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Existence of an intrinsic glass transition in a silicon rubber:
Hypersonic versus calorimetric properties
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(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 temperatiig, indicating the existence of an acoustic instability which is remi-
niscent of the so-called Kauzmann parad®0163-182809)07837-9

INTRODUCTION In the present paper we apply the optoacoustic dispersion
function (OADF) for the longitudinal polarized acoustic
The difficulties in understanding the thermal glass transi-mode as a particular sensitive measure for static as well as
tion are caused by extremely-low-frequency relaxation profor dynamic hypersonic properties. We use this technique in
cesses in the vicinity of the thermal glass transition temperaerder to investigate the thermal glass transition of a partially
ture T4. The main question in the understanding of thecrystallizing and subsequently freezing silicon rubber. We
thermal glass transition is whether there exists at sufficientlill show that the unusual temperature behavior of the
slow cooling an underlying phase transition from the liquid OADF around the thermal glass transition of this siloxane
to the ideal glassy statéransition hypothesjsor whether the  yields further support for the transition hypothesis, demon-
thermal glass transition simply reflects the crossover of instrating that thex-relaxation process as measured at hyper-
trinsic relaxation times with typical time constraints of the sonic frequencies may extend uniy, but is truncated by
experimental technique usékinetic hypothesis®~’ the thermal glass transition. Moreover, the transition hypoth-
Recent experimental progress in the field of high-esis will be supported by supplying evidence for an acoustic
resolution Brillouin spectroscop§BS) on polyvinylacetat® analog to the so-called “Kauzmann paradox.”
(PVAC) and on an epoxy*? (EPON polymer have sup-
ported the idea of such an underlying transition which is
believed to take place from the equilibrium liquid phase into EXPERIMENT
a nonergodic glass phase. Among other results this conclu- The siloxane under study, SilGel 604, is a standard silicon
sion was drawn from a discontinuity in the longitudinal- rubber of the RTV-2 group produced by Wacker Chemie,
mode Grueisen parameter at, as well as from the tem- Minchen. SilGel 604 is a highly transparent silicon rubber
perature behavior of the structural glass relaxation progess which is made by addition vulcanization from the two parent
relaxatior) which showed a clear cutoff just beloVy, 8 products. The material shows no measurable shrinkage after
In a glass-forming liquid the static longitudinal stiffness the vulcanization process.
modul cq,; behaves “steplike” atT,, whereas the static Figure 1 gives the schematics of the network-forming
shear stiffnesg,, is zero abovery and nonzero below, . molecule. The chemical constitution of the organic gréup
At hypersonic frequenciesy, as well asc;; shows a kinklike — was not available from Wacker Chemie. Although the vulca-
behavior thus reflecting the fact that above but clos& Jo nized SilGel 604 does still crystallize, because of the chemi-
the elastic constants afalmos) clamped. In other words, cal network formed during the vulcanization process, this
slightly aboveT,, hypersonic measurements are believed tecrystallization is never complete, which, on the other hand,
be made in the slow-motion regime in relation to the strucimplies that there exists a maximum crystallinity which is
tural a-relaxation process. In the glassy state hypersonic dataell below 100%. The remaining amorphous matrix neces-
usually reflect static second- and third-order elasticsarily undergoes a thermal glass transition and shows a glass
propertie$’ belonging to the solidlike properties of glasses.transition temperaturd ;=148 K, which is well below the
Consequently, acoustic-mode @misen parameters corre- equilibrium melting temperaturg,,= 235.15 K.
spond to those of solids!® Provided that the elastic proper-  The SilGel 604 has the special property of almost non-
ties are dynamically clamped properties, the kink in the highsticking to its surroundings. This “low-adhesion” property
frequency elastic properties versus temperature relatioturned out especially useful for the investigation of the ther-
should be attributed to an intrinsic change of the acoustienal glass transition of this material because it reduces the
anharmonicity aff . amount of thermoelastic stresses when cooling the sample
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FIG. 1. Schematics of the network of SilGel 604:
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vulcanized silicon rubbelR:  organic substituent.
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In order to obtain the required long-time stability, the
temperature of the spectrometer including the spectrometer
control was stabilized to better than 0.1 K. Moreover, the
data collection procedure and the evaluation of the data have
been completely automated, yielding immediately the final
Brillouin data after each measurement. The spectrometer is
able to run completely stable without the need of any human
interaction over many months.

For investigations as a function of temperature, the
sample was positioned within a self-made top-loading ther-
mostat. The temperature control was maintained with a PID
controller(ITC-4, Oxford Instrumentsusing a rhodium-iron
resistance. Using simultaneously the scattering geometries
90A (outer scattering anglé,=90°) and 18(back scatter-
ing) [Fig. 2@@)], we get the hypersonic frequencie¥” and
18 for two different wave vectorg®® and q*® from the
same scattering volume as a function of temperature.

The measurements performed at ambient temperature as a
function of the acoustic wave vectqr(q®” scan were made
using a goniometer which has been built in the laboratory

within a container of a different thermal expansion coeffi-especially for this purpose. In order to ma@&*-scan mea-
cient. However, as will be shown below, even in this mate-surements, the filmlike sample is spread on an aluminum
rial undesirable stresses may develop under certain circunmirror [MR in Fig. 2(b)]. As is also shown in Fig. (®), the
stances and consequently strongly modify the glass transitiong®” scan performed on an isotropic sample simultaneously
behavior of the material.

The high-performance Brillouin techniqyBS) presented

yields the phonon frequencigs® and f(q®#)=f®A. It is
interesting to note that the phonon wave vea8f is auto-

in this paper has been described elsewhérgor the BS  matically fixed in the film plane of the sample.

measurements a filmlike sample of about 208 thickness

In order to control the influence of local heating of the

and about 10 mm diameter was vulcanized between twgample by the laser beam, we made Brillouin measurements
glass slides. Thus the sample surfaces had a high opticak a function of laser power. The final Brillouin measure-
quality in the entire temperature range of the investigationsments were performed with an incident laser power of about
Any bending of the sample during the course of the experi30 mW.

ments was avoided by means of the two glass slides. After The time-domain temperature-modulated differential
having finished the BS measurements, the glass slides weseanning calorimetryTMDSC) measurements were per-
removed and the refractive index of the sample was deterformed with a significantly modified commercial instrument.

mined with an Abbeefractometer, yielding at 80K a value

Of n514.f 1404

B

The details of our TMDCS setup and the measurement tech-
nique have been described in more detail elsewtfere.

FIG. 2. (a) 90A, backscattering
and (b) 6A scattering geometries.
IB: incident beam. SB: scat-
tered beamk?™, k8, k™, k3%,
ki® and k*: wave vectors of
the incident laser beam and of the
scattered light, respectivelg®®,
g'® and g’ phonon wave
vectors in 9@, backscattering,
and 6A geometry, respectively.
SA: sample. MR: mirror.
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RESULTS AND DISCUSSION 6 1.42
4_fﬂ/yl | ] L} ] - " 8 8 e maenms
Using BS as an experimental probe for the static and dy- 5|
namic glass transition, it is obvious that the Brillouin fre- {141

guencyf detects static as well as dynamic elastic properties,
whereas the hypersonic attenuatibnis sensitive only for
dynamic processes. That is the reason why usudallystead
of f is used to characterize hypersonic relaxations. However,
the measurement accuracy for the hypersonic attenudtion
is by about a factor of 10 smaller than that of the sound
frequencyf. We therefore were interested in a quantity based
on the sound frequendywhich clearly separates static and
dynamic contributions to the elastic properties on the one 0.0 ' 03 06 0.9
hand, but which, on the other hand, takes profit of the fact sin(0/2)
that it is easier to perform precise measurements of the sound
frequencyf. FIG. 3. SilGel 604: hypersonic frequenciE$ andf®* obtained
The optoacoustic dispersion functi@™®A turns out to by backscattering and b§A scattering, respectively: refractive
have these desired propertiés: index.

¢ X(T) of this curve gives the sognd velocifcy intersecting zero for
DXOAT)=n(T) /T_ (1) q®A=0. This linear dispersion behavior demonstrates that at
c"PA(T) ambient temperature relaxation effects are negligible for the
acoustic wave vectors involved. Moreover, the fact tft
as a function of sif)A/2) goes through zero implies that the
related sound velocity at this temperature was measured in
the fast-motion regime. Consequently‘®®A=n holds and
n can be calculated using E¢). Obviously, this behavior
has to change by crossing theprocess on approaching the
Hermal glass transition. Within the hypersonic relaxation re-
gime theD*PA(T) function has to deviate from the(T)

1.40

1.39

1.38

In Eq. (1), ¢’ refers to the real part of the complex elastic
stiffness constant* =c’ —ic”, X refers to a phonon wave
vectorg® depending on the refractive indexof the sample,
which is assumed to be isotropi®A refers to the phonon
wave vector?®, which is symmetry equivalent @, andT

is the temperature of the sample. Furthermore, we admit th
the sample shows only moderate attenuatia{<{c’),

which yields function® In order to elucidate the hypersonic relaxation
27f(p,q) behavior around the dynamic and static glass transitions, we
v(p,q)= — 11— (2)  therefore have performed BS measurements as a function of
|l temperature using the scattering arrangement illustrated in
andc’(p,q) =pv?(p,q). Fig. 2a).

If there is no acoustic dispersiore’®=c’®4), Eq. (1) The frequencie$®® and f8 shown in Fig. 4 were mea-

yields directly the refractive index of the sample. Using the Sured on cooling the sample from 300 K down to about 80 K.
g-scan method shown in Fig(t3, we haveX=18 (back- From these frequencies we have derived the related OADF

scattering and Eq.(1) may be written as Dlg'??“(T). Both hypersonic frequency curves show three
significant anomalies at the temperatuiigg,s—= 207 K, T
OA) f1T) =148K, andT, =119 K. HereT indicates the onset of a
D18OAT) =sin( —) oA =N, (3)  partially crystallization after undercooling the sample dd
2 197 reflects the thermal glass transition on slow cooling.
where we have used The discontinuity within the sound frequency curved at
demonstrates a usual problem related to investigations of
q18=4%n and q"’A=M, 4) 161 —— T, .=207K -
0 0 e
14+ _ f1s_/ .\- 1152

where\q is the vacuum wavelength of the laser.

It is worth noting that in the acoustic dispersion-free case 12 ."'._ et 11.48

Eq. (3) yields the refractive index from the simultaneously - x o
. . 0OA ~ 10 X S X ) ]

measured hypersonic frequencig$ and 2. In that case P W_ i 14 E
we have direct access to changes of the refractive index or = 8}  wese TS148K  [Pay, y 1"
the establishment of birefringence as a function of tempera- 6L 9500004 ", .
ture, which both may develop in the course of phase transi- // “x_.1140
tions. 4p—— P

Figure 3 shows @°”-scan measurement of SilGel 604 at PY I N T B PR
300 K, covering an acoustic wavelengthA®” 50 100 150 200 250 300

=\o/(2 sin(@2)) from 0.26 to 1um. As expected, as a func- TH

tion of sin@A/2)q®* the frequency of the Brillouin lines FIG. 4. Hypersonic frequencig§™ and 8 of SilGel 604 as a

obtained by backscattering®, is quite a horizontal line, function of temperatureD'8%*: optoacoustic dispersion func-

whereas the frequendy’” is a straight line where the slope tion. The measurements were performed on cooling.
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FIG. 5. Sound velocity and dispersion functioB vs tempera-

s FIG. 6. Specific heat capacity, and elastic compliancéom-
ture. The measurements were performed on heating.

pressibility « of SilGel 604. The measurements were performed on
heating.
transitions from the fluidrubbep to the glassy state: be-
cause of the fluidity(flexibility) at temperatures well above the low-temperature regimd KT,) a decrease with increas-
Tq. a glass-forming liquidrubbe) has to be held within a ing temperature, as expected for the refractive indekm-
container. As was mentioned above, in our case the sampfeediately abovel, the D'#%(T) function increases, indi-
was vulcanized between two glass slides. Usually, the&ating the immediate onset of the hypersonicelaxation
sample then sticks to the walls of the container. Due to thérocess. This behavior is in contrast to that found in linear
different thermal expansion coefficients of the sample angpolymers such as polymethyl methacrylaBVMA), poly-
container, material significant internal stresses may be builtyrene(PS, and PVAC? but resembles that of an epoxy
up. If these stresses become large enough, the sample mdgPON.? For SilGel 604 we therefore come to the same
crack, the container may crack, or as in our case just theonclusions which we discussed recently for EPON.
contact surface between sample and container changes. Oggems that the slowing down of theprocess does not drive
viously, the released internal stresses cause increased longte thermal glass transition, but the opposite case seems to be
tudinal sound frequencies beldly. In our special case of an true. It looks like that at least the high-frequenayrelax-
only slightly sticking rubber sample, the sudden mechanicad@tions are truncated by the thermal glass transitiof,atin
relaxation of the sample happens 29 K befoy Usually, it ~ this sense the ideal glass transition seems not to reflect the
is hard to predict when a sample mechanically relaxes ogrossover of intrinsic and experimental time scales, although
whether it relaxes at all in the temperature interval undethis slowing down influences the experimental results.
consideration. As soon as the sample is hold in a container, In order to give further support to the existence of an
the sticking effect generally makes the interpretation of in-intrinsic thermal glass transition, we have tried to find hints
vestigations of the liquid-glass transition unreliable. Only if of the existence of a potential acoustic instability below the
the sample has already obviously mechanically relaxed ca@perative thermal glass transition in the sense of an analog to
reliable temperature-dependent measurements be done. the thermal Kauzmann parad¢iig. 6). This attempt seems
The OADFD9%(T) displayed in Fig. 4 shows at room to be reasonable, since the glass transition transforms a lig-
temperature the expected value of the refractive iméxt  Uid state into a solid state and consequently a hypothetical
increases strongly on approaching the crystallization procesgrder parameter is expected to couple to the elastic compli-
Because thd'®9%(T) function decreases beloWyy on  ance. _ _ . _ _
approachingT, it seems that hypersonic relaxation pro- The elastic compliancecompressibility « can immedi-
cesses are active betwe@y and 300 K. In addition, the ately be obtained from our*® data:
refractive index may have changed by the crystallization pro-

2
cess. However, crystallization would not explain the de-  _ 3 _ 3 3 q°*
18,9 - - — | 2,008 . <O0A
crease oD ™ (;It;)got&etweenTcryst andT,. BetweenrTg and 3ci—4Cu  p(3vi—4v2) p | 30— 4720
T, the quantityD~*"(T) increases rather strongly, which is (5)

indicative of the onset of stress birefringence. Only after the _ _ _ )

sample mechanically had relaxed Bt did the D189%(T)  For the fast-motion regimec{,=0), the following simple

function approach the expected refraction behavior of thé€lation holds:

stress-free glass. 2
Measuring the once mechanically relaxed sample on heat- 1 ( qgm>

90A
fL

ing, we obtained the results given in Fig. 5. As expected, the K p
mechanically relaxed sample shows only two acoustic

anomalies: the kink within the longitudinal sound velocity Herep is the mass densitiset equal to 1000 kg/fn v, and
curve atTy and a further kink at the end of the melt transi- vy are the static longitudinal and static transverse sound ve-
tion. Within the margin of error the sound velocity curve locities, respectively, ant?™ and 3™ are the related sound
behaves continuously throughout the glass transition as weltequencies. Th& representation shows three prominent fea-
as at the melt transition. ThB*®°%*(T) function shows in tures, yielding the temperaturesly=121K, T;=T,

(6)
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=148 K, andT,,=235K. The end of the melting process is  The temperature dependence of the acoustic data may be
indicated by a marked kink within the(T) curve, which ~compared with those of the specific heat capaciy) (Fig.
aboveT,, behaves linearly with increasing temperature. The®) s measured with time-domain TMDSEThe intersec-
extrapolation of this linear compliance branch to lower tem-ion temperaturd; perfectly coincides with the thermal glass
peratures yields the temperatdFe=T,, where the extrapo- transition atTy, defining the onset of excess specmc heat:
lated static compressibility curve intersects the measured AS @ result of our analysis of the dynamic and static
compressibility curve. At the temperatuFg the extrapolated acoustic behavior around the thermal glass transition, we be-
compressibility curve definitely becomes zero. B¢ (=T lieve we have shown further evidence for the existence of an
. g . .
—27K) the liquid would become incompressible, which is /d€al glass transition.
not believed to be a realistic state of condensed matter. We

therefore believe that, defines a lower limit for the ideal ACKNOWLEDGMENT
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