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I. Introduction 

Raw elastomers, or rubbers, both natural and synthetic, consist basically 

of long, chainlike polymer molecules having hundreds of monomer units in 

a chain. A t room temperature the elastomers are essentially viscoelastic 

solids.
1
 TChey are capable of large elastic deformation and capable also of 

slow continuous deformation under moderate stress, though the continuous 

deformation may be so slow as to be unobservable by ordinary means. A t a 

sufficiently high stress the material breaks or tears. A t higher temperatures, 
1
 If the second-order transition temperature, T3 , of a high polymer is above room 

temperature, the polymer is generally classed as an elastomer, not a plastomer, even 

if it exhibits typical elastomeric properties at temperatures above Ts . 

181 
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such as 50° C. or more, elastomers are capable of continuous shear at any 

imposed rate without rupture; or, if rupture occurs, the material is suffi-

ciently tacky that it will form a single coherent mass when the ruptured 

pieces are pressed firmly together. 

In order to prevent the flow or permanent deformation of commercial 

rubber articles it is necessary to cure the raw elastomer. Curing consists of 

forming chemical bonds, usually of sulfur, between the chain molecules at 

occasional points, thus forming a three-dimensional tangled network. In 

preparation for the curing operation the curative agents, together with 

powdered fillers and other compounding ingredients, must first be thor-

oughly mixed with the raw rubber. The raw mixed stock is then put through 

a forming operation, perhaps built into a composite structure such as a tire 

or a shoe, and then cured by heating in a mold or, in some cases, in an 

autoclave. 

In the mixing and forming operations the rheological properties of the 

raw elastomer are of primary importance and must be held within estab-

lished limits for successful processing. As suggested by the opening para-

graph, the processing temperature must be considerably above room temper-

ature; but even so, the viscosity of the raw rubber usually must be reduced 

b y reducing its molecular weight, or b y "breaking the rubber down ." 

This is accomplished by mechanical mastication, usually assisted by a 

limited amount of oxidation. The mastication may be carried out in a 

Plasticator, which operates on the principle of a meat grinder; or in a 

Banbury, which consists of a pair of heavy curved knives rotating in a 

closed chamber; or on a rubber mill, which consists of a pair of rotating 

parallel steel rolls with a small clearance, or nip, through which the rubber 

is passed repeatedly. 

After sufficient breakdown, mixing is begun, usually in a Banbury. The 

sulfur is often omitted in the first mixing step, in order to avoid premature 

curing at the high temperatures attained in the Banbury. The practice with 

regard to subsequent mixing operations varies. Remilling one or more times, 

with further reduction in viscosity, may be necessary to obtain satisfactory 

results in the later forming operation. The rheological properties are pro-

foundly affected also by the kind and amount of compounding ingredients 

that are used in the stock—carbon blacks of different kinds, plasticizers, 

rubber-soluble oils, oxidizing chemicals, pigments, and dozens of different 

powdered fillers. 

Forming operations are usually carried out with a screw extruder or with 

a calender. The screw extruder, like the Plasticator, operates like a meat 

grinder except that a forming die is substituted for the chopper. The product 

is extruded as a continuous rod with a cross section corresponding to the 

shape of the die. A calender, consisting of three or more parallel steel rolls, 
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passes the stock in a continuous sheet on successive rolls to the final nip, 

whence it is delivered as a formed sheet or pressed into a fabric which is 

fed continuously with the rubber into the last nip. In both extruder and 

calender the stock is subjected to severe mechanical working before the 

final forming action occurs. The stock is thereby warmed up, its thixotropic 

structure is broken down, and it is therefore reduced temporarily to a more 

plastic condition conducive to precise forming. Even so, allowance must 

always be made for some longitudinal shrinkage and lateral expansion re-

sulting from the elastic recovery of the stock. 

The injection processing method, which is coming into some use at the 

present time for solid rubber articles, succeeds in by-passing the forming 

operation b y injecting under high pressure directly into a closed mold. 

It is obviously a difficult problem to maintain adequate processing con-

trols when dealing with materials that are highly thixotropic, non-New-

tonian and elastic, undergo changes during processing, and are likely to 

cure in the processing equipment if the temperature, increased by the 

mechanical work of processing, gets out of control. As aids in this control 

work, a large number of rheological tests for raw elastomers have been de-

veloped. 

Rheological testing equipment, like the processing equipment, is operated 

at elevated temperatures, usually within the range from 70 to 100° C. 

Nevertheless, the viscosity is so high that gravitational forces can produce 

but little flow, and either mechanical force or air pressure must be em-

ployed. In rheological instruments of the rotational type the sample must 

be confined in order to keep it from climbing out of the instrument under 

the secondary forces that develop within the sample. 

The marked thixotropy of elastomers requires consideration in the design 

and interpretation of rheological tests. As will later be shown, the initial 

viscosity when deformation begins may be ten times greater than the later, 

steady-state viscosity. Such thixotropic behavior makes it impossible to 

interpret reliably any test in which the deformation is limited. On the other 

hand there is a certain difficulty that arises when any attempt is made to 

attain in a rotational viscometer a state of true thixotropic equilibrium. 

This difficulty is that, in addition to the rapid breakdown of recoverable 

thixotropic structure, there is usually a slow, permanent softening of the 

elastometer if the test method involves extensive and continuous deforma-

tion. Consequently, a strictly steady state of viscosity may not be attain-

able; and if a single figure is to be reported as "the viscosity, ' ' an arbitrary 

criterion must be adopted as to when the viscosity is changing slowly enough 

to be considered essentially steady. 

Elastomers always exhibit considerable elasticity, even when raw, hot, 

and reduced to a state of minimum thixotropic structure. When released 
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from an imposed deformation, they snap back and then slowly creep further 

toward their last previous form. This elastic recovery makes precise forming 

of elastomers impossible and often causes difficulty in holding even to the 

liberal tolerances which the rubber technologist allows himself. Measure-

ment of elastic recovery is therefore of practical importance and must be 

included with a viscosity measurement for the best processing control. 

In a screw extruder there must be some slippage of the raw mixed stock 

over the smooth metal surfaces of the barrel, screw, throat, and die. If this 

were not the case the nonmoving stock in contact with the metal would, at 

the existing temperatures, sooner or later cure and would then interfere 

with the smooth operation of the extruder. On the other hand, the slippage, 

while important, is normally quite slow; so slow, in fact, that it has proved 

difficult to obtain direct evidence of slippage or any measurement of it. A 

few rough measurements of this kind have been published only recently. 

In the following sections the principal types of rheological testing instru-

ments for raw elastomers will be described and the related rheometric equa-

tions will be stated; various rheological test results will be reviewed; a new 

theory of the viscosity of an elastomer will be briefly presented; and the 

chapter will close with a discussion of the applications of rheological tests 

in processing control. 

II. Rheologica l Testing Equipment 

1. R O T A T I O N A L I N S T R U M E N T S 

In rheological instruments of the rotational type a sample can be main-

tained indefinitely in a state of continuous shear until a steady or quasi-

steady state is attained. The earliest such instrument suitable for rubbers 

was the rubber rheometer, developed by Mooney .
2 

Essential details of the apparatus are shown in Figs. 1 and 2 . The outer 

cylinder, or stator, 1 and 2 , is in the form of a split block, which opens up 

for easy insertion of the sample. The inner cylinder, or rotor, 7 , is mounted 

on a hollow shaft, 8 , which is driven by weights (not shown) connecting by 

steel cables with the sheave, 2 3 . Both inner and outer cylinder surfaces are 

covered with fine, longitudinal V-grooves to prevent slippage of the sample. 

Besides the sample proper, located in the narrow space between the two 

cylinders, additional sample material is placed in the annular channels, 1 6 

and 1 7 . The pressure rings, 1 4 and 1 5 , faced with cured rubber, are brought 

to bear against this reserve sample in the channels; and the weights, 1 2 and 

1 3 , operating on the pressure rings, maintain the sample under pressure and 

keep it from working out of the test space. Temperature is maintained b y 

means of hot oil which flows under gravity through the hollow shaft and 

under pressure through cavities (not shown) in the outer cylinder blocks. 

2
M . Mooney , Physics 7, 413 (1936). 
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F I G . 1. The rubber rheometer of Mooney , vertical section. [From M . Mooney , 

Physics 7, 413 (1936).] 

The angular velocity of the rotor is measured with a stop watch at slow 

and moderate speeds. A t high speeds a spark record is obtained on a sensi-

tive chart on the circular table, 30, mounted on the rotor shaft. The driving 

weight in this instrument turns the rotor revolutions before it hits the 

floor, after which the weight must be lifted and adjusted for the next 

driving period. In this rest period the sample always recovers thixotropic 

structure, which must be broken down again during the next driving period. 

The initial rotor velocity during any driving period is therefore always low. 

The rotor velocity of significance for a steady-state rheological flow curve 

is the constant velocity observed during the latter part of a driving period. 

If a constant velocity is not attained the terminal velocity lacks signifi-

cance. 

For making elastic recovery measurements the sheave, 23 can be thrown 

free of the clutch plate, 24, while the rotor is still moving under the torque 

of the driving weight. The subsequent movement of the rotor under the 

elastic restoring force of the sample can be recorded by means of the stylus, 

31, which is pulled radially across the chart at the right moment and at an 
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FIG. 2 . The rubber rheometer of Mooney , horizontal section. [From M . Mooney , 

Physics 7 , 4 1 3 (1936) . ] 

appropriate speed. The mechanical gadgets on the instrument also include 

an arrangement for stopping the rotor suddenly and then releasing it after 

a short time lapse. 

The rubber rheometer, though useful as a research tool, is too slow in 

operation to be satisfactory for routine control tests. For this purpose there 

was developed another rotational instrument,
3
 in which the rotor is a flat 

disk and the stator a shallow cup enclosing the disk.
4
 As shown in Fig. 3, 

the stator of this instrument is split along a central plane parallel to the 

face of the disk; and the hand-closing mechanism, involving a double lever 

system, is sufficiently powerful that it can cut and shape the sample without 

appreciable delay, except with very tough, cold samples. 

The rotor has a split shaft which engages with the key, 10, in the spindle, 

9, which is driven b y a synchronous motor through the worm, 12, and worm 

gear, 13. The worm shaft floats in its bearings and is forced by the reaction 

of the sample to press against the spring, 15. The deflection of the spring, 

measured on the gage, 17, thus indicates the viscous force developed in the 

sample under the imposed continuous shear. Temperature is usually main-

tained by electric heaters. The plungers, 5 and 6, backed by the steel 

springs, 7 and 8, are forced up by the sample as the instrument is closed. 

They later come back down to some extent, keeping the sample under 

pressure in spite of slight leakage of rubber and trapped air from the 

chamber. 
3
 M . Mooney , Ind. Eng. Chem. Anal. Ed. 6, 147 ( 1 9 3 4 ) . 

4
 As many in the rubber industry know, this rotating disk viscometer is now gen-

erally referred to as the ' 'Mooney viscometer ." The present writer decries the use of 
proper names instead of descriptive names to identify a test apparatus or method. 
In the present instance he argued for retention of the name "disk viscometer ;" but 
it was a losing battle. 
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F I G . 3. The shearing disc, or Mooney , viscometer. [From M . Mooney , Ind. Eng. 

Chem. Anal. Ed. 6, 147 (1934).] 

A few Mooney viscometers have been made in which the worm gear en-

gages the spindle through a clutch which, when disengaged, permits the 

rotor to reverse and show the elastic recovery of the sample. The reverse 

rotation registers on a dial at the side of the instrument case. 

The usual operating temperature of the viscometer is 100° C. When op-

erated at somewhat higher temperatures it can be used to measure scorch,
5, 6 

or incipient cure of a compounded stock. Scorching is indicated by a steep 

rise in the viscosity-time curve observed during the viscosity test. A rotor 

of less than standard diameter is usually employed in the scorch test, in 

order to avoid overloading the driving mechanism. 

An interesting variation of the disk viscometer has been introduced by 

Piper and Scott ,
7
 who substituted a biconical rotor for the flat disk. The 

biconical form, shown in Figs. 4 and 5, has the advantage that the rate of 

shear in the sample is uniform over the face of the rotor, which is not the 

case with the disk rotor. Hence, the biconical rotor permits theoretically a 

calculation of the true viscosity at a known, single rate of shear, except for 

edge effects; while the flat disk rotor gives only an average viscosity over a 

5
 J. V . Weaver, Rubber Age Ν. Y. 48, 89 (1940). 

6
 R . W . Whorlow, India Rubber J. 125, 214 (1953). 

7
 G. H . Piper and J. R . Scott , J. Sei. Instr. 22, 206 (1945). 
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Scale:inche* 

FIG . 5. The shearing-cone plastimeter of Piper and Scot t ; horizontal section 
through center of rotor. [From G. H . Piper and J. R . Scott , / . Sei. Instr. 22, 206 
(1945).] 

range in rate of shear. On the other hand, if the rheological curve is desired, 

then the advantage of the biconical rotor is not so great; for such a curve 

can be obtained with either rotor from data covering a range in rotor speeds. 

This point, and also the question of edge effects, will be discussed later. 



R H E O L O G Y O F R A W E L A S T O M E R S 189 

F I G . 6. The extrusion plastometer of Marzetti . [From B . Marzetti , India Rubber 
World 6 8 , 776 (1923).] 

Other rotational instruments of cylindrical form have been used by 

H a m m
8
 and by Eccher.

9
 Hamm's viscometer was of the same form essen-

tially as Mooney ' s except that the pressure rings were omitted. This 

omission reduced friction but limited the rotational speeds at which meas-

urements could be made. Eccher employed two independent rotors of 

different lengths in a common stator. End effects were thus eliminated by 

taking the difference between the torques of the two rotors at the same 

speed. Instead of pressure rings to keep the instrument filled, Eccher em-

ployed a forced continuous feed into the space between the rotors. 

2. E X T R U S I O N I N S T R U M E N T S 

The extrusion type of viscometer is of historical interest, because this 

was the type used by Marzetti ,
10
 the pioneer in rheological testing in the 

field of rubber technology. His instrument, shown in Fig. 6, consisted of a 

cylinder with a conical bot tom terminating in a hole through which the 

sample was extruded by compressed air. A loose fitting piston on top of the 

sample prevents the air from channeling through to the delivery hole. The 

required heating period of one-half hour is a disadvantage of this type of 

viscometer. 

The extrusion rates employed by Marzetti were quite slow; and the con-

ical shape of the exit makes accurate computation of true viscosity im-

possible. Nevertheless, the instrument served to obtain a considerable body 

8
 G. G. Hamm, Thesis, Naamloze Vennoctschap, W . D . Meinema, Delft (1946). 
9
 S. Eccher, Ind. Eng. Chem. 43, 479 (1951). 

1(
> B . Marzetti , India Rubber World 6 8 , 776 (1923). 
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F I G . 7. The extrusion plastometer of Dil lon. [From J. H . Dil lon, Physics 7, 73 
(1936); Rubber Chem. and Technol. 9, 496 (1936).] 

of relative quantitative data on the viscosity of various raw rubbers and 

mixes in various stages of processing. 

A number of other extrusion viscometers have been used by other in-

vestigators.
1 1
"

14 

The most elaborate, and at the same time the most practical plastometer 

in many ways is the Dil lon
14
 extrusion plastometer, shown in Fig. 7. All 

mechanical movements are powered with compressed air, including the 

operation of charging the hemispherical extrusion chamber with the sample. 

Electric switches on the extrusion ram automatically record the time of 

extrusion of a fixed volume. 

The M c K e e Worker viscometer
15
 has the advantage that, unlike other 

extrusion instruments, it can bring the sample essentially to a state of 

thixotropic breakdown. This is accomplished by pushing the sample back 

and fourth any number of times through one or several holes in a plate 

dividing the extrusion cylinder into two halves. The pistons, one in each 

half of the cylinder, are mechanically driven at a controlled speed, the re-

quired force being observed. 

3. C O M P R E S S I O N I N S T R U M E N T S 

In the viscometers of the compression type, a sample, initially in the 

form of a small pellet, is pressed between flat plates under a given load. The 
11
 R . W . Griffiths, Trans. Inst. Rubber Ind. 1, 308 (1926). 

12
 J. Behre, Kautschuk 8, 2, 167 (1932); Rubber Chem. and Technol. 6, 244 (1933). 

13
 J. H. Dillon and N . Johnston, Physics 4, 225 (1933); Rubber Chem. and Tech-

nol. 7, 248 (1934). 
14
 J. H . Dillon, Physics 7, 73 (1936); Rubber Chem. and Technol. 9, 496 (1936). 

1 5
 S. A. M c K e e and H. S. White, J. Research Natl. Bureau Standards 46, 18 (1951). 
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thickness of the sample after a given compression time is generally taken 

as a measure of its plasticity. 

The Williams plastometer
16
 was the first instrument of this type to be 

used extensively. It consists essentially of a flat base plate and a 5-kg. 

weight mounted on guides to hold it straight. The standard procedure 

adopted by Williams was to use a 2-ccm. sample which was preheated and 

then pressed for 5 min. at 100° C. In order to keep the sample from sticking 

to the plastometer plates the sample is usually placed between sheets of rice 

paper or other thin sheet material. Garner
17
 has reported slight slippage in 

some cases when the sample was in direct contact with the plates. 

Elastic recovery is measured by the height of the sample a minute or 

more after removal from the plastometer. A test is not considered satis-

factory if the compressed height and the recovered height are not both 

considerably less than the initial sample height. 

M a n y minor variations of the Williams plastometer have been devel-

oped,
1 8

"
21
 and there is another series of compression instruments

2 2
"

25
 in which 

a small table or a pair of small plates is used with a sample of initial di-

ameter equal to or greater than the table or plate diameter. In these designs 

the deforming pressure remains constant during the test. DeVries
26
 reports 

difficulties with this test because of variability in the behavior and effects 

of the ring of extruded sample around the edge of the table. 

T w o invest igators
2 5 , 26

 have described compression plastometers with 

accessories which permit converting into various forms at will. 

A variation in testing procedure, the Defo method, much used in Ger-

many involves two or more tests with different compressing loads which 

permit interpolation to that load required to compress the sample to the 

standard compressed thickness in the standard time. The details, as given 

b y Baader
25
 are: Sample form, circular cylinder 1 cm. in diameter and 1 cm. 

in height; compressed to 0.4 cm. in height in 30 sec. at 80° C. Preheating 

period 20 min. Recovery height measured at 30 sec. after release. A more 

1 6
 I. Williams, Ind. Eng. Chem. 16, 362 (1924). 

17
 T . L. Garner, India-Rubber J. 78, 20 (1929). 

18
 J. Hoekstra, Physics 4, 285 (1933); Rubber Chem. and Technol. 7, 136 (1934). 

1 9
 R . Houwink and P. N . Heinze, Ind. Eng. Chem. Anal. Ed. 10, 689 (1938). 

2 0
 H . Hagen, Kautschuk 14, 203 (1938). 

2 1
 W. Ν . Keen, India Rubber World 110, 174 (1944). 

2 2
 W . de Wisser, "The Calender Effect and the Shrinkage of Unvulcanized Rub-

ber ." Crosby Lockwood & Son, London, 1926. 
2 3
 A van Rossem and H. van der Meijden, Kautschuk 3, 369 (1927); Rubber Chem. 

and Technol. 1, 393 (1928). 
2 4
 E . Karrer, J. M . Davies, and E. O. Dieterich, Ind. Eng. Chem. Anal. Ed. 2, 96 

(1930); Rubber Chem. and Technol. 3, 295 (1930). 
2 5
 T . Baader, Kautschuk 14, 223 (1938). 

*
6
 O. de Vries, India-Rubber J. 75, 429 (1928). 
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detailed description and critical analysis of the Defo plastometer has been 

published by Whor low.
27 

The problem considered here is that of computing viscosities from the 

raw data of observation given b y the three types of testing instruments 

described in the previous section. 

1. R O T A T I O N A L I N S T R U M E N T S 

For a coaxial rotating cylinder viscometer of small intercylinder clear-

ance, the well-known formulas are: 

where g is the rate of shear, r the shearing stress, Ri and J?2 the radii of 

the inner and outer cylinder, respectively, L their length, Ω the angular 

rotor velocity, and C the driving torque. The viscosity is 

The rubber rheometer lends itself also to another rheological measure-

ment. The autographic traces of the elastic recovery show at the beginning 

a few rapidly damped oscillations superimposed on the recovery curve. 

From the frequency and damping rate it is possible to calculate the dy-

namic shear modules and viscosity for the observed frequency and ampli-

tude. The reader is referred to the published article
2
 for the theoretical 

formulas for dynamic viscosity and modulus.
28 

27
 R . W . Whorlow, J. Rubber Research 18, 51 (1949). 

2 8
 Dillon and Coope r

29
 have criticized the use of these equations in this application 

on the grounds that the equations assume constant viscosity although the sample 
shows large variations in viscosity with rate of shear. In reply to this criticism it can 
be said that the viscosity variation is established for continuous, unidirectional shear; 
but whether the viscosity of Hevea rubber varies under shear oscillations of small 
amplitude is not known. Data reported b y Marv in

30
 on polyisobutylene show constant 

viscosity in oscillation in the frequency range 0.0016 to 16 c.p.s. at 25° C. The fre-
quency in the author's oscillation test was approximately 100 c.p.s. On the basis of 
our present limited knowledge, the assumption of constant viscosity of Hevea in 
shear oscillations at the frequency concerned is probably as good as any that can be 
suggested. 

2 9
 J. H . Dillon and L. V . Cooper, Rubber Age Ν. Y. 41, 306 (1937). 

3 0
 R . S. Marvin, National Bureau of Standards, Interim Report on the Coopera-

tive Program on Dynamic Testing (1951). 

III. Viscometric Theory 

g = Ω 
fi2

2
 + FIX

2 

Ä2
2
 - ÄL

2 

(D 

( 2 ) 
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The viscometric theory of the disk and the biconical rotor viscometer is 

complicated by the geometry of the boundary conditions. As a practical 

procedure it is convenient to assume the Porter-Rao power law of fluidity, 

9 = fr" (3) 

where g is the steady rate of shear, Τ the shearing stress, and / and η are 

material constants. On this basis Piper and Scot t
7
 have analyzed the bi-

conical viscometer, their results being expressible in the form 

where C is the driving torque, Ω the rotor angular velocity, λ is R1/R2 and 

a, p, Ri and R2 are as indicated in Fig. 5. 

If it is found experimentally that C is proportional to Ω
1 /η

 the above 

equation then serves to determine / and n. However, if the logarithmic plot 

of C vs. Ω is not strictly linear, a more elaborate computation procedure is 

required to obtain the true g — Τ relationship. 

If we identify g as Ω/α, then the above equation is equivalent to 

9 = 
Ω 

(5) 
7
 " 47ΓΡ

3
 / ~ _ 1 

N o w for any chosen value of Ω the local value of η can be determined 

graphically from the logarithmic C — Ω plot. The corresponding stress, r, 

can then be computed from equation (5), and a point on the rheological 

curve is thereby determined. The computation can be repeated for other 

values of Ω, and the complete experimental g — τ curve is thus obtained. 

An analysis of the disk viscometer by the method of Piper and Scott 

leads to the torque equation 

C = 
3 1 1 - X -

η 

(6) 

where Ri is the rotor radius, R2 the stator radius, λ is R1/R2, b is the rotor 

thickness, and h is the clearance, top or bot tom, between rotor and stator. 

Corresponding to equations (5) we have in this case 
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9 h 

C 
(7) 

r 47Γβΐ' 4:wnbRih 

3 + i 
n 

1 ' 1 - λ
2η 

Computation of the g — τ curve would proceed in the manner described 

in connection with equations (5) . 

With regard to the fluidity power law stated by equation (3), the point 

is sometimes made that the law is probably not valid in the limit as the 

stress approaches zero. N o doubt, this criticism is correct. However, from 

a practical point of view it is not important; for the absolute error in the 

postulated fluidity at low stress is small and has a very small or negligible 

effect in the computations outlined above. 

2 . E X T R U S I O N I N S T R U M E N T S 

Several extrusion plastometers have been used with dies which were of 

conical form or were short in comparison with their diameters. The vis-

cometric theory of such instruments will not be attempted, the theory which 

follows being limited to dies or delivery tubes of uniform circular section 

and of considerable length. 

The published data on the extrusion of rubbers usually cover variations 

in pressure, sometimes variations in temperature, but only rarely do they 

cover variations in tube diameter and length. This is regrettable, because 

measurements that have been made with two or more tube lengths show 

that the entrance pressure drop in the extrusion of rubbers is very high, 

sometimes as much as half the total extrusion pressure. Consequently, the 

pressure drop within the extrusion tube remains unknown when only a 

single tube length is used ; and viscosities cannot be accurately computed 

from such limited data. In particular it may be noted that if a pressure-

efflux curve has a positive intercept on the pressure axis, it cannot be con-

cluded that the flowing material within the extrusion tube has a yield point. 

It is more likely that the rubber is thixotropic and has a yield point for 

initial flow within the extrusion chamber. 

For the flow in the lower section of an extrusion tube within which there 

is no further thixotropic or elastic change, the viscometric equation can be 

obtained for any liquid, Newtonian or non-Newtonian. The equation, first 

published by Rabinowitsch
3 1

, can be written in the form 

(8) 

31
 R . Rabinowitsch, Z. physik. Chem. A145, 1 (1929). 
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where g is the rate of shear at the tube wall, τ is the shear stress at the tube 

wall, Ε is the reduced efflux, Q/πα
8
, Q being the volume of flow per unit 

time, and a the tube radius, τ is given by the well-known expression 

aP/2L, Ρ being the pressure drop in the tube and L the tube length. 

3. C O M P R E S S I O N P L A S T O M E T E R S 

In all the published theories of the compression plastometer, in either the 

plate or table form, thixotropy is neglected; it is assumed that at all points 

in the sample at all times the stress-rate of strain relationship is that cor-

responding to a steady state of continuous deformation at the instantaneous 

local rate. This is a highly questionable assumption when the deformation 

is so limited and is so variable in time and space. Other, more acceptable, 

assumptions are, first, that there is no slip of the sample on the compressing 

surfaces and, second, that the vertical component of the velocity can be 

neglected except insofar as it requires and determines the net radial flow 

as a function of the radius. 

For a Newtonian liquid in a plate plastometer Stefan
32
 deduced the 

formula 

I _ JL = S t M
^ (Q) 

¥ Ao4 3iy7* V ; 

where h0 is the initial height of the sample, h its height at time t, M is the 

compressing weight, g the acceleration of gravity, η the viscosity, and V 

the sample volume. 

In application to the table form of compression plastometer with a con-

stant sample area, Martin
33
 quotes a formula for a Newtonian liquid 

derived by Taylor .
34 

I - λ = do) 
h

2
 h0

2
 3τα*η

 v 

where a is the diameter of the table. 

In more recent analyses Peek
35
 and Scot t

36
 have derived equations based 

on the assumed flow law 

(ID 

where F, n, and η0 are material constants. The equations are complicated 

and have not been frequently used. For the case Y = 0 Scot t
36
 has more 

3 2
 M . J. Stefan, Sitzber. Akad. Wiss. Wien. Math. Naturw. Kl. Abt. II 69, 713 (1869). 

3 3
 G. Martin, Trans. Inst. Rubber Ind. 6, 298 (1930). 

34
 G. S. Taylor , Proc. Roy. Soc. (London) 108, 12 (1925). 

3 5
 R . L. Peek, Jr., J. Rheol. 3, 345 (1932). 

3 6
 J. R . Scott , Trans. Inst. Rubber Ind. 10, 481 (1935); Rubber Chem. and Technol. 

8, 587 (1935). 
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recently published the theoretical results in a simplified form and has 

included curves of some parametric functions required in computations. 

All these theoretical equations are usually ignored by those who use 

compression plastometers, their results normally being reported simply as 

the sample height or as certain height ratios after a given compression 

time. 

IV. Elastic Recovery 

Most rheological testing devices used for elastomers permit some kind of 

measurement of elastic recovery after the sample is released, but the rubber 

rheometer is the only one that yields a figure representing the degree of 

recovery in a simple, homogeneous recovery deformation. The figure is the 

simple shear recovery 

y* = (>rW^R? (12) 

where 0 r is the observed reverse rotation of the rotor, and Ri and R2 are 

as defined for equation (1) . 

The Piper and Scot t
7
 biconical viscometer, if used in recovery tests, 

would give an approximate value for simple shear recovery. There is some 

error arising from two facts. First, the edge effect, represented by the last 

term in equation (4) is not small, and, second, the rate of shear in the edge 

region is not uniform. 

A measurement closely related to elastic recovery has been used by Blow 

and Schofield
37
 with the Mooney viscometer. After completing a viscosity 

test and stopping the motor, they leave the sample in the instrument and 

observed the decay of stress in the sample as indicated by the falling of the 

dial reading. The figure which they use as significant is the ratio V/R, 

where V is the standard viscosity reading and R is the decayed reading at 

60 sec. after stopping the motor. This ratio is inversely related to elastic 

recovery as directly measured. 

Elastic recovery in an extrusion test, or extrusion swell, is measured by 

the diameter of the extruded worm relative to the diameter of the delivery 

tube. Extrusion swell has been analyzed by Spencer and Dillon,
38
 but the 

type of shearing deformation they assume to exist in the sample at exit 

could only lead to a telescopic elastic deformation after exit, not to longi-

tudinal contraction and diametric swell. Their agreement with experi-

mental results must be fortuitous or, more likely, result from relationships 

among some factors in the extrusion test that are not yet understood. 
37
 C. M . Blow and J. R . Schofield, Rubber Chem. and Technol. 23, 601 (1950); "Prin-

ciples of Rheological Measurement," published for the British Rheologists Club, 
Nelson, London. 

38
 R . S. Spencer and R , E . Dillon, J. Colloid Sei. 3, 163 (1948). 
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Those who use compression plastometers use different methods for ex-

pressing the elastic recovery in terms of the data of observation. Since the 

recovery, like the deformation, is nonuniform, any compression recovery 

figure is an average value. 

V . Surface Sl ip 

In the Introduction it was indicated that slippage of raw stocks on hot 

metal surfaces is known to occur but is slow and difficult to measure. T w o 

different experimental approaches to this problem have recently given posi-

tive results. One approach involves such a series of test conditions as to 

apparatus dimensions that it becomes possible to distinguish between the 

effects of the shearing deformation and the surface slip on the total ob-

served movement. The other approach involves paired measurements with 

the same apparatus dimensions but with smooth and roughened surfaces, 

respectively, in contact with the test material. 

An application of the first method, involving extrusion measurements 

with dies of different lengths and diameters, was mentioned in the paper by 

Mooney and Black.
39
 The theory of the slip calculations has been published 

by M o o n e y .
40 

As an example of the second method of measuring slip, recent data by 

Decker and Ro th
41
 may be cited. Measurements were made with a standard 

serrated rotor and with a smooth rotor in the Mooney viscometer. Lower 

torque readings with the smooth rotor when observed can be attributed to 

surface slip. 

The computation of absolute slip velocity requires experimental data over 

a range of rotor speeds. The theory has been developed by the present 

writer, but not yet published. Here, however, the results will be stated. The 

theory assumes that the slip velocity obeys a power law similar to equation 

(3) ; thus 

ν = sr
p 

where ν is the slip velocity, r is the surface shearing stress, <and s and ρ are 

material constants characteristic of the elastomer and the surface on which 

it is slipping. 

The complex geometry makes a solution in closed form impossible. T w o 

different power series solutions are developed, to the first approximation 

only, one value for small slip and the other for large slip. For the inter-

mediate range, where the slip velocity is of the order of the displacement 

velocity associated with shear, no solution of satisfactory precision has 

been obtained. The solutions for the two extreme cases are: 

3 9
 M . Mooney and S. A. Black, J. Colloid Sei. 7, 204 (1952). 

4 0
 M . Mooney , J. Rheol. 2, 210 (1931). 

41
 G. E . Decker and F. L. Roth , India Rubber World 128, 339 (1953). 



M . M O O N E Y 

(i) for small slip velocity, 

nRMCo - C)Fi 
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Ri, # 2 , b, and Ω are as defined for equations (1) . C and C 0 are the ob-

served torques at rotor velocity Ω with and without slip, respectively; that 

is, with the smooth and the serrated rotors, respectively. 

(it) for large slip velocity 
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FIG. 8 . The slip velocity computation factor Fi of equations ( 1 4 . 1 ) and ( 1 5 . 1 ) for 
small slip velocity, μ = p/n — 1. ρ and η are the exponents in the slip veloci ty and 
the fluidity power laws, respectively. 

Ω and Ω0 are the rotor velocities at torque C with and without slip, re-

spectively. 

The values of η and ρ can be determined from logarithmic plots of ob-

servable data. Thus, according to equations not included in this summary, 

for no slip C = const Χ Ω
1 /η 

for small slip C0 - C = const X ti
(p+1)/n

 (18) 

for large slip C = const Χ Ω
1 /ρ 

For convenience in computing slip, Figs. 8 to 11 give in graphical form 

the values of the F-I actors in equations (15) and (17) for a limited range 

of the parameters η and ρ and for the instrument dimensions of the standard 

Mooney viscometer. 

An analysis similar to the one summarized here can be made also for the 
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F2 

.7 
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TL 

F I G . 9. The shear stress computation factor F2 of equ ations ( 1 4 . 2 ) and ( 1 5 . 2 ) fo 

small slip velocity, η is the exponent in the fluidity power law. 

bioconical rotor of Piper and Scott, but in slip measurements the biconical 

form loses its advantage relative to the disk form. 

V I . Experimental Results 

1. T H E F L U I D I T Y O R F L O W C U R V E 

Many rheological measurements on rubbers have been reported which 

consist of single observations under arbitrarily chosen test conditions. Such 

measurements are inadequate for determining the viscosity function of a 

non-Newtonian liquid. 

The first published data giving rheological curves for elastomer are those 

obtained by M o o n e y
2
 in measurements on Hevea rubbers in the rubber 

rheometer. As was explained above in Section III , 1, there is thixotropic 

recovery during the rest periods in this weight-driven instrument; and the 

initial rotor velocity within a driving period is low. Figure 12 shows a curve 

of velocity vs. angle of rotation after the driving weight starts falling. It is 

seen that in this case the initial velocity is only i/fn of the final, constant 

velocity. 

Figure 13 shows in curve A, the rheological curve of the steady-state rate 

of shear vs. shearing stress for a sample of slightly milled Hevea Pale Crepe 

tested at 100° C .
42
 In addition to this curve obtained by Mooney , several 

other curves are shown which were obtained b y Hamm,
8
 Scott and Whor-

low,
43
 Saunders and Treloar,

44
 and Eccher.

9
 All of these investigators used 

rotational instruments which yielded absolute flow data. 

42
 A slight revision has been made here to correct a scale error in Mooney ' s original 

curve. 
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Π 

F I G . 10. The slip veloci ty computation factor Fd of equations (16.1) and (17.1) 
for large slip velocity, μ = p/n — 1. ρ and η are the exponents in the slip veloci ty 
and the fluidity power laws, respectively. 

These various curves are in fair agreement as to general form except at 

stresses below 10
4
 dynes /cm.

2
 where the slopes of the two curves extending 

so far are quite different. Mooney ' s limiting slope is roughly 2, while Scott 

and Whor low's
43
 is roughly 1. Scott and Whorlow attribute this difference 

to the friction of the pressure collars in Mooney ' s apparatus; but this is an 

incorrect conclusion. It apparently results from Mooney ' s failure to state 

clearly that when using the smaller driving weights the pressure collars 14 

and 15 (Fig. 1) were removed from contact with the rotor. The bearing 

frictions that remained are too small to explain the discrepancy between 

the curves in Fig. 13. In view of the different milling treatments of the two 

samples concerned, it is probable that the samples are truly different in 

their rheological curves. 

I t is necessary to refute also another criticism of Mooney ' s results offered 

by Scott and Whor low,
43
 based on their computation of the temperature 

rise caused b y energy dissipation by viscosity in the sample. Their compu-

tation is for the steady-state temperature rise after constant rotation for an 

4 3
 J. R . Scott and R . W . Whorlow, Proc. 2nd Rubber Technol. Conf., London p . 244 

(1948); Rubber Chem. and Technol. 23, 683 (1950). 
4 4
 D . W . Saunders and L. R . G. Treloar, Trans. Inst. Rubber Ind. 24, 92 (1948). 
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2 4 6 8 
τ ι 

F I G . 11. The shear stress computation factor F 4 of equations (16.2) and (17.2) 

for large slip velocity, η is the exponent in the fluidity power law. 

3 0 0 1 1 1 1 1 

0 2 0 0 4 0 0 6 0 0 

Θ,
 0 

F I G . 1 2 . Angular rotor veloci ty, 0, versus angle of rotation, 0 , in the rubber 

rheometer. Hevea Pale Crepe, milled 5 min., tested at 100 °C . Shear = . 1620° . 

indefinite period. However, in M o o n e y e measurements at the higher rates 

of shear the driving weight hits the flow long before a steady temperature 

could be reached. If we assume that there is temperature equilibrium when 

the driving weight begins to fall, and none of the heat generated is lost by 

conduction, then the computed temperature rise under 100 lb. driving load 

is 6° C. after one rotor revolution by which time the rotor velocity has be-

come constant. In view of the relatively low temperature coefficient of 

viscosity and the low experimental precision under the conditions con-

sidered here, this temperature rise does not require any significant correction 

to the published data. 

The continuously increasing slope of the rate of shear curves at high 

stresses in Fig. 13 suggests the possibility of an upper limit to the stress 

that can be sustained by the test material. A weight-driven instrument is 

not so well suited to test this point as is an instrument with controlled, 

imposed speed and a measured stress. 

. 8 0 
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F I G . 13 . Logarithmic steady state flow curves, rate of shear, g, s e c .
- 1

, vs. shear 
stress, τ, dynes /cm.

2
. 

1. Smoked sheet passed 6 0 times through tight mill, tested at 8 0 ° C . (Eccher) 
2 . Smoked sheet milled 6 0 min. 1 0 0 ° C . (Piper and Scott) 

3 . Smoked sheet milled, 1 0 0 ° C . (Saunders and Treloar) 

4 . Pale crepe milled 1 2 min. 9 0 ° C . (Hamm) 

5 . Pale crepe milled 3 0 min. 1 4 0 ° C . (Mooney) 
6 . Pale crepe milled 5 min. 1 0 0 ° C . (Mooney) 

These requirements are met by a Mooney viscometer with a multispeed 

drive, as used by Decker and Roth .
41
 The curves obtained with Hevea, 

GR-S and G R - I rubbers of various viscosities are reproduced in Figs. 14 

and 15. Four of these curves, N o . 1 GR- I and Nos. 1, 2, and 3 Hevea, have 

apparently reached an upper limit of Mooney torque reading at a rotor 

speed of 1 r.p.m. 

It is true that the Mooney reading represents an average viscosity or 

average shear stress; but even so, the leveling of these curves still proves 

that in the samples referred to there is an upper limit to the shearing stress 

that the sample can develop under any rate of shear. It is to be noted, on 

the other hand, that other curves in Figs. 14 and 15 fail to reach a maximum 

within the range of the measurements; and if stress maxima exist for these 

other samples they must lie at higher stresses and rates of shear. 
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For a Mooney reading of 100, the mean shear stress on the rotor surface 

is 2 megadynes-cm.
2
. The upper limit of the shear stress for the samples in 

Fig. 14 is therefore in good agreement with the upper limit indicated b y 

Mooney ' s curve in Fig. 13. 

A question might be raised regarding heat dissipation and temperature 

rise in the sample at the higher rotor speeds in the Mooney viscometer. 

Decker and Ro th
41
 do not discuss this point; but similar curves have been 

obtained in the writer's laboratory by a procedure in which the viscosity at 

high speeds is read as quickly as possible, before the sample has had time to 

heat up appreciably. Thus, at the highest speed of about 40 r.p.m. the 

reading can be made in 2 to 3 sec. Presumably, some such procedure was 

used by Decker and Roth. 

Some recent rheological curves for Hevea published by Whor low
45
 show 

minor differences in the form of the curves, depending on the previous treat-

ment of the sample. Cold-milled rubbers showed smaller slopes of log stress 

4 5
 R . W. Whorlow, Research Assoc. Brit. Rubber Mfrs. Research Rept. N o . 68, 

(1952); Rubber Chem. and Technol. 27, 20 (1954). 
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L o g rotor speed in R . R M . 

F I G . 15. Mooney viscosity reading vs. rotor r.p.m., 100°C. Curves 1 and 2 are for 
pale crepe and smoked sheet as taken from the bale; 3 is for slightly masticated 
smoked sheet; 4 is for x-603 GR-S mill-massed according to the procedure given in 
the

 1
'Specifications for Government Synthetic Rubbers ; " and 5 is for well masticated 

pale crepe. [From G. E . Decker and F. L . Ro th , India Rubber World 128, 339 (1953).] 

vs. log strain rate, with numerous crossovers when such curves were plotted 

on the same graph with curves for hot-milled rubbers. 

The effect of temperature on the fluidity of Hevea is shown in the family 

of curves in Fig. 16, obtained by Mooney .
2
 The irregularities and slight 

maxima in some of the curves might seem to be the spurious results of ex-

perimental error, but they have been observed with other rubbers also, 

particularly with rubbers of high viscosity and low tack. It appears that 

such rubber exhibit a phenomenon at given stress and temperature which 

might well be described as partial failure b y internal tearing. The phenom-

enon disappears at a higher temperature because of the resulting increase 

in tack. This view is supported by experimental results in tack testing. 

Beckwith et αΖ.,
46
 and Beaven et al*

7
 have found that the maximum ad-

4 6
 R . K . Beckwith, L. M . Welch, J. F. Nelson, A. L. Chaney, and E. A. McCracken, 

Ind. Eng. Chem. 41, 2247 (1949). 
47
 E . W . Beaver, P. Q. Croft-White, P . J. Garner, and G. Rooney , Proc. 2nd Rubber 

Technol. Conf. London, p. 224 (1948) ; Rubber Chem. and Technol. 23, 719 (1950). 
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hesion of a tacky surface does not develop immediately on contact but re-

quires a measurable time. 

Smallwood
48
 has analyzed the data of Fig. 16 in terms of Eyring's non-

linear theory of viscosity. The energy of flow activation is found to be 

10.2 kcal. /mol. Other features of Smallwood's theoretical work will be dis-

cussed in a later section. 

Rheological curves have been published for relatively few of the many 

synthetic elastomers now in commercial use. A number of unpublished 

curves obtained in the author's laboratory have the same general shape as 

the curves for Hevea; and some of them show similar irregularities in the 

variations with temperature and stress. GR-S , however, gives at least in 

some cases a curve of a different character in that the logarithmic plot of 

the flow data within the experimental range yield a straight line. Thus 

these curves agree with the fluidity power law of equation (3) . This was 

found by Treloar,
49
 whose results are shown in Fig. 17 for a range of tem-

perature and rate of shear. The value of η for all temperatures is approxi-

mately 4.0. The heat of activation is 10.0 to 10.5 kcal., showing a slight 

variation with the applied shear stress. Similarly in Fig. 15, the GR-S data 

4 8
 Η. M . Smallwood, J. Appl. Phys. 8, 505 (1937). 

4 9
 L. R . G. Treloar, Trans. Inst-Rubber Ind. 26, 167 (1949) ; Rubber Chem. and Tech-

nol. 23, 347 (1950). 
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F I G . 17 . Logarithmic flow curves for G R - S . [From L. R . G. Treolar, Trans. Inst, 
Rubber Ind. 25, 167 ( 1 9 4 9 ) ; Rubber Chem. and Technol. 23, 3 4 7 ( 1 9 5 0 ) . ] 

give a straight line, the value of η being 3.8 in this case. The curves in Fig. 

15 are not true rheological curves; but if a graph is straight in this Figure 

the corresponding rheogram also must be straight. 

I t must be added, however, that some unpublished data by the present 

author on GR-S shows curvature at higher rates of shear, in conformity 

with other elastomers. Furthermore, data on GR-S obtained b y Bestul et 

al.
50
 show a slight but continuous curvature. The fact that their data are 

plotted as viscosity instead of shear rate against shear stress cannot account 

for the curvature. W e must conclude that while some GR-S samples follow 

the fluidity power law within a limited range in the test conditions, this law 

cannot be considered valid for all GR-S samples or for all test conditions. 

Of the many published flow curves obtained with extrusion viscometers, 

only those published by Mooney and Black
39
 make allowance for the en-

trance pressure drop ahead of the delivery tube and give the true stress 

within the tube. T w o sets of curves for Hevea and GR-S from this report 

are shown in Figs. 18 and 19. The materials tested were Hevea smoked 

sheet, broken down to Mooney viscosities 48 and 18; GR-S of Mooney vis-

cosity 40 at 250° F., and a group of GR-S mixes with four different fillers. 
5 0

 A . B . Bestul, G. E . Decker, and H . S. White, Research Natl. Bur. Standards 
46, 2 8 3 ( 1 9 5 1 ) . 
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F I G . 18. Shear stress, τ , in megadynes/cm.
2
, vs. characteristic efflux, fr
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/(η + 3) 

for smoked sheet. [From M . Mooney and S. A . Black, / . Colloid Sei. 7, 204 (1952).] 
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The shearing stress at the wall is in the range from 1 to 7 megadynes/cm.
2
. 

I t thus overlaps and extends beyond the stresses developed in the rotational 

viscometer measurements presented above. The rates of shear at the wall 

are considerably higher, reaching values above 10
4
 rad./sec. The rate of 

shear itself is not shown by the graphs; but it can be computed from the 

indicated characteristic efflux by means of equation (8) . 

It is clear that the data give in most cases roughly straight lines; but as 

the authors point out, η generally increases slightly with increasing efflux. 

The Hevea curves of Fig. 18 are in rough agreement in the region of overlap 

with those of Figs. 13 and 16. The over-all value of η for GR-S with no filler, 

4.2, is in agreement with the values found by Treloar
49
 and by Decker and 

Roth .
41
 The absolute shear rates, on the other hand, are not in good agree-

ment, the rate at 1 megadyne/cm.
2
 for curve 1 of Fig. 15 being 3 times the 

corresponding rate in Fig. 13. 

T w o investigations, those of Eccher
9
 and Bestul et al.

b0
 have established 

agreement between the extrusion method and the rotation method, in spite 

of failure to allow for the entrance pressure drop in extrusion; but in both 

cases the rubber shortly before extrusion had been subjected to large, fairly 

rapid deformations. The agreement obtained in these two investigations 

supports the view that the large entrance pressure drop found by Mooney 

and Black
39
 was largely due to thixotropy. 

Nearly all published data on rubbers obtained with compression plastom-

eters consist of single-point measurements of compressed thickness and 

recovered thickness after a single standardized procedure. The viscosity can 
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F I G . 19. Shear stress, r, in megadynes/cm.
2
, vs. characteristic efflux, / τ
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for GR-S with various fillers. [From M . Mooney and S. A. Black, J. Colloid Sei. 7, 
204 (1952).] 

Curve Feature ML -4 250° η f 

1 N o Filler 40 4 .2 4.0 X 10~
26 

2 Kosmos 40 Black 44 3.5 2.5 Χ 10~
22 

3 Shawinigan Black 49 6.4 5.1 X 10~
22 

4 Celite 322 50 3.5 2.8 Χ 10"
22 

5 Gilder's Whiting 36 3.6 1.1 X 10~
22 

be computed from such data only if the test material is Newtonian. Ho\v-

ever, a few investigations have been reported in which the compression-time 

curves were obtained. Notable among such investigations are those reported 

by Martin,
33
 Scott ,

51
 and the Research Association of British Rubber Manu-

facturers.
52
 Martin, using data obtained by Van Rossem, showed that a 

particular sample of Hevea at 70° C. followed closely Taylor 's equation 

(10), based on Newtonian viscosity. Scott, using the plate plastometer, 

found that much of his data required a more general equation, based on the 

plasticity power law of equation (11). However, the existence of a positive 

yield value, Y, is later questioned, at least for unmixed rubbers, in the 

general discussion of plasticity measurements by Scott and Whor low.
43
 It 

seems that thixotropic effects, discussed above in Section III , 3, were more 

important in Scott 's measurements than was realized at the time. In the 

anonymous report for the Research Association of British Rubber Manu-

facturers
52
 data are reported which, when plotted, agree well in most cases 

with equation (11) with Y = 0, that is, with equation (3) . Test temperature 

was 100° C. The values of the exponent η vary from 1.1 and 1.2, for mas-

ticated Hevea of Mooney viscosities 8.5 and 3 0 , respectively, up to 7.2 for 

a GR-S carbon black mix. The low values indicate almost Newtonian be-

havior. 

Among the samples here referred to is a sample of Hevea "masticated 15 

5 1
 J. R . Scott , Trans. Inst. Rubber Ind. 7, 169 (1931). 

52
 Research Assoc. Brit. Rubber Mfrs. Rept. N o . 216 (1944); Rubber Chem. and 

Technol. 18, 877 (1945). 
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min." of Mooney viscosity 54. In order to compare the rheological data on 

this sample with the curves of Fig. 13, the values of Y and η in the fluidity 

power law were computed by Peek's theory.
34
 The corresponding linear 

graph is shown by the dotted line in Fig. 13. The agreement with the curve 

by Scott and Whor low
43
 is good; but the agreement is perhaps fortuitous, 

since it is doubtful that the two samples concerned were closely alike, the 

milling treatments being considerably different. 

T w o different studies have been reported on the viscosity of polyiso-

butylene at very low shear stresses as a function of mean molecular weight. 

Fox and Flory
53
 used a coaxial falling-cylinder viscometer, while Van Holde 

and Williams
54
 used a sandwich shearing viscometer. In either of these 

instruments the extent of deformation is extremely limited. After allowing 

for elastic deformation, the observed flow was found to be Newtonian for 

low molecular weight and high temperature, and non-Newtonian for high 

molecular weight and low temperature; but in the latter case the viscosity 

data extrapolated easily to a limiting finite viscosity at zero shear stress. 

Results obtained in the two investigations were in good agreement, as is 

shown by Fig. 20, taken from the Van Holde and Williams report. The vis-

cosity data are best fitted by an equation proposed by Leaderman et α/.
55 

log η = - 1 4 . 4 4 + 3.14 log Mw + .504 X 10
ß
/T

2
 (19) 

where Mw is the weight average molecular weight and Τ is the temperature. 

The range in Mw is from 10
5
 to 10

6
. 

The many results that have been reviewed here on the form of the flow 

curves for raw elastomers can be summarized in the following statements: 

(1) Elastomers are non-Newtonian when examined over a wide range in 

rate of shear. 

(2) GR-S obeys the fluidity power law, with n ~ 4, for shear stresses 

from 0.3 to 1.5 megadynes/cm.
2
 but shows an increase in n at higher 

stresses. 

(3) The chosen samples of Hevea show a nearly constant slope, or n, in 

the stress range from 3 Χ 10
3
 to 3 Χ 10

5
 dyes/cm.

2
, but a slope that 

increases more and more rapidly with stress at higher stresses. 

(4) There are indications that Hevea of moderate or high Mooney vis-

cosity has an infinite slope at a finite shear stress ; and an upper limit 

to the shear stress it can support. 

(5) The heat of activation of viscous flow for Hevea or GR-S is approxi-

mately 10 kcal. /mol. 
0 3
 T . G. Fox, Jr., and P. J. î ^ory , Am. Chem. Soc. 70, 2384 (1948). 

6 4
 K . E . Van Holde and J. W. Williams, J. Polymer Sei. 11, 243 (1953); Rubber 

Chem. and Technol. 27, 393 (1954). 
5 5
 H . Leaderman, R . G. Smith, and R . W. Jones, Natl. Bur. Standards Rept. 1317, 

Tech. Rept. No . 7 to Office of Naval Research Rheology of Polyisobutylene (1951). 
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5.0 
LOG M w 

6.0 

F I G . 20. Viscosity, η, vs. weight average molecular weight, Mw , of polyiso-
butylene, 35°C. [From Κ. E. Van Holde and J. W. Williams, J. Polymer Sei. 11, 243 
(1953); Rubber Chem. and Technol. 27, 393 (1954).] 

(6) The results of different investigators with Hevea at low stresses are 

not in good agreement and seem to depend considerably on the de-

gree of previous milling of the samples. 

(7) Polisolutylene of molecular weight of the order of 10
5
 shows New-

tonian viscosity at low ratio of shear. The log of the viscosity varies 

2. T E M P E R A T U R E E F F E C T S 

The effect of temperature on the fluidity of one sample of Hevea and of 

GR-S has already been shown in Figures 13, 16, and 17. The Mooney vis-

cosity of several elastomers measured by Ganzhorn and Ebers
86
 is shown in 

Fig. 21, and the viscosity of Hevea smoked sheet, measured by the same 

investigators at three stages of breakdown is shown in Fig. 22. In the latter 

figure a maximum in the viscosity curve for unbroken Smoked Sheet again 

is observed. The irregular forms of all the Hevea curves and some of the 

other curves in these two figures show clearly that the viscous flow of an 

elastomer is a complicated phenomenon in which the thermal activation of 

a molecular rearrangement or slippage process cannot always be the only 

important factor. 

6 6
 G. H . Ganzhorn and E. S. Ebers, private communication. 

as \/T\ 
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150 

F I G . 21. Mooney viscosity at 1.5 min. shearing time, ML-1.5, vs. temperature. 
(Ganzhorn and Ebers) 

1. Perbunan 4. G R - I 
2. Smoked sheet 5. GR-S 
3. Neoprene G N 6. Balata 

3. C O M P A R I S O N O F D I F F E R E N T P L A S T O M E T E R S 

If two plastometers are true viscometers and yield absolute rheological 

data, they can be compared by testing identical samples in each and com-

paring the resulting flow rates or fluidities in the overlap of the experimental 

ranges. Such comparisons by Eccher
9
 and bv Bestul et al.

50
 have been 

discussed in Section V I , 1. 

Another kind of comparison is one in which a series of different stocks is 

measured by a standard procedure in each of two different plastometers. 

Thus the Williams or the Defo compression plastometers, the Dillon ex-

trusion plastometers, and the Mooney or the Scott rotation plastometers 

can all be compared. Many such comparisons have been carried out; but 

it turns out that there is no close correlation between any two instruments 

of different classes. It is only when the stocks tested are similar in character, 

differing only in extent of milling or some other single variable, that there 

exists a close correlation and a conversion factor or conversion curve from 

one instrument reading to another. For each different type of stock, a 
•,-rr , · ι , · ι 13. 33, 43, 51, 52, 57-59 

different curve is obtained. 
6 7
 J. H. Dillon, Ind. Eng. Chem. 26, 345 (1934). 

6 8
 R . W. Whorlow, India-Rubber J. 120, 658 (1951). 
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30 o c 50 70 9 0 Π0 130 

F I G . 22. Mooney viscosity at 1.5 min. shearing time, ML-1.5, vs 
(Ganzhorn and Ebers) 

1. Unbroken smoked sheet 
2. Short plastication 
3. Long plastication 

This is not surprising, in view of the complex rheological nature of elas-

tomers and the radically different rhéologie treatment of the sample in the 

different tests. The Research Association Report 216
52
 shows that the 

correlation between the Williams and M o o n e y plastometers is improved if 

the Williams compression test is carried out at a higher speed. 

Several of these comparison studies examine critically the relative dis-

criminating power of the different test instruments. The broadest study of 

this kind is that by Whor low.
59 

4. T H I X O T R O P Y 

The thixotropy of elastomers has been discussed to some extent in the 

Introduction; an example of thixotropic behavior in Hevea was shown in 

Fig. 6; and the importance of thixotropy in the extrusion and the compres-

sion plastometer was stressed in Sections I I I , 2 and I I I , 3. 

The earliest extensive and systematic published study of thixotropy in 

elastomers is that by Dillon and Cooper .
29
 Using a M o o n e y viscometer, 

these investigators showed that a brief rest period leads always to an initial 

5 9
 R . W . Whorlow, India-Rubber J. 125, 174 (1953) ; Rubber Chem. and Technol. 27, 

248 (1954). 

150 

. temperature. 
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° 5 IO 15 

PERIOD OF SHEARING, m i n u t e s 

F I G . 23. Increment of peak or initial stress reading, after a rest period, above the 
steady reading; Piper and Scott shearing cone viscometer, shear rate 1 s e c .

- 1
. [From 

R . W. Whorlow, India-Rubber J. 125, 252 (1953); Rubber Chem. and Technol. 27, 16 
(1954).] 

high viscosity reading when the driving motor is turned on again. Whor low
4 5

, 

using a Piper and Scott biconical rotor, investigated the effect of the dura-

tion of the rest period on the initial shear-stress increment over the previous 

steady reading. His curves for a masticated smoked sheet sample at three 

different temperatures are shown in Fig. 23. 

Carbon black in a rubber mix leads to greatly increased thixotropy. 

Furthermore the reversible viscosity changes are often complicated by some 

permanent changes resulting from chemical surface reactions between the 

carbon black and the elastomer which may occur during storage, especially 

at high temperatures. A few curves on thixotropic recovery in carbon black 

mixes have been reported by Mullins
60
 and by Whor low.

61 

5. E L A S T I C R E C O V E R Y 

Elastic recovery in radians of simple shear was measured by M o o n e y
2
 as 

a function of recovery time and with various annealing times, t a, during 

6 0
 L. Mullins, J. Phys. & Colloid Chem. 54, 239 (1950). 

6 1
 R . W. Whorlow, India-Rubber J. 125, 252 (1953); Rubber Chem. and Technol. 27, 

16 (1954). 
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ELASTIC RECOVERY 
SMOKED SHEET. MILLED 10 MIN. 
W-Ô0LB.»5«KG 

C O . M'/SEC. 
V

 0 

—tsr—ifcr 
RECOVCRY 

-TAT 

F I G . 24. Elastic recovery in the rubber rheometer vs. recovery time, following 
shear at stress 1.7 megadynes/cm.

2
 and at rate .58 s e c .

- 1
. Logarithmic time scale 

after 5 sec. [From M . Mooney , Physics 7, 413 (1936).] 

RECOVERY TJME . SEC 

F I G . 25. Elastic recovery in the rubber rheometer vs. recovery time. At the two 
temperatures, 80° and 135°C, the previous shear stresses and rates of shear were, 
respectively, 1.05 X 10

6
 and .74 X 10

6
 dynes /cm.

2
, and 1.6 and 1.9 s e c .

- 1
. The an-

nealing time, ta , is the time between stopping the rotor and releasing it. [From M . 
Mooney , Physics 7, 413 (1936).] 

which the deformation was held constant before release. Results with Hevea 

are shown in Figs. 24 and 25. The first figure shows that approximate com-

plete recovery at 100° requires a day or longer. The second figure shows 

that the time required for complete recovery is less at a higher temperature. 

If the logarithm of the recovery at 320 sec. in Fig. 25 is plotted against ta , 

the resulting curve is far from linear. Hence decay of recovery by stress 

relaxation during annealing is not exponential. The initial rate of decay is 

high in comparison with the later rate. This is not surprising, since stress 

relaxation in cured elastomers is far from exponential in form. 

Since stress relaxation is taking place continuously during any continuous 

deformation, it is to be expected that subsequent elastic recovery like the, 

deforming stress during deformation, will increase with the rate of deforma-

tion. This has been shown by Dillon and Johnston,
13
 who measured the 
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elastic recovery of an extruded rod as a function of rate of extrusion. Some 

of their results are shown in Fig. 26. 

A number of curves of elastic recovery vs. previous shearing torque in 

the Mooney viscometer have been obtained in the author's laboratory. In 

many cases the recovery at 1 min. is initially approximately proportional to 

the previous shearing torque; but at high torques the points fall away from 

the linear low toward lower recovery values. However, this degree of sim-

plicity is not the universal rule. Many curves are nonlinear and show 

various irregularities. This work has not reached a stage suitable for a 

detailed report. 

While the problem of computing absolute viscosity from disk viscometer 

data has been solved, as in Section I I I , 1, the corresponding problem for 

elastic recovery in the disk viscometer has not been solved; and a satis-

factory analysis of the recovery irregularities just mentioned is at present 

impossible. 
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I 0
6
d / C M

2
' 

F I G . 2 7 . Slip veloci ty, v, at the wall of a capillary extrusion viscometer vs. shear 

stress at the wall. 1 0 0 ° C . (Parshall and Black) 

M a n y elastic recovery measurements with various instruments under 

arbitrary standard conditions have been made for processing control pur-

poses. They will be discussed later in Section I X . 

6. S U R F A C E S L I P 

In the paper on laws of extrusion by M o o n e y and Black
39
 it was mentioned 

that some experimental data had been obtained which gave consistent 

evidence of surface slip of raw Hevea on smooth steel at 100° C. The data 

referred to, obtained by C. M . Parshall and anlysed by S. A . Black, are 

shown in Fig. 27. The test instrument used was an extrusion viscometer, 

and the method of analysis was that depending on the effect of capillary 

diameter on efflux as developed by Mooney .
29
 The points shown in Fig. 27 

represent slip velocities compuged from smoothed extrusion curves. 

The slip data are not very precise, but two facts seem to be definitely 

indicated. One is that there is measurable slip. The other is that the velocity 

increases rapidly with shear stress, but not at an infinite rate. If slip veloc-

1 0 0 
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T A B L E I 

SLIP VELOCITIES, AT 100° C * 

Metal Surface^ 

,, Steel Chromium Cadmium 

Elastomer Viscosity, M Slip Velocity, cm./sec. 

Y108 G R - I 48 0.006 0.016 0.022 
Gr-I-18 83 0.004 0.008 0.007 
Hevea 107 — 0.005 0.26 
X-672 GR-S 47 0.020 0.082 0.002 
X-603 GR-S 53 0.014 — 0.72 
GR-S 1700 126 0.008 0.014 0.17 
GR-S (A) 124 0.22 0.33 0.47 
GR-S (B) 152 0.20 0.52 0.87 
GR-S (C) 166 0.20 0.22 0.22 

* Blank spaces correspond to indicated negative velocities. A veloci ty less than 
0.01 cm. /sec . is of doubtful significance. 

t The surface shearing stress is roughly 2.3 X 10
4
 M dynes /cm.

2
, M being the vis-

cosity in Mooney units. 

ity, v, is represented by the power law of equation ( 1 3 ) , the slope in Fig. 2 7 

shows that ρ = 7 . 

The implication is that slip may be similar in its mechanism to viscous 

flow; and, like viscous flow, may be a thermally activated process. 

Some data obtained with a smooth and a standard serrated rotor in the 

Mooney viscometer, published by Decker and Roth ,
41
 show in certain 

instances a lower Mooney torque reading with the smooth rotor. The differ-

ence can only be attributed to slippage on the smooth rotor. The computa-

tion of absolute slip velocities by equations ( 1 4 ) or ( 1 6 ) requires measure-

ments with both rotors over a range of rotor speeds. Since the published 

data are limited to a single speed ( 2 r.p.m.) the computations in this case 

cannot be carried out exactly; but it is possible to compute approximately 

single slip values if we assume values for η and p. With η = ρ = 4 , equa-

tions ( 1 4 ) give the slip velocities and shear stresses shown in Table I . 

The dependence of slip velocity on the chemical nature of the surface 

indicates that slip is dependent to some extent on how well the rubber wets 

the surface. 

7 . R H E O L O G I C A L F L O W U N I T S 

When a material containing a continuous, three-dimensional thixotropic 

structure is subjected to continuous deformation, the structure must be 

broken up. At first, the broken units may be very large in comparison with 

molecular dimensions and contain many molecules still held together by 
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forces of appreciable strength. If the shear strength of such units is greater 

then the shear stresses that develop between the units as they roll and slide 

over each other, the units may persist indefinitely while the material is con-

tinuously being sheared. There are reasons for thinking that such units 

exist and persist in raw elastomers subjected to continuous deformation. 

In order to test this hypothesis a new test procedure with the Mooney 

viscometer was developed by Mooney and Wolstenholme.
62
 A smooth rotor 

was coated with a thin, dried film of raw elastomer containing a rubber-

soluble dye in high concentration. A preformed elastomer sample was then 

placed around the rotor and, after warm-up, was subjected to shear in the 

viscometer. 

If the theory is correct, the thixotropic units, or ' 'rheological units," will 

roll continuously and will transfer the die across the shear planes as inking 

rollers on a printing-press transfer ink. The velocity of the color front is 

proportional to the radial distance from the rotor axis; and, a, the angle of 

the resulting conical color front is 

where D is the mean diameter of the rheological units, Ν is the number of 

rotor revolutions, and h is the rotor-stator clearance. 

After an appropriate shearing time the sample is removed, chilled, and 

sectioned. There are disturbing factors in the test and valid results are not 

always obtained; but usually the expected conical color front is observed. 

Some mean diameters of rheological units as found by this method are 

given in Table II . These measurements are rough, as is the theory of the 

measurement; but presumably the data are correct in order of magnitude. 

In its present form the method is applicable only to transparent or white 

samples. 

The various experimental results reviewed in the preceding section reveal 

a number of effects which could be the subject of theoretical analysis: the 

dependence of viscosity on temperature, shear stress and nature of the test 

material; the magnitude of the elastic recovery and the details of the re-

covery-time curve ; the rate and extent of breakdown and build-up of thixo-

tropic structure. However, only two of these effects have so far been suc-

cessfully treated theoretically. These are the effects of temperature and of 

shear stress on rate of shear or the viscosity. 

It was mentioned above that Mooney ' s
2
 measurements on Pale Crepe 

shown in Fig. 12 have been interpreted by Smallwood
48
 in terms of the 

DN 
(20) 

VI I . Theory of the Fluidity of Elastomers 

6 2
 M . Mooney and W . E . Wolstenholme, Appl. Phys. 25, 1098 (1955). 
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T A B L E I I 

SIZE OF RHEOLOGICAL U N I T S IN ELASTOMERS
1 

Mooney Viscosity Average Diameter of 
Polymer ML4 Rheological Unit 

Pale crepe 20 3.1 X 10~
4
 cm. 

Pale crepe 34 5.0 
Pale crepe 35 8.3 
Pale crepe 54 14 
Pale crepe 76 26 
Butyl , G R - I 15 48 2.5 
Butyl , G R - I 17 69 2.5 
Hot GR-S 26 5.7 
Cold GR-S (X-101) 29 20 
Paracril Β 46 13 
Paracril A J 44 23.0 
Paracril C 52 36 

* Test condit ions: 100° C . ; rotor speed, 2 r.p.m. 

Eyring theory of flow as an activated process. Spencer,
63
 in a modification 

of the Eyring theory, has taken into account the entropy of the elastic 

deformation of the sheared elastomer and improved the fit obtained with 

the experimental data published by several different authors. 

These theories treat the shearing material as being homogeneous and 

undergoing uniform shear. However, the rheological units indicated by the 

work described in Section V I , 6 are large compared with elastomer molecule 

and large also compared with the moving rheological unit computed by 

Smallwood.
48
 Consequently it appears that, so far as rubbers are concerned, 

a viscosity theory assuming homogeneity of the material is unrealistic. In 

a recent publication
64
 the present writer undertook to revise the Eyring 

theory to bring it into harmony with the large size of the rheological units 

in elastomers. 

In the revised theory the macroscopic viscosity is assumed to result from 

the friction of the rheological units as they slide over each other. The fric-

tional force is treated as a consequence of temporary molecular attachments 

across the boundaries of the units. From the moment of attachment until 

release by thermal activation, the stress on the attachment builds up at a 

rate which is proportional to the relative sliding velocity of the two rheo-

logical units and to the dynamic elastic modulus of the units and is inversely 

proportional to the unit diameter and to the number of cross-attachments 

per unit area. The explicit introduction of the elasticity is something added 
6 3
 R . S. Spencer, Polymer Sei. 5, 591 (1950). 

6 4
 M . Mooney , Appl. Phys. 27, 691 (1956). 
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to the Eyring theory of activated flow; but it is in accordance with the 

Maxwell picture of flow as a continuous process of relaxation of continu-

ously renewed elastic stress. 

The basic quantitative postulate of the theory deals with the rate of 

breakage of the cross-surface attachments as the stress on the attachments 

increases from zero stress at the time they are formed. The assumed law, 

suggested by M o o n e y et αΖ.
65
 is: 

d
H - - n

 k TR
 e~

ElkT
 cosh *L (21) n _ e c o s n ^ (21) 

where η is the number of attachments left unbroken out of a group which 

formed at time t = 0, k is Boltzmann's constant, Τ is temperature, h is 

Planck's constant, Ε is the activation energy, / is the force on the attach-

ment, and λ is the distance of molecular force. R is a rate factor, usually 

expressed in terms of an entropy of activation. It is the probability that 

rupture will actually occur when the necessary thermal energy is supplied 

at the attachment. 

Before we undertake to integrate the above equation we must take cog-

nizance of the fact that the force on a given attachment varies with time, 

being zero at the moment the attachment is formed and increasing linearly 

with time thereafter. The rate of increase is derived from a bit of theory 

in which the molecular group involved in a local cross-surface attachment 

is treated as two hemispheres, each lying within its respective rheological 

unit. Due to the sliding relative movement of the two units, each hemi-

sphere is undergoing a continuously increasing elastic displacement with 

respect to its unit. B y analogy with Stoke's l aw
66
 for the force on a con-

tinuously moving sphere in a viscous medium, the force, / on a hemisphere 

displaced momentarily a distance δ in an elastic medium is 3παβδ, where a 

is the hemisphere radius, and G is the elastic modulus of the medium, the 

rheological unit. By classical hydrodynamics the rotational velocity of a 

rheological unit is g/2.® From these facts it can be shown that, at an inter-

face parallel to the shear planes, the disruptive force on an attachment 

grows according to the equation 

/ = AWAGDGT/4, (22) 

where D is the diameter of the rheological units. 

With / substituted into equation (21), integration is possible; and an 

6 5
 M . Mooney , W . E . Wolstenholme, and D . S. Villars, / . Appl. Phys. 15,324 (1944). 

6 6
 H . Lamb, "Hydrodynamics , " 6th ed., p . 598. Dover Publications, New Y o r k , 

1945. 
6 7
 H . Lamb, "Hydrodynamics , " 6th ed., p . 31. Dove r Publications, New Y o r k , 

1945. 
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explicit law of rate of attachment rupture is obtained. If it is assumed that 

N, the number of attachments per unit area of interface, is constant in a 

state of constant rate of shear, then it is possible to obtain expressions for 

the mean life of an attachment and for the mean shear stress on an inter-

face. The equations are 

τ = NkTp/\ 

ta = AkTh/SirXagDG 

τ Γ ( s i nh îA , W 

Ρ = h/h 

_ SirahXDG EikT 

a
 " mT*R

 e g 

where r is the shear stress and ta is the mean life of an attachment. 

The theoretical law of flow is the relationship between g and r expressed 

implicitly by these equations through the parameter a. The equations show 

that g is proportional to a, and r is proportional to ρ which is a function of 

a. Hence a logarithmic plot of experimental data for g versus τ should have 

the same form as a plotted against ρ on the same logarithmic coordinates. 

If the agreement in form is satisfactory, any chosen pair of values for g 

and r determine a corresponding pair of values of a and p. 

In Fig. 28 the solid lines show the fit obtained in applying this theory 

to Mooney ' s
2
 data on Pale Crepe Hevea rubber. The dotted lines give the 

best fit obtainable with Eyring's non-linear equation as used by Small-

w o o d .
48 

These two theories have been tested also with the data on Hevea ob -

tained by Saunders and Treloar,
44
 the results being similar to those shown 

in Fig. 28. Spencer
63
 shows no fitted curves; but he claims improvement 

over the Smallwood equation. Presumably, therefore, his fit with experi-

ment is as good as is obtained in Fig. 28 by means of the equation (23). 

It appears from the results referred to that in the experimental range 

covered by the data of Fig. 28 or by the data of Saunders and Treloar, it is 

possible to obtain good agreement with the experimental data if the Eyring 

non-linear theory is slightly modified in form, one or two additional ad-

justable parameters being introduced into the equation. The choice be-

tween Spencer's theory and the theory presented here therefore seems to 

depend for the present on the existence or non-existence of densely packed 

rheological units. 
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F I G . 28. Theoretical curves for shear stress, r, vs. rate of shear, g, fitted to ex-
perimental data by Mooney on pale crepe milled 5 min. Full curves, Mooney-Eyring 
theory. Dashed curves, Smallwood-Eyring theory. 

For purposes of interpreting the experimental data in terms of the present 

theory, the values of α, λ, D and G must be assumed or estimated from 

measurements of low precision or of uncertain applicability. The values 

estimated for a and λ are a = 5 X 10~
18
 cm and λ = 10~

18
 cm. On the 

basis of work of Mooney , and Wolstenholme,
62
 values of D were assumed 

to be 19 μ for Mooney ' s Hevea sample and 10 μ for Saunders and Treloar's 

sample. The value assumed for (?, the same for both rubbers, is Mooney ' s 

value computed from the frequency of free oscillation in the rubber rheom-

eter.
2 

The results of the analysis of the flow curves are given in Table I I I . 

These data show that a major difference between the two samples of rubber 

is in the values of E, the activation energy, the softer sample of Saunders 

and Treloar having the smaller value. The values of ta , the mean life of an 

attachment, are also appreciably different; but this difference might be 

anticipated from the difference in jEJ-values. The values of N, the number 

of attachments per unit area, show that only a very small fraction of the 

isoprene chain segments in an interface are involved in a cross-surface at-

tachment at any one time. 

The values of R are very small and indicate a large entropy term in the 

release process. Conceivably there is a caging effect, such that two locked 

chain segments, after temporary separation by local volume expansion, 

may return to their same locked position if, while they are separated, the 

local chain molecules are too slow in their response to the displacing 
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T A B L E I I I 

V A L U E S OF RHEOLOGICAL PARAMETERS 

Material* Pale Crepe Smoked Sheet 
(Mooney) (Saunders & Treloar) 

Milling time, min., 5 30 
Estimated Moone y Viscosity at 100 °C. 80 45 
Assumed Parameters 
λ Χ 10

8
, cm. 1 1 

a Χ 10
8
, cm. 5 5 

D,ß 19 10 
G X 10"

6
, dynes /cm.

2 
3 

C
O

 

Computed Parameters 
Ε, kcal . /mol . 10.1 7.5 
Ν Χ 10», cm. "

2
 at 100°C. 1.2 1.0 to 1. 

ta , s e c , at 100°C., g = .2 s e c .
- 1 

.012 .007 
R Χ 10

8
, at 100°C. 8.1 14.5 

* λ is the range of molecular force, a the equivalent radius of a group of two or 
more chain segments constituting an interfacial attachment, D is the mean diameter 
of the rheological units, G their modulus of rigidity, Ε the activation energy of flow, 
Ν the number of attachments per unit interfacial area, ta the mean life of an attach-
ment, R the rate constant. 

mechanical stress. According to this view R will be smaller, the larger the 

polymer molecular weight and the more complex the polymer structure. 

The theory presented above has been found to fit quite well a large 

number of flow curves of elastomers, and also of plastics above their second 

order transition temperature; but quite often the experimental curves 

differ in shape and fail to agree with the theory at either high or low rates 

of shear, or both. As shown in Fig. 17, GR-S follows the fluidity power law 

over a wide range in shear rate and hence does not conform at all well with 

the theory. 

The systems analyzed in this theory are very complex, and it is not diffi-

cult to think of many factors, not included in the theory, which could in-

fluence considerably the flow behavior. The direction of the effect can be 

predicted in most cases with little doubt. When the breakup of thixotropic 

structure begins, the broken pieces, besides being large, are presumably 

quite irregular in shape. The assumption that the number of cross-surface 

attachments per unit area is constant is an obvious oversimplification. In 

a raw carbon black stock the effective dynamic modulus of the rheological 

units probably decreases temporarily with working, as does the dynamic 

modulus of a curved carbon black stock. The dynamic viscosity of the 

rheological units varies with the polymer, mean molecular weight, molecular 

weight distribution, and with impurities of low molecular weight. The vis-

cosity of the units probably affects the value of the rate constant, R, in the 

manner which has been suggested in the discussion of the caging effect. 
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The nonlinear Eyring theory in all of its published variations, including 

the present theory, expresses the stress effect as an exponential function 

of which the argument is linear in the stress. Higher order terms should be 

included to describe the flow response of rubbers to stresses sufficiently 

high to cause rupture or tearing at room temperature. Such terms will surely 

be required to explain, for example, an upper stress limit in continuous 

shear at 100° C. 

If the rate of shear is progressively lowered, cross-surface diffusion and 

entanglement will become more and more important; and in the limit the 

boundary surfaces of the rheological units will disappear and the material 

will become homogeneous, with high thixotropic structure. Newtonian flow 

at a high viscosity could conceivably result, as described in the linear Eyring 

theory and as exemplified in Fox and Flory 's
53
 and Van Heide and Wil-

lisms
54
 samples of polisobutylene, and as exemplified approximately in some 

of the low viscosity Hevea samples tested with the Williams plastometer.
52 

The situation in Hevea is complicated by the possibility of chemical cross-

linking b y free radicals, as pointed out b y Pike and Watson
68
 and by 

Whorlow.
45 

The various factors that have been discussed here are probably adequate 

to explain most of the peculiarities in the rheological curves that have been 

presented above; but the reduction of these factors to quantitative ex-

pression for comparison with the data remains a formidable task. 

VI I I . Processing 

1. G E N E R A L R E M A R K S 

The principle operations required in processing raw rubbers were briefly 

referred to in Section I. Mos t of the processing difficulties that are encoun-

tered and require control tests result from too high a molecular weight of 

the elastomer. B y breakdown methods which have been alluded to, the 

mean molecular weight can be reduced to any desired value; but there are 

limitations on the acceptable degree of breakdown. Breakdown is a costly 

operation, and excessive breakdown injures the physical properties of the 

cured stock. It would seem logical to polymerize the elastomer to a lower 

molecular weight to begin with; but this method also results in an inferior 

cured stock. Polymerization to a high molecular weight followed by me-

chanical plastication gives better quality, probably because it produces a 

more favorable molecular weight distribution. 

An alternative method of softening an elastomer is to add a suitable oil. 

This method has advantages and is used; but here also quality requirements 

impose limitations on the amount of oil that can be employed. 

As a consequence of the conflicting needs for a high and for a low molecu-

68
 M . Pike and W. F. Watson, J. Polymer Sei. 9, 229 (1952). 
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lar weight, there must be a compromise, and this means that most processing 

is carried out under conditions which are on the verge of being impossible; 

and this means, in turn, that processing controls are required in a rubber 

factory and are coming into more and more general use as more and better 

control tests are developed. 

The following are the principal difficulties encountered in processing. 

The first three result from excessively high viscosity of the crude elastomer 

or mixed stock. 

(1) Excessive power consumption, overloading the power supply; 

( 2 ) Excessive stresses in the processing machinery, possible breakage; 

( 3 ) Excessive temperature rise in the stock because of viscous conversion 

of mechanical energy into heat, possible scorching of the stock. 

(4) Low extrusion rate at a given screw speed. 

(5) Longitudinal shrinkage of calendered or extruded stock. 

( 6 ) Roughness and distortion of calendered or extruded stock. 

(7) Torn edges of extruded stock of sharp angular section. 

(8) Low tack, adhesion failure in building operations. 

Processing behavior in a number of respects can be fairly well predicted 

by certain laboratory tests. Viscosity and elastic recovery are the tests 

most frequently used, for they seem to have the greatest predictive value. 

2 . B R E A D K D O W N A N D M I X I N G 

Experimental work by Cot ton
69
 and Busse

70
 on the breakdown of Hevea 

led to the belief that the reduction in molecular weight and the softening of 

the rubber was initially and primarily due to oxidation. However, later 

work, beginning with Staudinger and Heuer
71
 showed that chain molecules 

in flowing systems could be ruptured by mechanical stress, free radicals 

being produced in the process. Subsequent chemical action might include 

more or less oxidation, depending on the temperature and the availablity of 

oxygen; or, failing oxidation, the free radicals could react with other poly-

mer chains and thus maintain the mean molecular weight unchanged. The 

illuminating study by Pike and Watson
68
 showed that conditions during 

mastication variously affected the molecular weight distribution, chain 

branching and cross-linking; and furthermore that these properties of the 

masticated rubber affected, in turn, the measured relationship between 

Mooney viscosity and the intrinsic viscosity in solution. The increase in the 

viscosity of GR-S by gel formation can take place under the action of heat 

alone, according to Hägen;
72
 and some additional chemical mechanism 

therefore seems to be involved in this case. 

6 9
 F. H. Cotton, Trans. Inst. Rubber Ind. 6, 487 (1931). 

7 0
 W. F. Busse, Ind. Eng. Chem. 20, 140 (1932). 

71
 H . Staudinger and W. Heuer, Ber. 67, 1159 (1934). 

72
 H . Hagen, Kautschuk 14, 203 (1938); India Rubber World 108, 45 (1943). 



R H E O L O G Y O F R A W E L A S T O M E R S 227 

Knowledge of the effects of fillers and of plasticizers or softeners on the 

rheology of elastomers is largely empirical. The relative effectiveness of 

many plasticizers has been examined by Burbridge
73
 and Jacobs.

74
 The 

viscosity increase and other rheological effects produced by various fillers 

have been studied by van Rossem and Hoekstra,
75
 Mullins and Whor low,

76 

and Drogin et al.
77
 The range in the viscosity effects of different fillers is 

enormous. Maximum viscosity increase, accompanied always by high 

thixotropy, is produced by some of the carbon blacks of smaller particle 

size. According to Kruse,
78
 the carbon black is not uniformly distributed 

but is concentrated in clouds of individually separated particles. Such non-

uniform distribution may be explained as the result of the exclusion of the 

carbon black from the stronger and more persistent of the rheological units 

of the gum rubber. 

Some fillers, ZnO for example, cause a viscosity decrease. In such cases 

the filler accelerates the rate of breakdown of the rubber during mixing, 

apparently by increasing the rate of oxidation. 

3 . F O R M I N G O P E R A T I O N S 

After a raw stock has been completely mixed by a suitable sequence of 

Banbury and open-mill operations, there follows the forming operation, 

usually the most critical of the processing steps. 

The tendency of a stock to scorch at operating temperatures can be 

measured by suitable heat treatment combined with a viscosity test, since 

in the early stage of scorching the viscosity rises steeply.
7 9
"

81 

Machine stresses and stock temperature rise should both be proportional 

to the effective mean viscosity of the stock; but experimental data to test 

these expected relationships are lacking. Data on power consumption, on 

the other hand, as related to viscosity have been reported by Vila.
82
 His 

results are expressible by the equation 

Ρ = A + BS + CSM (24) 

where Ρ is the power consumption in an extruder, S is the screw speed, M is 

the Mooney viscosity, and A, B, and C are constants for a given extruder. 

7 3
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If A in this equation is interpreted as mechanical and electrical power loss 

the next two terms indicate a viscous resisting force which is proportional 

to Β + CM but is independent of the rate of shear within the mean rates 

covered by the experiments. Such viscous properties are unusual; but they 

should not be considered impossible for rubber if we recall the apparent 

limiting viscous resistance indicated by Figs. 13, 14, and 15. 

The rate of flow through an extruder at a given screw speed varies with 

the stock; but it is general processing experience that the viscosity of the 

stock is not the deciding factor. That this is the case can be understood on 

the basis of a rough analysis of the rheology of an extruding operation. 

The threads on the rotating screw push the stock forward with a force 

which, to a first approximation, is proportional to the viscosity of the stock; 

but the stock flows through the die with a resistance which, to a first 

approximation, is likewise proportional to the viscosity of the stock. Conse-

quently, the rate of extrusion should, to a first approximation, be inde-

pendent of the viscosity. The rate must therefore be dependent on second-

ary factors, such as variations in viscosity with rate of shear and possibly 

surface slip. M o o n e y
83
 has demonstrated, as shown in Fig. 23, that the rate 

of extrusion increases with the relative increase in flow resistance of the 

stock when tested in the Mooney viscometer at 2 and 8 r.p.m. This rela-

tionship would be expected if the effective mean rate of shear in the barrel 

of the extruder is greater than in the throat and die. 

Elastic recovery after a forming operation is a complex phenomenon. 

This is proved by the fact, found by Drogin et al.,
71
 that the correlation be-

tween mill shrinkage and extruder shrinkage is not close. It follows from 

this that no laboratory elastic recovery test under a single set of test condi-

tions can accurately predict longitudinal shrinkage in all forming opera-

tions. Nevertheless, good correlation between a laboratory elastic recovery 

test and calender or extruder shrinkage has been established in a number of 

cases, notably by Zapp and Gessler,
84
 M o o n e y ,

83
 van Rossem and Hoek-

stra,
75
 and Drogin, Bishop, and Wiseman.

77
 Figure 29 shows Mooney ' s ex-

perimental results. 

A rather simple testing device, called the rugosimeter, has been developed 

by M o o n e y
85
 for measuring the surface roughness or rugosity of a calendered 

sheet. An earlier form of the same instrument was used in a study of the 

rheological properties of a stock that determined its rugosity.
83
 The quan-

tity experimentally observed in the earlier test is a measured air pressure, 

P s , which is empirically related to the surface roughness through the 

equation, 
8 3

 M . Mooney, J. Colloid Sei. 2, 69 (1947). 
84
 R . L. Zapp and A. M . Gessler, Rubber Chem. and Technol. 17, 882 (1944). 
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0 .2 .4 .6 .8 

Is , RELATIVE STRESS INCREMENT 

F I G . 29. Rate of extrusion vs. Relative stress increment (M% — M 2 ) / M 2 , where 
Mx is the Mooney viscosity reading t χ r.p.m. [From M . Mooney , Colloid Sei. 2, 
69 (1947).] 

13 14 15 

RECOVERY AT I min, ARBITRARY UNITS 

F I G . 30. Longitudinal elastic shrinkage of calendered sheet vs. elastic recovery 

measured in a Mooney viscometer. (From M . Mooney , J. Colloid Sei. 2, 69 (1947). 

P, = Po 
R8 

Ro -\- Rs 

(25) 

where P 0 is a fixed air pressure, Ro a fixed air flow resistance, and Rs is the 

air-flow resistance of the channels between the calendered sheet and a 

smooth annular metal plate resting on the sheet. Since Rs increases with 

the smoothness of the sheet, this equation shows that Ps is a direct measure 

of smoothness and an inverse measure of roughness. 

The rheological properties used in this study of calendering quality were 

the calender length shrinkage, and relative increase in torque in the Mooney 

viscometer with rotor velocity increase from 2 to 8 r.p.m. Figure 30 shows 

the correlation obtained between observed Ps and the value computed by 

the empirical equation indicated in the figure. 

More recent correlation attempts similar to the above were much less sue-
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cessful. Probably on important factor in the situation not yet included in 

the rheological tests is rheological inhomogeneity of the stock as it goes 

through the nip of a calender or the forming die of an extruder. N o amount 

of shrinkage can produce roughness unless the shrinkage is nonuniform; and 

such nonuniformity can be caused only by corresponding nonuniformity in 

the rheological properties of the stock, the viscosity, thixotropic structure 

and state of elastic stress of the stock within the calender nip or extruder die. 

White et al.
S6
 seem to be the first to have given explicit recognition to the 

existence and importance of rheological inhomogeneity. A laboratory test 

for measuring it is clearly needed. The rheological units measured by the 

cross-current color diffusion test described in Section V I , 6, are much smaller 

than the macroscopic regions of viscosity variation under discussion here; 

and furthermore the color diffusion test cannot be used with black stocks. 

During the development of the synthetic butadiene-styrene copolymer, 

GR-S , there was considerable research of a purely practical type in which 

attempts were made to establish a measure of the processability of an elas-

tomer. In addition to some of the measurements already described—vis-

cosity at various processing stages, and rugosity of a sheeted sample—a 

number of new measurements were developed which made use of laboratory-

size processing machines. These machines included the Banbury, screw ex-

truder, and the two-roll rubber mill. 

Among the various measurements employed was the time on the labora-

tory rubber mill required to soften a batch to the point where it would form 

a continuous band on one of the rolls, and, likewise, the time to form a band 

with no holes in it. With the extruder observations were made on the shape, 

surface roughness, torn edges, and longitudinal shrinkage of the extruded 

stock. These measurements and ratings, it may be noted, depend greatly 

on the operators' judgment. 

A figure of processing quality was computed in the form of an arbitrarily 

weighted average of two or more of the above measurements, each group 

of investigators adopting its own selection of measurements and averaging 

formula. 

The criterion of validity of these laboratory ratings consisted of factory-

scale experiments in which two or more elastomers were compared under 

controlled processing conditions. The factory ratings, like some of the lab-

oratory measurements, depended to a large extent on visual inspection and 

subjective judgments. In spite of these handicaps considerable correlation 

was found between the laboratory and factory ratings. On the other hand, 

all comparisons showed some badly scattered points, and it seems fair to 

say that none of the laboratory rating methods can be accepted as quite 
8 6
 L. M . White, E . S. Ebers, and G. Ε . Shriver, Ind. Eng. Chem. 37, 767 (1945). 
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satisfactory. A recent summarizing report of the work in this field has been 

published by Taylor et al.
81 

It is this writer's opinion that these over-all rating methods have little 

possibility of much improvement; for they are based on an incorrect con-

cept of the problem. Processability is not a single property. On the con-

trary, there are as many processabilities as there are processing defects; 

and as has been pointed out by White et αΖ.,
86
 while the various qualities in 

a series of stocks may sometimes be positively correlated, they are also some-

times antithetical, or independent. 

A scientific approach to the problem of rating stocks in their processing 

qualities would be to seek, for each processing defect, a laboratory or a 

group of laboratory tests which, by means of a mathematical formula, would 

predict reliably the degree of that defect as measured in the actual process-

ing operation. B y such an approach it may eventually be possible to inter-

pret processing qualities in terms of polymer molecular structure, if the 

measurable rheological properties can themselves some day be so inter-

preted. 

The rheological theory of processing machines is relatively undeveloped. 

There are no theoretical formulas, for example, for the pressure in a calendar 

nip, the efflux from an extruder, the shrinkage or the rugosity of a calen-

dered sheet or an extruded form. Thixotropy, non-Newtonian viscosity, and 

complex, nonlinear elasticity and relaxation all combine to make rigorous 

solutions mathematically impossible and attainable approximate solutions 

unrealistic. 

However, certain published theoretical analyses are interesting and may 

have limited usefulness for rubber processings. Gatcombe
88
 has discussed 

the flow of a pressure-sensitive Newtonian liquid between two rotating 

cylinders. Strub
89
 has treated the flow of Newtonian materials in a screw 

extruder. The flow of non-Newtonian materials through channels of different 

sections has been treated by Beyer and Towsley,
90
 and Mooney and Black,

39 

by quite different mathematical methods. In both treatments thixotropy is 

ignored. A theory of elastic recovery in extrusion, proposed by Spencer and 

Dillon,
38
 was discussed above in Section IV. 

A word must be said about the current theory of viscoelasticity which 

has successfully explained and related so many transitory phenomena in 

terms of a postulated distribution of relaxation times characterizing a series 

of elementary relaxation mechanisms. A major defect of this theory, as 
87
 R . H . Taylor , J. H . Fielding, and M . Mooney , Rubber Age Ν. Y. 61, 567 (1947). 
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applied to the flow of elastomers, is that it predicts Newtonian flow.
91
"

92 

The Eyring concept of a thermally activated stress-sensitive flow mecha-

nism is therefore a better theoretical approach to raw elastomers in con-

tinuous deformation. 

Nomenclature 

A, B, C 

t 
ν 

F 
C 
D 

Ε 
Ε 

G 
L 

M 

M 

radius of extrusion die 
radius of a molecular group 

constituting an inter-
facial attachment be-
tween rheological units 

thickness of disc rotor 
fluidity factor 
rate of shear 
gravitational acceleration 
rotor-stator clearance in 

disk viscometer 
plate separation in com-

pression plastometer 
Planck's constant 
Boltzmann's constant 
exponent in fluidity power 

law 

number of interfacial at-
tachments remaining at 
time t after formation 

exponent in slip power law 
slip factor 
time 
slip veloci ty 
constants 
driving torque 

diameter of rheological 
unit 

reduced efflux 
activation energy for bond 

release 
rigidity modulus 
cylinder length 
weight in the compression 

plastometer 
molecular weight 

M 

Ν 

Ν 

Mooney viscosity 
number of rotor revolu-

tions 

number of interfacial at-
tachments per unit area 

power consumption in ex-
trusion 

air pressure in rugosity test 
efflux 
radius 

rate factor in rupture of 
interfacial attachments 

resistance to air flow in the 
rugosity test 

speed of extruder screw 

temperature, °K 
sample volume in a com-

pression plastometer 

yield value 
cone angle of biconical 

rotor 
angle of color front in rheo-

logical unit test parame-
ter (equation 23) 

shear elastic recovery 
viscosity, (viscosity fac-

tor, equation 11) 
rotation angle in the cyl-

indrical viscometer 
instrument constant 
range of molecular force 
rotor dimension, biconical 

rotor 

parameter (equation 23) 
shear stress 
rotor veloci ty 
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