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Abstract

This paper reports linear shear-modulus rheological data for three adhesives. The data were obtained using a recently developed one-disk
piezo-ceramic shear transducer that measures the complex shear modulus in a broad dynamical range, reaching frequencies up to 70 kHz
[M. Mikkelsen et al., J. Rheol. 66, 983—-1003 (2022)]. We first demonstrate consistency with data obtained by a standard rheometer. The
paper proceeds to discuss new insights which the high-frequency data give rise to, with a focus on two questions important for applications:
To which degree does time-temperature superposition apply? What is the temperature dependence of the high-frequency plateau shear
modulus? For both questions, it is demonstrated that reliable predictions are much easier to arrive if high-frequency data are available. Thus,
we show that the commonly used master-curve construction may lead to erroneous conclusions if based only on standard rheometer data.
Finally, the data for the high-frequency plateau modulus are used to investigate the shoving-model prediction for the non-Arrhenius tempera-
ture dependence of the average relaxation time, which is found to apply to a reasonable approximation for all three samples.© 2025

Published under an exclusive license by Society of Rheology. https://doi.org/10.1122/8.0001034

. INTRODUCTION

When it comes to characterizing the dynamic properties of
materials, a fundamental quantity is the complex frequency-
dependent shear modulus, G" (@) (in which @ is the angular
frequency) [1-8]. This quantity is also important for theory
development [9-14]. Standard commercial rheometers for
dynamical-mechanical analysis (DMA) are excellent for mea-
suring G” () at relatively low frequencies and low moduli,
but the instrument resonance sets an upper limit of the fre-
quency range to typically around 100 Hz. This is unfortunate
because, depending on the material in question, there may
well be relaxation processes in the kilohertz, megahertz, and
even gigahertz regions [12,15]. Such processes are important
for some material properties, for instance for predicting the
shock-impact resistance of cars or mobile phones with glued
components, for which the high-frequency shear-mechanical
properties of the adhesive are crucial. Measuring mechanical
properties of materials at high frequencies is notoriously dif-
ficult, however. Moreover, the instrument compliance of
standard rheometers makes the measurement of hard materi-
als challenging and the results less reliable than for softer
materials.
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Several different methods have been developed for mea-
suring G*(w) at frequencies higher than available through &
commercial rheometers. Reviews by Willenbacher andfg
Oelschlaeger [16] and more recently by Schroyen et al. [17] %
cover techniques going up to 100 MHz, which employ §
various modes of piezoelectric transducers (linear shear, tor- &
sional, compression, rotation) or use resonances modes tog
obtain discrete data points in the ultrasonic frequency range
[17]. Other specialized techniques use light-matter interaction
[18], e.g., for optical generation and detection of shear-
acoustic waves in liquids [19-21], for surface-wave detection
[22], or in dynamic light scattering in the multiple scattering
limit [23,24]. Methods based on piezoelectric transducers
like the one used below are also becoming popular [25].
Besides different frequency ranges, these techniques also
have different modulus sensitivities, operating temperatures,
strain ranges, and sample volume capacities. Hence not all
techniques are equally suited for specific sample types.

A mature method working in the acoustic region from
1070 kHz and down to millihertz is the piezoelectric shear-
modulus gauge (PSG) consisting of three concentric piezo-
electric ceramic (PZ) disks [26]. The PSG can be used at
temperatures below roughly 200 °C (depending on the Curie
temperature of the piezoelectric ceramic material) and is sen-
sitive to moduli in the range from 10° to 10'° Pa. Recently, a
simplified version of the PSG consisting of a single PZ disk
was described [27] offering several advantages compared to
the three-disk version, in particular, extending the types of
samples that can be investigated to include solid samples
such as polymers. The PSG is well-suited for viscous liquids
close to their glass-transition temperature, solid samples that
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can be melted to adhere to the surface of the PZ disk, and
adhesive samples including samples undergoing curing; the
method is less well-suited for samples that do not flow, e.g.,
rubbers, because they need to be glued to the PZ surface.

There are not many methods covering the region from the
upper frequency limit of standard rheometers to the ultra-
sonic frequencies. Chen and Lakes [28] obtained a frequency
and modulus range similar to that of the PSG by means of an
electromagnetically driven torsional apparatus. This method
is only suited for samples that are solid at room temperature,
however. Verbaan et al. extended the upper limit of subreso-
nant techniques by introducing a high-viscous damper into
the design enabling the measurement of the viscoelastic prop-
erties of high-viscosity fluids (7 > 100 Pas) in the frequency
range between 10Hz and 10 kHz. Koganezawa et al. [29]
developed a shear setup working in the range from 300 Hz to
5 kHz for solid materials.

This paper compares data on three different solid polymer
adhesive samples obtained by a standard rheometer to data of
the new single-disk PSG setup. We demonstrate good agree-
ment between the methods in the region of overlap. We show
that the commonly used master-curve construction may lead
to erroneous conclusions if based only on standard rheometer
data. In particular, the breakdown of time-temperature super-
position can be traced in detail when data covering a broad
frequency range are available. We also discuss the tempera-
ture dependence of the high-frequency plateau modulus, G,
which can be estimated by means of the PSG. Knowing this
quantity is important in some theories and many
applications.

Il. EXPERIMENTAL DETAILS
Three different samples of adhesives were studied:

o tesa® 4965 is a commercially available transparent,
double-sided tape consisting of a PET backing with a mod-
ified acrylic adhesive.

e Sample 09853-08 is a 2-ethylhexyl acrylate polymer
(2-EHA + 1%AS) mixture (not commercially available).

o Sample 09853-09 is a mixture of two polymers with quite
different glass-transition temperatures, 7, (not commer-
cially available).

Table I provides an overview of the samples and their glass-
transition temperatures, 7,, measured by differential scanning
calorimetry (DSC). All samples were provided by tesa SE
and used as received. The optimal sample thickness for the

TABLE 1. Overview of the different samples, their glass-transition
temperatures, T, (determined by DSC for a cooling rate of 10 K/min), and
the sample thickness. Sample 09853-09 has two glass-transition
temperatures because it is a mixture of two polymers. Because the samples
are cross-linked and/or blend systems, a quantity like molecular weight is
not well-defined.

Sample T, (°O) Thickness (mm)
tesa® 4965 -29 0.21
09853-08 —64 0.24
09853-09 —58/-18 0.25

PSG is around 250 um, which matches the tape® 4965 with
a thickness of approximately 200 um. Samples 09853-08 and
09853-09 were made by stacking several sheets of roughly
50 um thickness.

In order to determine the frequency-dependent shear
modulus, G*(w) = G'(w) + iG"(w), for a range of tempera-
tures down to T, measurements were performed by the PSG
rheometer [26,27], as well as by a standard rheometer.

The original “3PZ-PSG” three-disk version of the PSG
[26] was developed to measure the dynamic shear modulus
of viscous liquids close to the glass transition. In that
version, the disks are electrically coupled so that when the
middle disk expands radially, each of the two other disks
contracts half as much. We used a new one-disk PSG
(“1PZ-PSG”) [27] that consists of a single PZ disk with a
sample layer on both sides, placed between two solid steel
supports that clamp the sample at the contact surface, see
Fig. 1. A small hole in the center of the sample layer allows
electrical contact to the PZ disk in the middle. Applying an
oscillating voltage to the PZ disk induces minute cyclic
radial expansions and contractions, which shears the two
sample layers sandwiched in-between the disk and the rigid
steel supports. The measured capacitance of the PZ disk
depends on the strain state of the disk and, thus, on how
much the sample resists this deformation. The change in
capacitance between the freely moving disk and the disk par-
tially clamped by the sample can be quantitatively translated
to the complex shear modulus of the sample (details on the &
general modeling can be found in [26] and on the IPZ—PSG‘g
in [27]). Since it is the deformation of the PZ disk that is%
measured, the PSG is most sensitive to sample moduli close $
to the modulus of the ceramics. This is similar to the compli- &
ance problem of the standard rheometer, where the instru-g
ment itself deforms when the sample gets very stiff, except
that in the rheometer case this is an undesired effect that
must be corrected for carefully. Christensen and Olsen [26]
estimated that the sensitivity range for the PSG is in the
10°-10' Pa range within a 1% relative error. We, thus, rou-
tinely cut off the data points below 1 MPa, which ultimately
limits the frequency range in the high-temperature region.
The absolute determination of G* is also affected by

FIG. 1. Sample assembly for PSG measurements. (a) “Sandwich” of two
outer steel disks around two sample layers with the piezo-ceramic disk
in-between. In the case shown, the two sample layers are each of 0.25 mm
thickness and the PZ disk 0.5 mm. (b) The assembled PSG with the two
steel disks between a frame made of PEEK held together by steel clamps.
The large screw at the top ensures electric connection to the piezo-ceramic
disk (that has electrodes on both sides).
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systematic errors, where the most prominent is the matching
of the sample measurement and the reference measurement:
the ceramic material of the PZ disk has properties that are
temperature dependent and depend on the thermal history,
and there is a low-frequency dispersion. To obtain accurate
results, it is, therefore, necessary to perform two measure-
ments for each thermal protocol: one with sample and one
without. Any slight mismatch of the two measurements leads
to systematic errors, such as deviations from expected low-
frequency power-law behaviors.

All PSG measurements were performed in a custom-built,
closed-cycle cryostat [30,31]. The measuring protocol was in
all cases to first heat to 315 K, leaving the sample at this ele-
vated temperature for several hours in order to ensure it atta-
ches properly to the disks. After this, the sample was brought
to the starting temperature and left there for a sufficient
amount of time to equilibrate. Subsequently, samples
were measured in temperature steps of 5K, going down to
around 7.

The conventional rheometer measurements were carried
out on an Anton Paar MCR 702 rheometer in a shear mode
with parallel plates. A cyclic strain load amplitude is varied
at each measurement frequency, from low amplitude at high
frequencies to larger amplitudes at low frequencies. The
amplitude range is chosen as a function of the measurement
temperature. In the glass range, it starts below 1% at low fre-
quencies and goes down to 0.01% at high frequencies. Only
data within the linear viscoelastic range are presented. All
samples were of diameter § mm, matching the plates, and cut
from cross-linked adhesive sheets. The data were compliance
corrected, i.e., compensated for the fact that the entire setup
is slightly deformed when measuring large modulus samples.
The instrument compliance was determined by gluing the
upper and lower plate together, measuring at 1 Hz and adjust-
ing the total torsional compliance value until tand reached
0.05. The total torsional compliance of the device was deter-
mined to have a value of 0.0058 rad/Nm, which was automat-
ically taken into account by the instrument software. When
needed, samples were heated to 50°C with 7.5°C/min for
5 min to ensure that the adhesive was properly attached to the
plates; otherwise, samples were held at 25°C for 5min
before the cooling was initiated. The samples were cooled to
—80°C at 5°C/min and subsequently measured during
reheating. Measurements started in all cases when the tem-
perature had equilibrated and was stable within +0.1 K. In
the temperature range from —80 to 150°C, a frequency
sweep from 1072 to 10> Hz was performed for all samples in
steps of 5°C. Each frequency sweep took 22 min. At low
temperatures, the heating rate was 0.1°C/min, and at higher
temperatures, it was 0.6°C/min. Dependent on the sample
properties, the normal pressure was adjusted from 10 to
0.05N and adjusted with increasing temperature. By using
this procedure, the polymers could follow their thermal
expansion.

The expansion coefficient for the samples are around
6 x 1074K™!, leading to a change in density of around 5%
in the temperature range explored here. Both methods take
into account the thermal expansion/contraction of the
samples.

lll. RESULTS

This section presents our shear-mechanical data compar-
ing the data from the two techniques.

A. Consistency between PSG and standard
rheometer DMA results

Figure 2 shows the real (left) and imaginary (right) parts
of G*(w) for tesa® 4965 (top), sample 09853-08 (middle),
and sample 09853-09 (bottom). The black points give the
data obtained by the standard rheometer covering four
decades from 0.01 to 100 Hz. The colored points are the
PSG data covering from 0.01 Hz to ~20 kHz, i.e., more than
six decades. As mentioned, the PSG is not sensitive to low
moduli and the data are, thus, cut off below ~1 MPa; this is
why the higher-temperature PSG data cover less than six
decades. For both methods, spectra were taken at tempera-
tures of 5 K intervals. For clarity, only spectra for every 10 K
are shown. The complete data sets for both PSG and rheome-
ter are given in the supplementary material.

Figure 2 demonstrates consistency between the two DMA
methods in both temperature dependence and absolute
values. The spectra do not line up exactly, because the PSG
and rheometer data were not measured at the same tempera-
tures. But even if they were measured at the same nominal
temperatures, we would not have a perfect collapse because
the absolute temperature calibration in the two measurement
setups (of two different laboratories) turned out to not beg
identical, see Sec. III C. However, the spectra shown for the§
two methods have the same temperature range. For samples§
09853-08 and 09853-09, there is a slight difference in slope &
on the low-frequency side at the lowest temperatures, see
Figs. 2(c)-2(f). In these cases, the rheological measurements &
are more likely to reflect the true dynamics because the PSG
data approach the resolution limit of the technique and, thus,
are less accurate, while the rheometer is more accurate at
these lower moduli at which the instrument compliance
affects the measurements less. The reproducibility of these
measurements with respect to shape and absolute level is
high for both the standard rheology data and the PSG data
for the samples 09853-08 and 09853-09. It is somewhat
worse for the tesa® 4965 where we find up to a factor 2 dif-
ference in absolute levels when comparing the extremes of
both techniques; however, the relaxation shape and tempera-
ture dependence are recovered by a simple scaling. We spec-
ulate that this tape adheres less effectively to the sample cell.

Overall, the data establish that the PSG can be used for
extending the frequency range beyond that of standard rhe-
ometers for this type of sample. In combination, the two
techniques—the rheometer for low frequencies and low
moduli, the PSG at high frequencies and high moduli with a
significant overlap—constitute a powerful tool to study the
full range of the frequency-dependent mechanical dynamics
of complex samples.

B. Master plots and time-temperature superposition

We proceed to analyze the data as commonly done by
constructing master curves. Recall that a master curve gives
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FIG. 2. The logarithm of the real (left column) and imaginary (right column) parts of the shear modulus for (a) and (b) tesa® 4965, (c) and (d) sample
09853-08, and (e) and (f) sample 09853-09. The PSG data are shown as colored circles, the conventional rtheometer data as black triangles. The temperature
ranges of the PSG/conventional rheometer measurements are as follows: —28 to 42 °C/—30 to 40 °C for tesa® 4965, —68 to 12°C/—75 to —5°C for sample
09853-08, and —58 to 42°C/—53 to 47 °C for sample 09853-09. All spectra were measured in steps of 5 K. For clarity, only spectra for every 10 °C are shown.

the frequency-dependent shear modulus constructed from
measurements carried out at different temperatures, the
purpose being to determine G'(w) over a larger frequency
range than can be probed by a given technique. The crucial
assumption for this to work is time-temperature superposition
(TTS), i.e., that different temperatures give rise to identical
response functions, merely shifted by a temperature-
dependent factor [32-36].

TTS—which is also referred to as thermorheological
simplicity, time-temperature scaling, time-temperature

reducibility, or the method of reduced variables [37,38]—
amounts to the existence of a (complex) function ¢(x)
such that

G (0, T) = A(T)p(wr(T)). (1)

Here, A(T) is an overall scaling factor and 7(7’) is a character-
istic time, the so-called shift factor. In practical applications,
the frequency, f =w/2x, and a shift factor, ar, are

€1:22'€l G20T 489030 G
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traditionally used instead of wz, but the principle is the same.
The overall temperature-dependent scaling factor A(T') is not
always important; for the construction of the master curves, it
can be conveniently scaled out by considering the phase
angle ¢ instead of the modulus,

_ siné |G*‘sin6 7Im(G*)
"~ cosd  |G*|coss  Re(G¥)
_ Im(A(M $(0r(T))) _ Im(Pp(w1(T)))
~ Re(A(D)$p(@r(T)))  Re(P(or(T)))’
@

tand

TTS has a history almost as long as the field of rheology
itself because if TTS applies, one can determine rheological
data over a much wider frequency range than that of the
instrument in question. The TTS assumption is a necessity if
one used the old-fashioned method of deriving frequency-
dependent storage and loss moduli from torsion pendulum
resonance-frequency experiments, which typically cover less
than two decades [33]. A standard rheometer covers four to
five decades, as least, but even here TTS is extremely useful
if it applies. It has been known for many years, however, that
TTS cannot be assumed in general and is, in fact, often vio-
lated. This reflects the fact that different relaxation processes
are present, in particular in polymers, which usually have
different temperature dependencies. There is a very large
body of work demonstrating the limitations of TTS. This was
undertaken early by Plazek and won him the Bingham medal
in 1995, compare his excellent award address [37] reviewing
developments that began as early as 1945, a creatively titled
paper that with a focus on polyisobutylene data charted the
limitations of TTS, especially when there are more than a
single type of relaxation. This is relevant, e.g., if there are
side groups on the polymer such as PMMA, but Plazek also
demonstrated a breakdown of TTS in polystyrene [37].
Despite this well-established knowledge on the limitations of
TTS, the TTS assumption is still often used uncritically to
create master curves in both academia and industry, the
purpose being of course to expand the frequency range of the
data.

We constructed master curves of both the standard rheol-
ogy data and the broadband PSG data presented in Fig. 2 by
choosing a reference temperature with a peak in tand and
then shifting data for other temperatures in frequency to get
the best overlap with the reference data. The rheometer and
the PSG master curves were constructed separately, but are
shown together in Fig. 3 (the two master curves are plotted
individually in the supplementary material). Overall, these
curves confirm that there is good agreement between the data
obtained by the two methods [27]. Figure 3(a) shows the
master curves for the sample tape® 4965. For this substance,
TTS is obeyed to a good approximation with a single peak of
roughly invariant shape of the spectra. The PSG data do,
however, reveal that there is a high-frequency secondary
process in the kilohertz range. This is not resolved by the
rheometer data that display a completely smooth curve. The
inset shows the imaginary part of the PSG data, from which
it is clear that the secondary process separates out from the

primary peak as temperature is lowered. This secondary
process is, however, a factor of three to four less intense and
does not influence the shape of the primary peak
significantly.

For sample 09853-08 in Fig. 3(b), the spectrum is not
temperature invariant. On the high-frequency side of the
peak, it almost seems as if there are two different curves: a
narrow and a very broad one. The inset—again showing the
imaginary parts of the PSG data—reveals that this is due to
the fact that the single, fairly narrow peak at high tempera-
tures develops a shoulder at low frequencies as temperature is
lowered. The shoulder eventually splits into a separate peak
of roughly the same intensity. For the PSG data with three to
four decades more in frequency (thus having access to both
processes at the same temperature), one must decide whether
to follow one or the other when constructing the master
curve. We used the low-frequency process, leading to the
high-frequency part of the curves crossing. The splitting of
the spectra into two peaks is also visible in the conventional
rheology data, but with a shorter frequency span, this TTS
violation is less obvious.

Finally, Fig. 3(c) shows the master curves for sample
09853-09, which is a system of two components with quite
different 7, (see Table I). In this case, two processes are
expected to appear in the spectrum: one for component 1 and
another for component 2. Because of the different glass-
transition temperatures of the two components, one process
moves through the frequency window before the second one &
appears. For the rheology data, this leads to a master curvegc’)
that appears to obey TTS nicely without too much deviation%
from a single curve shape, including the two peaks corre- S
sponding to the two processes. This can be explained by the &
limited frequency window in the rheology data, which at no X
temperature includes both processes and leads to a scaling
first of the one process and later of the second. In the PSG
data, which access both processes at a range of temperatures,
it becomes clear that the temperature dependence of the two
are very different. In the inset of Fig. 3(c), two curves at two
different temperatures are highlighted with black dashed
lines, which shows that at high temperatures, the two pro-
cesses are closer in frequency, making the low-frequency
process a mere shoulder of the more intense high-frequency
process, while at low temperatures, the two peaks are clearly
separated. The extra frequency range of the PSG method,
thus, leads to a quite different master curve than the rheology
data in this case.

In Fig. 4, we show the real and imaginary parts of the
master curves constructed in Fig. 3 using the same shift
factors as in Fig. 3. For all three samples, we still see a
decent collapse, but not as good as in Fig. 3. This is because
the scaling factor A(T) is eliminated in the master curves in
Fig. 3, and the slight misalignment in Fig. 4 could be
removed by doing an additional scaling on the y axis. In prin-
ciple, this would lead to the temperature dependent scaling
factor A(T). However, it is important to note here that the
order of the scaling is the following: First, one should
perform the frequency scaling for tand and only then the
amplitude scaling on the modulus curves. Doing both on
the modulus curves gives too much freedom since, e.g., a
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together. Insets show the (unshifted) loss modulus from the PSG data at the temperatures used for the master curves. (a) tesa® 4965, (b) 09853-08, and (c)

09853-09.

power-law curve can be moved arbitrarily. For all three
samples, the spectral shape is as expected for cross-linked
polymers. At high frequencies, the real part plateaus as the
elastic (glassy) region is approached. At low frequencies,
neither real nor imaginary part achieve the characteristic lim-
iting power laws of Newtonian flow (G’ o< @*> and G” o< w).
Instead, the real and imaginary parts have a much shallower
and similar slope typical of cross-linked samples approaching
the entanglement plateau.

A standard way to represent data—and to check whether
TTS applies—is the van Gurp Palmen plot [39-41]. This
plot displays the phase angle ¢ as a function of the modulus
G" parameterized by the frequency. We show these plots for
both methods and the three samples in Fig. 5. To make com-
parison between the samples easier, we chose to have identi-
cal axes on the three plots. Figure 5 confirms the

observations already made that the tesa® 4965 sample obeys
TTS to a good approximation while samples 09852-08 and
09853-09 do not. However if one only considers the rheometer
data, the conclusion would appear to be that all three samples
comply well with TTS, as the rheometer data alone give a
good collapse and quite smooth curves. It is only the PSG data
with a much broader frequency range that reveal that only the
first sample obeys TTS.

What can be learned from Figs. 3-5?7 The best consistency
between the standard rheometer and the PSG master plots is
obtained for tesa® 4965, which tells us that TTS is obeyed
here to a good approximation. However, even though this is
the case, the value of the high-frequency plateau modulus
cannot be reliably estimated from the standard rheometer
data. Adding the PSG data provides enough extra data at
higher frequencies that a loss peak is revealed, above which

€1:22'€l G20T 489030 G
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the modulus levels off and approaches a plateau. In Fig. 5(a),
it seems there is a larger spread in the data compared to
Fig. 3(a), which appears to be in violation of TTS, but this is
due to the lack of scaling on the modulus axis. Recall, there
is a temperature dependent scaling factor [A(T) in Eq. (1)]
that disappears in tan J, but still influences the data whenever
the modulus (be it real, imaginary, or absolute) is plotted.
For sample 09853-08, TTS would appear to apply to a very
good approximation if only standard rheometer data were
available, but the PSG data reveal that TTS does not apply.
For sample 09853-09, a similar conclusion applies; in this
case, the large difference in temperature dependence of the

first and second peak can be overlooked by the rheometer
data with the consequence that the master plot appears
deceivingly smooth.

C. Temperature dependence of time scales

Figure 6 shows the time scales obtained by the shift
factors (ary) for the master curves in Fig. 3, as well as the
time scales that are visible as peaks in the loss spectrum in
the left column for both rheometer and PSG data (1 /fyeax). In
the left column [Figs. 6(a), 6(c), and 6(e)], time scales are
shown as obtained; clearly, the time scales do not agree
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angle § as a function of absolute modulus |G|; it collapses all curves if the
material complies with TTS and the overall scaling A(7T) has a negligible
temperature dependence.

between shift factors and loss peaks nor between standard
rheometer data and PSG data. This is not surprising because
(1) the shift factors are on an arbitrary scale determined by
the reference temperature (which by definition is a shift
factor of 1s) and (2) the absolute temperature reported for
the rheology and PSG setups may not agree. A discrepancy
due to either thermal gradients or calibration of some degrees
is not uncommon. In order to account for these somewhat
arbitrary shifts, we have—in the right column of Fig. 6—
brought the shift factors to collapse with the inverse loss
peak frequencies at a specific temperature (marked by the
vertical dashed line) and subsequently shifted slightly the
rheometer data on the temperature axis to give optimal
overlap of time scales. The last scaling is to adjust for the dif-
ference in absolute temperature calibration between setups.
The gray area marks the time scale range of the PSG setup,
i.e., where it is, in principle, possible to have direct access to
a relaxation time scale. In addition, the glass-transition tem-
peratures from Table I are marked with vertical green dashed-
dotted lines in all subfigures.

For the tesa® 4965 data in Fig. 6(b), all time scales col-
lapse when scaled and shifted appropriately. This confirms

the fact that TTS is obeyed to a good approximation, leaving
little ambiguity in the construction of the master curves. In
this case, reliable time scales can be derived from the master
curve construction. The loss peak time scale corresponding
to the glass-transition temperature is between 10 and 100 s,
which is not an uncommon correspondence between T, as
determined by DSC and the kinetic definition of the glass
transition.

In Fig. 6(c) (sample 09853-08), the two shift factor curves
from the rheometer and the PSG data seem to have quite dif-
ferent temperature dependencies as they cross: the rheometer
times are slower than the PSG times at low temperatures but
faster at high temperatures. For this sample, the determination
of a loss peak frequency was difficult because of the splitting
of the peak as mentioned above, and the rheometer data have
a visible peak at only one temperature. In Fig. 6(d), it is
revealed that when the shift factors for the rheometer and PSG
data, respectively, are brought to collapse with the loss peak
time scale and subsequently shifted on the temperature axis,
the temperature dependence of the shift factors turn out to be
identical. On the other hand, the peak-frequency time scales
determined from the PSG spectra have a significantly different
temperature dependence than that of the shift factors. This
most likely reflects the fact that it is very difficult to determine
peaks of two processes that close to each other. The loss peak
time scale corresponding to the glass-transition temperature for
this sample is around 10~2 s, which is quite low. This is prob-
ably due to the complex spectral shape in this sample splitting &
into two relaxation modes at low temperatures [see the inset of &
Fig. 3(b)], where the loss peak determined follows the mode g
at higher frequencies and not the lower-lying modes suppos-
edly associated with the glass transition.

For the last sample (09853-09), the picture is even more 2
complicated. In Fig. 6(e), there is a split between the shift
factors obtained by rheometer and PSG, respectively, around
250 K. Around the same temperature, there are clearly two
different peaks visible in the spectra of both rheometer and
PSG data. Above this temperature, there appears to be a col-
lapse of shift factors for the two techniques. But this is
deceptive because—as mentioned above—these shift factors
are arbitrary and depend on the reference temperature. To be
consistent with the above procedures, the shift factors were
brought to collapse with the loss peak-frequency time scale
at 255 K (marked by a vertical dashed line), and subse-
quently, the rheometer time scales were shifted on the tem-
perature axis in Fig. 6(f). This scaling does not change the
split of time scales, but note that it brings the peak-frequency
time scales from both processes and both measurement
methods in alignment simultaneously. However, at the same
time, it brings the higher temperature time scales out of syn-
chronicity. We interpret this as a sign of the lack of TTS in
this sample. If we force the rheometer data to agree with the
peak-frequency time scales at 210 K, however, the branch
that splits off is completely in sync with the peak frequency
of the second process. This confirms that the master curves
created based on the rheometer data alone starts out scaling
the slowest process and continues to scale the faster process,
which clearly leads to an erroneous identification of the time
scales. The glass-transition temperatures determined from
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FIG. 6. Time scales obtained as shift factors from the master curve construction (see Fig. 3), as well as the time scales obtained directly from the data as peaks
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between setups. Gray shaded areas show the frequency range of the PSG technique. Vertical dashed lines (gray) mark the reference temperature for scaling the
PSG shiftfactors to PSG loss peak time scales. Vertical dashed-dotted lines (green) mark the glass-transition temperatures from Table 1.

DSC can in this case be used to determine when the master
curve for the rheological data follows one process or the
other, as the higher one (7;5) in Fig. 6(c) falls where the
shift factors of the standard rheological data split from the
shift factors obtained from the PSG data.

D. Temperature dependence of the high-frequency
plateau moduli

An important property of an adhesive is the high-
frequency plateau value of the shear modulus, G, and
how this quantity varies with temperature. The “true,”
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high-frequency (GHz) plateau cannot be evaluated even from
PSG data due to the possible existence of additional high-
frequency relaxation processes [15]. Nevertheless, since the
PSG goes to much higher frequency than standard rheome-
ters, it makes sense to compare the real and absolute parts of
the shear modulus at a fixed (high) frequency for the PSG
data, arguing as follows. Figure 7 shows G”(10kHz) (black
open circles) and |G"(10kHz)| (red triangles) plotted as a
function of temperature for all three samples. Where these
two curves agree, the imaginary part is much smaller than
the real part, meaning that G’ has a plateau that tentatively
may be interpreted as the true high-frequency plateau
modulus, Go. We have highlighted the temperatures at which
these two quantities agree to a very good approximation.
This applies at low temperatures (note the linear scale used
for the modulus, which to some degree hides large relative
deviations at the higher temperatures). We conjecture that the
highlighted points represent a good estimate of the tempera-
ture dependence of G, for each of the samples.

Accepting this interpretation, Fig. 7 demonstrates that for
all three samples the plateau modulus is strongly temperature
dependent. Indeed, it increases by approximately 50% in the
rather narrow temperature range it can be reliably determined.
We further note that the samples have quite different plateau
values. If TTS applied, one could determine G (7T") within an
overall multiplicative constant from the scaling on the y axis
in Fig. 4, but this option is not available here.

E. Temperature index and the shoving model

A hallmark of glass-forming systems is their dramatic
increase in characteristic time scales when cooling of the
liquid  phase  approaching the glass  transition
[5,33,34,42-44]. In almost all cases, this temperature depen-
dence exceeds that predicted by an Arrhenius equation
[45-51] (pure silica is an exception by being almost
Arrhenius). This implies that the activation energy for flow is
temperature dependent, described by the following equation:

ELIASEN et al.

in which 7 is the microscopic time corresponding roughly to
the period of a vibration, AE(T) is the temperature-dependent
activation energy (more accurately: free energy of activation),
and kg is Boltzmann’s constant.

An unbiased way of quantifying the temperature depen-
dence of a quantity, X, that increases with decreasing temper-
ature is by the temperature index defined as the relative
increase in said quantity over the relative decrease in temper-
ature [52],

dX/X  dhnX
dr)T  dInT’

4)

Iy =

This definition is inspired by the Griineisen parameter of
solid-state physics [53]. If for instance Ix = 3, this means
that lowering the temperature by 1% leads to an increase of
X by 3%.

Using AE(T) = kgT In (z(T)/7p) and choosing the physi-
cally reasonable value 7y = 10~'%3, Fig. 8 shows the temper-
ature index of the activation energy as blue triangle-down
symbols for all three samples (the large fluctuations reflect
the fact that taking a numerical derivative inevitably intro-
duces noise). In all three cases, the temperature index of the
activation energy is fairly constant with a value between four
and five. Interestingly, these values are similar to those
obtained in a study of dielectric relaxation time of 42 simple
organic liquids studied close to the glass transition [52].

In the case of sample 09853-09, in addition to the time
scales obtained from the shift factors, we also plot the tem- &
perature index of the second process (blue stars). Note that §
the values start a little lower than those of the first process, &
but increase with decreasing temperature to end at approxi-g
mately the same level.

The shoving model [42,54] proposes that the above-
mentioned “super Arrhenius” temperature dependence of the
relaxation time (or viscosity) found in nearly all glass-
forming liquids and polymers and can be accounted for if the
activation energy is the energy needed to “shove aside” the

o
o
o
=8
o

o(T) = 1, exp{@}, (3) surrounding material to create room for a local molecular
kgT rearrangement. Such a flow event is so fast that this energy is
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FIG. 7. Temperature dependence of the high-frequency plateau shear modulus, G, for (a) tesa® 4965, (b) sample 09853-08, and (c) sample 09853-09. Each
plot shows the real part, G', and absolute value, |G|, of the PSG data for the highest attainable frequency (between 10 and 50kHz) as a function of
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absolute value (red triangles). The activation-energy temperature index varies
little with temperature, whereas that of G, increases upon heating.

of a purely elastic nature; the liquid simply behaves as a
solid during the barrier transition [49,55-58]. Since a sphere
expanding in an elastic medium makes a pure shear deforma-
tion of the surroundings [59], the relevant quantity determin-
ing the elastic energy is the high-frequency shear modulus.
Thus, the shoving model predicts that
VeGoo(T)
o) = 70 exp{ o } 5)
where V. is a characteristic volume usually assumed to be
temperature independent.

The shoving model has been tested on many different
glass-forming systems [54,60-63]. It often works well, but
not always [63]. To test this model on the present adhesive
samples, we added in Fig. 8 the temperature index of
the high-frequency plateau modulus found in Sec. IIID,

1001

which—if the shoving model applies—is identical to the
temperature index of the activation energy. These data points
are shown as black open circles and red triangles (same
symbols as in Fig. 7). For all three samples, the temperature
index of G increases with temperature, while the tempera-
ture index of the activation energy as mentioned has a
roughly constant value. However, the G, temperature indices
at the lowest temperatures approach the same value.

Interestingly, the trend of an increasing index with
increasing temperature goes against what is generally
observed for glass-forming liquids [52]. This anomalous tem-
perature variation may indicate that there is still some minor
relaxation left at the probed frequency. The agreement
between I and /|G| indicates that relaxation has ceased and
a true plateau has been reached. In Fig. 8, these quantities are
not identical for the higher temperatures, thus showing that
some relaxation is still present at that frequency at these tem-
peratures, which will introduce a more severe temperature
dependence. At the lowest temperature, the two are practi-
cally identical, and, thus, the most reliable G, data are those
of the lowest temperature monitored, which is also where the
prediction of the shoving model fits data.

IV. CONCLUSIONS

Having first demonstrated that there is a high degree of
consistency between the PSG and standard rheometer results
in the region of overlap for the three studied solid adhesives, &
this paper has shown that the high-frequency range of thegc’)
PSG makes it possible to significantly extend the shear-
modulus measurements beyond the range of standard rheom-
eters. Our analysis demonstrates that the PSG is well suited &
for achieving high-quality, reliable rheology results on adhe- 2
sives. Combined with results measured with a standard rhe-
ometer, isothermal shear-modulus curves covering more than
six decades in frequency and five decades in modulus were
obtained without use of master plots.

We found that the sample tape® 4965 complies with TTS
to a good approximation although the PSG data reveal the
onset of a high-frequency beta process not resolved by the
standard rheometer data. TTS is not obeyed in the two other
samples but in those more complex cases, over a limited
range, TTS can still yield interesting results if used with
caution.

We measured the high-frequency shear-modulus plateau
far more accurately than was previously possible and showed
that the temperature index of G at the lowest temperatures,
where it is measured most reliably, approaches that of the
relaxation time activation energy. This is consistent with the
shoving-model prediction.
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SUPPLEMENTARY MATERIAL

The supplementary material contains all data used in the
analysis (only a subset is shown in Fig. 2) with the PSG data
and standard rheometer data shown separately for the sake of
clarity. In addition, the master curves shown together in
Fig. 3 are separated so that they can be inspected
individually.
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