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Dynamic Mechanical Thermal Analysis of Virgin TR-55 Silicone Rubber

Ward Small IV and Thomas S. Wilson

SUMMARY

Dynamic mechanical thermal analysis (DMTA) of virgin TR-55 silicone rubber specimens was 
conducted. Dynamic frequency/temperature sweep tests were conducted over the ranges 0.1-100 rad/s and 
30-100°C using a parallel plate test geometry. A strain of 0.2% was used, which was near the upper limit 
of the linear viscoelastic region of the material based on initial dynamic strain sweep tests. Master curves 
of G’ and G” as a function of frequency were generated using time-temperature superposition (horizontal 
shift with initial vertical correction). The activation energy calculated from an Arrhenius fit to the 
horizontal shift factors was 178-355 kJ/mol. The calculated percent load retention at ~50 years was 61-
68%.

MATERIALS AND METHODS

The TR-55 material was made at Kansas City Plant. All specimens were obtained from the same sheet. 
The sheet varied in thickness from approximately 1.3 to 1.8 mm. A powdery residue (substance unknown) 
could be felt on the surface of the sheet. A disk approximately 25 mm in diameter was cut from the sheet 
using a scalpel. Immediately prior to cutting, a circular indentation was made in the sheet by pressing a 
25-mm-diameter blunt “cookie cutter” onto the sheet for several seconds. The scalpel was carefully traced 
along the indentation to obtain the disk. Due to the non-uniform thickness of the sheet, the thickness of 
each specimen was non-uniform, and thickness varied from specimen to specimen. The thickness of each 
specimen was measured at five distinct locations using a digital micrometer (Table 1). The measurements 
were taken at the disk center and at four points around the periphery: 3, 6, 9, and 12 o’clock. Potential 
error introduced by the non-uniform specimen thickness was not determined.

Dynamic mechanical thermal analysis (DMTA) was conducted using the TA Instruments ARES 
rheometer in B132S R2729 controlled by TA Orchestrator software. A parallel plate test geometry was 
used (plate diameter = 25 mm). Each specimen was UVO cleaned (60 s per side) immediately before 
testing. In some cases, the specimen was cleaned with an alcohol wipe and allowed to dry prior to UVO 
cleaning (Table 2) to remove the powdery residue on the surface. The specimen was centered on the 
bottom plate and the top plate was lowered until the normal force was approximately 100-130 g. Dynamic 
frequency sweeps were recorded at several temperatures between 30 to 100°C (dynamic 
frequency/temperature sweep tests). During each frequency sweep the specimen was subjected to a 
sinusoidally oscillating strain of 0.2% at frequencies from 0.1 to 100 rad/s. The 0.2% strain was near the 
upper limit of the linear viscoelastic region of the material based on initial isothermal dynamic strain 
sweep tests.

Master curves of the shear storage and loss moduli, G’ and G”, respectively, as a function of frequency 
were generated using the time-temperature superposition (TTS) function of the TA Orchestrator software
at a reference temperature of 30°C. With G’ as the active variable, the data was shifted horizontally after
applying a vertical correction (multiplicative) factor of Tr/T to each frequency sweep curve [1,2], where Tr
= Tmax = 373 K (100°C) and T is the absolute temperature at which the frequency sweep occurred, to 
compensate for the inherent change in modulus associated with a change in temperature (this was done 
automatically by the TA Orchestrator software by selecting the “horizontal shift with vertical 
temperature/density compensation” shifting method; it appears that the software initially used Tr = 100°C 
for the correction factor, with additional correction for the final reference temperature of 30°C applied 
later). No correction for density changes (i.e., thermal expansion) was made. An Arrhenius fit of the 
horizontal shift factor versus temperature data was used to estimate the activation energy Ea:
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where aT is the horizontal shift factor, C is a constant, R is the gas constant (8.31441 J/K-mol), and T is 
the absolute temperature. Converting frequency f (in Hz, 1 Hz = 2π rad/s) to time t (t=1/f) on the master 
curve, the percent load retention (PLR), given by the ratio G’(t)/G’(to), was calculated for t~0.3 years (f = 
1.06×10-7 Hz = 6.64×10-7 rad/s) and, when possible, t~50 years (f = 6.34×10-10 Hz = 3.98×10-9 rad/s). The 
value of to was taken as 50 s (f = 0.020 Hz = 0.126 rad/s) based on the time it takes to move ~1 mm at a 
rate of 1.26 mm/min.

Though it was not input into the test setup or used in the data analysis, the coefficient of thermal 
expansion (CTE) of the 25-mm parallel plate fixture was determined as follows: (1) the gap was zeroed at 
30 or 40°C; (2) the plates were separated and the temperature was increased to 100°C; (3) the plates were 
brought into contact and the gap reading was noted; (4) the CTE was calculated by dividing the gap 
reading by the temperature change (70 or 60°C). The CTE was estimated on four separate days: 2.52, 
2.40, 2.54, and 2.50 µm/°C.

RESULTS AND DISCUSSION

Isothermal dynamic strain sweeps (G’ versus strain) of several TR-55 specimens are shown in Fig. 1. 
Since G’ is given by the ratio of stress over strain, when G’ is constant with increasing strain, the stress 
varies linearly with strain. The specimen that was pre-cleaned with alcohol exhibited linear behavior at 
strains below 0.2%. Specimens that were not pre-cleaned with alcohol exhibited fairly linear behavior at 
strains below 0.2%; the powdery residue may have affected the results. The impact of the non-uniform 
specimen thickness (not measured) on the results is unknown.

Isothermal frequency sweeps and TTS results for Specimen #7 are shown in Figs. 2 and 3, respectively.
The G’, G”, and tan δ (=G”/G’) isotherms are shown in Figs. 2(a), 2(b), and 2(c), respectively. G’
increases when frequency is increased at a fixed temperature, and also when temperature is reduced at a
fixed frequency. The same is true for G”, though the data is noisy at lower frequencies. These trends are 
consistent with the common DMTA observation that polymers exhibit more solid-like behavior (less 
stress relaxation) at higher frequencies and lower temperatures and more fluid-like behavior (more stress 
relaxation) at lower frequencies and higher temperatures. Less stress relaxation can occur at higher
frequencies because the deformation occurs on shorter time scales; the same is true at lower temperatures
because the rates of molecular relaxation processes are lower. The G’ and G” TTS master curves are 
shown in Fig. 3(a) and the horizontal shift factors are plotted in Fig. 3(b). The Arrhenius fit to the shift 
factors indicates Ea=342 kJ/mol. The PLR at ~0.3 years is 71% and at ~50 years is 63% for Specimen #7.

The G’ and G” TTS master curves of all specimens are shown in Figs. 4(a) and 4(b), respectively. The
calculated Ea and PLR values for all specimens are given in Table 3. Calculated PLR values showed fairly 
good agreement among all specimens. Two “outlier” G’ master curves are evident in Fig. 4(a). Neither of 
these specimens (Specimens #2 and #3) was pre-cleaned with an alcohol wipe; the other specimen not 
pre-cleaned with an alcohol wipe (Specimen #1) yielded a master curve that was consistent with the pre-
cleaned specimens. Whether slippage occurred in any of the tests, and whether the powdery residue can 
be attributed to the elevated G’ master curves observed for two of the three specimens not pre-cleaned 
with alcohol, is unknown. Moderate variation among the pre-cleaned specimens is also evident; 
correlation with specimen thickness or prior testing is not apparent. Two clusters of calculated Ea values 
are evident in Table 3: Ea<250 kJ/mol and Ea>300 kJ/mol. The disparity does not appear to be correlated
with specimen thickness, pre-cleaning with alcohol, or prior testing. Potential reasons for the variation 
among specimens include: (1) non-ideal contact between the parallel plates and the specimen due to non-
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uniform specimen thickness resulting in erroneous results and (2) spatially non-uniform material 
properties of the TR-55 sheet originating from the material formulation, processing, and/or handling at 
Kansas City Plant.

The effect of the TTS vertical correction factor is illustrated in Appendix A. Master curves of G’ and G”
generated by applying only a horizontal shift without an initial vertical correction are shown in Fig. A1. 
The horizontal shift factors used to generate the master curves with and without the initial vertical 
correction are given in Table A1. Calculated Ea and Arrhenius fit r2 values with and without the initial 
vertical correction are given in Table A2. Though the shape of the master curves is similar, application of 
the vertical correction resulted in larger horizontal shift factors and, hence, higher activation energies and 
lower master curve frequencies.

REFERENCES

1. J. J. Aklonis and W. J. MacKnight, Introduction to Polymer Viscoelasticity, 2nd ed. New York: Wiley, 
1983, p. 46.

2. J. D. Ferry, Viscoelastic Properties of Polymers, 3rd ed. New York: Wiley, 1980, p. 267.

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 
National Laboratory under Contract DE-AC52-07NA27344.



4

Table 1: Specimen Thickness
Specimen

#
Thickness (mm)

Center 3 o’clock 6 o’clock 9 o’clock 12 o’clock Mean StDev Δ*
1 1.757 1.726 1.689 1.779 1.830 1.756 0.053 0.141
2 1.599 1.602 1.634 1.621 1.546 1.600 0.034 0.088
3 1.515 1.508 1.473 1.562 1.569 1.525 0.040 0.096
4 1.375 1.331 1.371 1.396 1.449 1.384 0.043 0.118
5 1.580 1.661 1.571 1.559 1.607 1.596 0.041 0.102
6 1.776 1.849 1.730 1.708 1.821 1.777 0.059 0.141
7 1.587 1.690 1.613 1.459 1.565 1.583 0.084 0.231

*Largest difference between thickness measurements (i.e., max-min)

Table 2: Testing Regimen
Specimen

#
Test Date
(m/d/y)

Cleaning 
Procedure

Comments

1 12/23/08 UVO None
2 01/05/09 UVO None

3 01/06/09
03/24/09

UVO
alcohol wipe+UVO

None
Retest

4 03/19/09 alcohol wipe+UVO Specimen was previously tested (data not included)

5 03/23/09
03/23/09 alcohol wipe+UVO None

Retest; specimen not removed from fixture before test
6 03/23/09 alcohol wipe+UVO Specimen was previously tested (data not included)
7 03/24/09 alcohol wipe+UVO None

Table 3: Calculated Ea and PLR
Specimen

#
Test Date
(m/d/y)

Ea
(kJ/mol)

PLR (%)
~0.3 years ~50 years

1 12/23/08 238 69 *
2 01/05/09 306 74 66

3 01/06/09
03/24/09

355
330

77
70

68
61

4 03/19/09 201 74 *

5 03/23/09
03/23/09

196
178

71
69

*
*

6 03/23/09 320 73 65
7 03/24/09 342 71 63

*Not calculated; master curve did not reach sufficiently low frequency
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Fig. 1. G’ versus strain at various temperatures. The cleaning procedure for each specimen is given in the 
legend. The strain oscillated at a frequency of 100 rad/s.
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      (a)

      (b)

      (c)

Fig. 2. (a) G’, (b) G”, and (c) tan δ versus frequency at various temperatures for Specimen #7.

1.0E+5

1.4E+5

1.8E+5

2.2E+5

1E-1 1E+0 1E+1 1E+2

G
' (

Pa
)

Frequency (rad/s)

30 °C
40 °C
50 °C
60 °C
70 °C
80 °C
90 °C
100 °C

2.0E+3

6.0E+3

1.0E+4

1.4E+4

1.8E+4

2.2E+4

1E-1 1E+0 1E+1 1E+2

G
" 

(P
a)

Frequency (rad/s)

30 °C
40 °C
50 °C
60 °C
70 °C
80 °C
90 °C
100 °C

0.00

0.02

0.04

0.06

0.08

0.10

1E-1 1E+0 1E+1 1E+2

ta
n 

δ

Frequency (rad/s)

30 °C
40 °C
50 °C
60 °C
70 °C
80 °C
90 °C
100 °C



7

      (a)

      (b)

Fig. 3. (a) G’ and G” master curves for Specimen #7. (b) Natural logarithm of the horizontal shift factor 
plotted as a function of reciprocal temperature. The Arrhenius fit is shown (dashed line).
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           (a)

          (b)

Fig. 4. (a) G’ and (b) G” master curves of all TR-55 specimens. Calculated Ea values are given in the 
legend.
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APPENDIX A: TTS Without Vertical Correction

            (a)

            (b)

Fig. A1. (a) G’ and (b) G” master curves of all TR-55 specimens generated using only a horizontal shift. 
Calculated Ea values (Arrhenius) are given in the legend.
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Table A1: Horizontal Shift Factors (ln aT) With and Without Initial Vertical Correction
Specimen

#
Test Date
(m/d/y)

30°C 40°C 50°C 60°C 70°C 80°C 90°C 100°C

With Vertical Correction
1 12/23/08 0.0 -2.5 -4.8 -7.6 -9.9 -12.8 -15.2 -17.6
2 01/05/09 0.0 -3.0 -3.5 -8.3 -14.6 -15.9 -18.7 -21.6

3 01/06/09 0.0 -3.2 -7.0 -11.4 -16.5 -19.1 -19.1 -20.0
03/24/09 0.0 -4.0 -8.0 -11.9 -15.0 -17.9 -22.1 -24.4

4 03/19/09 0.0 -1.3 -3.7 -6.4 -9.0 -10.8 -12.4 -14.2

5 03/23/09 0.0 -3.1 -4.9 -7.0 -9.6 -12.0 -13.3 -14.1
03/23/09 0.0 -3.9 -5.7 -7.6 -9.4 -11.0 -12.5 -13.8

6 03/23/09 0.0 -3.2 -6.5 -9.8 -14.0 -17.2 -20.3 -23.4
7 03/24/09 0.0 -2.1 -5.8 -8.7 -13.1 -16.5 -22.3 -24.1

Without Vertical Correction
1 12/23/08 0.0 -1.4 -2.6 -4.4 -5.7 -7.5 -8.9 -10.4
2 01/05/09 0.0 -1.9 -1.4 -5.0 -10.1 -10.1 -11.5 -13.1

3 01/06/09 0.0 -1.8 -4.1 -7.2 -10.6 -12.4 -15.7 -16.6
03/24/09 0.0 -3.1 -6.2 -9.0 -11.2 -13.0 -16.5 -17.9

4 03/19/09 0.0 -0.5 -1.7 -3.3 -4.8 -5.6 -6.1 -6.8

5 03/23/09 0.0 -2.1 -3.0 -4.0 -5.6 -7.3 -7.7 -7.6
03/23/09 0.0 -3.1 -3.9 -4.7 -5.4 -6.0 -6.6 -6.9

6 03/23/09 0.0 -1.9 -4.0 -6.1 -9.1 -11.2 -13.1 -15.0
7 03/24/09 0.0 -1.0 -3.4 -5.2 -8.7 -11.0 -15.7 -16.5

Table A2: Ea and Arrhenius Fit r2 Values With and Without Initial Vertical Correction
Specimen

#
Test Date
(m/d/y)

With Vertical Correction Without Vertical Correction
Ea (kJ/mol) r2 Ea (kJ/mol) r2

1 12/23/08 238 0.997 142 0.994
2 01/05/09 306 0.967 192 0.921

3 01/06/09 355 0.992 239 0.991
03/24/09 330 0.998 242 0.995

4 03/19/09 201 0.995 100 0.976

5 03/23/09 196 0.989 108 0.956
03/23/09 178 0.996 83 0.958

6 03/23/09 320 0.997 208 0.996
7 03/24/09 342 0.985 240 0.974


