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IU , ABITAACT 

The dynamic viscoelastic properties of polyb utadiene rubber consisting 
of principally . , 2 micros tr uc t ure are of i-mme diate interest to the 
Navy . These properties have been determined by measuring the velocity 
and attenuP.tion coefficient of ultrasonic 

from -50 8 C 
waves in the mate rial from 

300 kHz to 5 MHz and to 100°c. The sound velocity was 
found to increase with decreasing temp era t ure, leveling off both 
at hi gh and low t e mp e rat ur es . This p,ffect is attributed to the appear-

of crystalline ance a she..1r ela s ti c ity at the lower temp era t ures. PeakE 
in the at ten ua tion as a function of b o th t e mp e r a t ur e and 
were observed. and relaxaticn times of the order 10-7 to 

freauency 
10- seconds 

are indicated. The loss ~urve in 1,2 polyb utadiene is h igh e r and 
broader_than that for natural and GR-S (styrenebutadiene co-polymer), 
which are low-loss rubb ers; but lower than for butyl, a high-los e 
rubber. It was also found that the data could be represented by 
r e duced frequency or tempe~ature plots by assuming that the dynamic 
properties undergo a transiti on wh i ch is exponential l y proporticual 
to the fractional f ree volume (Williams-Landel-Ferry f o r mulari za tion). , 
Th e previous ly determi ned WLF constants ( c 1• 12.7, c2 .. 35.5) reduce 
the temperature-fr e quency data sat is factorily. Th e s e results allow 
the dat a to be ext rapo lated to the low frequency region wh e re measure-
men ts ar e limited by experimental difficulties and samp le size . 

(PAGE I) 

S/N 0101-807-6801 

UNCLASSIFIED 
Security Clauihcetion 



UNCLASSIJIID 
aec.d; e1 ... mceH• ,, 

1l. 
, . . 

l,,INII ,. 1.INII e 1.INII C 11a'f WO"'DI 

11 ...... .,. 11101.a .,. ...... .,. 

Vi1co-.la1 tic proper ti•• 
I.I 

1,2 polyb utadi•n• I:" 
rubber 

'! ultra1onic1 
11 

4 

I' 

~ DD ,'.!:' .. 1473 (BAO() UNCLASSIFIED 
(PAGE' 2) 9"wlty Clenlftcetl• 

lJ.A 



NO-LTR 72-192 

VISCOELASTIC PROPERTIES OF 1,2 POLYBUTADIENE 
AND COMPARISON WITH OTHER RUBBERS 

Pr?pared by: 

W.M. Madigosky 
J. VonBretzel 

ABSTRACT: The dynamic viscoelastic properti~s of polybutadiene 
rubber consisting of principally 1,2 microstrocture are of immediate interest to the Navy. These properties have been determined by me~suring the velocity and attenuation coefficient of ultrasonic 

0 waves in the material from 300 kHz to 5 MHz and from -50°C to 100 C. The sound velocity was found to increase with decreasing temperature, leveling off both at high and low temperatures. This effect is 
attributed to the appearance of a crystalline shear elasticity at 
the lower temperatures. Peaks in the attenuation as a function of both temperature and fre~uency were observed and relaxation times of the order 10-7 to 10- seconds are indicated. The loss curve 
in 1,2 polybutadiene is higher and broader than that for natural 
and GR-S (styrene-butadiene co-polymer), which are low-loss rubbers; but lower than for outy.1., a higr,-loss rubber. It was also found 
that the data could be represented by reduced frequency or temperature plots by ,iss u111ing that the dynamic properties under po a transition which is exponentially proportional to the fractional free volume (Williams-Landel-Ferry formularization). The previously determined WLF constants (c

1 
= 12.7, c

2 
• 35.5) reduce the temperature-frequency data satisfactorily. These results allow the data to be extrapolated to the low frequency region where measurements are limited by experi­mectal difficulties and sa111ple size. 
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VISCOELASTIC PROPERTIES OF 1,2 POLYBUTADIENE 
AND COMPARISON WITH OTHER RUBBERS 

The objective of the liquid state program at NOL is research on 
the physical and acoustical problems associated with liquids, glasses 
polymers and rubbers of interest to the Navy. The dynamic viscoelastic 
properties of principally 1,2 polybutadiene rubber are of immediate 
interest to the Na vy for a possible wide range of acoustic applications. 
This work was supported under Task Number MAT-OJL-000/ZR00-001-010 
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VI SCOELASTIC PROPERTl~S OF 1,2 POLYBUTADIENE 

AND COMPARISON WITH OTHER RUBBERS 

1. Dynamic viscoelastic properties of a material can be obtained 
from a measurement of its sound velocity and attenuation coefficient. 
It has been established that in various hydrogen-bonded liquids and 
high polyn,ers the longitudinal wave velocity increases with decre a sing 
temperature and that the attenuation possesses a maximum with respect 
to temperature. This has also been verified for natural GR-Sand 
butyl rubbers by Ivey et al. (1949) and for Buna-N by Nolle and 
Mifsud (1952). Both investigations employed ultrasonic frequencie~. 
Similar effects were noted at low frequencies (1000 Hz) for natural 
rubber by McKinney et al. (1960), and 1"or GR-S and butyl rubbers 
by Witte et al. (1949). 

2. Decreaoing frequency produceR effects qualitatively similar to 
those produced by increasing temperature. Ivey et al. (1949) have 
obtained data covering a frequency range of seven decades by corre­
lating low frequency data, in which the dynamic Your.g's modulus and 
loss factor are obtained, with high frequency or ultrasonic data. 
The data show that the dynamic moduli undergoes a transition and that 
the loss factor exhibits a maximum in the dispersion region. These 
effects are attributed to a crystalline shear elasticity that appears 
when the material is stressed at high frequencies. 

3. The effect of temperature on the transition between the crystalline 
or glassy and rubbery states of a polymeric material has been explained 
in terms of a free volume model. The free volume is interpreted as 
the space available for a cooperative rearrangement to take place. 
If cooperative motions are prevented from occuring then the material 
shows the much higher modulus characteristi c of a glass or a rigid 
solid. The assumption of the free vo 1 ume theory is that there exists 
a critical v~lue of the free volume which is just large enough to 
allow cooperative motions to take place. This critical volume deter­
mines a unique glass transit ion temper at ure for ea ch material. From 
the work of Williams, Landel and Ferry, (1955) t he free volume and 
its temperature dependen ~e a lmost appear to be universal constants 
for a large number of polymeric materials. There is some variation, 
however, from one polymer to another and the "universal" constants 
shoul d only be used as a last resort in the absence of other specific 
data. 
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4. There is an intimate connection between the kinetics of the glass 
transition temperatur e and viscous relaxation effects. Ultrasonic 
studies have demonstrated that the relaxation behavior of the moduli 
depend on the product of WT ( where w • 2,r f, f • frequency, T .. relax­
ation time) and one can change either w or T to study the dispersion 
proper ties. Changi ng the temp era t ure changes the T . Th us one may 
measure the relaxation region of a material by either vary i ng the 
temperature or the frequency. This i s quite useful since the range 
of frequencies is often limited by experimental difficulties and 
sample size. 

5. The free volume theory a1:1a,umes that the marked increase in relax­
ation time (or viscosity) as the temperature is lowered,is related 
to the reduction of availab le f ·.: ee volume for molecular rearrange'llent. 
This concept is embodied in the WLF expression which relates T to 
the free volume and which holds with rema rkable accuracy. Hence, one 
is free to cover the relaxation region of interest either as a function 
o f freq ue n c y o r o f t e mp er a t u re and , by means o f a s imp 1 e sh i ft fa c tor 
(WLF equation), convert temperature data into frequency data or vice 
versa. 

6. This report presents a detailed investigation of the viscoelastic 
properties of sodium polymerized 1, 2 po lyb utadiene an"\ compare~ the 
results with other elastomers. The studies are of particular interest 
with respect to the position and magnitude of the transition zone and 
the prediction of viscoelastic prop~rties in the low kiloHertz region. 

7. Polybutadiene rubber was obtaine~ thru th~ AlkAli m~t3l oolymeri­
zation process providing a rubber of principally 1,2 microstructure 
( 62_±3% vinyl and approximately 32% trans and 6% cis 1, 4), where the 
microstructure was determined from both infrared spectrometry and a 
determination of the galss transition temperature (T•-S5°C). The 
density was 1.13 gm/cc and the compounding and vulcanizatioL was 
similar to that reported by Barron (1943). 

8. Two experimental techniques were used for measuring t he ultra­
sonic properties. At 5 MHz the longitudinal velocity and absorption 
coefficient were measured as a function of temperature from +lOOoc to 0 -50 C using standard ultrasonic pulse techniques (Madigosky and 
Litovitz, 1961), Additional absorption measurements we r e taken as 
a function of frequency from 300kHz to 3MHz using a Scientific-Atlanta 
Series 1000 Transmission Measurement System. Schematic diagrams of 
the two systems are ~hown in Figs. 1 and 2. 

9. The sound velocity w&s obtained by measuring t:he transient time 
of a 5MHz pulse thru the sample. Sample th:f. clr.ness was measured with 
a dial micromet~r. The change iu sample thickness with temperature 
due to thermal expansion was calculated using B•.nnrn per 0 c. The 
attenuation of the sample was obtained by comparing the amplitude of 
the first echo peak with and without the sample present. This value 
divided b y the sample thickness gives the attenuation per unit length 
in db/cm. The accuracy of the sample insertion method was checked by 

2 

.I 
,I 

j 
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m,_asuring the sound S?eed and absorption in different sample thickness and in several other ela s tomers for which va lues ha v been reported. We estimate the attenuation values are accurate to+ 2%. 

10. In general the transmitting liquids used had negligible attenu­ation compared to that of the rubber so that the attenuation in the samp l e was obtained directly. This a s sumes that there is negligible reflection at the liquid sample inter f a ces, which is valid for the liquids used . Otherwise the saq,le loss, a, is related to the inser­tion loss, Li, and sample length, t , by 

( 1) 

where the reflection loss, L , is the loss caused by reflection at the r two surfaces of the specimen and is given by 

L r ( 2) 

where z•pv is the acoustic impedance, z
1 

refers to the coupling fluid and z
2 to the specimen. 

RED UC ED VARIAf LES 

11. If relaxation theory is applicable, it is possible to construct red~ced variables in which data taken at different frequencies and temperatures can be reduced to one curve. In order for a function of the parameters of a material to be reduced it ts a necessary and sufficient condition for it to be a function of the temperature only through the product WT. 

12. It is well established, both from a consideration of molecular mechanisms and by experimental observation for many systems, that a change in temperature shifts the relaxation time of both the shear and bulk moduli in direct proportion to the change in the shear viscosity, 11.. is therefore logical to use the WLF formulation as a basis for deriving reduced variables. We d~fine a reduced frequency, w
0 

as 

( 3) 

where w is the frequency of measurement, and n (T) and n (T) are the 
0 shear viscosities at the temperature of measurement and the temperature, T

0
, to which reducticn is desired, respective l y. 

13. According to the WLF theory the viscosity dependance on temperature may be written 

( 4) 

3 
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where T is the g 
of the material 

glass 

at T. g 

transition temperature and c
1 

and c
2 

are constant ■ 

For 1,2 polybutadiene thes e c o nstants have 

been determined (Ferry, 1970) to be c1 • 12.7 and c2 • 35.5. 

14. The propagation of an longitudinal acoustic wave in a visco­
elastic medium is usually determined b y a linear comination of the 
compressiona l and shear moduli. It is convenient to define a complex 
longitudinal modulus 

* f II * * 
M • M + iM n K +4/3 G ( 5) 

who se real and imag i nary parts are related to the experimen t al para­
mete r s by 

2 
M' • Pv 

3 
M" • 2apv 

w 

(6) 

( 7) 

where v and a are the measured sound speed _ and absorption coefficien , 
respe c tively. Typically, the real part of · the modulus exhibits a 
limiting low frequency or static modulus M , and a limiting high 

0 frequency value M00 • 

15. It is n ow possible to define a real reduced part of the total 
longitudinal modulus by the ratio 

M' - M 
0 ( 8) 

Moo -M 0 

where M00 - M is the relaxational contribution to the total modulus 
I 0 

and~ is a function of temperature only through the variable WT given 
by Eqs ( 3) and (4). 

16. Similarly, a reduced imaginary part may be written 

M" 
,, 

• ltT ( WT) 
Moo - Mo 

( 9) 

17. In what follows we will make use of the data reduction principle 
to obtain velocity and absorption data at frequencies that are 
inaccessable due to limitations in sample size and experimental 
apparatus. 

EXPERIMENTAL RESULTS 

18. Using the experimental apparatus shown in Fig. (1) the sound 
velocity and attenuation were measured at 5MHz. Figs. (3) and (4) 
show the measured atten~otion coefficient and velocity as a function 
of temperature from -so 0 c to 100°c. 

19. The attenuation coefficient exhibits a ~ell shape typical of a 
relaxation process. As the temperature i a hanged, the attenuati9n 

4 
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coefficient passes through a maximum. The magnitude and temperature of 
maximum attenuation depends on the frequency used. The lower frequen­
cies have a correspondingly lower maximun value and the position of the 
absorption marlmum is shifted towards lower temperatures. 

20. Likewise, the velocity data show low and high frequency-independ­
ent limiting values typical of a relaxation proceas. In between these 
two limits the velocity depends on the product WT and lence is highly 
frequency and temperature dependent. 

21. In the absence of other criteria the temperature deps~denc~ of 
V® and V are usually obtained by ext=apolations of the longitudinal 
moduli da~a. Fig. 5 shows the temperature dependence of the real part 
of the longitudinal modulus obtained from the data in Fig. 4, using 
M • pV 2 . The temperature dependence of the density was estimated by 

p • 1.13/ (1+0.0007 (T-25)). (10) 

22. The temperature dependence of the low frequencies or static modulus 
M was obtained by extrapolating the high tempe~ature data and is given 
br 

M • 2.52 - 0.0113T (°C) 
0 

(11) 

23. Experimental difficulties at low temperatures limit our ability 
to determine M® accurately. The temperature dependence of M , however, 

0 
was observed to agree with the value for natural rubber as determined 
by McKinnev et al. (1960). It was therefore assumed that the frac­
tional slopes cl ~) of the two rubbers were equal. Hence we 

M at ' 
~ 

astimate M • 6.23 - 0.0213T (°C) 
® 

(12) 

which in Fig. (4) appears to be a reasonabl ~ fit to the low tempera­
ture data. 

24. The attenuation versus temperature data may now be transformed to 
frequency data using Eqe. (3) (4) and (9) . The r esult at 24 C is 
shown in Fig. (6) in terms of the loss per wavelength versus frequency. 
The data covers the frequency range of 10 5 to 10 9 Hz. 

25. In addition to the attenuation data at 5 MHz, data were taken 
as a function of frequency from 300 kHz to 5 MHz. These results 
are shown in Fig. 7 where the data are given by the individual points 
atLd the solid curve is the ~LF ~eduction of the 5 MHz data repeated 
from Fig. 6. T~e agreement between the two is excell ~nt and thus 
verified the use of the WLF reduction technique . 

26. Since the above dat~ do not provide information, except by 
extrapolation, in the 10 4 to 105 Hz frequency region, data were taken 
at 300 kHz from 25°c to 90°c. These data were again transformed using 
the WLF eq uation and the results are shown in Fig. 8. The completed 
attenuation curve now covers the frequency range for 104 to 109 Hz. 

5 
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27. A similar WLF transformation was performed on the velocity d a ta a nd the r esults are 1hown in Fig. 9. 

DISCUSSION AND CONCLUSIONS 

28. The curves for the attenuation and velocity versus tem1-erature, Figs. 3 and 4, and versus frequency, Figs. 8 and 9, show a behavior typical of that found in other rubbers. The attenuation exhibits a peak, whir.h occurs ~pproximately i n the region of maximum rate of change of velocity. The curves are very broad, extending over four to five decades in frequency, or 120 degrees in temperature. 

29. Figur e 10 compares the bulk wave attenuation (db/cm) versus temperature at 5 MHz in 1,2 polybutadiene with that reported for natural (Heava), GR-S (butadience-styrene co-polymer), and butyl rubbers. The loss in 1,2 polybutadiene is higher and br o ader than that for natural and GR-S, which are low loss rubbers; but lower than that for butyl, a high loss rubber. These curves would have relatively the same form at all fr~~ ~e ncies, but as the frequency is decreased the curves decrease in amplitude and shift to lower temperatures. The attenuation per unit length of sample decreases very rapidly with decreasing frequency. For example from Fig. 8 the attenuation at 24°c and 20 kHz wou l d be only 2. 7 db per meter. The velocity-frequency curve for 1,2 polybutadiene indicates. that for frequencies below 1 MHz the velocity is normally 1400 meters/sec and independent of fre­quency. 

30. The attenuation and velo~ity vs frequency curves, Figs. 8 and 9, indicate that the relaxation mechanisms responsible for loss and dis7ersion in 1,2 polybutadiene have relaxation times of the order 10- seconds. The relaxation spectrum is too broad to be explained by a single relaxation time, and it is not clear whether a series of individual times or a continuous distribution of times are operative. 

6 
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