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Dynamic and transient rheological properties were measured for a series of hydrogel
composites whose microstructure has been reported previously. These hydrogels,
composed of radiation-crosslinked polyacrylamide and bentonite clay particles acting as
polymer-absorbing mechanical crosslink sites, were prepared in the range 50–95% water.
Dynamic storage and loss moduli (G ′, G ′′) were obtained at several strain amplitudes, over
a range of frequency (ω) from 10−2 to 102 rad/s. Step strains produced stress peaks and
decays interpreted in terms of the stress relaxation modulus, carried to 104 s. Rheological
complications with possible slip, yielding, and nonlinearities were avoided but are
discussed in detail. Rubberlike rheology was exhibited in general, and G ′ found to depend
exponentially on solids content, with parameters only weakly dependent on ω. A practical
measure of gel strength, defined in terms of the size of a water-containing cube that is
mechanically stable, is used to demonstrate that these gels have considerable strength,
with even a 1-m cube stable at 80% water. C© 1999 Kluwer Academic Publishers

1. Introduction
Hydrogels, known for their anomalous capacity to ab-
sorb water while retaining the physical properties of
soft solids, have gained great attention in recent years.
This is due to the wide range of applications to which
they have been put, and their potential for novel uses
in the future. Among these applications are diapers
[1] biomedical devices such as surgical implants, skin
grafts, and soft contact lenses [2]; buried communi-
cation cables [3], plugs for enhanced oil recovery op-
erations, additives to concrete [4], and sensors known
as “smart polymer gels” responding to environmental
stimuli such as light [5], pH [6, 7], temperature [8], and
electric fields [9].

Most commonly, hydrogels are composed of lightly
crosslinked polyelectrolytes such as polyacrylamide or
polyacrylic acid. The extent of crosslinking is usually
the factor in determining both swelling capacity and
mechanical strength. As with most rubbery crosslinked
materials, an increased crosslink density increases all

measures of hydrogel strength and stiffness, such as
the static elastic shear modulusG, measured at con-
stant shear strainγ [10], and the dynamic shear storage
modulusG′ [11], measured in sinusoidal oscillating
strainγ ◦ sinωt (whereω is the frequency of oscilla-
tion,t is time andγ ◦ the strain amplitude). This effect of
crosslinking to achieve strength must necessarily limit
the ability of the polymeric network to expand when
imbibing water, so that one expects an inverse correla-
tion betweenG or G ′ and swelling capacity. This was
demonstrated for a series of polyacrylic acid-based su-
perabsorbers [12]. While the crosslink density can be
controlled during the production process, and the equi-
librium extent of swelling can be related to crosslink
density theoretically [10], the complexities of polyelec-
trolyte hydrogels require that experimental methods be
invoked to determine both swelling and strength pa-
rameters for each case.

A complementary technique for influencing both
swelling and strength of chemically crosslinked
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hydrogels is to add clay particles to create hydrogel
composites [13]. While this creates greater complex-
ity in these systems, it also adds another degree of
control over properties. In particular, greater strength
can be achieved and product costs can be reduced, a
feature especially important for large-scale engineer-
ing applications such as it enhanced oil recovery. Our
laboratory (U of A) has recently investigated a set of
materials of this hydrogel-composite class, composed
of crosslinked polyacrylamide mixed with bentonite
particles. The microstructural character of these com-
posites was reported earlier [14]. Briefly, the polyacry-
lamide molecules were found to be intercalated into
the lamina of clay in bimolecular layers. We therefore
expect the clay particles to serve as both reinforcing
fillers and additional (mechanical) crosslink sites in the
polymer network. Several important properties were
also reported earlier [14], such as a strong resonse to
changes in pH and electric field strength. However, no
attention was given there to the practical questions of
mechanical strength and viscoelasticity.

Here, we deal with several measures of mechanical
and viscoelastic strength for the bentonite/polyacry-
lamide composite hydrogels. BothG′ and its compan-
ion G′′ (loss modulus) are presented, as well as the
transient stress modulusG+ associated with a sudden
strain imposed upon the material at rest, and carried out
to long times as is typical in stress relaxation testing to
determine relaxation modulusGr(t) [11]. All rheologi-
cal properties are reported as functions of water content
(i.e., a measure of swelling). The independent mechan-
ical variables forG′ andG′′ areγ ◦ andω, while the
transient step-strain modulusG+ is tested for severalγ
and tracked for almost six decades oft , soG+→Gr(t).

2. Experimental
2.1. Materials
Monomers N,N-methylene bisacrylamide (MBAM)
and acrylamide (AM) both identified as Electrophore-
sis Reagent, were obtained from Isolab Inc. These
components, as well as sodium hydroxide (Mallinck-
rodt Canada Inc.) and sodium bentonite (Avonlea,
Saskatchewan) were used as received, without further
purification.

2.2. Sample preparation
Samples containing water contents of 95, 85, and 50%
were all prepared by post-treatment of a base hydro-
gel containing approximately 70% water, whose manu-
facture and microstructure were described earlier [14].
Briefly, the latter hydrogel was created from a dense
non-settling suspension of bentonite clay particles in
distilled water (30% w/w clay) with pH adjusted to
about 10.5 with NaOH. To this was added an equal
amount of 30% w/w AM solution in water, (with stir-
ring, to ensure homogeneity), the resulting suspension
containing 30% solids and 70% water. After two hours
of soaking, to permit the AM to intercalate with the
clay particles, MBAM was added (2%) with further
mixing, and the suspension then purged with N2 gas
to displace oxygen. Polymerization and crosslinking
were induced by electron-beam irradiation of energy 9

Mev, at Whiteshell Research Centre, Atomic Enery of
Canada. The subsequent gel composite had the consis-
tency of a strong rubbery solid, with 68% water and
32% solids (clay plus the two acrylamide monomers),
and served as the base hydrogel.

This mateial was converted into the test samples as
follows. For the 85% and 95% water cases, the nec-
essary additional water was placed in contact with the
base hydrogel for ten days at room temperature, suffi-
cient for the imbibition process to absorb the added wa-
ter, distribute it uniformly, and achieve swelling equi-
librium. For the 50% water case, the base hydrogel was
dried in an oven to a weight corresponding to removal
of the water necessary to achieve the targeted concen-
tration.

For all the hydrogel composites, specimens for rheo-
logical testing were cut by hand with a razor blade, into
a disk shape of approximate thickness 2 mm and diam-
eter 50 mm, then transferred to airtight plastic bags to
prevent loss of water by evaporation prior to rheological
testing. Several samples were prepared for each water
content, to enable replicate testing.

2.3. Apparatus
Rheological measurements were made with a Rheomet-
rics Mechanical Spectrometer, Model 800 (RMS800)
fitted with a 2–2000 g Force Rebalance Transducer
(FRT) to sense the material torque responses under
strain. Samples were contained between two horizon-
tal parallel stainless steel platens of 50 mm diameter. In
the RMS 800, the lower platen is driven to achieve the
desired strain programγ (t) in the sample. The upper
platen in such testing remains stationary, transmitting
torque from the sample to the FRT. Data are converted
to the relevant material properties by computer soft-
ware integral to the testing system. Material strain is
reported asγ = θR/h, whereθ (t) is the programmed
angular displacement of the lower platen,R is platen
radius, andh is the controlled separation of the platens
(here,h∼= 2 mm). While theγ -measure is actually the
strain at the outer rim (γR) andγ is not uniform in the
sample (varying with radial position, from 0 at the cen-
ter to the maximumγR), the measured torque is com-
pletely dominated by conditions at the greatest radial
position so thatγ ∼= γR is a good rheological parameter
to associate with shear stress and resulting torque mea-
surements, and generally is used when reporting results
from such testing.

Because the hydrogel composites were wet to the
touch, despite their solid-like behavior, it was deter-
mined to avoid or minimize the possibility of sample
slippage on the steel platens. A layer of abrasive pa-
per was therefore glued to both platens prior to loading
each sample. The modified surfaces, with the water-
proof “wet and dry” abrasive paper (United Abrasives
Inc., Willimantic, CT, USA, grade 400A, particle size
21–24µm) were found in preliminary tests to be supe-
rior to use of unaltered steel surfaces alone.

2.4. Procedures
Samples were removed gently from their airtight bags
and laid onto the lower platen in a concentric position,
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after which the upper platen was lowered until con-
tact was made at approximatelyh= 2 mm. The uneven
thickness of hand-cut samples led to uneven contact
with platen surfaces, suggesting that more uniform sur-
face contact might result by moving the upper platen
further downward, exerting a small compression that
would deform the uneven regions laterally. This was
indeed possible for the samples of 95 and 85% water
content, for which material was squeezed outward be-
yond the platens by 3–5 mm and then trimmed off. The
samples with only 50% water were too stiff to be com-
pressed enough to achieve this outflow, but were also
trimmed to align with the platen rim.

In this sample configuration, the only mechanism
for moisture loss during testing is evaporation from
the sample/air surface at the platen rim. Such moistrue
loss would cause increasing local solids concentration,
and because of its location atr = R, a disproportion-
ately high reading of torque. This potential problem
was overcome by two precautions: (a) coating the free
surface with a thin layer of silicone oil (moisture bar-
rier) of viscosity sufficiently low to have no effect on
torque measurements, and (b) closing an oven attach-
ment around the platens and placing water-soaked tis-
sues within it, thus saturating the atmosphere around the
samples and eliminating humidity gradients that might
drive the evaporation.

Linear viscoelastic properties are defined to charac-
terize material sensitivity to time and rate variables i.e.,
G′(ω) andG+(t) and thus must be independent of non-
linearities in the form of residual dependency on testing
parameters such asγ andγ ◦. It was therefore necessary
to detemine what range ofγ ◦ orγ would be sufficiently
small so that nonlinearities would not appear, while us-
ing strain amplitudes as large as possible so that stress
responses of the samples would also be large and could
be measured easily and accurately. These compromises
are often found in the strain range of 1–10%, but must

Figure 1 Strain sweeps to determine onset of nonlinearities in dynamic testing, where strain is controlled asγ = γ ◦ sinωt . Frequency wasω= 0.1 rad/s
for all materials, while strain oscillation amplitudeγ ◦ varied. Both platens of the parallel-plate shearing assembly were modified by a coating of
“wet-and-dry” abrasive paper.

be found empirically for each material. In the present
testing,G′ was first measured at fixedω (0.1 rad/s) for
a wide range ofγ ◦ (to be shown below), from which
it was found thatG′ wasγ ◦-independent for samples
with 95% water ifγ ◦ ≤ 10%, and for samples with 85%
water if γ ◦ ≤ 5%. For samples with 50% water, it was
difficult to find a γ ◦ sufficiently small to give a truly
linear response (as will be demonstrated below), so that
γ ◦ = 0.1% and 0.2% were chosen arbitrarily for further
ω-testing; use of smallerγ ◦ did not produce material
stresses large enough to measure. A similar investiga-
tion for G+(t) found most results to be independent of
γ after the initial rapid stress build-up, so that in the
stress relaxation regime (t ≥ 0.03 sec)Gr(t) showed
little γ -dependency: this is also displayed below.

3. Results
3.1. Strain sweeps
Measurements ofG′ atω= 0.1 rad/s for a range ofγ ◦
covering almost four orders of magnitude are shown in
Fig. 1 for all three materials. The feasibleγ ◦-ranges
cited above were inferred from these data. The curve
for 50% water appears superficially to achieve a lin-
ear limit (absolute flatness at lowγ ◦), but such is not
the case, as is discussed below. AlthoughG′′ are not
displayed here, it is relevant to comment thatG′′ ¿G′.
Since these properties are defined in the context of com-
plex numbers, in terms of the complex modulus [11]
G∗ ≡G′ + iG ′′, it is clear that the absolute value ofG∗
(determined by stress amplitude) is dominated by the
storage modulus,|G∗| ∼=G′. This is one indicator of
the solidlike nature of the hydrogel composites, since a
more fluid-like material would be characterized by vis-
cous behavior (energy loss by viscous dissipation) so
G′′ would be larger and contribute more substantially
to |G∗| = [(G′)2+ (G′′)2]1/2.
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An alternative interpretation [11], of stress data in
dynamic testing is in terms of a pair of viscosity pa-
rameters,η′(ω) andη′′(ω), with the dynamic viscosity
η′ andη′′ being related to a complex viscosityη∗ by
η∗ = η′ − iη′′. Basic definitions require thatη′ =G′′/ω,
andη′′ =G′/ω, so that only one set of properties (say,
G′ andG′′) needs to be reported for complete character-
ization of the linear viscoelastic behavior of a given ma-
terial. These definitions also require that|η∗| = |G∗|/ω.
Given the dominance ofG′ over G′′ for these materi-

(a)

(b)

Figure 2 Frequency sweeps,ω-dependence ofG′ andG′′ for all materials. Several strain amplitudesγ ◦ were used to assess the possible influence of
nonlinear effects, as shown on each figure. (a) 95% water. (b) 85% water and (c) 50% water. (Continued).

als, it is useful to note that|η∗| ∼=G′/ω so that Fig. 1
(ω= 0.1 rad/s) results forG′ can be used to give ap-
proximately|η∗| ∼=G′/ω= 10G′ and is rigorously con-
verted toη′′ = 10G′.

3.2. Frequency sweeps
The plots ofG′(ω) andG′′(ω) are given for polyacry-
lamide/bentonite hydrogels in Fig. 2, with Figs 2a, b,
and c representing samples with water contents of 95,
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(c)

Figure 2 (Continued).

85, and 50%, respectively. For 95% water, results are
displayed for two strain amplitudes,γ ◦ = 5 and 10%.
These plots confirm thatG′ ÀG′′, as stated above,
but show a slight difference between the twoγ ◦. This
demonstrates that the caseγ ◦ = 10% was just barely
into the nonlinar testing regime (see Fig. 1), and that
theγ ◦ = 5% data in Fig. 2a are more reliable for repre-
senting linear viscoelasticity. All testing for 85% water
samples was done atγ ◦ = 2%, so the possible influence
of nonlinearities cannot be assessed, but from the results
of Figs 1 and 2a might be assumed to be small. However,
for 50% water content (Fig. 2c), the use ofγ ◦ = 0.1 and
0.2% do not lead to exact superposition of results, which
shows some nonlinearities still to be present, so that the
γ ◦ = 0.1% data should be regarded as more representa-
tive of linear behavior. Fig. 1 agrees, for the 50% water
samples, thatγ ◦ = 0.1% is almost down into the fully
linear regime, but thatγ ◦ = 0.2% is not.

The impressive strength (or “stiffness”) of these ma-
terials is indicated by the magnitudes ofG′(ω) in Fig. 2,
inasmuch as the value ofG′ for the majority component
(water) isG′ = 0. The fact thatG′ À 0 reflects a sub-
stantial presence of true solids (clay and rubber), and
also the existence of a network structure, composed
of the crosslinked polymer and the clay linkage sites
[14]. The flatness of the threeG′(ω) curves indicates
that these network structures are very stable when ex-
posed to a wide range of perturbation frequencies, even
though the effective rate of shear (γ̇ ◦ =ωγ ◦) also cov-
ers seveal orders of magnitude. Clearly, the materials
do not disassemble at any frequency (as long as the ap-
plied stress magnitude is low). Regardless of the high
water content, the gels do not flow like fluids until a
true rheological yielding occurs, when the network is
torn apart by higher applied stresses that exceed the

yield stress. Such yielding was not examined explicitly
in this study, but is discussed in later passages below.

Inspection of Figs 2a, b, and c collectively reveals
unexpected behavior in the ratioG′′/G′ = tan δ, where
δ is the phase difference between the oscillatingγ (t)
imposed and the responding material stressτ (t). For
95 and 85% water cases, tanδ∼= 0.1, which could be
interpreted as a surprisingly high degree of “relative flu-
idity” in view of the fact that these materials were phe-
nomenologically solid-like bodies. Dropping the water
content to 50% led to an abrupt jump of tanδ to the
range 0.4–0.5. This jump is better understood in terms
of the solids concentrations (c) passing from the semi-
dilute regime (c= 5% and 15%) to the concentrated
solids regime (c= 50%); under these circumstances
tan δ= 0.4–0.5 could still be considered surprisingly
high “fluidity.”

Theω-dependence ofG′′(ω) in Fig. 2 is not close to
flat, but it is not expected to be. If we regard the hy-
drogel volumes as composed primarily of water (50–
95%, here), energy dissipation (i.e., energy loss) ef-
fects might be thought to be controlled by the vis-
cosity of water (ηw= 10−3 Pa·s). SinceG′′ = η′ω, the
approximationG′′ ∼= η′wω (perhaps useful at extremely
low solids content) shows that someω-dependence in
G′′ is required. The enhancement ofG′′ above the ex-
tremely low approximation for water (G′′w= 10−3ωPa)
implies that a major contribution is being made by the
viscous component of the network (clay particle link-
ages, plus crosslinked polycacrylamide) at the prevail-
ing solids concentration,G′′ ≡ η′(c)ω. The expected
behavior ofη′(ω, c) is to have a steep drop-off (“ω-
thinning”) asω increases beyond negligible values.
This behavior results in the appearance of the mini-
mum inG′′(ω)= η′(ω)×ω observed in Figs 2a and b.
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Although Fig. 2c exhibits no minimum, theG′′(ω)
curve displays a concave-up shape arising from the
same superposition of dual contributions toG′′: [de-
creasingη′(ω)]× [linearly increasingω].

The fact thatG′′(ω) generally shows an increase (and
not aω-thinning) withω increases over four orders of
magnitude demonstrates that the hydrogels retain excel-
lent mechanical energy-damping ability over a wide fre-
quency range. Moreover, that ability is enhanced over
that of the water component abone by several orders of
magnitude, despite the anticipated “ω-thinning” of the
solids component over the same frequency range.

3.3. Stress start-up/relaxation transients
The shear stress transientτ+(t, γ ) is used to de-
fine the transient modulus (relaxation modulusGr)
Gr=G+(t)= τ+/γ , so presentation ofG+ = (t) also
suffices to conveyτ+ whenγ is given. These moduli
are displayed in Fig. 3, for all three water-content cases.
For 95% water content, the use of two strains (γ = 5%,
10%) produced identical results fort > 0.03 s, with only
a minor difference in the short-term oscillation in the
first 0.02 s. There is somewhat greater nonlinearity dis-
played for samples with 85% water, as becomes appar-
ent at long times, where the data forγ = 5% and 10% di-

Figure 3 Transient shear modulusG+ ≡ τ+/γ for the start-up shear stressτ+ response of materials upon imposition of a shear strainγ abruptly upon
a state of rest. When values peak and begin to decline,G+ (t) becomes equivalent to the stress relaxation modulus,Gr(t). Several strain amplitudes
were used to assess the possible presence of nonlinearities. The three materials and theγ employed are identified on the figure.

verge slightly fort > 20 s. However, even att = 2000 s
the difference is only about 3% inG+ =Gr(t). Based on
these results for water contents of 95 and 85%, the case
for 50% water was tested only atγ = 5%; no short-
term oscillation at short times could be detected. For
all three materials, theτ+(t) transients peaked at about
t = 0.02 s, for allγ .

4. Discussion
4.1. Ranges of kinematic variables
The linear viscoelastic properties have been measured
over a wide range of time and rate variables, witht in
G+(t) tests coveringt from 10−2 to 2000 s (over 5 or-
ders of magnitude) andω in G′(ω) tests ranging from
10−2 to 102 (4 orders of magnitude) The onset of non-
linearities was found at lowerγ for the firmer materials
(e.g.,γ ◦ = 0.2% forG′ in samples with 50% water, but
γ ◦ = 10% for samples with 95% water, with similar re-
sults forγ in G+ tests). These strain values are within
normal ranges, but the reasons for the onset of those
nonlinearities is not clear. At sufficiently largeγ all ma-
terials must exhibit rheological nonlinearities, and with
polymeric systems this can arise when the polymer coils
are substantially distorted from their rest state of spheri-
cal symmetry, isotropy, and Gaussian mass distribution,
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to assume ellipsoidal symmetries and orientation. Ad-
ditional factors arise in “structured” systems, when
microscopic deformations can break down or other-
wise alter the microstructure even when molecular-
level nonlinearities are negligible. This is most likely
the case for the hydrogel/clay composites, but further
investigation remains to verify this.

4.2. Concentration dependence
A major objective of this study was to determine
how the water content affected the various viscoelastic
strength parameters. It is sometimes helpful to represent
this dependence in terms of the materials solids con-
tent (c) which includes both clay and polyacrylamide
in equal amounts. This is demonstrated by comparing
the set of three curves forG′(γ ◦; c) in Fig. 1 and for
G+(t ; c) in Fig. 3. The anticipated increase of modulus
with c is clearly shown there, over the whole range of
γ andt . The same result emerges forG′(ω; c) over the
whole range ofω as observed by inspection of Figs 2a,
b, and c collectively. Thisc-dependence is made more
explicit in Fig. 4, whereG′(c) is displayed for both
the low-ω regime (10−2 s−1) and the high-ω regime
(102 s−1). In both regimes, the data plotted on semilog
coordinates are essentially linear, signifying exponen-
tial dependence onc:

G′(ω; c) = G′0(ω)eAc (1)

whereA(ω) determines the slopes in Fig. 4 andG′0 is
the intercept atc= 0. Because thec= 0 limit corre-
sponds mathematically to both no clay and no poly-
mer, the interpretation ofG′0 must be made carefully.
The zero-polymer limit would normally giveG′ = 0
(no elasticity), but in fact we find thatG′0> 0. We sus-

Figure 4 Dependence ofG′ on solids concentration,c. Theω-sensitivity of this relationship is demonstrated by showingG′(c) for the lowest
ω(10−2 rad/s) and highestω (102 rad/s) employed in this study; for all otherω, results are intermediate. Values ofb0 correspond to the largest size of
a material cube of a given solids concentration that is stable (see text).

pect this result is a consequence of sample prepara-
tion procedure, wherein acrylamide polymerization and
crosslinking are completed before the post-treatment
steps of adding water or removing water were per-
formed. Thus, the extrapolatedc= 0 limit (or, 100%
water) does not have its usual significance, and the ma-
terial performs viscoelastically in this limit. This also
explain whyG′0 is weaklyω-dependent as well; the two
lines in Fig. 4 giveG′0= 8.5× 102 and 7.5× 102 Pa at
ω= 102 s−1 and 10−2 s−1, respectively. The closeness
of these two values is consistent with the matrix be-
having as a crosslinked rubbery network, which should
exhibit a broadG′(ω) plateau in a certain middle range
of ω so that only a minor sensitivity toω should be ex-
pected to appear (increasing weakly withω, as found
here). The exponential c-dependence ofG′(ω; c) in
Fig. 4, and likewise the corresponding viscosity pa-
rameterη′′(ω; c)=G′/ω, is probably a manifestation
of the clay component of the solids. Equation 1 re-
sembles strongly the functional form for enhancement
of concentrated suspension viscosity by rigid particu-
lates of irregular shape [15]. To make the resemblance
more complete, Equation 1 would have to be re-cast in
terms of clay volume fraction (φ) and the maximum
packing fraction (φmax). This would make Equation 1
capable of extrapolation more reliably to the high-φ

limit (φ → φmax), whereas its current form does not
increase withc fast enough to represent the enormous
G′ values expected at higherc asc→ cmax.

4.3. Critical solids content
Even though the samples tested here were clearly solid-
like and did not flow spontaneously as fluids, this class
of hydrogel composites could have an unacceptably low
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strength for various technical applications. In the ab-
sence of yield stress measurements, the data onG′(c)
could be used to evaluate the adequacy of the strength
of a given material or to estimate the solids concentra-
tion needed to fabricate a composite for a given service
requirement.

It is first necessary to define the critical amount of
deformation or strain that can be tolerated in service
(say γcrit) and then determine whether the stress (τ )
encountered in service can causeγ >γcrit. Expressed
in terms of a static modulus, this leads to the con-
cept of the critical modulus that permits the critical
strainGcrit= τ/γcrit. By identifying the low-ω storage
modulus in Fig. 4 and Equation 1 withG, we thus can
obtainG′crit and the corresponding required solids con-
tentsccrit.

This general technique will now be used to demon-
strate in practical terms the “solidity” of these hydro-
gels. We consider a cube of dimensionb0 and ac-
cept its strength to be barely adequate if the force
of gravity causes it to collapse only to a heightb1,
the resulting body having unchanged volumeV = b3

0
and expanded lateral dimensions. The critical strain
in compression is thusγcrit=1b/b0= (b0− b1)/b0.
We define this condition as a collapse to half the
original height, b1= b0/2 so γcrit= 1/2. Gravita-
tional force on the original cube isF =mg= ρb3

0g
(ρ= sample density), causing an initial compressive
stressτ0= F/A0= F/b2

0= ρb0g so that the critical
compression modulus isEcrit= τ0/γcrit= 2ρgb0. For
incompressible materials, the unidirectional modu-
lus (E) in compression or tension is related to the
shear modulus (G) by E= 3G. We also identify the
static shear elastic modulusG with the dynamic elas-
tic storage shear modulusG′(ω) at low ω, from
which we obtainGcrit=G′crit= 2ρb0g/3. Next, the
G′(c) relationship must be inserted. From Fig. 4 and
Equation 1,G′crit=G′0(ω) exp(Accrit)= 2ρb0g/3, from
whichccrit= (2.303/A) log(2ρb0g/3G0).

This result, using the density of water, is superim-
posed on Fig. 4. For a 1- cm cube, unacceptable so-
lidity (γcrit= 1/2) corresponds to solids content below
c∼= 1%. Our highest-water-content sample (c= 5%)
was sufficiently “solid” to conform to this criterion,
as no slumping was observed with either the test
specimens (b0= h= 0.2 cm) or the larger bulk ma-
terials (b0> 5 cm). At c= 5%, G′ is found to be
about 1300 Pa (see Fig. 4) and this equalsGcrit when
b0= 3G′/2ρg= 20 cm. Considering a much larger ob-
ject, using the sameγcrit criterion, we selectb0= 1 m
and find that such a cube would be stable (γ <1/2) for
c≥ 20%, predicting that a hydrogel composite of this
composition could securely retain an enormous volume
of water. Our general observations of thec= 15% sam-
ples tested here (which should be slightly weaker than
the c= 20% examples cited above) certainly confirm
the “solidity” of that material when handled as speci-
men disks of diameter 5 cm and thickness 0.2 cm, with
the additional impression that a body of dimension 1 m
made of the same material would not have been stable
(in agreement with these calculations). Similarly, han-
dling thec= 50% material impressed us that it would
easily have been stable if 1 m in size.

4.4. Time and rate effects in viscoelasticity
Linear viscoelastic properties are expected to depend
on t and 1/ω in equivalent ways—i.e.,G′(ω) should
have the same value asGr(t) whent = 1/ω. This prin-
ciple can be tested by using Figs 2 and 3 together. We
select arbitrarilyt = 102 s in Fig. 3, corresponding to
ω= 10−2 rad/s in Fig. 2.

The comparison ofG′(10−2) with Gr(10)2 shows
good agreement for 95% water samples (G′ = Gr=
1200 Pa) and for 85% water samples (G′ =Gr=
3700 Pa) but not for 50% water samples. For the latter,
G′(ω= 10−2s−1)= 2× 105 Pa, while Gr(t = 102s)=
4500 Pa. This discrepancy is discussed below.

4.5. Experimental complications
4.5.1. Loading trauma
The practice of squeezing the hand-cut disk between
the platens, to the point where radial flow occurred, suc-
ceeded in distributing the material to all radial positions
and filling the gap completely; thus, defects in spec-
imen smoothness and nonuniformities in cut dimen-
sions did not lead to certain artifacts for the squeezed
samples (95 and 85% water). However, the flow pro-
cess itself signifies that the solid-like material struc-
ture was altered by this technique, which implies that
subsequently measured properties were not precisely
those of the originally prepared samples. To evaluate
the importance of this factor, we note that the 50% wa-
ter specimens could not be compressed in this way,
so their strucuture remained unchanged. While defects
due to non-flatness of 50% water specimens could have
caused other problems, the data of Fig. 4 indicate that
the sameG′(c) correlation fits yielded and non-yielded
specimens alike. This would be highly unlikely if ei-
ther the loading trauma of one or the non-flat character
of the other were severe enough to produce major ar-
tifacts inG′(ω). Moreover,G+(t) evidence shows that
the samples that flowed the most during loading (95
and 85% water) exhibited the greatest long-term re-
tention of strength in stress relaxation. Fig. 3 shows
that a long-time near-horizontal plateau expected for
strongly structured network systems is displayed by
the 95 and 85% water samples but not the 50% wa-
ter samples, even though the latter suffered no load-
ing trauma. Thus, again, the case of 50% water seems
anomalous, though unquestionably having far greater
strength than the others. We will subsequently ascribe
both apparent anomalies to theG+(t) behavior in the
transient/relaxation tests of 50% water samples.

4.5.2. Slip
The surface wetness of hydrogel samples always makes
rheological measurements complex, sometimes aggra-
vated by such practices as the present compression-
loading of samples with 95 and 85% water. One con-
sequence of a water layer between the sample and
the platens is aG′(γ ◦) anomaly in strain sweeps. In
such cases, the water acts as a lubricant and prevents
the platens from actually deforming the sample to a
true strain equal to that commanded by the RMS 800
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software i.e., equal that expected from the true platen
motion. Consequently, the computedG′(γ ◦) curve will
exhibit a drop-off at prematurely smallγ ◦ and descend
very rapidly. Such behavior was seen here in prelimi-
nary tests (mentioned above) with 95% water samples.
Several trial modifications were made to the smooth
platen surfaces, but only the wet-and-dry abrasive paper
was successful in eliminating this anomaly inG′(ω; γ ◦)
testing. The curves for different platen surfaces were
displaced vertically from each other, another indicator
of slip because sample deformation should be inde-
pendent of surface variations if all adhered well to the
samples. Another feature of that study was an appar-
enth-dependence in computed values ofG′(γ ◦) when
the whole set of data for different surfaces (with minor
variations inh) were examined. This is also believed
to be a manifestation of slip and presumably removed
from all laterG′ data by use of the abrasive paper. Indi-
rect evidence for that removal is, again, the success of
the G′(c) correlation in Fig. 4, which would not have
emerged if measurements were reflecting only the re-
sistance of water films for all samples (nor would the
magnitude ofG′ have been so large).

Only in the case of long-time sustained strain and
stress do we believe some slip might have influenced the
data presented here—i.e., in theGr results. The short-
timeG+ data contain oscillations which suggest elastic
effects, not the purely viscous effects expected from a
water film, soG+(t) for t < 0.05 s are presumed essen-
tially free of slip effects. At long times, tot > 2000 s, the
high-water samples retain highGr values as is charac-
teristic of normal relaxation phenomena for crosslinked
systems, so slip is believed to be absent there too. How-
ever, for 50%-water samples (Fig. 3) no plateau is seen,
and a near-steady drift downward persists to= 104 s.
It seems likely that this reflects the slow recoil of the
sample over a film of water, after an initial large defor-
mation caused by the high stresses transmitted through
the same film by rapid platen displacement att = 0.

Therefore, the two anomalies cited above in connec-
tion with the 50%-water sample are believed to reflect
a long-term slip on a film of water in theGr(t) tests.
However, slippage on a water film would be difficult to
distinguish from slip over a low-viscosity layer of the
test material itself, which had yielded (become fluid)
next to the platen as a consequence of exposure to high
initial stresses, exceeding its intrisic yield stress,τy. See
below.

4.5.3. Yield stresses
Although high-water samples experienced a yielding in
compression when being loaded, this information is not
easily transformed into data on possible yield stresses in
shear deformation. Moreover, if yielding was induced
duringG′ andG+ tests, the interpretation of those lat-
ter results could be influenced by the consequent flow
processes, so we conclude with a few remarks about
τy in shear. Theτ+(t) data that can be reconstructed
from Fig. 3 show peak valuesτmax that depend onγ ,
sinceτ =G+γ . If these exceededτy for any material,
then some portion of that “yielded” material, proba-
bly near the surface of the driving platen, woud there-

after behave as a low-viscosity fluid until such time
as it could repair itself by Brownian or other thermo-
dynamic processes. We believe that these self-repairing
processes occurred very swiftly following the compres-
sive loading and squeezing-flow phenomena imposed
on the high-water-content samples, which is why they
subsequently responded as normal intact viscoelastic
materials, in dynamic and relaxation testing. Some in-
formation aboutτy can be inferred from theτ+(t) tests.
For 95%-water content samples, Fig. 3 shows good su-
perposition of the curves forγ = 5 and 10%, indicating
that either both cases yielded or neither did. Retention
of high-Gr plateaus for both suggests that neither did,
meaning thatτmax for γ = 10% (130 Pa) is less thanτy.
This, in turn, can be used to assess whether the dynamic
testing with oscillating stress amplitudeτ ◦ ∼= |G∗|γ ◦
hadτ ◦ small enough so thatτy was not exceeded dur-
ing stress oscillation. From Fig. 2a, forγ ◦ = 5% we
getτ ◦ ∼= (1500 Pa) (0.05)= 75 Pa, which is clearly well
under the boundτy> 130 Pa. Also from Fig. 2a, for
γ ◦ = 10%,τ ◦ ∼= (1200 Pa) (0.1)= 120 Pa, which is also
low enough to avoid yielding during oscillation. These
two conclusions are consistent with the superposition
of the G′(ω) data forγ ◦ = 5 and 10% in Fig. 2a. A
similar argument for the 85% water samples, if one re-
gards Fig. 3 as evidence of good superposition of the
γ = 5 and 10% curves, isτy> 580 Pa. TheG′(ω) data
in Fig. 2b were taken atγ ◦ = 2% and had a maximum
value atω= 10−2 s−1, τ ◦ = (7200 Pa) (0.02)= 144 Pa,
well below the 580 Pa bound forτy. However, the relax-
ation behavior in Fig. 3 could be interpreted as show-
ing that some yielding had occurred, as the curves for
γ = 10 and 5% diverged at long times. The peak stresses
for those cases were 580 and 300 Pa, respectivley, lead-
ing to the inference that 300<τy< 580 Pa. The previ-
ous conclusion about theG′(ω) results being free of
yielding remains valid under these circumstances.

For the 50%-water data, theG+(t) tests were made
only atγ = 5%, and the possible yielding is ambiguous
because of possible slip on a water film. With only oneγ

employed in measuringGr, we have no guidance from
relaxation data about whetherτmax (3600 Pa) exceeded
or fell short ofτy. Instead, we seek guidance fromG′(ω)
data in Fig. 2c, where the abrasive paper secured a non-
slip condition. Those data do not show superposition
for the twoτ ◦ employed. While it is not possible to dis-
cern whether that lack of superposition is due toτ ◦>τy
or merely ordinary large-strain rheological nonlinear-
ity, we will dismiss the latter possibility on the grounds
that the strains are quite small (0.1 and 0.2%) and do not
normally cause nonlinearities in other crosslinked rub-
bery materials. Since the non-superposition in Fig. 2c
is apparent even at the lowestG′ ≈G∗ values (i.e.,
atω= 10−2 rad/s), we will postulate that yielding has
occurred there for one or both of the twoγ ◦-cases.
For γ ◦ = 0.1% we haveG′ ∼= 2.3× 105 Pa, and for
γ ◦ = 0.2% G′ = 2.0× 105 Pa. Thus,τ ◦ = 2.3× 104 Pa
and 4.0× 104 Pa, respectively. If values this large are
needed to cause yielding in oscillatory shear, it is
highly doubtful that values only about 10% of that (i.e.,
τmax= 3600 Pa) in theG+(t) tests could cause yield-
ing there. The conclusion is that the downward drift of
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Gr(t), with no rubbery plateau, is not a consequence
of yielding behavior but rather the deformation of the
sample (less than the commandγ ) by means of stresses
imposed through a film of water and subsequent recoil
and loss of deformation along the same film at long
times. If correct, this assessment means that numerical
values presented forG+(t) in Fig. 3 and cited here for
τmax represent the true rheology of the 50%-water hy-
drogel only approximately. An earlier indication of the
importance of the water film in permitting slip was the
discovery thatG+ at t = 100 s (4500 Pa) was far lower
thanG′ atω= 1/t = 10−2 rad/s (about 2 to 4× 104 Pa),
which we now find was not caused by a yielding and
flow of the 50%-water hydrogel.

4.5.4. Reproducibility of results
An enormous range of factors can be considered here,
beginning with sample and specimen preparations,
specimen loading practices, and RMS tests on those
specimens. In the latter case, such data asG′ measured
inγ ◦-sweeps andω-sweeps can be repeated on the same
loaded specimen with reproducibility of 2–5%. These
two types of sweeps, to giveG′(γ ◦;ω) andG′′(γ ◦, ω)
as well as the transient modulus dataG+(γ, t), were al-
ways made on the same specimen, without re-loading.
When a fresh specimen is involved, the task is more
difficult and can be addressed by examining the linear-
property valuesη′0 as the low-γ ◦ limit of η′(γ ◦), iden-
tical to the low-ω limit of the η′(ω) curve at constant
γ ◦. Only one such duplicate trial was made, using the
95%-water sample. In that case, with the abrasive paper
in place on the platens to prevent slip, the two speci-
mens that were used were not cut identically and were
not perfectly flat or smooth; both required some ver-
tical pressure and outflow to secure good surface con-
tact and complete gap filling, and thus suffered loading
trauma to differing degrees. The final gap spacings were
2.621 mm and 2.263 mm. The corresponding values of
η0 were 13400 Pa· s and 13000 Pa· s, respectively. This
difference is only 3%, within the range of RMS accu-
racy itself.

For a given loaded sample, the data of Figs 2b and c
could be reproduced within the RMS capabilities, 2–5%
or better.

There were no replicate trials with sample prepa-
ration in this study. One question which arises con-
cerns the internal consistency of adjusting the water
content in two different ways .. i.e., by hydration vs.
dehydration of the stock 70% hydrogel. While we have
no proof that the two processes gave equivalent results
(and there are reasons why they might not), we can
point to Fig. 4 as evidence for consistency. If these two
preparative processes led to significantly different mi-
crostructures and properties, it seems unlikely that data
for all three concentrations would have produced such
well-behaved colinear points (Fig. 4) and the simple
exponentialc-dependence of Equation 1. Again, we be-
lieve the two fabrication methods are equivalent within
5% here.

Overall, we believe these data and these methods are
reproducible within 5% with the composite hydrogels
studied here.

5. Conclusions
1. The clay/polyacrylamide composites have the ca-

pacity to absorb large amounts of water while retaining
good mechanical strength and high damping charac-
teristics, and therefore represent a new and promising
class of hydrogel materials.

2. The strengthening effect of the clay concentration
was found to be exponential,G′ =G′0exp(Ac), over a
wide range of frequencies of sinusoidal dynamic test-
ing, with a weakω-dependence appearing asG′0(ω)
andA(ω). Further work is needed to explore the factors
determiningA.

3. Measurements of viscoelastic properties faced
certain obstacles (slip and yielding during tests, load-
ing trauma, etc.) that were recognized and overcome in
ways that should prove useful to others working with
hydrogel rheology in shearing deformation.

4. Internal consistency checks of data onG+(t) and
G′(ω) at various strain levels were shown to be capa-
ble of establishing approximate values ofτy or bounds
on τy.
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