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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 () from 1072 to 10% rad/s. Step strains produced stress peaks and
decays interpreted in terms of the stress relaxation modulus, carried to 10*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 w. 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. © 7999 Kluwer Academic Publishers

1. Introduction measures of hydrogel strength and stiffness, such as
Hydrogels, known for their anomalous capacity to ab-the static elastic shear modul measured at con-
sorb water while retaining the physical properties ofstant shear straip [10], and the dynamic shear storage
soft solids, have gained great attention in recent yearsnodulusG’ [11], measured in sinusoidal oscillating
This is due to the wide range of applications to whichstrain y° sinwt (wherew is the frequency of oscilla-
they have been put, and their potential for novel use$ion,t is time andy° the strain amplitude). This effect of
in the future. Among these applications are diapersrosslinking to achieve strength must necessarily limit
[1] biomedical devices such as surgical implants, skirthe ability of the polymeric network to expand when
grafts, and soft contact lenses [2]; buried communiimbibing water, so that one expects an inverse correla-
cation cables [3], plugs for enhanced oil recovery op-+ion betweerG or G’ and swelling capacity. This was
erations, additives to concrete [4], and sensors knowrdemonstrated for a series of polyacrylic acid-based su-
as “smart polymer gels” responding to environmentalperabsorbers [12]. While the crosslink density can be
stimuli such as light [5], pH [6, 7], temperature [8], and controlled during the production process, and the equi-
electric fields [9]. librium extent of swelling can be related to crosslink
Most commonly, hydrogels are composed of lightly density theoretically [10], the complexities of polyelec-
crosslinked polyelectrolytes such as polyacrylamide otrolyte hydrogels require that experimental methods be
polyacrylic acid. The extent of crosslinking is usually invoked to determine both swelling and strength pa-
the factor in determining both swelling capacity andrameters for each case.
mechanical strength. As with most rubbery crosslinked A complementary technique for influencing both
materials, an increased crosslink density increases adwelling and strength of chemically crosslinked
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hydrogels is to add clay particles to create hydrogeMeyv, at Whiteshell Research Centre, Atomic Enery of
composites [13]. While this creates greater complex-Canada. The subsequent gel composite had the consis-
ity in these systems, it also adds another degree dency of a strong rubbery solid, with 68% water and
control over properties. In particular, greater strengthi32% solids (clay plus the two acrylamide monomers),
can be achieved and product costs can be reduced,amd served as the base hydrogel.
feature especially important for large-scale engineer- This mateial was converted into the test samples as
ing applications such as it enhanced oil recovery. Oufollows. For the 85% and 95% water cases, the nec-
laboratory (U of A) has recently investigated a set ofessary additional water was placed in contact with the
materials of this hydrogel-composite class, composethase hydrogel for ten days at room temperature, suffi-
of crosslinked polyacrylamide mixed with bentonite cient for the imbibition process to absorb the added wa-
particles. The microstructural character of these comter, distribute it uniformly, and achieve swelling equi-
posites was reported earlier [14]. Briefly, the polyacry-librium. For the 50% water case, the base hydrogel was
lamide molecules were found to be intercalated intodried in an oven to a weight corresponding to removal
the lamina of clay in bimolecular layers. We therefore of the water necessary to achieve the targeted concen-
expect the clay particles to serve as both reinforcingration.
fillers and additional (mechanical) crosslink sites inthe For all the hydrogel composites, specimens for rheo-
polymer network. Several important properties werelogical testing were cut by hand with a razor blade, into
also reported earlier [14], such as a strong resonse tadisk shape of approximate thickness 2 mm and diam-
changes in pH and electric field strength. However, nceeter 50 mm, then transferred to airtight plastic bags to
attention was given there to the practical questions opreventloss of water by evaporation prior to rheological
mechanical strength and viscoelasticity. testing. Several samples were prepared for each water
Here, we deal with several measures of mechanicatontent, to enable replicate testing.
and viscoelastic strength for the bentonite/polyacry-
lamide composite hydrogels. Bo@ and its compan- 5 5 Apparatus

1 VA
ion G” (loss modulus) are presented, as well as theye|gical measurements were made with a Rheomet-
transient stress modul@@* associated with a sudden

determine relaxation modul@(t) [11]. All theologi-  gain samples were contained between two horizon-
c_al properties are report_ed as fun(_:'uons ofwater conteng, parallel stainless steel platens of 50 mm diameter. In
(i.e., ameasure of swelling). The independent mechary,e Rps 800, the lower platen is driven to achieve the
ical variables forG” andG” arey® andw, while the  yagjreq strain program(t) in the sample. The upper
transient step-strain modulGs" is tested ffr several  yiaten in such testing remains stationary, transmitting
and tracked for almost six decades $0G™ — Gr(t).  {orque from the sample to the FRT. Data are converted
to the relevant material properties by computer soft-
2. Experimental ware integral to the testing system. Material strain is
2.1. Materials reported ay =0 R/ h, whered(t) is the programmed
Monomers N,N-methylene bisacrylamide (MBAM) angular displacement of the lower platdjs platen
and acrylamide (AM) both identified as Electrophore-radius, and is the controlled separation of the platens
sis Reagent, were obtained from lIsolab Inc. Thesdhere,h =2 mm). While they-measure is actually the
components, as well as sodium hydroxide (Mallinck-strain at the outer rimyg) andy is not uniform in the
rodt Canada Inc.) and sodium bentonite (Avonleasample (varying with radial position, from O at the cen-
Saskatchewan) were used as received, without furthder to the maximumyg), the measured torque is com-
purification. pletely dominated by conditions at the greatest radial
position so thayy = yr is a good rheological parameter
to associate with shear stress and resulting torque mea-

2.2. Sample preparation . .
Samples containing water contents of 95, 85, and 509 urements, an_d generally is used when reporting results
rom such testing.

were all prepared by post-treatment of a base hydro- he hvd | . h
gel containing approximately 70% water, whose manu- Behcause the hy' rogﬁ c;_?(mposr:tes_ were wet to the
facture and microstructure were described earlier [14]°Uch. despite their solid-like behavior, it was deter-

Briefly, the latter hydrogel was created from a denseined to avoid or minimize the possibility of sample
; irslippage on the steel platens. A layer of abrasive pa-

non-settling suspension of bentonite clay particles i . .

distilled water (30% wiw clay) with pH adjusted to P&rwas therefore glued to both platens prior to loading

about 10.5 with NaOH. To this was added an equaPaCh sample. The modified surfaces, with the water-
’ ' proof “wet and dry” abrasive paper (United Abrasives

amount of 30% w/w AM solution in water, (with stir- o . ) .
ring, to ensure homogeneity), the resulting suspensiof{!C-» Willimantic, CT, USA, grade 400A, particle size
21-24,m) were found in preliminary tests to be supe-

containing 30% solids and 70% water. After two hours<
of soaking, to permit the AM to intercalate with the 1O t0 use of unaltered steel surfaces alone.

clay particles, MBAM was added (2%) with further

mixing, and the suspension then purged withdds 2.4. Procedures

to displace oxygen. Polymerization and crosslinkingSamples were removed gently from their airtight bags
were induced by electron-beam irradiation of energy %and laid onto the lower platen in a concentric position,
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after which the upper platen was lowered until con-be found empirically for each material. In the present
tact was made at approximatdiy= 2 mm. The uneven testing,G’ was first measured at fixed (0.1 rad/s) for
thickness of hand-cut samples led to uneven contac wide range of/° (to be shown below), from which
with platen surfaces, suggesting that more uniform surit was found thaiG’ wasy °-independent for samples
face contact might result by moving the upper platerwith 95% water ify° < 10%, and for samples with 85%
further downward, exerting a small compression thatwater if y° < 5%. For samples with 50% water, it was
would deform the uneven regions laterally. This wasdifficult to find a y° sufficiently small to give a truly
indeed possible for the samples of 95 and 85% watelinear response (as will be demonstrated below), so that
content, for which material was squeezed outward bey° = 0.1% and 0.2% were chosen arbitrarily for further
yond the platens by 3-5 mm and then trimmed off. Thew-testing; use of smallep® did not produce material
samples with only 50% water were too stiff to be com-stresses large enough to measure. A similar investiga-
pressed enough to achieve this outflow, but were alstion for G*(t) found most results to be independent of
trimmed to align with the platen rim. y after the initial rapid stress build-up, so that in the
In this sample configuration, the only mechanismstress relaxation regime £ 0.03 sec)G,(t) showed
for moisture loss during testing is evaporation fromlittle y-dependency: this is also displayed below.
the sample/air surface at the platen rim. Such moistrue
loss would cause increasing local solids concentration,
and because of its location mt= R, a disproportion-
ately high reading of torque. This potential problem3. Results
was overcome by two precautions: (a) coating the fre.1. Strain sweeps
surface with a thin layer of silicone oil (moisture bar- Measurements d&’ atw = 0.1 rad/s for a range of°
rier) of viscosity sufficiently low to have no effect on covering almost four orders of magnitude are shown in
torque measurements, and (b) closing an oven attactiig. 1 for all three materials. The feasibjé-ranges
ment around the platens and placing water-soaked tigited above were inferred from these data. The curve
sues withinit, thus saturating the atmosphere around thier 50% water appears superficially to achieve a lin-
samples and eliminating humidity gradients that mightear limit (absolute flatness at low?), but such is not
drive the evaporation. the case, as is discussed below. Althowghare not
Linear viscoelastic properties are defined to characdisplayed here, it is relevant to comment t&dt« G'.
terize material sensitivity to time and rate variables i.e. Since these properties are defined in the context of com-
G'(w) andG™(t) and thus must be independent of non-plex numbers, in terms of the complex modulus [11]
linearities in the form of residual dependency ontestingG* = G’ +iG”, itis clear that the absolute value Gf
parameters such gsandy °. It was therefore necessary (determined by stress amplitude) is dominated by the
to detemine what range @f ory would be sufficiently storage modulugG*|= G’. This is one indicator of
small so that nonlinearities would not appear, while usthe solidlike nature of the hydrogel composites, since a
ing strain amplitudes as large as possible so that stressore fluid-like material would be characterized by vis-
responses of the samples would also be large and coutbus behavior (energy loss by viscous dissipation) so
be measured easily and accurately. These compromis€&’ would be larger and contribute more substantially
are often found in the strain range of 1-10%, but musto |G*| =[(G')? + (G")?]Y/2.

; —o— 50% water
! —a— 85% water
105 —a— 95% water
©
Q q04 i ]
-0 Gy o~ — —E\@\E
10° | T ——
o = 0.1 rad/sec|
1
102 L N NPT | el N . o . N
102 101 100 10? 102
Strain (%), v°

Figure 1 Strain sweeps to determine onset of nonlinearities in dynamic testing, where strain is contrpheg asinwt. Frequency was = 0.1 rad/s
for all materials, while strain oscillation amplituge varied. Both platens of the parallel-plate shearing assembly were modified by a coating of
“wet-and-dry” abrasive paper.
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An alternative interpretation [11], of stress data inals, it is useful to note thah*| = G’ /w so that Fig. 1
dynamic testing is in terms of a pair of viscosity pa- (w = 0.1rad/s) results foG’ can be used to give ap-
rametersy’(w) andn”(w), with the dynamic viscosity proximately|n*| = G’/w = 10G’ and is rigorously con-

n’ andn” being related to a complex viscosity by  verted tonp” = 10G'.

n*=n'—1in".Basic definitions require that= G" / w,

andn” = G'/w, so that only one set of properties (say,

G’ andG”) needs to be reported for complete character3.2. Frequency sweeps

ization of the linear viscoelastic behavior of a given ma-The plots ofG’(w) andG”(w) are given for polyacry-
terial. These definitions also require thgt| = |G*|/ w. lamide/bentonite hydrogels in Fig. 2, with Figs 2a, b,
Given the dominance d&’ over G” for these materi- and c representing samples with water contents of 95,
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Figure 2 Frequency sweeps&-dependence db’ andG” for all materials. Several strain amplitudeSwere used to assess the possible influence of
nonlinear effects, as shown on each figure. (a) 95% water. (b) 85% water and (c) 50% @ai&nyed.
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Figure 2 (Continued.

85, and 50%, respectively. For 95% water, results argield stress. Such yielding was not examined explicitly
displayed for two strain amplitudegy =5 and 10%. in this study, but is discussed in later passages below.
These plots confirm tha®’ > G”, as stated above, Inspection of Figs 2a, b, and c collectively reveals
but show a slight difference between the twa This  unexpected behaviorinthe ratdd /G’ = tan §, where
demonstrates that the cagé=10% was just barely § is the phase difference between the oscillati{t)
into the nonlinar testing regime (see Fig. 1), and thaimposed and the responding material stre@3. For
they° =5% data in Fig. 2a are more reliable for repre-95 and 85% water cases, t&a= 0.1, which could be
senting linear viscoelasticity. All testing for 85% water interpreted as a surprisingly high degree of “relative flu-
samples was done at = 2%, so the possible influence idity” in view of the fact that these materials were phe-
of nonlinearities cannot be assessed, but from the resulteomenologically solid-like bodies. Dropping the water
of Figs 1 and 2a might be assumed to be small. Howevergontent to 50% led to an abrupt jump of taro the
for 50% water content (Fig. 2c¢), the usgof=0.1and range 0.4-0.5. This jump is better understood in terms
0.2% do notlead to exact superposition of results, whictof the solids concentrations)(passing from the semi-
shows some nonlinearities still to be present, so that thdilute regime ¢ =5% and 15%) to the concentrated
y° =0.1% data should be regarded as more representaolids regime ¢=50%); under these circumstances
tive of linear behavior. Fig. 1 agrees, for the 50% watertan § = 0.4—0.5 could still be considered surprisingly
samples, thay° = 0.1% is almost down into the fully high “fluidity.”
linear regime, but that° =0.2% is not. Thew-dependence d&”(w) in Fig. 2 is not close to
The impressive strength (or “stiffness”) of these ma-flat, but it is not expected to be. If we regard the hy-
terials is indicated by the magnitudes®{w) inFig. 2,  drogel volumes as composed primarily of water (50—
inasmuch as the value &f for the majority component 95%, here), energy dissipation (i.e., energy loss) ef-
(water) isG’ =0. The fact thatG’ > 0 reflects a sub- fects might be thought to be controlled by the vis-
stantial presence of true solids (clay and rubber), andosity of water f, = 10~3Pas). SinceG” = 'w, the
also the existence of a network structure, composedpproximationG” = n;,» (perhaps useful at extremely
of the crosslinked polymer and the clay linkage sitedow solids content) shows that somedependence in
[14]. The flatness of the thre®’(w) curves indicates G” is required. The enhancement®f above the ex-
that these network structures are very stable when estremely low approximation for wate@(}, = 103w Pa)
posed to a wide range of perturbation frequencies, eveimplies that a major contribution is being made by the
though the effective rate of shear'(= wy°) also cov-  viscous component of the network (clay particle link-
ers seveal orders of magnitude. Clearly, the materialages, plus crosslinked polycacrylamide) at the prevail-
do not disassemble at any frequency (as long as the apg solids concentrationG” =n'(c)w. The expected
plied stress magnitude is low). Regardless of the highbehavior ofy’(w, c) is to have a steep drop-off ¢+
water content, the gels do not flow like fluids until a thinning”) as® increases beyond negligible values.
true rheological yielding occurs, when the network isThis behavior results in the appearance of the mini-
torn apart by higher applied stresses that exceed th@um inG”(w) = n’(w) x w observed in Figs 2a and b.

1547



Although Fig. 2c exhibits no minimum, th&”(w)  verge slightly fort > 20 s. However, even &t=2000s
curve displays a concave-up shape arising from théhe differenceis only about 3% &* = G,(t). Based on
same superposition of dual contributions@d: [de- these results for water contents of 95 and 85%, the case
creasing)’(w)] x [linearly increasingo]. for 50% water was tested only at=5%; no short-

The fact thatG”(w) generally shows an increase (and term oscillation at short times could be detected. For
not aw-thinning) withw increases over four orders of all three materials, the™ (t) transients peaked at about
magnitude demonstrates thatthe hydrogels retain excel= 0.02 s, for ally.
lentmechanical energy-damping ability over a wide fre-
guency range. Moreover, that ability is enhanced over
that of the water component abone by several orders of, Discussion
magnitude, despite the anticipated-thinning” of the 4.1, Ranges of kinematic variables
solids component over the same frequency range.  The linear viscoelastic properties have been measured

over a wide range of time and rate variables, with
G™(t) tests covering from 10-2 to 2000 s (over 5 or-

3.3. Stress start-up/relaxation transients ders of magnitude) and in G'(w) tests ranging from
The shear stress transient (t, y) is used to de- 1072to 1(? (4 orders of magnitude) The onset of non-
fine the transient modulus (relaxation modul@s) linearities was found at lower for the firmer materials

Gr=G*(t)=1"/y, so presentation o6 =(t) also  (e.g.,y° =0.2% for G’ in samples with 50% water, but
suffices to convey ™ wheny is given. These moduli y° = 10% for samples with 95% water, with similar re-
are displayed in Fig. 3, for all three water-content casessults fory in G* tests). These strain values are within
For 95% water content, the use of two straips{5%, normal ranges, but the reasons for the onset of those
10%) produced identical results fios 0.03 s, withonly  nonlinearities is not clear. At sufficiently largeall ma-

a minor difference in the short-term oscillation in the terials must exhibit rheological nonlinearities, and with
first 0.02 s. There is somewhat greater nonlinearity dispolymeric systems this can arise when the polymer coils
played for samples with 85% water, as becomes appagre substantially distorted from their rest state of spheri-
entatlongtimes, where the datajo= 5% and 10%di- cal symmetry, isotropy, and Gaussian mass distribution,

106- T oo LA LI L] Tt T Tt T Tt T T
105 | 50% water ]
Y=5%
©
.
:‘\ 104 [ -]
©
85% water
Y=10%
103 u ]
I \
Y= 50,
5% water %
Y= 5%'10%
102 Loxoa sl b el gl Lol Ll RSP L
102 10 100 10 102 10° 10* 105

Time (s)

Figure 3 Transient shear modul@&* = t*/y for the start-up shear stres$ response of materials upon imposition of a shear sjraibruptly upon
a state of rest. When values peak and begin to dedBrigt) becomes equivalent to the stress relaxation mod@u&). Several strain amplitudes
were used to assess the possible presence of nonlinearities. The three materials adfayed are identified on the figure.
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to assume ellipsoidal symmetries and orientation. Adpect this result is a consequence of sample prepara-
ditional factors arise in “structured” systems, whention procedure, wherein acrylamide polymerizationand
microscopic deformations can break down or othercrosslinking are completed before the post-treatment
wise alter the microstructure even when molecularsteps of adding water or removing water were per-
level nonlinearities are negligible. This is most likely formed. Thus, the extrapolated=0 limit (or, 100%

the case for the hydrogel/clay composites, but furthewater) does not have its usual significance, and the ma-
investigation remains to verify this. terial performs viscoelastically in this limit. This also
explain whyGg is weaklyo-dependent as well; the two
lines in Fig. 4 giveGj, = 8.5 x 10? and 75 x 10? Pa at
w=10s"1tand 10?%s!, respectively. The closeness
of these two values is consistent with the matrix be-

; . aving as a crosslinked rubbery network, which should
Strength parameters. Itis sometimes helpful to FEPreSeIly hibit a broads’(w) plateau in a certain middle range
this dependence in terms of the materials solids con-

tent €) which includes both clay and polyacrylamide of w so that only a minor sensitivity  should be ex-
. S Y polyacry .~ pected to appear (increasing weakly withas found
in equal amounts. This is demonstrated by comparin

M ere). The exponential c-dependenceGifw; ) in
the set of three curves f@’(y°; c) in Fig. 1 and for : S . : . i
G*(t; c)in Fig. 3. The anticipated increase of modulusFlg' 4, and likewise the corresponding viscosity pa

with c is clearly shown there, over the whole range Oframetern”(w; ¢)=G'/w, is probably a manifestation
y ' i 9€ 01t the clay component of the solids. Equation 1 re-
y andt. The same result emerges ff(w; c) over the

whole ranae ofs as observed by inspection of Figs 2a sembles strongly the functional form for enhancement
9 . ; yInspect 9 ' of concentrated suspension viscosity by rigid particu-
b, and c collectively. This-dependence is made more

ST oo lates of irregular shape [15]. To make the resemblance
explicit in Fig. 4, whereG’(c) is displayed for both : i :
the low=w regime (102s-1) and the highs regime more complete, Equation 1 would have to be re-castin

1 ) . _terms of clay volume fractiong) and the maximum
Cborinuios ae becental Inear Soniing sxponeaP2cking i2cton ). This would make Equaton 1
tial dependence o ' qapable of extrapolation more reliably to the high-

limit (¢ — ¢max), Whereas its current form does not
G(w; ¢) = Gb(w)eAc 1) increase wittt fast enough to represent the enormous

G’ values expected at highelasc — Cmax-

4.2. Concentration dependence
A major objective of this study was to determine
how the water content affected the various viscoelasti

where A(w) determines the slopes in Fig. 4 aGq is

the intercept at =0. Because the =0 limit corre-

sponds mathematically to both no clay and no poly-4.3. Critical solids content

mer, the interpretation d&, must be made carefully. Even though the samples tested here were clearly solid-
The zero-polymer limit would normally giv&’=0 like and did not flow spontaneously as fluids, this class
(no elasticity), but in fact we find tha, > 0. We sus-  of hydrogel composites could have an unacceptably low

107 o LI L B S L R LI B A R R T T T T T+ 7 T L S B B B 3

© ©=102radls i
4 @=10%radls -

108 ¢

108 |

G' (Pa)

10¢

103“

102E‘.‘E...4| ......... | ......... e e a b YT S S S W
0 10 20 30 40 50 60

Solids Concentration (%), C

Figure 4 Dependence o6’ on solids concentratiors. The w-sensitivity of this relationship is demonstrated by showisdc) for the lowest
(102 rad/s) and highest (107 rad/s) employed in this study; for all other results are intermediate. Valueshgfcorrespond to the largest size of
a material cube of a given solids concentration that is stable (see text).
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strength for various technical applications. In the ab-4.4. Time and rate effects in viscoelasticity
sence of yield stress measurements, the dat@’¢c)  Linear viscoelastic properties are expected to depend
could be used to evaluate the adequacy of the strengdn t and 1w in equivalent ways—i.e.G’(w) should
of a given material or to estimate the solids concentrahave the same value &(t) whent = 1/w. This prin-
tion needed to fabricate a composite for a given serviceiple can be tested by using Figs 2 and 3 together. We
requirement. select arbitrarilyt =10? s in Fig. 3, corresponding to

It is first necessary to define the critical amount of w = 10~2?rad/s in Fig. 2.
deformation or strain that can be tolerated in service The comparison of5'(10~2?) with G,(10) shows
(say yerit) and then determine whether the stresp ( good agreement for 95% water sampl& £ G, =
encountered in service can cayse ycit. Expressed 1200Pa) and for 85% water sample&’ &G, =
in terms of a static modulus, this leads to the con-3700 Pa) but not for 50% water samples. For the latter,
cept of the critical modulus that permits the critical G'(w =10"2s1) =2 x 10° Pa, while G,(t = 1(’s)=
strainGerit = 7/ yerit- By identifying the lowe storage 4500 Pa. This discrepancy is discussed below.
modulus in Fig. 4 and Equation 1 with, we thus can
obtainG;, and the corresponding required solids con-
tentscerit. . L

This general technique will now be used to demon-4-2. Experimental complications
strate in practical terms the “solidity” of these hydro- 4-5.1. Loading trauma _
gels. We consider a cube of dimensibg and ac- The practice of squeezing the he_md-cut disk between
cept its strength to be barely adequate if the forcéhe platens, tothe pointwhere radial flow occurred, suc-
of gravity causes it to collapse only to a height ceede_:c_iln distributing the material to all radial p_osmons
the resulting body having unchanged volume=b3 ~ and filling the gap completely; thus, defects in spec-
and expanded lateral dimensions. The critical straifmen smoothness and nonuniformities in cut dimen-
in compression is thusei = Ab/bo= (b — by)/bp.  SIONS did not lead to certain artifacts for the squeezed
We define this condition as a collapse to half theS@mples (95 and 85% water). However, the flow pro-
original height, by =by/2 SO yeir=1/2. Gravita- Cess itself signifies that the solid-like material struc-
tional force on the original cube i& =mg=pb(3)g ture was altered by this technique, which implies that

(p =sample density), causing an initial compressiveSubsequently measured properties were not precisely
stressto= F /Ao = F /b2 = phog so that the critical those of the originally prepared samples. To evaluate
compression modulus iEgit = To/Verit = 20gho. For the importance of this factor, we note that the 50% wa-
incompressible materials, the unidirectional modu-€" Specimens could not be compressed in this way,
lus (E) in compression or tension is related to the SO their strucuture remained unchanged. While defects
shear modulus@) by E = 3G. We also identify the due to non-flatness of 50% water specimens could have
static shear elastic modul@ with the dynamic elas- Ccaused other problems, the data of Fig. 4 indicate that
tic storage shear modulu§’(») at low w, from the samés’(c) correlation fits yielded and non-yielded
which we obtain Gt = GL;, = 20bog/3. Next, the SPecimens qllke. This would be highly unlikely if ei-
G/(c) relationship must be inserted. From Fig. 4 andther the loading trauma of one or the non-flat character
Equation 1G/;, = Gj(w) exp(Acit) = 20bog/3, from qf the pther were severe enough to produce major ar-
which ceit = (2.303/ A) log(20bog,/3G0). tifacts inG’(w). Moreover,G™ (t) evidence shows that
This result, using the density of water, is superim-the samples that flowed the most during loading (95
posed on Fig. 4. For a 1-cm cube, unacceptable sq@nd 85% water) exhibited the greatest long-term re-
lidity (yerit = 1/2) corresponds to solids content below tention of strength in stress relaxation. Fig. 3 shows
c=1%. Our highest-water-content sample=(5%) that a long-time near-horizontal plateau expected for
was sufficiently “solid” to conform to this criterion, Strongly structured network systems is displayed by
as no slumping was observed with either the testh® 95 and 85% water samples but not the 50% wa-

specimens p=h=0.2cm) or the larger bulk ma- ter samples, even tho_ugh the latter suffered no load-
terials Qo >5cm). At c=5%, G’ is found to be INg trauma. Thus, again, the_case of 50% water seems
about 1300 Pa (see Fig. 4) and this equ@dg when anomalous, though unquestlon_ably having far greater
bo = 3G’ /2pg = 20 cm. Considering a much larger ob- strength than the others. We will subsequgntl_y ascribe
ject, using the samegy; criterion, we selecby=1m both apparent apomalles to tkE"(t) behavior in the

and find that such a cube would be stable{(1/2) for transient/relaxation tests of 50% water samples.

c > 20%, predicting that a hydrogel composite of this

composition could securely retain an enormous volume

of water. Our general observations of the 15% sam-  4.5.2. Slip

ples tested here (which should be slightly weaker thaThe surface wetness of hydrogel samples always makes
the c=20% examples cited above) certainly confirmrheological measurements complex, sometimes aggra-
the “solidity” of that material when handled as speci-vated by such practices as the present compression-
men disks of diameter 5 cm and thickness 0.2 cm, witHoading of samples with 95 and 85% water. One con-
the additional impression that a body of dimension 1 msequence of a water layer between the sample and
made of the same material would not have been stablihe platens is &’(y°) anomaly in strain sweeps. In

(in agreement with these calculations). Similarly, han-such cases, the water acts as a lubricant and prevents
dling thec=50% material impressed us that it would the platens from actually deforming the sample to a
easily have been stable if 1 min size. true strain equal to that commanded by the RMS 800
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software i.e., equal that expected from the true platemfter behave as a low-viscosity fluid until such time
motion. Consequently, the computé&dy °) curve will  as it could repair itself by Brownian or other thermo-
exhibit a drop-off at prematurely smalP and descend dynamic processes. We believe that these self-repairing
very rapidly. Such behavior was seen here in prelimiprocesses occurred very swiftly following the compres-
nary tests (mentioned above) with 95% water samplessive loading and squeezing-flow phenomena imposed
Several trial modifications were made to the smootton the high-water-content samples, which is why they
platen surfaces, but only the wet-and-dry abrasive papesubsequently responded as normal intact viscoelastic
was successfulin eliminating thisanomaly@f(w; y°)  materials, in dynamic and relaxation testing. Some in-
testing. The curves for different platen surfaces werdormation abouty can be inferred from the* (t) tests.
displaced vertically from each other, another indicatorFor 95%-water content samples, Fig. 3 shows good su-
of slip because sample deformation should be indeperposition of the curves far =5 and 10%, indicating
pendent of surface variations if all adhered well to thethat either both cases yielded or neither did. Retention
samples. Another feature of that study was an appamf high-G, plateaus for both suggests that neither did,
enth-dependence in computed valuesGi{y°) when  meaning thatmayx for y =10% (130 Pa) is less tham.
the whole set of data for different surfaces (with minor This, in turn, can be used to assess whether the dynamic
variations inh) were examined. This is also believed testing with oscillating stress amplitudé = |G*|y°
to be a manifestation of slip and presumably removedadz® small enough so that, was not exceeded dur-
from all laterG’ data by use of the abrasive paper. Indi-ing stress oscillation. From Fig. 2a, fer =5% we
rect evidence for that removal is, again, the success ajetr° = (1500 Pa) (005)= 75 Pa, which is clearly well
the G’(c) correlation in Fig. 4, which would not have under the boundy, > 130 Pa. Also from Fig. 2a, for
emerged if measurements were reflecting only the rey° = 10%,7° = (1200 Pa) (L) = 120 Pa, whichis also
sistance of water films for all samples (nor would thelow enough to avoid yielding during oscillation. These
magnitude oG’ have been so large). two conclusions are consistent with the superposition
Only in the case of long-time sustained strain andof the G’(w) data fory° =5 and 10% in Fig. 2a. A
stress do we believe some slip might have influenced theimilar argument for the 85% water samples, if one re-
data presented here—i.e., in 8¢ results. The short- gards Fig. 3 as evidence of good superposition of the
time G* data contain oscillations which suggest elasticy =5 and 10% curves, is, > 580 Pa. The5'(w) data
effects, not the purely viscous effects expected from an Fig. 2b were taken gt° = 2% and had a maximum
water film, soG™(t) fort < 0.05s are presumed essen- value atw =102 s71, ° = (7200 Pa) (D2)= 144 Pa,
tially free of slip effects. Atlong times, to> 2000 s, the  well below the 580 Pa bound fey. However, the relax-
high-water samples retain high values as is charac- ation behavior in Fig. 3 could be interpreted as show-
teristic of normal relaxation phenomena for crosslinkedng that some yielding had occurred, as the curves for
systems, so slip is believed to be absent there too. How = 10 and 5% diverged atlong times. The peak stresses
ever, for 50%-water samples (Fig. 3) no plateau is seerfor those cases were 580 and 300 Pa, respectivley, lead-
and a near-steady drift downward persists=t@0*s.  ing to the inference that 300z, < 580 Pa. The previ-
It seems likely that this reflects the slow recoil of the ous conclusion about th&’(w) results being free of
sample over a film of water, after an initial large defor- yielding remains valid under these circumstances.
mation caused by the high stresses transmitted through For the 50%-water data, tHe™(t) tests were made
the same film by rapid platen displacement &t0. only aty = 5%, and the possible yielding is ambiguous
Therefore, the two anomalies cited above in connecbecause of possible slip on awater film. With only gne
tion with the 50%-water sample are believed to reflecemployed in measurinG,, we have no guidance from
a long-term slip on a film of water in th&(t) tests. relaxation data about whethgg,x (3600 Pa) exceeded
However, slippage on a water film would be difficult to or fell short ofry. Instead, we seek guidance fr@f(w)
distinguish from slip over a low-viscosity layer of the data in Fig. 2c, where the abrasive paper secured a non-
test material itself, which had yielded (become fluid)slip condition. Those data do not show superposition
next to the platen as a consequence of exposure to higbr the twozr° employed. While it is not possible to dis-
initial stresses, exceeding its intrisic yield stragsSee  cern whether that lack of superposition is dueto- 7y

below. or merely ordinary large-strain rheological nonlinear-
ity, we will dismiss the latter possibility on the grounds
4.5.3. Yield stresses that the strains are quite small (0.1 and 0.2%) and do not

Although high-water samples experienced a yielding immormally cause nonlinearities in other crosslinked rub-
compression when being loaded, this information is nobery materials. Since the non-superposition in Fig. 2c
easily transformed into data on possible yield stresses iis apparent even at the lowe& ~ G* values (i.e.,
shear deformation. Moreover, if yielding was inducedat w = 10-?rad/s), we will postulate that yielding has
duringG’ andG™ tests, the interpretation of those lat- occurred there for one or both of the two-cases.
ter results could be influenced by the consequent flowror y°=0.1% we haveG’ =2.3 x 10°Pa, and for
processes, so we conclude with a few remarks about® =0.2% G’ =2.0 x 10° Pa. Thusz° =2.3 x 10* Pa

7y in shear. Ther*(t) data that can be reconstructed and 40 x 10* Pa, respectively. If values this large are
from Fig. 3 show peak values,ax that depend oy,  needed to cause yielding in oscillatory shear, it is
sincer =G*y. If these exceeded, for any material, highly doubtful that values only about 10% of that (i.e.,
then some portion of that “yielded” material, proba- tmax= 3600 Pa) in theG*(t) tests could cause yield-
bly near the surface of the driving platen, woud there-ing there. The conclusion is that the downward drift of
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G(t), with no rubbery plateau, is not a consequences. Conclusions
of yielding behavior but rather the deformation of the 1. The clay/polyacrylamide composites have the ca-
sample (less than the commappby means of stresses pacity to absorb large amounts of water while retaining
imposed through a film of water and subsequent recoijood mechanical strength and high damping charac-
and loss of deformation along the same film at longteristics, and therefore represent a new and promising
times. If correct, this assessment means that numericalass of hydrogel materials.
values presented f@* (t) in Fig. 3 and cited here for 2. The strengthening effect of the clay concentration
Tmax represent the true rheology of the 50%-water hy-was found to be exponentigh’ = Gjexp(Ac), over a
drogel only approximately. An earlier indication of the wide range of frequencies of sinusoidal dynamic test-
importance of the water film in permitting slip was the ing, with a weakwo-dependence appearing &g(w)
discovery thaG* att =100 s (4500 Pa) was far lower andA(w). Further work is needed to explore the factors
thanG’ atw = 1/t =102 rad/s (about2to 4 10* Pa),  determiningA.
which we now find was not caused by a yielding and 3. Measurements of viscoelastic properties faced
flow of the 50%-water hydrogel. certain obstacles (slip and yielding during tests, load-
ing trauma, etc.) that were recognized and overcome in
o ways that should prove useful to others working with
4.5.4. Reproducibility of results , hydrogel rheology in shearing deformation.
An enormous range of factors can be considered here, 4 |nternal consistency checks of data®n(t) and
beginning with sample and specimen preparationsg/(,,) at various strain levels were shown to be capa-

specimen loading practices, and RMS tests on thosgje of establishing approximate valuesrgfor bounds
specimens. In the latter case, such daté'aseasured ;.

in y°-sweeps an@-sweeps can be repeated on the same
loaded specimen with reproducibility of 2-5%. These
two types of sweeps, to give'(y°; ) andG”(y°, w)

as well as the transient modulus d&ta(y, t), wereal-  ginancial support for this work was provided by a

ways made on the same specimen, without re-loading,,ywact between The Institute of Technical Physics,
Wh_en a fresh specimen is involved, th_e_task IS MOIq4arhin, P.R.C. and The Alberta Research Council, Ed-
difficult and can be addressed by examining the linear, (for D.G. and R.B.H.) and by an operating grant
property valuesy, as the lowy® limit of 7'(y°), iden-  go0 the Natural Sciences and Engineering Research
tical to the lowe limit of the 5'(w) curve at constant  ~,\ncil of Canada (for LT.W, M. M, and M.C.W.).
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