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Synopsis

This paper describes the results of simultaneous dynamic measurements in tension and
torsion made on propellant samples. The complex dynamic moduli E’, E”, G', and
G at low frequencies were determined within a temperature range from room tempera-
ture to —90°C. Time temperature shift factors and reduced master curves for both
tension and shear properties are discussed. The effect of dewetting on the dynamic
properties in tension and shear was also investigated. A preliminary attempt is made
to compute the degree of dewetting in a propellant by applying Beer-Lambert’s law.

INTRODUCTION

Mechanical spectroscopy is a tool useful for obtaining information about
the mechanical behavior of polymers and for understanding some of the
details mvolved in the microstructure of unfilled and filled systems. The
investigations reported in this paper made use of a mechanical oscillator as a
spectrometer, whith is described in previous publications.!—3

Basically this device applies superposed small mechanical oscillations in
tension and torsion to a sample before and during the time it is subjected to
finite uniaxial strains. From the data obtained, one ean determine both
dynamic loss and storage moduli in tension and shear while simultaneously
recording the finite stresses in the sample as funetions of strain and relaxa-
tion time.

The apparatus is a combined torsion-tension tester which is built into an
Instron machine and designed in such a manner as to enable the sample to
be axially elongated by driving the Instron cross head down. The sample.
which is suspended from a piano wire, can be twisted under strain.

As, or after, the sample is axially strained, it is subjected either simul-
taneously or alternately to superposed oscillations in tension and torsion
with adjustable amplitudes of 0 to +=0.3 em or 0 to =6 degrees, respec-
tively. The load responses are measured using a 100-kg Instron load cell
{(CTM) in tension and Photoeon transducers with 0 to 1-pound and 0 to 10-
pound ranges in torsion (£0.1 g). Frequencies can be precisely achieved
in a number of discrete steps from 0.005 to 5 Hz. Displacements of the
samples are recorded via DCDTs (£0.001 em). At frequencies of 1 Hz or
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lower, the data are recorded as stress-strain hysteresis cn a Moseley x-y
recorder which has an accuracy of 0.29; at full scale.

Loss tangents and dynamic forces in torsion and tension were determined
from hysteresis loops. Phase shift corrections for the Instron load cell were
considered. No phase shift was observed for the DCDTs within this low
frequency range.

Dynamic tests on linear viscoelastic samples result in characteristic
complex moduli as functions of frequency and temperature. The ampli-
tude employed in the dynamic tests is an additional important parameter
for nonlinear viscoelastic characterization.

If one considers dynamic losses in mechanical spectroscopy as one con-
siders absorbances in optical spectroscopy, the techniques of optical spec-
troscopy can be applied to determine concentrations of functional groupings
contributing to the dynamic loss transitions. A preliminary attempt is
made in this paper to compute the extent of dewetting in a propellant,
applying Beer-Lambert’s law.

EXPERIMENTAL

The propellant samples used for the experiments were rectangular
specimens of size 7 X 1 X 1 em. A description of the dynamic measure-
ment method and the apparatus was published in detail previously.?

The measurements reported in this paper were performed after returning
the sample to the zero stress state. The temperature control of the sample
was maintained using a Data-Trak programmer with thermal controller
and a specially designed eyclonic air bath utilizing, below room tempera-
ture, a liquid nitrogen injection mechanism. The thermal gradients in the
sample chamber were less than 1°C from the indicated values.

The changes in the samples’ thickness were measured by means of a
newly developed caliper employing a linear variable differential trans-
former. The propellant densities were determined in Dow Corning 200
Fluid, 1.5 centistokes at 25°C. Prior swelling experiments were performed
on propellant samples at 71°C, and weight increases of less than 0.19%, were
observed.

RESULTS AND DISCUSSION

The viscoelastic spectrum in tension and shear of propellant N-29 is
shown in the figures that follow (Figs. 1-8); N-29 is a carboxyl-terminated
polybutadiene propellant. A comparison of Figures 1 and 2 reveals almost
identical values of the dynamic moduli in tension and shear, B’ ~ G, from
the rubbery region until about 20°C above T',. Both moduli were expected
to be different,-as was observed by the authors on carbon black-filled rubber,
where B’ ~ 3G’. Each loss tangent curve indicates two distinct maxima,
which shift with the frequency along the temperature scale.! It is ap-
parent that the second dynamic loss peaks in tension are sharper and more
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Fig. 1. Dynamic shear properties as functions of frequency and temperature (N-29
propellant).

intense than peaks at the same frequencies in torsion. The different posi-
tions of the glass transition peaks occur at different temperatures for the
same frequency: the peaks are 6°C higher in tension than in torsion.
These observations may be a consequence of the nonuniform and varying
shear gradients within the sample under torsion. The deformation in
dynamic tension is £0.259, i.e., nearly infinitesimal. The average shear
deformation was calculated to be of the same order of magnitude.

It is of interest to note at this point that, for propellant and other
highly filled materials, £ # 2(1 4+ »)G. The equality is only valid for
isotropic, elastic materials undergoing small (infinitesimal) deformations in
a homogeneous stress field. In a relatively simple case, the effect of strain-
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Fig. 2. Dynamic tensile properties as functions of frequency and temperature (N-29
propellant).

induced anisotropy has been determined by Peng and Tschoegl* where,
using the Valanis-Landel strain energy funetion, an equation was obtained
which approximately accounted for the observed relationship between the
superposed dynamic moduli for static strains as large as 6%). For the case
of a linear viscoelastic material, Tschoegl® has derived a relationship
between £ and G where it is clearly shown than even for rheologically
simple, time-dependent materials, E = 2(1 4+ »)G@. For the extreme case
of high strains of highly filled systems, which are in reality nonlinear viseo-
elastic and inhomogeneous, no simple relationship between E and G exists.

For the small displacements in this paper, the absolute values of the
complex dynamie shear modulus,

@ = V@ + @
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at a constant frequency of 0.5 Hz are shown in Figure 3. The shape of the
resulting G*(T) curve is dictated primarily by the shape of the G’(T) curve.
It appears that the storage modulus can be used to deseribe nearly a simple
viscoelastic material, while G” highlights the nonsimple thermorheological
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Fig. 3. Complex dynamic moduli vs, temperature (N-29 propellant).
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behavior of the propellant. As reported previously,! it was discovered that
G'(T) and G"(T) have different shift factors.

The isotherms for the dynamie tensile and shear moduli as funetions of
frequency are plotted in Figures 4 and 5. The data, when shifted by
superposition of transparencies, shift well, with a slight discontinuity
indicated in the region of —30°C where the loss tangent curves show a
second maximum,
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Fig. 4. Temperature-corrected shear moduli as functions of frequency and temperature
(N-29 propellant),
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The resulting a, plots are seen in Figure 6, where it can be observed that,
using the same reduced reference temperature, the shift factors appear to
nearly coincide for G’ and E’ over the temperature range —60°C to about,
—15°C. The data in the room temperature region begin to deviate
sharply.
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Fig. 5. Temperature-corrected tensile moduli as functions of frequency and temperature
(N-29 propellant).

The master plot for the corrected dynamic shear moduli is seen in Figure
7. The overlap of the data at the various temperature ranges is seen to be
quite good. A similar plot for the dynamic tensile storage modulus is seen
in Figure 8. It is noted that thereis a region of reduced temperature where
the curve indicates a hump because of the secondary transition.

Comparison of the reduced master curves for dynamie tensile moduli
with the dypnamic shear moduli indicates that the two curves are nearly
superposable until the beginning of the glass transition region.
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The effect of dewetting on the shear and tensile properties at constant
frequency F = 0.5 Hz is shown in Figure 9.

A freshly machined sample of propellant was placed into the tester, and
the dynamie tensile properties over the whole temperature range were de-
termined at small oscillations with an amplitude of AL = £0.25% and a
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Fig. 6. Time-temperature shift factors for dynamic tensile and shear moduli vs. tem-
perature (N-29 propellant).



HIGHLY FILLED POLYMERS 1163
1
B @9 o9
~ OOOOQ’
- 38
- o
10 — e
3 L $
8 r s
£ rC v !
z o +2°c
bé ~ 9‘)? A -8
L o -20
e r t’ ¢ -2
4 s : f!’ [ ] ~37
a2 A 52
- 24 T = -20°C s -5
- ) <© =62
- 00’ v -67
e 8° ° -72
n ddf o -7
L e -8
_ o
SO T T TS U VRN T SN W Y T N T AT WS WO T W B
-4 0 5 19 15
LOG wet

Fig. 7. Reduced master curve for shear modulus of N-29 propellant.

0.5-Hz frequency. The solid curves show the dynamic tensile moduli and
loss tangents of an undewetted propellant.

After the same sample had been subjected for 1 hr to a 5.6%, tensile
eycling at 0.02 Hz, the sample was returned to a zero-strain condition and
the dynamic properties were redetermined. The dot—dash curve in Figure
9 was obtained. The sample was then subjected to a larger tensile cycling
experiment of 109, strain at 0.013 Hz. After 3 hr, the sample was again
returned to zero strain and the dynamic properties were again redetermined,
yielding the dashed curve in Figure 9.

In addition to the above data, the dimensions of the propellant were
measured after 0, 5.69, and 10.09, extension cycles. A density of the pro-
pellant was measured before beginning the experiment and after the 10.0%

cycling experiment. A relative volume increase of AV/V, = *0.002 was
TABLE I
Dewetting Experiment»
Strain Density at Specific vol- Void Lateral
amplitude, zero stress, ume at zero  concentration strain
% g/cm? stress cm?/g C = AV/V, Tan ¢ Aa/as
Theoretical 1.5810 ¢ 0.6325 0 - —
0 1.5545 0.6433 0.0171 0.260 0.0259
6.9 1.5533 0.6438 0.0179 0.270 0.0240
10.0 1.5516 0.6445 0.0190 0.285 0.0232

& Vs = Theoretical volume of unstrained propellant.
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observed from the change in propellant density. The lateral strain ob-
served during the cycling experiments was found to continually decrease
with cyeling time.

It should also be noted that a change in modulus occurs as a result of
dewetting. The modulus at 23°C changes from 3.55 X 10® dynes/cm?
for the uneycled propellant to 2.51 X 108 dynes/cm? for the 109, cycled
propellant. A further observation can be made that the loss peak observed
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Fig. 8. Reduced master curve for tensile modulus of N-29 propellant.

at —23°C increases as a function of dewetting. This shows that the
—23°C loss peak is associated with the extent of dewetting. Table I
shows the experimental results.

If the dynamic loss peak transitions are treated like the absorbances in
optical spectroscopy, attempts can be made to obtain a relation between the
concentration of microstructural grouping and the dynamicloss. Equation
(1) is an attempt to extend Beer-Lambert’s law to mechanical spectroseopy:

tan¢
tangs

= exp(—kC) 1)
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Fig. 9. Effect of dewetting on the dynamic tensile properties of propellant C55-A.

where tang refers to the dynamic loss associated with the void concentra-
tion C, tang, is the dynamic loss associated with the zero void concentra-
tion, and k is the analog of the Beer-Lambert’s constant.

If the increase in void concentration and the associated increase in the
dynamic loss are known, then the constant & ¢an be evaluated from equa-
tion (2):

tand;l
o = — . 2
log ( tandn) kAC 2)
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On the basis of the data in Figure 9 and the assumption of a linear rela-
tionship between ¢ and C, one can calculate £ = 49, where the concen-
tration is expressed in terms of volume fraction of voids. If the assump-
tions in this treatment are correet, the void concentration of the unstrained
propellant is 0.0172 volume fraction. From calculation of the theoretical
density (the density calculated from the propellant composition) and the
measured density of 1.5545 g/em3 for the unstrained sample, one can cal-
culate an initial void eoncentration of 0.017.

CONCLUSIONS

The following conclusions are based on data presented in this paper:

1. The corresponding dynamie moduli in tension and shear of propel-
lants are found to have almost identical values, instead of the expected
ratioof E'/G' ~ 3.

2. The loss tangent curves from dynamie tensile measurements are more
sensitive in showing maxima peaks than similar curves from torsional
measurements.

3. The WLF shift factors of E/ and G’ are nearly identical from —15°
to —60°C.

4. The transition of the propellant at —23°C is related to the degree of
dewetting.

5. The glass transition peaks of the loss tangents in tension and torsion
occur at different temperatures.

6. There is some indication that the dynamic loss peaks can be treated
similarly to optical spectroscopy, where the peak heights are related to
microstructural contributors to the loss.
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