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Existence of an intrinsic glass transition in a silicon rubber:
Hypersonic versus calorimetric properties

Jan K. Krüger, P. Mesquida, and J. Baller
Fachrichtung 10. 2 Experimentalphysik, Universita¨t des Saarlandes, Geba¨ude 38, D-66123 Saarbru¨cken, Germany

~Received 9 March 1999!

Time-domain temperature-modulated differential scanning calorimetry and high-performance Brillouin
spectroscopy have been used as experimental techniques in order to investigate the effect of the thermal glass
transition on the specific heat as well as on the acoustic properties, quantities which are intimately related by
thermodynamics, but measured at completely different frequencies. Using a siloxane as a model substance, we
demonstrate the efficiency of hypersonic relaxations until thermal freezing of the material. Introducing the
optoacoustic dispersion function as a sensitive measure for structural relaxations, we show that the high-
frequencya relaxations are truncated by the thermal glass transition instead of dying out at much higher
temperatures. Moreover, the extrapolated static compliance of the rubbery state goes to zero close to but below
the thermal glass transition temperatureTg , indicating the existence of an acoustic instability which is remi-
niscent of the so-called Kauzmann paradox.@S0163-1829~99!07837-6#
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INTRODUCTION

The difficulties in understanding the thermal glass tran
tion are caused by extremely-low-frequency relaxation p
cesses in the vicinity of the thermal glass transition tempe
ture Tg . The main question in the understanding of t
thermal glass transition is whether there exists at sufficie
slow cooling an underlying phase transition from the liqu
to the ideal glassy state~transition hypothesis! or whether the
thermal glass transition simply reflects the crossover of
trinsic relaxation times with typical time constraints of th
experimental technique used~kinetic hypothesis!.1–7

Recent experimental progress in the field of hig
resolution Brillouin spectroscopy~BS! on polyvinylacetate10

~PVAC! and on an epoxy11,12 ~EPON! polymer have sup-
ported the idea of such an underlying transition which
believed to take place from the equilibrium liquid phase in
a nonergodic glass phase. Among other results this con
sion was drawn from a discontinuity in the longitudina
mode Gru¨neisen parameter atTg as well as from the tem
perature behavior of the structural glass relaxation proces~a
relaxation! which showed a clear cutoff just belowTg .8

In a glass-forming liquid the static longitudinal stiffne
modul c11 behaves ‘‘steplike’’ atTg , whereas the static
shear stiffnessc44 is zero aboveTg and nonzero belowTg .
At hypersonic frequenciesc44 as well asc11 shows a kinklike
behavior thus reflecting the fact that above but close toTg
the elastic constants are~almost! clamped. In other words
slightly aboveTg , hypersonic measurements are believed
be made in the slow-motion regime in relation to the str
tural a-relaxation process. In the glassy state hypersonic d
usually reflect static second- and third-order elas
properties10 belonging to the solidlike properties of glasse
Consequently, acoustic-mode Gru¨neisen parameters corre
spond to those of solids.9,10 Provided that the elastic prope
ties are dynamically clamped properties, the kink in the hi
frequency elastic properties versus temperature rela
should be attributed to an intrinsic change of the acou
anharmonicity atTg .
PRB 600163-1829/99/60~14!/10037~5!/$15.00
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In the present paper we apply the optoacoustic disper
function ~OADF! for the longitudinal polarized acousti
mode as a particular sensitive measure for static as we
for dynamic hypersonic properties. We use this technique
order to investigate the thermal glass transition of a partia
crystallizing and subsequently freezing silicon rubber. W
will show that the unusual temperature behavior of t
OADF around the thermal glass transition of this siloxa
yields further support for the transition hypothesis, demo
strating that thea-relaxation process as measured at hyp
sonic frequencies may extend untilTg , but is truncated by
the thermal glass transition. Moreover, the transition hypo
esis will be supported by supplying evidence for an acou
analog to the so-called ‘‘Kauzmann paradox.’’

EXPERIMENT

The siloxane under study, SilGel 604, is a standard silic
rubber of the RTV-2 group produced by Wacker Chem
München. SilGel 604 is a highly transparent silicon rubb
which is made by addition vulcanization from the two pare
products. The material shows no measurable shrinkage
the vulcanization process.

Figure 1 gives the schematics of the network-formi
molecule. The chemical constitution of the organic groupR
was not available from Wacker Chemie. Although the vulc
nized SilGel 604 does still crystallize, because of the che
cal network formed during the vulcanization process, t
crystallization is never complete, which, on the other ha
implies that there exists a maximum crystallinity which
well below 100%. The remaining amorphous matrix nec
sarily undergoes a thermal glass transition and shows a g
transition temperatureTg5148 K, which is well below the
equilibrium melting temperatureTm5235.15 K.

The SilGel 604 has the special property of almost no
sticking to its surroundings. This ‘‘low-adhesion’’ propert
turned out especially useful for the investigation of the th
mal glass transition of this material because it reduces
amount of thermoelastic stresses when cooling the sam
10 037 ©1999 The American Physical Society
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within a container of a different thermal expansion coe
cient. However, as will be shown below, even in this ma
rial undesirable stresses may develop under certain circ
stances and consequently strongly modify the glass trans
behavior of the material.

The high-performance Brillouin technique~BS! presented
in this paper has been described elsewhere.11 For the BS
measurements a filmlike sample of about 200mm thickness
and about 10 mm diameter was vulcanized between
glass slides. Thus the sample surfaces had a high op
quality in the entire temperature range of the investigatio
Any bending of the sample during the course of the exp
ments was avoided by means of the two glass slides. A
having finished the BS measurements, the glass slides
removed and the refractive index of the sample was de
mined with an Abbe´ refractometer, yielding at 300 K a value
of n514.551.404.

FIG. 1. Schematics of the network of SilGel 604: additi
vulcanized silicon rubber.R: organic substituent.
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In order to obtain the required long-time stability, th
temperature of the spectrometer including the spectrom
control was stabilized to better than 0.1 K. Moreover, t
data collection procedure and the evaluation of the data h
been completely automated, yielding immediately the fi
Brillouin data after each measurement. The spectromete
able to run completely stable without the need of any hum
interaction over many months.

For investigations as a function of temperature, t
sample was positioned within a self-made top-loading th
mostat. The temperature control was maintained with a P
controller~ITC-4, Oxford Instruments! using a rhodium-iron
resistance. Using simultaneously the scattering geome
90A ~outer scattering angleuo590°) and 18~back scatter-
ing! @Fig. 2~a!#, we get the hypersonic frequenciesf 90A and
f 18 for two different wave vectorsq90A and q18 from the
same scattering volume as a function of temperature.

The measurements performed at ambient temperature
function of the acoustic wave vectorq (qQA scan! were made
using a goniometer which has been built in the laborat
especially for this purpose. In order to makeqQA-scan mea-
surements, the filmlike sample is spread on an alumin
mirror @MR in Fig. 2~b!#. As is also shown in Fig. 2~b!, the
qQA scan performed on an isotropic sample simultaneou
yields the phonon frequenciesf 18 and f (qQA)5 f QA. It is
interesting to note that the phonon wave vectorqQA is auto-
matically fixed in the film plane of the sample.

In order to control the influence of local heating of th
sample by the laser beam, we made Brillouin measurem
as a function of laser power. The final Brillouin measur
ments were performed with an incident laser power of ab
30 mW.

The time-domain temperature-modulated different
scanning calorimetry~TMDSC! measurements were pe
formed with a significantly modified commercial instrumen
The details of our TMDCS setup and the measurement te
nique have been described in more detail elsewhere.12
.

e

.

FIG. 2. ~a! 90A, backscattering
and ~b! uA scattering geometries
IB: incident beam. SB: scat-
tered beam.k i

90A, k i
18, k i

uA, ks
90A,

ks
18, and ks

uA: wave vectors of
the incident laser beam and of th
scattered light, respectively.q90A,
q18, and quA: phonon wave
vectors in 90A, backscattering,
and uA geometry, respectively
SA: sample. MR: mirror.
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RESULTS AND DISCUSSION

Using BS as an experimental probe for the static and
namic glass transition, it is obvious that the Brillouin fr
quencyf detects static as well as dynamic elastic propert
whereas the hypersonic attenuationG is sensitive only for
dynamic processes. That is the reason why usuallyG instead
of f is used to characterize hypersonic relaxations. Howe
the measurement accuracy for the hypersonic attenuatioG
is by about a factor of 10 smaller than that of the sou
frequencyf. We therefore were interested in a quantity bas
on the sound frequencyf which clearly separates static an
dynamic contributions to the elastic properties on the o
hand, but which, on the other hand, takes profit of the f
that it is easier to perform precise measurements of the so
frequencyf.

The optoacoustic dispersion functionDX,QA turns out to
have these desired properties:13

DX,QA~T!5n~T!A c8X~T!

c8QA~T!
. ~1!

In Eq. ~1!, c8 refers to the real part of the complex elas
stiffness constantc* 5c82 ic9, X refers to a phonon wave
vectorqX depending on the refractive indexn of the sample,
which is assumed to be isotropic,QA refers to the phonon
wave vectorquA, which is symmetry equivalent toqX, andT
is the temperature of the sample. Furthermore, we admit
the sample shows only moderate attenuation (c9!c8),
which yields

v~p,q!5
2p f ~p,q!

uqu
~2!

andc8(p,q)5rv2(p,q).
If there is no acoustic dispersion (c8X5c8QA), Eq. ~1!

yields directly the refractive indexn of the sample. Using the
q-scan method shown in Fig. 2~b!, we haveX518 ~back-
scattering! and Eq.~1! may be written as

D18,QA~T!5sinS QA

2 D f 18~T!

f QA~T!
>n, ~3!

where we have used

q185
4pn

l0
and qQA5

4p sin~QA/2!

l0
, ~4!

wherel0 is the vacuum wavelength of the laser.
It is worth noting that in the acoustic dispersion-free ca

Eq. ~3! yields the refractive index from the simultaneous
measured hypersonic frequenciesf 18 and f QA. In that case
we have direct access to changes of the refractive inde
the establishment of birefringence as a function of tempe
ture, which both may develop in the course of phase tra
tions.

Figure 3 shows aqQA-scan measurement of SilGel 604
300 K, covering an acoustic wavelengthLQA

5l0/„2 sin(u/2)… from 0.26 to 1mm. As expected, as a func
tion of sin(QA/2)}qQA the frequency of the Brillouin lines
obtained by backscattering,f 18, is quite a horizontal line,
whereas the frequencyf QA is a straight line where the slop
-
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of this curve gives the sound velocity intersecting zero
qQA50. This linear dispersion behavior demonstrates tha
ambient temperature relaxation effects are negligible for
acoustic wave vectors involved. Moreover, the fact thatf QA

as a function of sin(QA/2) goes through zero implies that th
related sound velocity at this temperature was measure
the fast-motion regime. Consequently,D18,QA5n holds and
n can be calculated using Eq.~3!. Obviously, this behavior
has to change by crossing thea process on approaching th
thermal glass transition. Within the hypersonic relaxation
gime theD18,QA(T) function has to deviate from then(T)
function.10 In order to elucidate the hypersonic relaxatio
behavior around the dynamic and static glass transitions
therefore have performed BS measurements as a functio
temperature using the scattering arrangement illustrate
Fig. 2~a!.

The frequenciesf 90A and f 18 shown in Fig. 4 were mea
sured on cooling the sample from 300 K down to about 80
From these frequencies we have derived the related OA
D18,90A(T). Both hypersonic frequency curves show thr
significant anomalies at the temperaturesTcryst5207 K, Tg
5148 K, andTr5119 K. HereTcryst indicates the onset of a
partially crystallization after undercooling the sample andTg
reflects the thermal glass transition on slow cooling.

The discontinuity within the sound frequency curves atTr
demonstrates a usual problem related to investigations

FIG. 3. SilGel 604: hypersonic frequenciesf 18 and f QA obtained
by backscattering and byuA scattering, respectively.n: refractive
index.

FIG. 4. Hypersonic frequenciesf 90A and f 18 of SilGel 604 as a
function of temperature.D18,90A: optoacoustic dispersion func
tion. The measurements were performed on cooling.
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transitions from the fluid~rubber! to the glassy state: be
cause of the fluidity~flexibility ! at temperatures well abov
Tg , a glass-forming liquid~rubber! has to be held within a
container. As was mentioned above, in our case the sam
was vulcanized between two glass slides. Usually,
sample then sticks to the walls of the container. Due to
different thermal expansion coefficients of the sample a
container, material significant internal stresses may be b
up. If these stresses become large enough, the sample
crack, the container may crack, or as in our case just
contact surface between sample and container changes
viously, the released internal stresses cause increased l
tudinal sound frequencies belowTr . In our special case of an
only slightly sticking rubber sample, the sudden mechan
relaxation of the sample happens 29 K belowTg . Usually, it
is hard to predict when a sample mechanically relaxes
whether it relaxes at all in the temperature interval un
consideration. As soon as the sample is hold in a contai
the sticking effect generally makes the interpretation of
vestigations of the liquid-glass transition unreliable. Only
the sample has already obviously mechanically relaxed
reliable temperature-dependent measurements be done.

The OADFD18,90A(T) displayed in Fig. 4 shows at room
temperature the expected value of the refractive indexn but
increases strongly on approaching the crystallization proc
Because theD18,90A(T) function decreases belowTcryst on
approachingTg , it seems that hypersonic relaxation pr
cesses are active betweenTg and 300 K. In addition, the
refractive index may have changed by the crystallization p
cess. However, crystallization would not explain the d
crease ofD18,90A(T) betweenTcryst andTg . BetweenTg and
Tr the quantityD18,90A(T) increases rather strongly, which
indicative of the onset of stress birefringence. Only after
sample mechanically had relaxed atTr did the D18,90A(T)
function approach the expected refraction behavior of
stress-free glass.

Measuring the once mechanically relaxed sample on h
ing, we obtained the results given in Fig. 5. As expected,
mechanically relaxed sample shows only two acou
anomalies: the kink within the longitudinal sound veloc
curve atTg and a further kink at the end of the melt trans
tion. Within the margin of error the sound velocity curv
behaves continuously throughout the glass transition as
as at the melt transition. TheD18,90A(T) function shows in

FIG. 5. Sound velocityv and dispersion functionD vs tempera-
ture. The measurements were performed on heating.
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the low-temperature regime (T,Tg) a decrease with increas
ing temperature, as expected for the refractive indexn. Im-
mediately aboveTg the D18,90A(T) function increases, indi-
cating the immediate onset of the hypersonica-relaxation
process. This behavior is in contrast to that found in line
polymers such as polymethyl methacrylate~PMMA!, poly-
styrene~PS!, and PVAC,8 but resembles that of an epox
~EPON!.9 For SilGel 604 we therefore come to the sam
conclusions which we discussed recently for EPON.9 It
seems that the slowing down of thea process does not drive
the thermal glass transition, but the opposite case seems
true. It looks like that at least the high-frequencya relax-
ations are truncated by the thermal glass transition atTg . In
this sense the ideal glass transition seems not to reflec
crossover of intrinsic and experimental time scales, altho
this slowing down influences the experimental results.

In order to give further support to the existence of
intrinsic thermal glass transition, we have tried to find hin
of the existence of a potential acoustic instability below t
operative thermal glass transition in the sense of an analo
the thermal Kauzmann paradox~Fig. 6!. This attempt seems
to be reasonable, since the glass transition transforms a
uid state into a solid state and consequently a hypothe
order parameter is expected to couple to the elastic com
ance.

The elastic compliance~compressibility! k can immedi-
ately be obtained from ourf 90A data:

k5
3

3c1124c44
5

3

r~3vL
224vT

2!
5

3

r S q90A

3 f L
90A24 f T

90AD 2

.

~5!

For the fast-motion regime (c4450), the following simple
relation holds:

k5
1

r S q90A

f L
90AD 2

. ~6!

Herer is the mass density~set equal to 1000 kg/m3!, vL and
vT are the static longitudinal and static transverse sound
locities, respectively, andf L

90A and f T
90A are the related sound

frequencies. Thek representation shows three prominent fe
tures, yielding the temperaturesT05121 K, Ti5Tg

FIG. 6. Specific heat capacitycp and elastic compliance~com-
pressibility! k of SilGel 604. The measurements were performed
heating.
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PRB 60 10 041EXISTENCE OF AN INTRINSIC GLASS TRANSITION . . .
5148 K, andTm5235 K. The end of the melting process
indicated by a marked kink within thek(T) curve, which
aboveTm behaves linearly with increasing temperature. T
extrapolation of this linear compliance branch to lower te
peratures yields the temperatureTi5Tg , where the extrapo-
lated static compressibility curve intersects the measu
compressibility curve. At the temperatureT0 the extrapolated
compressibility curve definitely becomes zero. AtT0 (5Tg
227 K! the liquid would become incompressible, which
not believed to be a realistic state of condensed matter.
therefore believe thatT0 defines a lower limit for the idea
glass transition temperatureTgs . In reality, Tgs.T0 should
hold. In this contextTi seems to be an upper limit forTgs .
.
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The temperature dependence of the acoustic data ma
compared with those of the specific heat capacitycp(T) ~Fig.
6! as measured with time-domain TMDSC.12 The intersec-
tion temperatureTi perfectly coincides with the thermal glas
transition atTg , defining the onset of excess specific hea

As a result of our analysis of the dynamic and sta
acoustic behavior around the thermal glass transition, we
lieve we have shown further evidence for the existence o
ideal glass transition.
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7J. K. Krüger, K.-P. Bohn, and R. Jime´nez, Condens. Matter New

5, 10 ~1996!.
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11J. K. Krüger, inOptical Techniques to Characterize Polymer Sy
tems, edited by H. Ba¨ssler~Elsevier, Amsterdam, 1989!.

12K.-P. Bohn, A. Prahm, J. Petersson, and J. K. Kru¨ger, Thermo-
chim. Acta304/305, 283 ~1997!.
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