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synopsis 
The applicability of experimental viscoelastic techniques involving sinusoidal me- 

chanical shear is examined for several types of rheological systems. ' Data are first pre- 
sented for NBS polyisobutylene to establish validity for the approach used. General 
categories that are investigated include elastomers, tilled system, pure liquids, slurries 
or suspensions, solutions and gels, foodstuffs, and polymer melts. A modification of 
the familiar timetemperature superposition routine is proposed by which both entropy 
and energy relaxation processes can be treated for liquids and polymers alike. 

Introduction 

In the study of dynamic viscoelasticity, experimental determinations 
of certain physical properties of matter are often accomplished by way of 
perturbing a sample material. The perturbation can be achieved by a 
variety of means. Ultrasonic' and dielectric2 relaxation spectroscopy have 
been in use for many years, as have stress-relaxation techniquesla constant- 
strain-rate  experiment^,^ vibrating reed devices15 torsion pendulum 
schemes16 and a resonance vibrator apparatus.' In this paper, the authors 
report viscoelastic experiments made using yet another perturbation 
method-namely, sinusoidal mechanical shear. Our approach in some 
ways resembles other sinusoidal techniques18 differing chiefly as follows : 
sub-resonant piezoelectric excitation is employed ; stress sensor and strain 
generator are located on opposite sides of the viscoelastic sample; the 
apparatus can be regarded as a strain rather than a stress generator. 

While no one technique is likely to satisfy all research and testing 
requirements, certain difficulties inherent in other approaches are avoided 
in the method exploited herein. Frequency is continuously variable as 
contrasted with the circumstance for techniques which operate at res- 
onance. The apparatus utilized by the authors is relatively small and 
can he readily subjected to varying temperature and static pressure, as 
well as to different atmospheric environments. Sample loading is easily 
performed and only small amounts of sample are required. The theory 
of operation is simple and involves a minimum of restrictive assumptions. 
Real and imaginary components of complex shear modulus are obtained 
from voltage and phase measurements, and data reduction is accomplished 
without lengthy computation. 

2209 
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The aforementioned shear apparatus for mechanical spectroscopy has 
been employed by the authors during the course of various studies in 
liquid-state  physic^.^ Since the apparatus and associated experimental 
techniques have been reported in earlier literature,1° no further mention 
of these topics is made. Rather, in the major portion of the present paper, 
we devote attention to some results that have been obtained by applying 
mechanical shear spectroscopy to a variety of rheological substances. 
Motivation for the undertaking presented here stemmed from an interest 
and concern regarding the applicability in the field of polymer rheology 
of our dynamic methods that have been developed to study the liquid 
state. No attempt, therefore, has been made to exploit in depth any one 
polymer material or even a single class of polymer substances; instead, 
we cite results of several exploratory studies covering a rather broad spec- 
trum of rheological systems. 

In an appendk, a suggested scheme is set forth for modifying the con- 
ventional time-temperature superposition routine for application to 
relaxation phenomena in both liquids and polymers. 

NBS Polyisobutylene 
To establish a degree of validity for use of our sinusoidal shear appara- 

tus with polymeric materials, we compare, a t  the outset, the cooperative 
polyisobutylene (PIB) data compiled by Marvin" at  the National Bureau 
of Standards with data obtained by using our mechanical spectroscopy 
techniques on an NBS-prepared PIB sample. In Figure 1 is shown, by 
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Fig. 1. Comparison of the frequency-dependent shear rigidity for NBS polyisobutylene 
with values determined by use of the sinusoidal shear apparatus. 

the solid curve, the real component G' of shear modulus for a single batch 
of PIB as reported by Marvin. Isolated data points represent measure- 
ments made by the authors utilizing the sinusoidal shear generator. The 
conventional time-temperature superposition routine12 has been employed 
in the figure, with reference temperature TO taken as indicated; w desig- 
nates angular frequency, and aT is the usual shift factor. Close agreement 
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is evidenced between the shear spectroscopy results and the NBS data. 
This agreement is regarded as providing reasonable indication that our ap- 
paratus, developed for liquid-state research, can be of utility as well in the 
field of polymer rheology. We will now present some representative results 
of our studies on several classes of polymer substances. 

Elastomers 

Figure 2 displays shear relaxation data obtained with chlorobutyl rubber 
in various raw and cured states, wherein G" represents the imaginary 
component of shear modulus. The low-temperature data have been 
multiplied in amplitude by the ratio (Gm)T,/Gm)T, where G, is the asymp- 
totic high-frequency shear rigidity, T is the sample temperature, and 
T ,  is the glass transition temperature. The notation (G& designates 
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2. Real and imaginary componenta of the frequencydependent shear modulus for 
chlorobutyl rubber in various stages of cure. 
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chlorobutyl rubber in various stages of cure. 
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high-frequency shear rigidity a t  temperature T .  All high-temperature 
results have been multiplied in amplitude by the conventional ratio TO/ 
T .  Even though the reference temperature TO and the glass transition 
temperature are not identical in Figure 2, the low-temperature amplitude- 
reduction scheme noted above was particularly employed here so as to 
include in the Gf display the shear rigidity a t  the glass transition tempera- 
ture. We note that this technique differs somewhat from that recom- 
mended in the appendix. However, the frequency values in Figure 2 
have been shifted in accordance with the procedure recommended in the 
appendix. All amplitude reductions displayed in the present paper, with 
the exception of those shown in Figure 1, take account of the following 
relat,ions : 

dGm/dT > 0, T > T ,  
dG,/dT < 0, T < T ,  

dG,/dT = 0, T < T ,  < T ,  

(Entropy or rubbery region) 
(Energy region) 
(Glassy region) 
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CUlm TUE IN MINUTES 

Fig. 3. Increase during curing time of the shear-modulus amplitude for various mixtures 
of silicon rubber and catalyst. 

In these relations, T ,  is the apparent temperature of transition from entropy 
to energy storage relaxation. 

In Figure 3 is shown the change with time, during the curing cycle, of 
the shear-modulus amplitude G* = [(G')2 + (G")2]1'z for a sample of 
liquid silicon rubber containing two different amounts of curing agent. 
The effect on the working and curing times of various amounts of curing 
agent is clearly in evidence. Note that the final modulus after cure is 
not affected greatly by the amount of curing agent. By the lower curve 
of Figure 3 is shown the influence on the cure cycle of refrigerating the 
uncatalyzed rubber at O O C . ,  then adding a fixed concentration of curing 
agent and observing the shear moduli a t  room temperature. 

In an extension of the above study we have found from the shear modulus 
versus frequency curves that curing is accompanied by three physical 
phenomena: (a) the relaxation time increases many orders of magnitude; 
(b)  G ,  increases anywhere from 10% to 5oa/0; (c )  the distribution of re- 
laxation times becomes broader. All three effects can be explained on 
the basis of growth in polymer chains and/or increased chain crosslinking 
during cure. 

Filled Systems 

A s  an example of a filled polymer system, a type of solid-propellant 
formulation was studied to obtain the shear moduli displayed in Figure 
4. All data have been reduced in amplitude and shifted in frequency in 
accordance with the scheme employed for Figure 2. The moduli shown 
in Figure 4 are nearly an order of magnitude larger than the corresponding 
moduli for the same material as measured by means of traditional stress- 
relaxation techniqueP at strain magnitudes larger than 1%. However, 
in a comparison of constant-strain-rate data taken at strains of 0.5% or 
less with the results of Figure 4, Beyer14 found agreement with our data 
to within 2%. It is of interest to compare, for the solid-propellant mate- 
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Fig. 5. Variation with per cent transverse compression of the real component of shear 
modulus for a filled solid-propellant system. 
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rial, the degradation of shear moduli with increasing tensile strain and the 
increase in shear moduli realized with increasing compressive strain (the 
latter shown in Fig. 5). The data of Figure 5 at  low transverse compres- 
sions were obtained by affixing the propellant sample to the plates of our 
sinusoidal shear apparatus by means of epoxy resin. 

Degradation of stress moduli for rubberlike polymers at strains above 
1% was reported as early as 1952 by Marvin;'5 however, it has not been 
generally acknowledged that the moderate strains commonly imposed by 
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streerelaxation experiments can cause so severe a degradation as an 
order of magnitude, even in a filled polymer. Such order-of-magnitude 
degradation as found by the authors seems to suggest that the true linear 

Fig. 6. 
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Fig. 7. Frequency-dependent imaginary component of shear modulus for liquid diphenyl 
hexachloride at various temperatures. 
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viscoelastic moduli of a t  least some highly filled polymeric materials 
perhaps are not revealed by experiments which subject the material 
to strains of 1% or greater. We suggest that the dynamic modulus of a 
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Fig. 8. Shear moduli associated with a suspension of aluminum powder in liquid diphenyl 
hexachloride. 

material be displayed over a wide range of strains; the true linear modulus 
as given by niicrostrain measurements of the type eniployed by the authors 
then forms an upper bound to the family of macrostrain curves obtained 
with conventional apparatus. 
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Suspensions 

The rheology of slurries and suspensions nowadays is becoming in- 
creasingly more important. l6 Many of the conventional techniques in ex- 
perimental rheology do not apply for such substances. We present some 
preliminary investigations in which the dynamic behavior of a liquid-solid 
mixture is determined by means of our sinusoidal shear apparatus. 

The components of shear modulus for a pure suspending liquid (diphenyl 
hexachloride or Aroclor 1260) were determined first, resulting in the tem- 
perature curves displayed in Figures 6 and 7. These plots lead to the 
composite pure-liquid curves (valid a t  a single temperature To) appearing 
in Figure 8, wherein the G’ amplitudes have been reduced in the same man- 
ner as noted for Figure 2 and the G” amplitudes have been normalized to 
unity. Aluminum powder of random particle size (estimated to be in the 
diameter range 2-30 M )  and of irregular particle shape was added to the 
liquid to form a suspension. Two samples containing volumes of aluminum 
particles (calculated from powder weight and the density of aluminum) 
amounting to 20 and 33.3% of the volume of the final suspension were 
prepared. The dynamic behavior of the suspension was determined 
exactly as in the case of the pure liquid, and the temperature data again 
reduced as noted previously. These results are also displayed in Figure 8. 
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Fig. 9. Frequency dependence of the shear moduli for two different solutions at various 
temperatures. 
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Fig. 10. I’requency dependence of the shear rigidity and shear viscosity associated 
with a commercial vehicle for printing inks and with a solution consisting of various 
mole concentrations of toluene in liquid hexachlorobiphenyl. 

It can be seen from Figure 8 that the addition of aluminum powder to 
the liquid (a) increases the high-frequency asymptote of the energy-storage 
modulus, (b)  increases the relaxation times, and ( c )  shifts the peak of the 
energydissipation modulus to lower frequencies. Examination of the 
temperature curves reveals that any effect of the aluminum on the distribu- 
tion of relaxation times associated with the unadulterated liquid is small in 
comparison with experimental scatter. However, in subsequent experi- 
ments with aluminum oxide powders containing particles of very small 
diameter, a pronounced effect on the distribution function was observed, a 
result to be discussed further in a later publication. 

Solutions 

Since our apparatus was designed for the study of liquids, it is well 
adapted to investigations of solutions and gels. When the solvent is 
volatjile, care must be exercised to prevent evaporation from the sample 
during the course of an experiment. Evaporation is effectively prevented 
by operating the apparatus in an enclosed atmosphere containing enough 
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FREQUENCY IN CPS 

Fig. 11. Shear moduli for a flour-water mixture and for commercial butter at various 
temperaturea 

of the volatilized solvent to establish an equilibrium between the sample and 
the atmosphere.* 

In Figure 9 are shown the real and imaginary components of the shear 
modulus for an aqueous 10% gelatin solution as well as for a solution of 
cellulose acetate in dimethyl sulfoxide. In Figure 10, the shear rigidity 
and the shear viscosity (rather than the real and imaginary components of 
shear modulus) are displayed for a commercial vehicle used with printing 

*This condition may be achieved conveniently by exposing to the enclosed atmosphere 
a second quantity of the sample material whose maas is large in comparison with the 
sample maw and whose volume occupies an appreciable portion of the enclosure. 
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Fig. 12. Frequency dependence of the shear moduli for a sample of toothpaste at various 
temperatures. 

inks. Also in Figure 10 are displayed data for a solution containing various 
proportions of toluene dissolved in diphenyl hexachloride. The addition of 
increasing amounts of toluene causes an increase in the width of the distri- 
bution of relaxation times, a decrease in the relaxation time itself, and a de- 
crease in the high-frequency shear rigidity. Of additional interest in the 
latter case is the extended frequency range realized with our apparatus by 
providing means for positive tightening of each threaded part. 

Foodstuffs 

Figure 11 contains plots of the real and imaginary shear components as 
measured for raw bread dough and also for commercial butter. No data 
are presented below O O C .  for the dough substance since it has appreciable 
water content. It is particularly noted that the butter data apparently 
indicate that a rather broad distribution of relaxation times is extant and 
that upwards of fifty decades of frequency are probably required to reveal 
the entire relaxation process. 
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lo4, 

A sample of toothpaste (Crest) was chosen for investigation and proved 
to be an interesting material dynamically. The corresponding shear 
moduli are plotted in Figure 12, wherein the entire entropy modulus is re- 
vealed in clear detail as well as a portion of the energy modulus. A pro- 
nounced tendency for plateau leveling occurs between the two modulus 
regions. 

- -- 

I I I I I I 

Polymer Melts 

10 I02 103 

The dynamic moduli for a sample of commercial polyethylene over the 
The crystal- temperature interval 23-174OC. are displayed in Figure 13. 
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Fig. 13. Shear moduli for a commercial polyethylene material (of low cross-link- 
ing) at various temperatures. The crystalline melting point is approximately 135OC. 
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line melting point of the sample chosen is about 135OC., and hence the 
moduli drop by more than an order of magnitude in going from 132.5 to 
137OC. Measurements in the intervening region are not presented, since 
consistent temperature curves could not be obtained. We remark that the 
measurements a t  room temperature shown in Figure 13 are found to agree 
with those made by Lethersich." 

Since the magnitude of the shear moduli for polyethylene at  elevated 
temperatures is so low, the force developed in the monitor shear plate of our 
dynamic sinusoidal apparatus is not adequate to yield a good signal-to- 
noise ratio using the standard detection circuitry. By employing a 
Hewlett-Packard spectrum analyzer, we have overcome this problem 
through selective filtering and thereby have extended the sensitivity of the 
apparatus by more than an order of magnitude. It has thus been possible 
to obtain the high-temperature results reported in Figure 13. 

APPENDIX 

Proposed Time-Temperature Superposition Routine for Liquids and 
Polymers 

The relaxation mechanism in liquids is primarily an energy-storage 
process,* whereas in polymers it is partly an energy-storage and partly an 
entropy effect.'* When dealing with polymer data, an effort should be 
made to differentiate energy from entropy processes so that the two mecha- 
nisms can be treated differently.lg The methods presently employed in the 
well-known time-temperature superposition routines are based on the 
assumption of entropy processes onlylm wherein the rigidity is taken to be 
proportional to T, the absolute temperature.21 This assumption is not 
valid for pure liquids in the experimental temperature and frequency 
ranges of present interest to the authors, and is only partially valid in the 
case of polymers, as pointed out by Mason.I9 

To demonstrate a time-temperature superposition routine that is valid 
for both liquids and polymers, we superpose the data of Figure 6 to obtain 
the plots of Figure 14. In this procedure we utilize the temperature de- 
pendence of both the high-frequency modulus G ,  and the relaxation time 
7,. These are found, for the liquid under consideration, from Figures 6 and 
8 of ref. 22. For each reference temperature To noted in Figure 14, the 
temperature (T) curves of Figure 6 have been adjusted in amplitude so that 
their asymptotic high-frequency values agree with that high-frequency 
modulus indicated for To by Figure 6 of ref. 22-that is, for each To, all 
curves of Figure 6 are multiplied by the factor (Gm)To/(G,)T. Also, each 

* Judging from all experimental evidence to date, we attribute the relaxation proceas 
in liquids totally to an energy storage mechanism. However, for some associated 
liquids whose molecules are large and complex, the authors have found evidence, at 
relatively warm temperatures, of a tendency for the relaxation to display behavior 
characteristic of an entropy pr0ceas.W Such liquids may possibly be on the border- 
line bet,ween liquid and polymer states. 
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Fig. 14. Reduction of the data in Figure 6 (using a variety of reference temperatures) 
to extend the frequency range presented but preserve the original data curves (shown be- 
tween the dotted lines). 

curve in Figure 6 has been so shifted in frequency that its relaxation time 
agrees with that value given by Figure 8 of ref. 22 for temperature To, i.e., 
all frequencies associated with data a t  temperature Tare multiplied by the 
ratio ( T * ) ~ / ( T J ~ ~ .  Thus, the curves of Figure 14 between 20 and lo3 
cycles/sec. have not been altered from the original data of Figure 6; rather, 
use has been made of the similarity in shape of the curves to extend the 
frequency range.* In the reduction, the temperature dependence of G, 
in the energy region as well as the temperature independence of G, below 
T, (appropriate for experiments whose temperature is varied over time 
scales of the order of hours) are taken into account, and the frequency 
independence of G,  at all temperatures is preserved. The resultant plot 
reveals the temperature change for both G, and T in a single display. 
Note that To need not necessarily be chosen equal to an experimental tem- 
perature T (witness the case at  To = 5OC). 

If, in attempting to superpose the temperature curves of Figure 6, we 
had followed convention and multiplied all amplitudes by To/T rather than 
by (Gm)To/(Gm)T, the high-frequency asymptotes would not have coin- 
cided for reference temperature To. In polymer theory, the validity of 
normalizing amplitudes of temperature curves by the factor To/T prior to 
superposition is based upon (a) the relaxation mechanism being an entropy 
process (“rubberlike” behavior), and (b)  a rigidity which is proportional to 

* Note that the above routine ignores (as do all others) the temperature dependence 
of the distribution of relaxation times, aa reflected in the changing width of the relaxation 
spectrum with varying temperature.gb Conceivably, a frequency compression could 
be included in the superposition routine to account for this effect. 
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the absolute temperature.21 If, in any temperature range, the dynamic 
temperature data for a polymer reveals an energy relaxation mechanism or a 
rigidity that is not proportional to the absolute temperature, the usual 
routine of reduction by the ratio To/T is questionable. 

In Figwe 15 are displayed dynamic temperature data for a representative 
polymer. The high-temperature data suggest, typically, an entropy 
process with corresponding rigidity modulus of approximately lo6 New- 
tons/m. 2, whereas the low-temperature data indicate an energy-storage 

Fig. 15. 

FREQUENCY IN CPS 

Freqiiency dependence of the shear moduli for a typical polymer 
temperatures. 

at various 

mechanism with typical modulus of nearly lo9 Newtons/m.2. Further- 
more, one can see (although not as lucidly as for the liquid data in Fig. 6) 
that a t  low temperatures G,  is roughly proportional to T-l rather than to 
T. Below the glass transition temperature T,, G, ceases to be dependent 
on T and remains fixed, just as for the liquid data of Figure 6. Clearly, at 
some temperature the relaxation mechanism changes from primarily an 
entropy process to predominantly an energy-storage process, and the usual 
To/T reduction becomes invalid. 
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Application of the proposed reduction scheme to the data of Figure 15 
yields, for reference temperature To, a reduced curve for which the high- 
frequency asymptote is that modulus actually encountered for the tem- 
perature To. If To = To, the reduced curve may lie along an asymptote 
whose magnitude increases with the time scale of the mea~urernent,~~ 
but which is nevertheless constant with frequency. If the To/T reduction 
procedure is employed in the energy region, the aforementioned curve in- 
creases without limit as successively lower temperature data are shifted to 
higher frequencies. Such behavior is not regarded as a realistic repre- 
sentation of actual materials. 

Ferryz4 has recently proposed a time-temperature reduction scheme 
which is a modification of that presented earlier by Ferry and Fitzgerald26 
and which is suggested as possibly applicable to data both in the energy- 
modulus and the entropy-modulus region. Ferry’s reduction scheme is 
equivalent to that of the authors in the entropy region, but does not ap- 
pear to be as appropriate in the energy-modulus region. Details of the 
foregoing as well as further elaboration on the present proposed reduction 
scheme will appear in a future publication. 
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with United Technology Center and that depicted in Figure 9 under contract with East- 
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discussions with Professors J. D. Ferry and T. A. Litovita, aa well as Drs. N. W. Tschoegl 
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R6sumd 
On examine la possibilit6 d’application il plusieurs types de sysemes rhklogiques des 

techniques expbrimentales visco6lastiques mettant en oeuvre le cisaiilement mhcanique 
sinusoidal. On prbente en premier lieu les rbultats pour le polyisobutylene NBS en 
vue d’btablir la validit& de la m6thode d’investigation employ&. Lea principales cat& 
gories qui ont bt6 btudih,  comprennent des blastombres, des sysemes charghs, des 
liquides purs, des bouillies ou suspensions, des solutions et des gels, des aliments et des 
polymeres fondus. On propose une modification de la technique courante de super- 
position temp6raturetemps qui permet de traiter d’une fawn identique l’entropie et 
la relaxation d’hergie, pour les liquides et les polymbres. 

Zusammenfassung 
Die Anwendbarkeit viskoelastischer Versuchsmethoden unter Vemendung von sinus 

formiger mechanischer Scherung wird fur einige rheologische Systeme uberpriift. Zu- 
nachst werden Daten fur NBSPolyisobutylen angegeben, welche die Brauchbarkeit des 
Verfahrens zeigen. Folgende allgemeine Kategorien werden untersucht : Elastomere, 
fullstoffhaltige Systeme, reine Flussigkeiten, “Aufschlammungen” oder Suspensionen, 
Losungen und Gele, Nahrstoffe und Polymerschmelzen. Eine Modifizierung des ublichen 
Zeit-Temperatur-Superpositionsverfahrens wird vorgeschlagen, mit welcher Entropie- 
und Energierelaxationqbozesse in gleicher Weise fur Flussigkeiten und Polymere be- 
handelt werden konnen. 
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