Large amplitude oscillatory shear (LAOS)

Dynamic oscillatory shear experiments are performed to
investigate the bulk rheological properties of soft materials and
the parameters of interests are elastic (storage) and viscous
(loss) moduli. The shear stress response of a viscoelastic
material subjected to a shear strain,y =y, sin(a)t), can be

written as:>

o(t)= ZT” sin(nax +35,) Q)]

n:odd

This journal is © The Royal Society of Chemistry 2012

Page 2 of 14



Page 3 of 14

Where, j; is the strain amplitude, w is the angular frequency, 7,
and J, are the nth harmonic stress amplitude and phase angle,
respectively. By using trigonometric identities it can be

decomposed into a summation of elastic and viscous
contribution:
T(t) =%, Z(G,’, (a), 70)sinnat +G) (a), 70)cosnat) 2

nodd

Where G, and G", are viscoelastic moduli. In linear viscoelastic
region, the first harmonic of Eq. 2 is enough to capture the
elastic and viscous behavior of a gel, i.e., G; = G, (storage
modulus: elastic contribution) and G'; = G" (loss modulus:
viscous contribution). Plotting stress vs strain data (Lissajous-
Bowditch curves) in linear regime yields an ellipse. At larger
strain, the Lissajous-Bowditch curves are not perfectly elliptical
but distorted in nature and the stress response cannot be
captured by using a single harmonic and higher order terms of
the Eq. 2 are needed. Thus, G and G’ do not uniquely describe
the storage and loss moduli.

The stress responses can also be decomposed using Chebyshev

polynomials of the first kind as the orthogonal basis
functions:*®
=1, 2 e L 0)+7 20T, () 3

nodd nodd

Where 7,(x) and T,(y) are the nth order Chebyshev polynomials
of the first kind, p,is the amplitude,

X=y/V0y =7V and e, and v, are the elastic and viscous

strain rate

Chebyshev coefficients, respectively. In linear viscoelastic
region, the Eq. 3 reduces to
7(t) = y,e, T, (x) + 70, T, () = 74, X + 7v,y > Which is related to
the Eq. 2 as ¢; = G; = G and v; = G /o = G'/w. In the
nonlinear regime, the higher order coefficients are not zero. The
sign and magnitude of the third order Chebyshev coefficients
represent the strain-stiffening (e; > 0) or strain-softening (e; <
0) and shear-thickening (v; > 0) or shear-thinning (v; < 0)
behavior of a material.

Using the framework discussed above the rheological responses
of the triblock gel samples were analyzed. The results from
LAOS experiments, performed using a 25 mm cone-plate
geometry (the results are independent of geometry; Fig. S2) at
22 °C and at a frequency (w) of 1 rad/s, are shown in Figures la
and 1b. Figure la displayed the storage modulus, G';, and loss
modulus, G, estimated by the rheometer software. Both in
linear and nonlinear regions, these values were obtained by
considering the first harmonic only. G'; values are much higher
than G}, confirming the gel (soft-solid) like behavior of our
system. Also, at large-strain, G; values increase with the
increase of strain, indicating the strain-stiffening nature of this
gel. The corresponding stress-strain curves (Lissajous-
Bowditch curves) are shown in Figure 1b. The results clearly
reveal the transition from linear to non-linear responses, as the
elliptical ~stress-strain responses become distorted with
increasing strain amplitude. Strain amplitude y» < 39 %,
represents the linear viscoelastic region (up to the point 13 in
Fig. 1b). For larger strain values, a transition from linear to
non-linear responses takes places and higher harmonics are
required to capture the stress responses, as G; underestimates
the elastic modulus values. Therefore, we estimated the third-
order Chebyshev coefficients, e;, using MITlaos software. As
shown in Figure lc, e; have positive values in the non-linear
region, confirming the strain-stiffening response of the gel.

This journal is © The Royal Society of Chemistry 2012
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The effect of frequency on storage and loss moduli in both
linear and non-linear viscoelastic regions are also investigated
(Fig. S3). Similar to strain-sweep tests, G; values are found to
be much higher than that of G';. Also, G; increases slightly
with the increasing frequency. Both these observations are
typical to gel like materials.>® Frequency dependency of moduli
decreases as the temperature was decreased from 22 °C to 6 °C.
Reduction of temperature results in increase of relaxation time
and the gel behave more elastically.
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Fig. 1 Linear and non-linear viscoelastic responses of a PMMA-PnBA-PMMA
triblock copolymer gel with polymer volume fraction (¢) of 0.05. Experiments
were performed at 22°C and at a frequency (w) of 1 rad/s. a) The closed and
open symbols are storage (G;) and loss (G';) moduli estimated by the rheometer
software. The solid line is e;, predicted from Gent model (Eq. 7) considering
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maximum stretch ratio (A,) of 380%. b) Lissajous-Bowditch curves as a function

of strain. c) Closed symbols are the third Chebyshev coefficients (e;) estimated
form experimental data and the solid line is the prediction of Gent model (Eq. 8).

Changes in stress-stain responses with increasing frequency and
strain amplitude provide us some interesting insights. Figure 2
displays stress-strain responses over a frequency (w) range of 1
rad/s to 30 rad/s (higher frequency data not considered due to
the inertia effect of a stress-controlled rheometer) and strain
amplitude () range of 10 % to 200 %. Each curve is provided
with the corresponding e; and G, values. In linear viscoelastic
region, for =10 %, e; is equal to zero up to a frequency of 10
rad/s, and a small positive value is observed at higher
frequencies. At higher strain value, such as v, 200%, a
significant increase of e; (as high as 3 times) is observed with
increasing frequency, i.e, the strain-stiffening response
enhances with increasing frequency. At high frequencies there
will not be enough time for the exchange of PMMA end blocks
in and out of the aggregates and the enhancement of strain-
stiffening takes place.

Gent model: For elastic materials, strain energy functions (W)
relate the extension ratio (1) to elastic energy.****** The strain
energy function for Gent model, considering finite chain-
extensibility is:*®

Matter

Journal Name

Glin Jm (4)

W=y
6 2

£)-ogofe s
I J,
Where, E is the Young’s modulus, J; = 1,7 + 1,° + 17 — 3 (Uss
are the extension ratios in the principal stretch directions), J,
corresponds to the maximum extensibility or maximum chain
extension, 4,; Gy, is the linear elastic modulus and is equal to
E/3 for Poisson’s ratio = 0.5. Gent model approaches to neo-
Hookean model when maximum chain extensibility approaches
infinity, i.e, 4,, —®, J,, —00,3

As observed in rheological results, elastic modulus of our gel is
much higher than viscous modulus. Therefore, for our analysis
we assumed that viscous dissipation is negligible and the elastic
stress is approximately equal to the total stress (7,4 = 7). The
shear stress as a function of strain can be written as:*’

r=4() ®

Where y is the shear strain and f() is the shear modulus as a
function of y. At small strain, f{)) approaches a constant
modulus (Gy;,). For simple-shear experiments, shear strain is
related to the extension ratio as y= 1 - 1/4. Also, shear stress is
the derivative of the strain energy function with respect to

strain.’* Thus, from strain energy function for Gent model (eq.
4) we have:

A G,=397Pa
‘d
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P P
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Fig. 2 Lissajous-Bowditch curves as a function of frequency and strain amplitude. Red dashed lines represent the pure elastic stress responses of the gel. e3, and G’;
values are indicated for each oscillatory test. Here, Polymer volume fraction (¢) is 0.05 and experiments were conducted at 22 °C.
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Using these relationships, the first and third-order Chebyshev
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The third-order Chebyshev coefficient for Gent model is always
a positive number (p/y, <l), predicting a strain stiffening
behavior. The summation of e; and e; is equal to f(3) in Eq. 6.
The maximum extension ratio for the gel with polymer volume
fraction (@) of 0.05 was estimated based on the small angle X-
ray scattering (SAXS) data reported in literature.’™>' During
shearing or any mechanical deformation, the PnBA chains
connecting the PMMA aggregates are stretched and the fully
stretched length of the PnBA (molecular weight 53,000 g/mol)
is estimated to be ~ 105 nm and the unstretched length
estimated from SAXS data is ~ 28 nm.”® This results in
maximum extensibility, 4,, & 3.8. This value is considered for
our analysis here.

Gent model (Egs. 7, 8) was fitted to the experimental data
(Figures la and 1c) and the model captures the experimental
data reasonably well. There is a similar trend in prediction of
elastic modulus (G'; or e;) and e;, as both increases rapidly at
large-strain. Using Gent model in the LAOS formulation, we
were able to elucidate the physical significance of the
mathematical coefficients estimated from the analysis. The
coefficient, e; only represents the non-linear response of the
gel, whereas, e; has contributions from both linear and non-
linear components.

During rheological experiments, a fracture in the gel sample
was observed at a strain value of ~350%, as a result, a drop in
modulus value was observed (point 19 on Fig. 1a). Fracture of
this gel during shear has been related to the strain-localization
or non-homogeneous strain field® and the preliminary

This journal is © The Royal Society of Chemistry 2013

observation indicates that fracture initiates in the bulk (Fig. S4).
However, it is interesting to note that the strain value for
fracture is very close to the maximum strain value that can be
achieved considering finite chain extensibility.

Cavitation

Cavitation phenomena is observed in elastomeric networks*
and even in human brain subjected to shock wave.’® Cavitation
is caused by elastic instability. It is considered to be a
reversible process and no fracture is involved.*® Utilizing
cavitation phenomena, measurement technique (cavitation
rheology) has been developed for investigating local
mechanical properties of soft solids.*®****5 Although the
experimental observation of cavity formation at a critical
pressures is similar for all gels, the main challenge in cavitation
rheology is determining the mathematical relationship that
relates the cavitation pressure to the mechanical properties. The
relationship depends on the strain energy function used. Now,
the strain energy function must be physically meaningful and
should capture the rheological responses adequately. The
previous section shows that the Gent model can be fitted with
the experimental data reasonably well. It captures the strain-
stiffening behavior of the PMMA-PnBA-PMMA gel considered
here and also verifies our assumption that the maximum
extensibility of this gel is #3.8. The rheological results are also
used to explain the experimental observations from the
cavitation rheology experiments. Here, experiments were
performed for gels with different polymer volume fractions, at
different pumping/compression rates, and at a temperature
different than room temperature.

Effect of polymer volume fraction: Figure 3a displays the
pressure responses during cavitation experiments for polymer
volume fractions (¢) of 0.05, 0.07, and 0.10. For all these gels
the system pressure increases linearly with time during
pressurization to a maximum value (defined as critical pressure,
P,) before a sudden drop of pressure takes place. Figures 3b-d
display the deformation of these gels at the tip of the needle,
captured at and after P.. The micrographs indicate that at P, a
cavity forms rapidly at the tip of the needle inside the gel. The
sudden formation of cavity results in decrease of pressure. The
critical pressure increases with the increase of polymer volume
fraction. This is expected as critical pressure scales with the
elastic modulus of a material and with the increase of polymer
concentration, the elastic modulus of a gel increases (Fig. S5).

Although cavity formation was observed at P, for all of the
volume fractions investigated here, the nature of cavity growth
depends on the polymer volume fraction. For ¢ = 0.05, the
cavity maintained it spherical shape, whereas, for ¢ = 0.10 the
cavity transitioned to asymmetric fracture like response.
Considering the expansion ratio defined as 1 = (4/4.9)", where,
A, is the surface area of the cavity at any instance and 4, is the
inner cross-sectional area of the needle (the initial area), we

J. Name., 2013, 00, 1-3 | 5
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have observed A of as high as 15. As discussed earlier, the
maximum possible stretch ratio for the PnBA chains is ~ 3.8.
Therefore, during cavity growth PnBA chains must have been
pulled out of the PMMA aggregates.

Effect of compression/pumping rate: Mechanical response of a
viscoelastic material depends on the applied strain-rate or the
time-scale associated with mechanical deformation with respect
to the relaxation time of the material. The frequency sweep data
(Figure 2) indicate that the non-linearity and modulus of this
gel depend on the applied frequency (related to strain-rate). To
investigate further, cavitation experiments were performed at
different pumping/compression rates, which directly correspond
to gel deformation at the needle-tip for different strain-rates.
Figure 4 displays results for a gel with ¢ = 0.05 in which
pumping/compression rates were varied from 0.01 to 25
mL/min. Interestingly, critical pressure for the pumping rate of
0.01 mL/min is significantly lower than that observed for the
pumping rate of 0.5 mL/min. At low pumping rate the
experimental time scale is comparable to the gel relaxation
time, which is higher than 100 s> As discussed below,
cavitation phenomena observed here involves the chain pull-out
of the aggregates and if the experimental time-scale is similar to
the relaxation time, the pull-out process will be easier and as a
result a decrease in P. can be observed. With increasing
pressurization rate, a small increase of P. was observed.
However, to observe a significant change in P., as one might
expect by looking at the frequency sweep data, it is likely that
the rate of pressurization needs to be increased significantly,
however; such high rate cannot be achieved in our present set-

up.

Journal Name

Effect of temperature: To identify the temperature dependence
on cavitation, we also conducted the cavitation experiments at ~
6 °C using an ice bath. Figure 5 displays the results obtained
from shear rheology and cavitation experiments for a gel with ¢
= 0.05 at 6 and 22 °C. As expected, storage modulus increases
with the decrease of temperature (Figure 5a); storage modulus
of =160 Pa at 10 % strain and at 22 °C increases to =310 Pa at
6 °C for the same strain value, i.e, the storage modulus
increased by two times. Interestingly, at both these
temperatures, during shearing, fracture of the gel took place at a
similar strain value. For cavitation experiments, a higher critical
pressure was observed at 6 °C. As lowering temperature results
in increase of shear-modulus, the increase of P, in cavitation
experiments is expected, however, P. increases by
approximately 1.5 times, lower than that observed in shear-
rheology experiments. Initiation and growth of cavity at both
these temperatures were found similar.

Model prediction for pressure responses: We have shown that
the Gent model can capture the LAOS data reasonably well
including the strain-stiffening behavior and the maximum chain
extensibility. Here, we use Gent model to explain the cavitation
phenomena. We also consider the neo-Hookean model, which
is used in earlier studies to describe cavitation. >’

The pressure vs. time responses presented above can be
described using continuum mechanics approach. It is assumed
that during pressurization a spherical cap forms at the tip of the
needle. Consequently, pressure at any instance can be given by,
P = I' dA/dV +0, where I"is the surface energy, o is the
mechanical stress near the tip that the gel experiences, 4 and
are the surface area and
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Fig. 3 a) Pressure as a function of time for three polymer volume fractions, ¢ = 0.05, 0.07, and 0.10. (b-d) Micrographs of cavity growth at and after the critical
pressure for b) ¢ = 0.05, c) ¢ = 0.07, d) ¢ = 0.10. Needle radius, rj, = 156 um. Experimental temperature 22 °C.

rate: 25
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Fig. 4 Images are at critical pressure for different compression/pumping rates. Polymer volume fraction, ¢ = 0.05 and needle radius, r;, = 302 um.
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Fig. 5 a) Moduli as a function of strain at 6 °C and 22 °C. b) Temperature dependence on cavitation, and c) initiation and growth of cavity. Here, polymer volume
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and volume of the cap, respectively. The stress o can be
defined using various strain energy functions. For Gent strain
energy function:****%

2 ) 2 92 25
P () T 2 o

= +
oot rin 2’2 3 1 1 Jl
Jm

Here, A is the expansion ratio defined as 1 = (4./4.4) %, where,

A, is the surface area of the cavity at any instance and 4, is the

inner cross-sectional area of the needle (the initial area). If J,,

— oo, pressure for neo-Hookean solid is given by:*
ar((2-1f) (5 2 1

P = £4444)— +<E( )

Neo—Hookean — ﬂz
in

(10)

These functions can be used to track the pressure response
during the cavitation experiment as a function of time.
Considering the experimental set-up is a close system (the air
volume confined by the syringe plunger and the gel at the tip of
the needle), air is an ideal gas, and no diffusion of air into the
gel takes place while pressurizing, we can write:
PV =PV, (1
Where, P, is the initial system pressure (atmospheric pressure),
Vy is the initial system volume. Similarly, P and V are the
system pressure and volume, respectively, at time, ¢, during
cavitation experiment. The system volume at any instance ¢ can
be written as:’’
V=V,—ut+V, (12)
V. is the cavity volume at the syringe-needle tip and u is the
pumping/compression rate. During initial stage of compression,
when V, is much smaller than V), the Egs. 11 and 12 yield:

ﬁ _HM ; (13)
£V
Where, P, = P —P,, the gauge pressure measured by the

pressure transducer, as reported in Figures 3a and 5b. The linear
behavior of Eq. 13 is evident in Figures 3a and 5b. This allows
us to determine the system volume from the initial slope of the

This journal is © The Royal Society of Chemistry 2012

P vs. time experimental data. For the results presented in
Figures 3a and 5b, V,~24mL-

Now, assuming a spherical cap at the tip of needle, the cavity
volume can be written as:

vo= () 1) 9

From Egs. 10, 11, 12, and 14, for neo-Hookean gel, we obtain:

(15)

ar((2=1f ) (5 2 1 (ot} ||

Py, {r[ . ]+E(6 o M]{ m{ 6( +2f 2 -1) ||=0
And for Gent gel:

(16)
o

(2 +2)22 1) H =0
Figure 6 displays the above functions (left side of equations 15
and 16) plotted as a function of A for different time steps. The
values of elastic modulus (£), initial system volume (V) and
pressure (Py), pumping rate (), and surface energy (/) used
here are listed in the caption of Fig. 6. Here surface energy (/)
is fitting parameter. The roots/solutions for these objective
functions will be the values of A for which these functions are
equal to zero (eq. 15 and 16). The objective function for the
neo-Hookean model has a solution in between 1<A<1.4 for¢ <
50 s (Fig. 6a). However, for ¢ > 50 s, the solution jumps to a
very high number, A =28 (Fig. 6b). This jump is expected for
neo-Hookean model, as infinite extensibility is assumed. The
objective function for Gent model behaves similar to neo-
Hookean model, however, A can only jumps to the vicinity of
Am» Which is equal to 3.8 for this gel (Fig. 6¢ and 6d).
The results are summarized in Figure 7, in which both pressure
and extension ratio as a function of time for neo-Hookean and
Gent gels are presented. For a neo-Hookean gel (Fig. 7a), as the
system is pressurized, an increase of pressure up to a critical
point and a sudden drop of pressure beyond that critical point
has been predicted. Also, the expansion ratio (A1) increases
slowly during the initial compression until a certain jump at the
critical point (4. = 1.4), caused by the elastic instability, takes

ar((2=1f | 2B 22417
P"V"{r[ 7 } I[l J ), ]”M

in
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place. Since there is no limit of expansion ratio for neo-

Hookean gels (4,,—x), as pressure reaches the instability point,

the cavity volume can increase without any bound. Such rapid

increase of cavity volume results in sudden drop of pressure

and cavitation or snap-through expansion is observed. For neo-

Hookean gels, the critical pressure can be represented as:**
5 2r

P =—E+—
6 7,

in

(17)

This equation is a widely used one .>”** Here, the critical
pressure for cavitation is related to the elastic modulus of the
system and the surface energy. If the surface energy (surface
tension) of 2-ethyl-1-hexanol (= 0.0269 J/m? )’ is considered,
the predicted Young’s modulus (E) value from eq. 17 is much
higher than that obtained from the shear-rheological
experiments (S6, ESI).

For Gent gels, since finite extensibility of chains is considered
(A4n = 3.8, for the present case), the increase of cavity volume is
restricted at the instability point. Correspondingly, the pressure
decreases slightly at the instability point and then continues to
rise (Figs. 7 c, d). Both neo-Hookean and Gent models provide
the similar prediction up to the critical pressure, but the
polymer chain extensibility decides whether a significant
decrease in pressure or snap-through expansion is expected.
However, for Gent gels, the rise of pressure cannot be unlimited
but dictated by the failure or fracture of the gel. Similar to neo-
Hookean gel, cavitation for Gent gels is possible only if 4, is
very large, much larger than 3.8. For the values of E, Py, Vy, u,
and / considered here (Fig. 7), 4,, must be greater than 28.3 to
expect cavitation.

Now a large cavity growth was observed for all gels tested here
(Figure 7f). We believe that the cavity growth in our triblock
gel is not purely caused by elastic instabilities but fracture like
process is also involved. We hypothesized that during the
cavity growth the polymer chains are pulled out of the

8 | J. Name., 2012, 00, 1-3

aggregates (fracture like process), as schematically represented
in Fig 7e. The critical pressure corresponding to fracture is a
function of E, G., and r;,, where G. is the critical energy release
rate.”**} If a material is linear elastic, the critical pressure for
1
fracture scales with [ ZEG. |* 2** For non-linear Gent gels,
3n,

such functional relationship is not precisely known.
Interestingly, if we increase the value of /"to 0.25 J/m?, the
equation 15 can be used to capture the experimental data (Fig
7b). This signifies that the critical pressure for fracture for Gent
model will likely be linearly dependent on the elastic modulus
and G, similar to that given by Eq. 17. However, the
coefficients will be different and it will be appropriate to
replace the surface energy term in Eq. 17 with critical energy
release rate, G., as the process involves fracture. Therefore, P,
~ constant*E + function (G, r;, ). Now, there are two
unknowns, £ and G, and one of these must be known to
estimate the other. Both, £ and G. can be measured
experimentally,”’ but the measurement of E using shear
rheology is relatively straight-forward. G. can also be
predicted using Lake and Thomas theory.?® If fracture involves
bond-scission, which is very unlikely for our gel, the predicted
value of G. is ~ 0.3 J/m>. For chain pull-out, if we consider the
energy associated to pull out one monomer (methylacrylate)
unit is ~ k3T, where kg is the Boltzmann constant, the estimated
value of G. is 0.0005 J/m? which is unrealistically low.
However, the estimated values of G, from Lake-Thomas theory
do not consider viscous dissipation near the crack front, which
cannot be ignored in our sample. Our future research will
involve implementation of finite-element based modeling to
determine exact mathematical relationship between critical
pressure, E, crack length or needle radius, and G..

This journal is © The Royal Society of Chemistry 2012
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Conclusion

Large-strain deformation behavior of a physically associating,
thermally reversible, triblock gel is investigated using shear and
cavitation rheology. Gent model, which considers finite
extension of the midblock, is used to capture the stiffening
behavior at large-strain deformation. First (e;) and third (e3)
Chebyshev coefficients estimated from LAOS analysis are
related to the Gent model, i.e, the LAOS parameters have been
linked to the gel structure. Cavitation rheology was performed
as a function of polymer volume fraction (¢), compression rate,
and temperature. The pressure response and extension ratio (4)
vs. time were modeled using rubber elasticity models such as
neo-Hookean and Gent models. Our results show that the neo-
Hookean model can capture the experimental data, however,
the corresponding surface energy value is high. We hypothesize
that the cavitation phenomena observed here include PnBA
chain pull out from the PMMA aggregates. Our results provide
new understandings on the gel deformation behavior and failure
mechanism at large-strain.
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We investigate the nonlinear rheology and cavitation phenomena of a strain-stiffening physical gel.
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