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Through the coupling between the electrical capacitance of a spherical piezoceramic shell and the
mechanical stiffness of a liquid contained therein, the frequency-dependent adiabatic bulk modulus
K,(w) of the liquid can be derived. Using this method, K,(w) of glycerol in the range 15 Hz-15
kHz has been measured at the glass transition. The loss peak frequencies of the compressibility
ks(w) = K;'(w) and the specific heat cp(w) have the same temperature dependence, but the

frequency dependences are different.

The relaxation processes in supercooled liquids at the
glass transition are seen as a frequency dependence in
many physical properties. The thermal relaxation and
the scalar part of the mechanical relaxation are coupled
and can be fully characterized by three independent re-
laxation functions. Let s be the entropy density, T the
temperature, €;; the strain tensor, and o;; the stress ten-
sor. We denote the relative volume change by € =Tr(e;;)
and the hydrostatic pressure by p = —1Tr(0;;). Let ds,
de, dT, dp be the amplitudes of harmonically varying
small perturbations o< e “**. Then one has

ds Le, a dT dT
(3)-(tr3) (%)+(%) o
where c,(w) is the isobaric specific heat, a,(w) is the iso-
baric expansion coefficient, and k7 (w) is the isothermal
compressibility. These three quantities constitute the
thermoelastic compliance matrix J. The quantities are
complex and thereby also describe the phase shift intro-
duced by the relaxation processes.! How these relaxation
functions are related is still an open question. Zwanzig?
has proposed a model in which the normalized relaxation
functions of ¢,(w) and K1 (w) are identical. However, here
we consider the adiabatic compressibility x,(w), which is
more convenient to measure. The triple x,(w), cp(w),
and ap(w) will also contain the full information on J.
What is known experimentally about these functions?
Consider glycerol, the canonical example of the glass
transition. Nothing seems to be known about a,(w).
Different techniques have given very different results on
cp(w). The one method,® which could cover a wide fre-
quency range (1072-3x10* Hz), found that the normal-
ized specific heat ¢, (w) = [cp(w) —cp(00)]/[cp(0) — cp(00)]
could be fitted to 1 — ®g(wT), where

Op(@) = —idi/ e~ i gy
0

is the frequency domain function corresponding to the
Kohlrausch-William-Watts relaxation function. These
authors found 8 = 0.65 + 0.03 (KWW exponent). The
high-frequency behavior was thus w=%6% very far from
the behavior w~ %28 found by the other method.* The
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latter result relied on the use of the temperature-time
superposition principle (TTSP), which the first method
seemed to show valid.

The bulk modulus K,(w) was deduced from ultrasonic
measurements® of the longitudinal ¢; and the transversal
¢t sound velocity and K,(w) was described by a Cole-
Davidson distribution of relaxation times. That is, the
normalized bulk modulus was given by 1 — (1 — iwt)™?
with Bcp = 0.32. The result was based on a few frequen-
cies in the range 1-100 MHz using the TTSP. The asymp-
totic behavior of the compressibility k,(w)[= K;*(w)] in
the high-frequency limit was thus w=%32 close to the
behavior of c,(w) found by Christensen.? More recent
ultrasonic measurements®—still relying on TTSP—have
given Bxww = 0.60+0.05 for the longitudinal compliance
M;1(w). Jeong, Nagel, and Bhattacharya found that
this KWW exponent and the one in the c,(w) experiment
of Birge and Nagel were within experimental error of each
other. However, M,(w) = K,(w) + $G(w), and it is not
given a priori that K,(w) and the shear modulus G(w)
relax in the same way. In fact, Piccirelli and Litovitz
found that G was described by a logarithmic symmetri-
cal Gaussian distribution of relaxation times in contrast
to the asymmetrical Cole-Davidson distribution describ-
ing K,. It is thus of interest to measure the pure bulk
modulus K,(w) and to measure it in the frequency range
of the ¢,(w) experiments below the ultrasonic regime.

We have developed a method capable of this and ap-
plied it to glycerol. The method operates at low frequen-
cies, i.e., frequencies at which the corresponding acoustic
wavelength is much larger than the sample size (qua-
sistatic regime). On the other hand the frequencies are
sufficiently high to ensure adiabatic conditions, i.e., the
corresponding thermal diffusion length is much smaller
than the sample size. The relaxation function can be
found without using the TTSP, since the frequency can
be scanned continously. Furthermore, our method also
determines M, at certain discrete resonance frequencies
in the ultrasonic regime. The method is based on the
coupling between the electrical capacitance of a spheri-
cal piezoceramic shell and the mechanical stiffness of a
liquid contained therein. There are no separate emitter
and receiver of acoustic vibrations, only one transducer,
which constitute the sample cell also. The shell is made
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of a piezoceramic material (pz26, Ferroperm, Denmark)
polarized in the radial direction. We will call it the piezo-
electric bulk modulus gauge (PBG). It is covered with
electrodes on the inner and outer surfaces. On applying
a potential difference across the shell, the PBG will ex-
pand or contract radially depending on the polarity. For
a mechanical free outer surface, the coupling between the
complex amplitudes of the normal stress ¢ and the vol-
ume change AV on the one hand, and the surface charge
Q@ and the potential difference U on the other hand, is
given by a transfer matrix c;;,

U _ C11 Ci2 g
( Q) - <C21 Ca2 AV - )
The measured electrical capacitance therefore depends

on whether the shell is free to move (¢ = 0) or clamped
(AV =0),

C22 C21
Cfl'ee(w) = 0_127 Cclamped(w) = ; (3)

If a medium of stiffness S(w) = o/AV is placed inside
the PBG, then the electrical capacitance becomes

c22 + 215

Clw) = c12 +cnnS’

(4)
Thus, S(w) can be found knowing c;; and measuring
C(w). For a thin piezoelectric ceramic shell, ¢;; can
be expressed by the inner radius r, thickness ¢, density
p, elastic constants s;i,s12, piezoelectric constant d;s,
and dielectric constant e33.”7 Introducing the “breathing
mode” resonance frequency

1 (_2_)/
7 r \(s11 + s12)p ’

the planar coupling comstant k, = [2d%;/(s11 +

812)633]1/2, the free capacitance at zero frequency Cy =
Ctee(0) = (4772 /t)eas, and the inertance L = pt/4nr?,
the result is

oy 72 ()" [1 - (“’i)z]
FEHE)” wvIa -0k (2)]
(5)

In the specific case p = 7.65 gcm™3, t = 0.10 cm, 7 =
0.90 cm, whereby L = 7.52 x 1072 gecm™*. By fitting
a measurement of the free electrical capacitance to the
theoretical expression

...
e

(cij) =

C22 1-(1- k;%)(w/wc)z
Chree(w) 1z Co 1— (w/w.)? (6)
the three constants Cy, kp, w, are found. These constants
are both temperature and weakly time dependent due
to annealing processes in the piezoceramic itself. Thus
the same time and temperature scheme is exactly fol-
lowed during reference measurement and modulus mea-
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surement. Typical values are Cy = 12 nF, k, = 0.51,
fe = we/2m = 85 kHz. One has to correct the expression
(5) for the transfer matrix and take the finite thickness of
the transducer into account. We have indeed calculated
and used the general transfer matrix, but these lengthy
expressions are omitted here. The corrections amounts
to 15% on K,.

At the top of the sphere a small hole of radius r;, makes
it possible to fill the sphere with liquid. Also, a reservoir
of liquid resides in a small tube on top of the sphere.
The hole connects this to the inside of the sphere, allow-
ing for thermal expansion of the liquid. Despite this hole,
the liquid is virtually confined in the sphere at the fre-
quencies of interest. The characteristic time scale of the
glass transition is given by the Maxwell relaxation time
™M = No/Goo, Where 7g is the low-frequency limit of the
viscosity and G, is the high-frequency limit of the shear
modulus. Assuming Poiseuille flow through the hole, a
characteristic flow time 7; will be

3273t 105

Tf = 37'2 KB~IOTM. (7)
Thus, one has in fact quite a large range of times beyond
the Maxwell relaxation time at disposal. On the other
hand, the cell can of course only be filled in a reasonable

time at high temperatures where the viscosity is low.
The stiffness S(w) of a spherical isotropic viscoelastic
solid is derivable from the solution of the equation of
motion.® If the density is p;, the longitudinal wave vector
ki = v/(pi/M,)w, and the volume V = 773, then one

finds

sto)= g {16t (14 S e ) )

(8)

At low frequencies S(w) is simply K,(w)/V. At higher
frequencies it depends on both K,(w) and M,(w) because
longitudinal waves are excited.

The method was applied to that canonical example of
the glass transition, glycerol. Figure 1 shows how the
electrical capacitance C(w) of the PBG is reduced from
its free value by the partial clamping of the transducer
due to the contained liquid. The glass transition in this
picture is seen indirectly in the decrease of C' with in-
creasing frequency. Also shown is the measured Ciree
and the calculated Cciamped-

Figures 2 and 3 present the measured real and imagi-
nary part of bulk modulus K, as a function of frequency
at different temperatures. Denote the normalized bulk
modulus by K,(w) = [Ks(w) — Ko]/(Kes — Ko). The
solid line represents a fit to data of a phenomenological
model, where K, (w) is given by an extended Maxwell
model K, (w) = [1 + (—iwT) ! + g(—iwrp) ™7 It is
found that ¢ = 1.40 £ 0.03 and o = 0.43 £ 0.02. 73 is
temperature dependent and corresponds to the Maxwell
relaxation time. The best fit of data to a frequency do-
main Kohlrausch function ®4 gives 8 = 0.43+0.02. Such
a fit is almost as good as the extended Maxwell fit.

It seems natural in a comparison of the thermal and
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FIG. 1. The electrical capacitance of the PBG filled with
glycerol at 210 K (O). Upper solid line is Cgree. Lower solid
line is Cclamped'

mechanical relaxation to compare the generalized com-
pliance functions,® although this is not forced by any
general principle. The compliance functions in this case
are cp(w) and k,(w). The loss peak frequency f, of the
compressibility can be fitted to f, = foexp[—(T/To)3
with fo = 6.67 x 10'2 Hz and T, = 612 K using the
same functional form as Piccirelli and Litovitz.’ 7, is
0.126f, 1 in the fitting model for the present value of
g and a. The loss peak frequency of k£, and ¢, (Ref. 3)
can be compared in a temperature interval 202-226 K,
where they both are measured. While the loss peak fre-
quencies vary 4 orders of magnitude, their ratio is rather
constant, fp(ks)/fp(cp) = 5. This common temperature
dependence shows a connection between the thermal and
mechanical relaxation. However, we find that the shapes
of the relaxation functions are not alike. The normalized
compressibility k, = (K; ! — KZ')/(Ky' —~ KZ!) cannot
be described by a Kohlrausch fit of the type 1 — @5 for
any @ in contrast to the c,(w) data of Birge and Nagel.
This also follows from the relation between x,, and K,,
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FIG. 2. The real part of bulk modulus of glycerol at the
glass transition as a function of frequency at different temper-
atures. The solid line is a fit to an extended Maxwell model.

!og‘g(frequency f [ Hz )

FIG. 3. The imaginary part of bulk modulus corresponding
to the real part shown in Fig. 2.

1-kn =(1+A)K,/(A+K,), where A = Ko/(Koo — Ko)
(= 1.2). Since K, nearly had the Kohlrausch form, this
cannot be the case for 1 — k,,. In general the Kohlrausch
function may be used in a modulus, or a compliance for-
malism, but not for the same physical property (unless
B =1). kn(w) does not match the c,(w) of Christensen
either. These data were, however, found at lower tem-
peratures and may be uncertain due to the use of the
TTSP. In Fig. 4 the fitting functions of the three experi-
ments are shown in an Argand diagram. The differences
are clearly outside the scatter of the original data around
the fitting functions.

The real and imaginary part of the specific stiffness
S(w)V of the liquid sphere as a function of temperature
at 1 kHz is shown in Fig. 5. Two dispersion regions
are seen with maxima in the imaginary part at 214 and
268 K, respectively. The low-temperature dispersion re-
gion is simply the glass transition in K, since at this
frequency the measured specific stiffness (8) is equal to
the bulk modulus. At higher temperature the liquid is
able to flow through the filling hole and this give rise
to the second dispersion region. Therefore, although the
measured stiffness still reflects relaxation processes at the
glass transition, it does not give bulk modulus and can-
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FIG. 4. Argand diagram of the functions used in the fit of
data to (1) the adiabatic compressibility x,(w) (this work),
(2) the isobaric specific c,(w) of Ref. 3, and (3) cp(w) of Ref.
4.



RAPID COMMUNICATIONS

49 DETERMINATION OF THE FREQUENCY-DEPENDENT BUIK . .. 15 399
12.0 T T T T importance for the lowest lying resonances. Thus for
resonance frequency v,, n > 3, the condition simply
+ . . . . .

10.0 %, . gives longitudinal modulus to a good approximation as

- + 16(1 + 2n) " 2p2r2.
g 8.00 * . In Fig. 5 M, calculated by the third resonance at
- + 280-320 K is shown. At these temperatures the inverse
_ s.00 F -t . Maxwell relaxation time is much higher than the reso-
S M nance frequency. Thus shear modulus can be neglected
§ 4.00 F + . compared to bulk modulus and so My = K} in this limit.
+ The extrapolation of Ko(T') measured by this resonance
> 00 F L 4 technique into the temperature region, where the qua-
g LI sistatic method works, agrees within 1%. In this way
000 009" “0gggan® 1 * | one has an independent and simple check on the validity

180. 210. 240. 270. 300 330.

Temperature T [ K ]

FIG. 5. Real (+) and imaginary (0) parts of the specific
stiffness at 1 kHz measured by the quasistatic method. Ko
(x) measured by the resonance method.

not easily be analyzed in a rigorous way. The ratio of f,
at 214 and 268 K is 105, which is in agreement with the
estimate (7).

According to (8) a viscoelastic sphere will show stiff-
ness resonances when tan(k;r) = kir. These resonances
are seen in the electrical capacitance of the PBG. Al-
though the resonances are moved due to the mechani-
cal coupling of the PBG and the liquid, this is only of

of the procedure of the quasistatic method.

In conclusion, we have developed a method for measur-
ing the pure frequency-dependent adiabatic bulk modu-
lus. This method was applied to glycerol in a tempera-
ture and frequency range which enables direct compar-
ison with the specific-heat measurements of Birge and
Nagel.® Although the loss peak frequency of x, and c,
have the same temperature dependence and therefore the
thermal and mechanical relaxation must be connected
somehow, the relaxation functions have different shapes.
However a common relaxation mechanism need not lead
to the same normalized relaxation function of k, and c,.
It could be that a comparison of K and ¢, should be
made instead as suggested by Zwanzig.2 However, in or-
der to convert data, information on a third thermoelastic
response function, e.g., a,(w), would be necessary.
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