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Synopsis

The piezoelectric axial vibratofPAV) is a squeeze-flow rheometer working at frequendies
between 1 and 4000 Hz. It can be used to measure the storage m&duunsl the loss modulus

G” of complex fluids in this frequency range. Using polymer solutions with kn@vandG” it is

shown that the PAV gives reliable mechanical spectra for frequencies between 10 and 3000 Hz.
The measurements done with the PAV are combined with a conventional mechanical rheometer
(103<f=<15 Hz and a set of torsional resonatdifs=13, 25, and 77 kHzto obtainG’ and G”
between 10°Hz and 77 kHz. Using this combination we present the first analysis of the
viscoelasticity of an aqueous suspension of thermosensitive latex particles in this range of
frequency. It is demonstrated that the combination of the three devices gives the entire mechanical
spectra without resort to the time-temperature superposition principl20@ The Society of
Rheology.[DOI: 10.1122/1.1917843

I. INTRODUCTION

Rheological properties of complex fluids as, e.g., polymer solutions or suspensions of
colloid particles give important information about the microstructure and the dynamics of
these systemfFerry (1980]. They thus provide the base for the applications of these
systems. Complex fluids exhibit structural features that range over many orders of mag-
nitude[Larson(1999]. Their relaxation times span over an equally broad range as well.
Measurements of the rheological properties as the storage mo@ulesd the loss
modulus G” must therefore cover an enormous scale in the time or in the frequency
domain in order to capture all relaxation processes in these materials. Consi@eend
G” as functions of the frequendyit is obvious that low values df are necessary to attain
the first Newtonian region. On the other hand, the mod@umeasured at high frequen-
cies provides insight into the interparticular for¢€sitz et al. (2003 ]. Hence, the high-
frequency limiting valuess,, and 7., of colloidal suspensions can be used to probe the
magnitude of hydrodynamic interactions between the particles and their repulsive poten-
tial. Moreover,G' and G” of suspensions of hard spheres measured over a sufficiently
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wide range of frequencies may be evaluated to yield information about the structural
arrest of the spheres at high volume fractipMiason and Weit21995a; 19954 that can

be related to the theory of the glass transiti@oetze and Sjoegre(1991)] in these
systems.

This brief introduction demonstrates that techniques capable of measuring viscoelas-
ticity of complex fluids over a wide range of frequencies are ne¢Batk et al. (2003
Sohn and Rajagopald@004)]. Conventional mechanical rheometers, however, can only
access the range of low frequenciess0 Hz) because of the inertial effects.

Mellema and co-workers have introduced the use of torsional resonators for the study
of colloidal suspensionfsrzan der Werffet al. (1989]. More recent developments in this
field have been summarized by Romosceanal. (2003. In particular, Willenbacher and
co-workers demonstrated that torsional resonators can be used for measurements at high
frequencies in the kilohertz randé&ritz et al. (2003]. The obvious disadvantage of
torsional resonators is the fact that these devices can be used only at given frequencies.

Intermediate frequencies have often been accessed by use of the time-temperature
superposition principlgFerry (1980]. An example for this approach in the field of
suspension rheology is the work of Shikata and Pea($884) on hard sphere colloids.

But in general, the time-temperature superposition principle is not applicable for complex
fluids. Therefore measurement techniques that span the entire frequency range without
resorting to the time-temperature superposition principle are of central interest in the field
of complex fluids.

Microrheological techniques recently introduced by Mason and We&&25a; 1995}
Masonet al. (1996, [Mason(1999] give access to a wide range of frequencies. More-
over, the mechanical spectra are derived for a continuous range of frequencies. Microrhe-
ology, however, relies on the so-called “generalized Stokes—Einstein relation” which may
hold only for certain systems. It has been shown to be inadequate for charged colloids
[Koenderinket al. (2003], and its applicability to complex fluids must be checked in
each case. Finally, for the intermediate frequency only a few instruments were able to
give a continuous and reliable measurement as, e.g., the piezorheometer described in the
work of Cagnon and Duran(ll980 or the piezoelectric rotary vibratgKirschenmann
(2002] both working in shear strain.

Recently, Pechhold and co-workers introduced a new device named “piezoelectric
axial vibrator” (PAV). It consists of a dynamic press with a thin gap in which the liquid
is confined. A squeeze flow is generated by a piezoelectric drive and the answer of the
system measured by piezosensors can be evaluated to |€ddatad G” between 10 and
4000 Hz. In this way the PAV closes the gap in the frequency range of conventional
rheometers and the torsional resonators. In principle, the concept of the PAV is very
appealing and the frequency range accessible by this instrument is exactly in the range
that must be probed for the study of typical complex fluids. Based on earlier work by
Kirschenmann(2003 we present a comprehensive test of the PAV as applied to typical
complex fluids as polymer solutions and colloidal suspensions. We compare the results
obtained with this instrument to data from conventional rotational rheometry at low
frequencies and from a set of torsional resonators at high frequencies. Moreover, the data
obtained from rotational rheometry at various temperatures are shifted according to the
time temperature superposition principle in order to cover the same frequency range as
the PAV.

The purpose of this paper is twofol@) At first we examine the reliability of the PAV
and its possible limitations an@i) we demonstrate that the combination of the three
rheometers, namely the mechanical spectrometer, the PAV, and the torsional resonators
provide a convenient and reliable access to the viscoelastic properties of complex fluids
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FIG. 1. Mechanical equivalent model of the PAV. The material with the complex stiffkéss enclosed in the
gap(shaded argeof radiusR and thicknessl. The lower plate oscillates with a given frequency with constant

force amplituddA:. The dynamic displacement of the lower plate lead<tand in turn to the complex modulus
G’. See text for further explanation.

over 5-7 orders of magnitude in frequency. This will be further demonstrated by analyz-
ing the viscoelasticity of a suspension of thermosensitive particles.

Il. THEORY

The general theory of squeeze flow is well exposed in standard textbooks of rheology
[Bird et al. (1987] and the theory of the PAV has been already presented in the work of
Kirschenmann(2003. Here it suffices to delineate the main features.

Figure 1 gives a scheme of the PAV. The lower plate oscillates with constant force
amplitudele. When the PAV is unloaded, the dynamic displacenmgrf the lower plate
is measured at a given frequency leading to the complifmd% The same measurement
is repeated at the same frequencies with the material under consideration filling the gap
(see Fig. 1 This gives the modulated complianfcef:.

From the complex ratid,/%, the complex squeeze stiffnels of the material can be
calculated by use of an appropriate mechanical equivalent cismetFig. 1 and solving
its equations of motiorl) [Kirschenmann(20031:

- wzmlxl =-K (X1 = Xo) = K1Xq
— 0" MgXo = — K (Xg = %) ~ Koa(Xo = %) + F (1)
0 =-Kpi(Xz = Xg) = KoX, — F.

For linear viscoelasticity this calculation leads to the formula

. 37 (R\3_, pw’d?
K=—R[=-] G 1+ —+ ..., (2)
2 \d 10G

whereR is the radius of the platel<R is the gap widthp is the density of the squeezed
material, andG" is its complex shear modulus. The expression of the numerator agrees
with that derived in the literaturfBird et al. (1987], [Launet al. (1999]. The denomi-
nator contains the first terr(slit approximation of a series expansion that takes into
account the inertia of the material in the gap. This effect may become important at very
high frequencies.

Equation(2) tacitly assumes an incompressible material and hence only considers the
complex shear modulu§” or the complex compliancd =1/G". For precise measure-
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FIG. 2. (a) Piezoelectric axial vibrator used in this study. The upper lid is removed to show the plate moved by
the piezodrives(b) Longitudinal cut of the PAV(left-hand sid¢ and transversal cutight-hand sidg of the

quadratic tube containing the actor and the sensor piezoelements. Four actor piezoelements elements are stuck
on both side of two opposite tube walls. Another four sensor piezoelements elements are stuck on both of the
remaining walls. Four partial cuts avoid direct coupling between actor and sensor elements.

ments, however, the dynamic compressibikfymust be introduced as well. For squeeze
flow (in the limit of small amplitudesone obtaingKirschenmann(2003]:

1. 28(1 08 )
G 22" )

K~ 3nR

Equation(3) demonstrates that the correction due to a finite compressibility depends
strongly on the ratidR/d. Its magnitude can be obtained through performing measure-
ments at different gap thicknesds

3

I1l. EXPERIMENT
A. Instruments

The PAV is a dynamic press working at frequencies between 1 and 4000 Hz. The
actor/sensor is a thin-walled quadratic copper tube carrying on top a thick stainless steel
plate, which serves as the lower boundary of the sample(gg® Fig. 2 As shown in
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TABLE |I. Viscosities of different glycerol/water mixtures at 20 {0’ Ans and Lax(1967)] used for the
calibration of the PAV.

Weight fraction of glycerol nat 20 °C(mPa $

0 1.005

35 3.040

50 6.050

65 15.54

75 36.46

85 112.9

95 545

100 1499

Fig. 2(b), four piezoelements are attached to two opposite walls of the tube in order to
exert the vibrations while four additional piezos are fixed to the remaining sides in order
to pickup the response signal. Direct coupling of excitation and detection is avoided by
four lengthwise cuts of the tujsee Fig. 2o)].

This lower part of the device is surrounded by a double walled cylinder allowing the
circulation of a thermostating fluid. The whole setup is covered by a thick metal lid,
which is the upper boundary of the gap and provides a complete sealing of the fluid. The
rigidity K, of the cylinder must at least attain 1810 m™ to assure a high resonance
frequency for the head of the probe and the sensor cylinder. Therefore the sample rigidity,
K", should be lower than 20N m™.

The PAV is operated by a lock-in-amplifier. The exciting voltage of the driving piezos
is proportional to the axial force. The measured voltage of the piezos that monitor the
deformation is the signal used for determiniig The widthd of the gap of the squeeze-
flow rheometer is defined by the lid mounted onto the rheomnist Fig. 2 In order to
vary the gap, several rings of 10, 35, 50, 10® thickness can be used. The variation of
the gap turned out to be necessary in order to perform the measurements in the correct
range. Systems with low viscosities must be measured using a dmdikereas higher
viscosities needed a wider gégee later. Hence, variation of the gap width between 20
and 200um covers measurements of the viscosity in the range between 1 and
2000 mPas. The required sample volume is on the order oful0@8epending on the
width of the gap. In all case the amount of liquid was accurately adjusted by a microsy-
ringe. The temperature was controlled with an accuracy of +0.02 °C.

B. Calibration of the instrument and accuracy

The instrument was calibrated using Newtonian liquids of different viscosity to deter-
mine the optimal gap for each range of viscosities. For this purpose a set of different
glycerol/water mixtures was used. The viscosities of these mixtures are summarized in
Table 1.

In order to compare the viscosities obtained by the PAV to data from other systems,
two rheometers have been employed: A rheometrics fluid spectrometer for the range of
low frequencieq0.01-15 Hz, and the torsional resonators introduced recently by Wil-
lenbacher and co-workef§ritz et al. (2003 ] for the region of high frequencies. In the
following we give a brief description of the measurements using these devices.

The Fluids Spectrometer RFS 1l from Rheometrics Scientific is a strain-controlled
rotational rheometer equipped with a Couette systeap diameter: 34 mm, bob diam-
eter: 32 mm, bob length: 33 muStrains are applied in the range starting from 500% for
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FIG. 3. Viscosities of water-glycerin mixtures measured with fluid spectrometer RF&#n quadranglés

PAV (filled symbolg, and torsional resonatofspen triangles The weight percent of glycerol is varied between

0% and 100% as indicated in the graph in order to adjust a wide range of viscosities. The values of Table | are
indicated by the dashed lines. Different gap thickness were used for the PAV: 20, 35, 50, 100, and 200

obtain the optimal measurement. An experimental value of the true gap thickness was also calculated for each
gap and given directly in the graph.

the low viscosity liquids to provide an accurate response up to 0.5% for the more vis-
coelastic solutions. For each measurement the deformation was set to remain in the linear
viscoelastic regime. Measurement were performed on 10 mL of the fluid and the tem-
perature was set with an accuracy of +0.05 °C.

Two torsional resonators supplied by the Institut fir dynamische Materialprifung,
Ulm, Germany, have been used to obtain data at high frequefféiigs et al. (2003].

Two geometries are availableylinder or double-dumbbegllallowing for measurements

at 13, 25, and 77 kHz. The penetration depth of the shear wave is typically on the order
of 50 um for the samples investigated here. This ensures that the method probes the
viscoelastic properties of the bulk phase. The measuring cell, however, is much larger
than this penetration depth and no disturbance may result from the walls of the container.
The small amplitudes of the torsion of the cylinder50 nm) ensure that the maximum
strain is small. The measurements are hence taken in the linear viscoelastic regime. The
experimental procedure and the evaluation of data have been described rgegiatigt

al. (2003].

The real part of the complex viscosity of water-glycerine mixtures is plotted against
the frequency in Fig. 3. Here data obtained by all the three devices are presented. The
gaps of the PAV was varie@=20, 35, 50, 100, and 200m) in order to adjust for the
viscosity of the sample ranging from 1 to 1500 mP&lsshed lines in Fig. )3 The
viscosity was calculated using E@®) and the widthd of the gap was slightly adjusted so
that the experimental value was matched. This calibration of the width of the gap is used
in subsequent measurements. Moreover, results obtained for one sample but different gap
widths demonstrated that the contribution due to the dynamic compresdibilifyqg. (3)]
is negligible for these Newtonian liquids as expected.

Figure 3 also delineates the optimal domains of the measurement of the PAV by
dashed lines. In these domains the measured viscosity is independent of the frequency. In
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FIG. 4. Validation of G’ (full symbolg andG” (hollow symbol$ measured with fluids spectrometer RFS |l
(quadrangles PAV (circles, and torsional resonatofgriangles obtained for a 30% polystyrene solution in
ethylbenzene. The data are compared to results derived from the time temperature superposition principle.
Values of G’ are indicated by dashed lines wher&zfsis given by solid lines. The data obtained by the PAV
have been measured at the optimal gap thickness.

the following only data from these optimal domains will be shown. The good correspon-
dence between the three apparatus illustrates the quality of the measurements provided by
the PAV for the Newtonian solutions.

C. Viscoelastic fluids: Polystyrene solution

We use a commercial polystyrene gra®sS 148 H from BASFKdissolved in ethyl-
benzene as a benchmark system to check the accuracy of the measuren@raad®”
by the PAV. Concentrated polymer solutions present well-studied examples of viscoelastic
fluids that exhibit moduli varying over many orders of magnitude with increasing fre-
guency[Graessley1974].

The ethylbenzene used was of commercial grade without special purification. The
solution contains 30% polystyrene witfl,,=148 000 g/mol. Solutions of polystyrene
were carefully studied and precise data based on the time-temperature superposition
principle are availabl¢Graessley1974); Baumgartel and Willenbach¢t996].

G’ and G” of this solution as the function of frequency was obtained as follows:
Rheological measurements with a mechanical rheometer were done at -80, -50, and
24 °C. In order to obtain a wide range of frequencies, the frequency-temperature super-
position principle has been used as already discussed by Baumgartel and Willenbacher
(1996. The temperature dependence can be described by a universal, concentration in-
variant Williams—Landel-Ferry-shift paramety [Williams et al. (1955]:

- Cl(T B Tref)
G+ T- Tref .

We have choseil, =20 °C and obtairt;=1.47 andc,=143 K.

Figure 4 displayss’ andG” as the function of the frequency. Data at low frequency
have been obtained by the mechanical spectrometer RFS Il whereas the three points
referring to the highest frequencies have been measured using the torsional resonators.
The data at intermediate frequencies have been obtained with the PAV using the optimal

(4)

logipar =
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FIG. 5. Enlarged portion of Fig. 4 showinG’ andG” measured by the PAV with different widthof the gap:
100(V), 150([]), 185(4), and 200um (O).

width of the gap(see the discussion of Fig).3The data obtained by the three widely
different instruments fit together within the limits of error of the respective devices. The
lines give the respective values Gf (dasheglandG” (full) derived from Eq(4). Good
agreement is seen over six orders of magnitude. There are only small deviations between
the measured data and the spectra calculated from the time-temperature superposition
principle. We assign these small discrepancies to the limitation of(gand to the
experimental uncertainties in obtaining the moduli in such a wide temperature range.
Figure 5 demonstrates that the widthof the gap has a minor influence on the
resulting values o5’ andG”. HereG’' andG” obtained from the poltyrene solution
by the PAV for different width of the gap are plotted against the frequén&vidently,
G’ andG” do not depend ol within the given limits of error. The maximum of error
amounts to 20% if the width of the gap is not optimal. This further confirms the reliability
of the instrument and justifies the neglect of the dynamic compressiksityfeg. (3)].
Thus, the earlier discussion has established two criteria for the accuracy of the mea-
surement: First, the optimal width of the gap is obtained by measurement of Newtonian
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liquids. The small corrections for the width of the gap, which followed from this cali-
bration demonstrates that E(R) provides a accurate description of the flow in the
instrument. Second, the measured specti@’'aindG” must be independent of the width

d. This is seen indeed in Fig. 5 and the residual discrepancies at low frequency can be
traced back to a width of the gap which is not optimal.

From these data and the foregoing comparison using a polystyrene solution as a
benchmark system we conclude that the PAV gives reliable data for polymer systems that
exhibit a marked viscoelastic behavior. The range of concentrations that can be studied is
only limited by the smallest gap availablsee the discussion of Fig).3Hence, highly
dilute polymer solutions in which the viscosity exceeds hardly the one of the solvent
cannot be measured with the PAV with sufficient accurfsse the discussion of this
problem in Stokichet al. (1994].

D. Methylcellulose in solution

Aqueous solutions of methylcellulog®C) gel upon heatindLeibler et al. (1991)].

The gelation is thermoreversible and ascribed to the presence of hydrophobic interac-
tions. The rheology of this system was already investigated in a study of Desbriéres
[Desbriereset al. (1999] and the rheological experiments were carried out on the pi-
ezorheometer built by PalierfiBartolino and Durand1977); Cagnon and Durand.980;

1981)]. Hence, these solutions provide another benchmark system.

Methylcellulose has been purchased from Sigma-Aldrich. The weight average molecu-
lar weight of MC is 86 000 g mot. The degree of substitution is ranging from 1.6 to 1.9
as indicated by the manufacturer. It was purified by dialysis in order to remove salts and
other low molecular weight impurities. Solutions ef2 wt % of methylcellulose were
prepared in de-ionized water and stirred for 2 days to ensure a homogeneous solution.
This solution was then packed in Spectra/Por® dialysis tube membranes which were
bought from SpectrumlabdWCO-2000. Dialysis was carried out until the conductiv-
ity of water became equal to pure de-ionized water. Later the solution was dried in a
vacuum oven at 80 °C. The pure methylcellulose was then stored for further use. The
measurements were performed on a solution of 1.5 wt% at 20 °C. Again the range of
frequencies was covered by measurement using the three instruments.

The rheogram shown in Fig. 6 is typical of an entangled polymer solutions. As can be
seen from Fig. 6, a good correspondence between the three instruments is seen. The
residual differences between the instruments are within their respective limits of error.
This demonstrates again that concentrated polymer solutions can be measured by the
combination of the three instruments.

Following earlier worl{ Desbrierest al. (1999 ] a general Maxwell's model was used
to describe the data. The expression that includes the high-frequency contribution reads

* 7o
N = + Beos 5
1 (l U)To)l_h ( )

where 7, is the zero-shear viscosity ang, denotes the high-shear viscosity. Finaly,

is the average time of relaxation and the paramietdescribes the width of the relaxation

time distribution. Figure 6 demonstrates that Es). provides a good description of the
results over the entire range of frequencies under consideration here. This is in agreement
with the earlier studiefDesbrierest al. (1999].
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FIG. 6. Elastic (full symbolg and loss(hollow symbolg modulus of a 1.5 wt % methylcellulose solution at
20 °C measured with fluids spectrometer RF&liadrangles PAV (circles; measured at optimal thickness of
the gap 10Qum), and torsional resonato(giangles. The fit was done using the generalized Maxwell's model
including the high frequency contributidiEq. (5)]. The fitted parameters arejp=1.4 Pas,n.=2.5 mPas,
7,=0.002 s,h=0.32.

E. Thermosensitive latex particles

As an example for a complex fluids we analyze here a thermosensitive latex that has
been under scrutiny recentfgenff et al. (1999]. The particles consist of a solid poly-
(styrene core and a shell composed of crosslinked pghsopropylacrylamidg(PNIPA)
chains. Suspended in water these particles swell when lowering the temperature below
room temperature through the uptake of water in the shell. Going to temperatures above
25-30 °C leads to a marked decrease of the particles radius because the water is expelled
from the thermosensitive PNIPA-layer again. This swelling transition within the layer is
fully reversible[Dingenoutset al. (1998; Seelenmeyeet al. (2001 ] and can be used to
adjust the effective volume fractioph.; of the particles by increasing or lowering the
temperatur¢Senffet al. (1999 ]. Evidently, the time-temperature superposition principle
cannot be applied for determinirg’ and G”.

The core-shell latex used in this study was prepared as described ré@nggnouts
et al. (1998; Seelenmeyeet al. (2001)]. The core particles has a radius of 52.5 nm and
the shell a thickness of 52.8 nm at 10 °C as determined by light scattering. The degree of
crosslinking was 2.5 mol % with regard to monomer N-isopropylacrylamide. The latex
was purified by ultrafiltration. The weight concentration of the latex was 10.9 wt %. The
corresponding effective volume fractiopeff=(47r/3)R3H could be determined from the
hydrodynamic radiuRy available from dynamic light scatteringeelenmeyeet al.
(2001)]. For the suspension under consideration heégg=0.585 at a temperature of
10 °C.

The rheological measurements were realized with the set of the three instruments. A
period of 1 h was allowed for thermal equilibrium before starting each measurement.
Figure 7 display$s’(w) andG"(w) obtained in this way over the entire range of frequen-
cies. As already discussed by Mason and WEl@95a; 1995 a suspension of hard
spheres in the vicinity of the glass transition should exhibit the features seen in Fig. 7:
The storage modulu§’ is expected to exhibit a marked plateau for a rather wide range
of frequencies whiléz” is expected to go through a pronounced minimum.
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FIG. 7. Elastic (full symbolg and loss(hollow symbol$ modulus of a concentrated thermosensitive latex
10.85% wt at 10 °Q ¢=0.585 measured with fluid spectrometer RFS(duadrangles PAV (circles, and
torsional resonatorériangles. The data obtained by the PAV have been measured at the optimal thickness of
the gap. The experimental data are fitted by the model proposed by Mason and Beeit@)—(8)] with Gp

=21 Pa,G,=0.4 Pat,=1 srad?, ¢;=0.585,Ds=4.10"° m?s™%, and77,=3 mPas.

The model proposed by Mason and Weit995a; 1995pcan be used for the quan-
titative description of the data thus obtained. It is based on the combination of three major
effects. The low frequency behavior is described within mode coupling tHéaogtze
(1999]. It assumes that the stress autocorrelation function has the same functional form
as the density autocorrelation function. The high-frequency the data analysis is compli-
cated due to an anomalous contribution to b&hand G” proportional tow®® which
arise from a diffusional boundary layer between the sphfr@mberger and Russel
(1994)]. The high frequency suspension viscosity leads to a contribution t&” that is
proportional tow. It can be taken from the experimental data obtained at highest frequen-
cies by use of the torsional resonators. The resulting expressions’fand G” are
[Mason and WeitZ21995a; 19954

!

G'(w)=Gp+ GU{F(l —a’)cos(%)(wto)a’ -BI(1+ b')coq(%b’)(wtg)-b’} + Gh ()

(6)
and
G'(w) = GU[F(l —a’)sin(%a’)(wt(, a4 BI'(1+ b’)sin(%b,)(wt(,)‘b'} +Gh(w) + 7.0,
(7)

wherel'(x) is the gamma functiorg’ =0.301,B=0.963, as ant)’ =0.545 are parameters
predicted for suspensions of hard spheff€®etze and Sjoegre(l99))]. G, is a fit
parameter. The storage modulus has an inflection point at the plateauGalaed the
frequency at the minimum of the loss modulus is set by the value of the plateigu, 1/
Following Mason and Weitz1995a; 1995pthe frequency dependence®f, andGy, for
hard sphere suspensions is used here as given by Lionberger and(®884eand by De
Scheppeeet al. (1993:



862 CRASSOUS et al.

k
Gh(e) = Gh() = o5 ¢0(2a, B 7o ®

where 1o =a?/Dyg, is the diffusional time determined by thi2dependent short-time dif-
fusion coefficient witha being to the radius of the particles. The radial pair distribution
function at contact is approximated lg(2a, ¢)=0.78/(0.64-¢) again mapping this
suspension onto an effective hard sphere sydteme the discussion of this point by
Mason (1999]. Moreover, we equated= .. Hence,G, and Dy are the only free fit
parameter remaining here.

Figure 7 demonstrates that there is good agreement between the data obtained by the
three instruments. Moreover, good agreement is seen over eight orders of magnitude. The
lines give the respective values @f (solid line) andG” (dashed lingderived from Egs.

(6) and (7). This agreement is more remarkable when considering that only two fit
parameters had to be used in this comparison. Hence, the model of Mason and Weitz
(1995a; 1995pbased on the mode-coupling theory explains the measured viscoelasticity
of suspensions very well.

IV. CONCLUSION

A new rheometer, the PAV, has been introduced and tested by using Newtonian liquids
and viscoelastic polymer solutions. The data presented here demonstrate that the PAV
works reliably between 10 and 3000 Hz. It thus closes the gap between conventional
mechanical spectrometers and the torsional resonators. The combination of all three de-
vices gives access B8’ andG” as the function of frequency over 7—8 orders of magni-
tude. This provides a sound basis for a comprehensive study of the viscoelasticity of
complex fluids as was shown for the case of polymer solutions and suspensions of
colloidal particles.
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