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I. Introduction

The term latex was originally used to designate the milky liquid which
is obtained from certain trees, particularly Hevea brasiliensis, and which
yields natural rubber on coagulation. More recently the term latex has
been used to designate not only the above natural products, but also aqueous colloidal dispersions of high polymeric materials prepared synthetically
by emulsion polymerization. Although it is also possible to prepare latices
by dispersion of high polymers in aqueous or other media, such dispersions
are outside the scope of the present chapter. The discussion here will be
confined to the rheology of natural latex, and to synthetic latices prepared
from the monomers by emulsion polymerization.
From a physicochemical standpoint, both natural and synthetic latices
are colloidal dispersions of high polymeric materials in water which are
stabilized by the presence of protective agents adsorbed by the disperse
phase. In the case of natural rubber latex the system contains polyisoprene
dispersed in water, as well as resins, sugars, proteins, electrolytes, and some
ingredients still undefined. Besides, the commercially available latex contains also added ammonia or other stabilizers. In natural latex the dispersed particles are more or less spherical, they carry a negative charge,
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and their size may range from several hundred angstroms up to 10 or more
microns in diameter. Synthetic latices, on the other hand, may vary widely
in composition of the dispersed polymer, and the stabilizers employed may
be soaps of various kinds, synthetic emulsifiers, or both. The latices generally contain also some electrolyte. The particles in synthetic latices are
spherical, they are as a rule negatively charged, and their size distribution,
which may be wide, is usually narrower than that of natural latex. Further,
the average particle size of synthetic latices can be controlled by the mode
of preparation so as to yield products ranging all the way from about 300
A. up to 10 or more microns in diameter.
At concentrations below about 25% solids, both natural and synthetic
latices exhibit Newtonian flow behavior, and hence the measurement of
their viscosities introduces no particular problems. However, at higher
concentrations latices exhibit "pseudoplastic" flow, with the deviation
from Newtonian behavior being generally more pronounced in the synthetic
latices than in the natural ones. This behavior immediately introduces the
problems of flow measurement, reduction of data to results independent of
the instruments and their dimensions, and the question of how the results
are to be expressed and presented. Besides this dependence of flow behavior
on the rate of shear or shearing stress in the laminar region, we also have
the problems associated with turbulent flow in non-Newtonian systems,
and the effects on the flow of such variables as polymer composition and
concentration, nature and concentration of protective agents and other
ingredients, particle size and its distribution, temperature, and electrical
environment. Very few complete answers are as yet available to many of
the questions which can be raised.
The plan of this chapter is (a) to review the information available on the
flow behavior of natural and synthetic latices; (b) to discuss briefly measurement of latex flow behavior and reduction of data to rate of shear-shearing stress curves; (c) to present available information on the effect of various variables on the flow behavior; and (d) to mention some problems
connected with latex rheology which are still unsolved, and upon which
more information is highly to be desired. The latter problems are to a
large degree those facing the entire field of rheology.
II. Literature Resume
Latex dispersions have relatively low viscosities compared to other fluid
forms of polymer. Thus, a latex containing 60% by weight of polymer is
often more fluid than a 2 % solution of the polymer in an organic solvent.
Since the technical uses of latex are greatly dependent upon its viscosity,
it is not surprising to find a number of rheological studies in the literature
on the flow properties of latex, and particularly on the effect of concentration on the viscosity.
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Most of the published work on latex rheology pertains to natural rubber
latex, and was performed in "practical" nonabsolute instruments under
conditions where little or no attention was given to the non-Newtonian
1
2
flow characteristics. In studies of this type, for example, De Vries, Stevens,
3
and others have shown that many factors beside concentration affect the
viscosity of natural latex. Among these are the age and condition of the
tree yielding the latex, the time and method of tapping, as well as the
stabilizers introduced to preserve the latex. De Vries also demonstrated
that dilution of a latex with ammonia is more effective than dilution with
water in decreasing latex viscosity.
The viscosity of natural latex is particularly dependent on concentration,
4
with the increase in viscosity being very pronounced above 60% solids.
1
De Vries showed that the increase was steeper than exponential. Again,
4
Bary found that the Arrhenius equation
l0g?7r = 7-r—- (
7T1 + (n — l)w

(1)

where ητ is the apparent relative viscosity, w the weight fraction of rubber
and Κ and η empirical constants, did not climb rapidly enough to fit the
5
data. Bachle, who used for his measurements a Höppler falling ball viscometer, attempted to represent his data by the Guth formula
Vap

= 2.5v + 7.8v

2

(2)

where ηΒΡ is the specific viscosity and ν the volume fraction of disperse
phase. He found the equation to be inapplicable above ν = 0.45.
6
7
Rhodes and Smith and Sekar and Wahab, using the Höppler instrument among others, proposed several new viscosity-concentration functions. For preserved natural latex they gave the equation
log

v

= 0.034 + 0.952 tan w

(3)

while for a centrifuged concentrate
log (η + 0.0309) = 0.143 + f ^ L
I —w
1

(4)

O. De Vries, Arch. Rubbercult. Ned.-Indië 7, 409 (1923).
H. P. Stevens, Bull. Rubber Growers' Assoc. 2, 214 (1920).
3
E. A. Hauser and W. Kelly, "Latex." Reinhold, New York, 1930.
4
P. Bary, Rev. gên. caoutchouc 11, 3 (1934).
5
O. Bachle, Kautschuk 12, 210 (1936); Rubber Chem. and Technol. 10, 675 (1937).
6
E. Rhodes and H. F. Smith, Rubber Chem. and Technol. 13, 474 (1938).
7
E. Rhodes, H. F. Smith, K. Sekar, and C. Wahab, India Rubber J. 97, 21 (1939) ;
J. Rubber Research Inst. Malaya, Commun. 9, 171 (1939).
2
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where r is the weight ratio of dry rubber to serum. Smith also proposed
the formula
log ητ = a + br

(5)
9

where a and 6 are constants, while Houwink and Klaassens attempted to
fit the data of Rhodes and Smith to the modified exponential function
of Papkov
a

log rir = Kv

(6)

where Κ and a are constants. To cover the concentration range from 0 to
69% solids, they used ax = 1.00 for the range 0-15%, a2 = 1.18 from 15
to 30%, and a 3 = 1.70 above 30% solids.
Despite the dependence of the viscosity of natural latex on shear stress,
the above-mentioned studies neglected this important variable. They must
be considered, therefore, as measurements of apparent viscosity at an
approximately fixed shearing stress which may be different in each study.
One of the earliest attempts to investigate the non-Newtonian behavior of
10
latex was that of Madge, who used a Redwood viscometer to measure the
effects of concentration, temperature, and alkalinity, and a Couette viscometer to determine the effect of rate of shear. Madge found the hevea
latex to be non-Newtonian, and clearly showed that the latex possessed no
yield point. Nevertheless, in an effort to set up a viscosity specification
11
test for hevea latex, Jordan and co-workers assumed the latex to possess
12
a yield point and a limiting viscosity in the Bingham sense, and proceeded to develop a simple capillary instrument for determination of the
two Bingham constants from efflux rate measurements at two different
13
pressure heads. The Crude Rubber Committee of the Division of Rubber
Chemistry of The American Chemical Society accepted Jordan, Brass,
and Roe's apparatus for a tentative specification method, and also recom14
mended the rotational viscometer of Mooney and Ewart for the same
purpose. The work of Jordan and associates was criticized sharply by van
15
Gils, who pointed out the desirability of obtaining the complete rate of
8

H . F. Smith, J. Rubber Research Inst. Malaya, Commun. 11, 44 (1941); Rubber
Chem. and Technol. 15, 301 (1942).
9
R. Houwink and Κ. H. Klaassens, Kolloid-Z. 99, 160 (1942).
10
E. W. Madge, Trans. Inst. Rubber Ind. 10, 393 (1935); Rubber Chem. and Technol.
8, 501 (1935).
11
H. Jordan, P. Brass, and C. Roe, Ind. Eng. Chem. 9, 182 (1937); 11, 377 (1939).
12
E. C. Bingham, Natl. Bur. Standards (U. S.), Set. Paper 278 (1916).
13
Crude Rubber Committee, Division of Rubber Chemistry, American Chemical
Society, Ind. Eng. Chem., Anal. Ed. 11, 593 (1939).
14
M. Mooney and R. H. Ewart, J. Appl. Phys. 5, 350 (1934).
15
G. E. van Gils, Arch. Rubbercult. Ned.-Indië, 24, 403 (1940); Rubber Chem. and
Technol. 14, 137 (1941).
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shear-shearing stress curve without prejudicial assumptions. Thus far no
such results have been published for natural latex.
Prior to the recent publications of the authors and their co-workers, to
be discussed more fully below, very little significant information has been
published on the flow behavior of synthetic latices. The only studies to
16
which reference need be made here are those of Livingston on Neoprene
17
latex, and of Winding et al. on 70:30 butadiene-styrene GR-S latex.
Livingston, investigating the creaming behavior of Neoprene latex mixtures, measured the flow behavior of Neoprene latex in a concentric cylinder
viscometer, and found the latex to be pseudoplastic in character. Nevertheless he assumed the existence of a yield point, and proceeded to correlate
the values of the latter with creaming ability. Winding, Bauman, and
Kranich, in turn, studied the flow properties of stripped, vented, and unvented GR-S latex in pipes and capillaries. They found the latex to be
non-Newtonian and to show a continual decrease of viscosity with increase
in the shearing stress. By using the Newtonian approximation to convert
their data to rate of shear and shearing stress, and then plotting the log
of the shear stress versus the log of the rate of shear, they found linear
relationships in many cases. However, they made no attempts to obtain
analytic relationships for the flow equation followed by the latices.
III. Experimental Determination of Flow Behavior
From the results of previous investigations, as reviewed above, it is
evident that latex is a non-Newtonian fluid. Further, our own and other
observations have shown that uncompounded latices are not thixotropic;
i.e., their flow behavior is instantaneously reversible. The first object of
latex rheology is therefore the determination of the relationship between
the rate of shear y and the shearing stress r. T o be suitable for this purpose,
a viscometer must be an absolute instrument which permits variation of
the shearing stess over the desired range. This requirement rules out most
of the "practical" viscometers, as these are capable only of measuring relative viscosities.
1. I N S T R U M E N T S

The most widely used absolute viscometers are of the concentric cylinder
and capillary types. Properly designed instruments of either type may be
employed for latex measurements. A concentric cylinder viscometer should
have a narrow clearance; that is, s = R2/Ri, where R2 and R\ are the radii
of the outer and inner cylinders, should be as small as possible, and prefer16

H. K. Livingston, Ind. Eng. Chem. 39, 550 (1947).
C. C. Winding, G. P. Bauman, and W. L. Kranich, Chem. Eng. Progr. 43, 527,
613 (1947).
17
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ably below 1.10. While this design feature makes mechanical alignment of
the cylinders critical, it does offer some important advantages. First, with
a narrow clearance most of the viscous drag will be exerted on the cylinder
walls, so that the "end-effects" produced by top and bottom surfaces can
be approximated by an empirically determined correction of the length of
the inner cylinder. Second, with smaller s values, higher rates of shear are
obtainable with reasonable angular velocities. And, third, calculations of
the true rates of shear are more accurately and easily made when s is near
unity. Another desirable feature in a concentric cylinder viscometer for
latex use is complete immersion of the inner cylinder in the sample. Such
immersion minimizes any errors caused by centrifuging, the Weissen berg
effect, or variation in sample level. Finally, it is advisable to provide the
viscometer with a cover or vapor space to prevent or reduce evaporation
and skin formation on the latex surface. An instrument which meets these
14
specifications quite well is the Mooney-Ewart conicylindrical viscometer.
However, difficulty is encountered occasionally in using this instrument
with latices which are mechanically unstable. When an unstable latex is
subjected to the frictional pressure exerted by the shaft riding in the lower
bearing of the viscometer, coagulation of the latex takes place, and the
torque required for rotation of the inner cylinder is increased above its
correct value.
In order to obtain a wide range of shearing stresses in a capillary viscometer, provision must be made for varying the applied pressure and for chang2
ing the capillary bore. Pressures up to about 1,000,000 dynes/cm. are
desirable, and several capillaries of radii between 0.2 and 0.7 mm. should
be available. The capillary lengths should be at least fifty times their radii
in order to minimize the importance of the end-effects. With such capillaries
it will usually be possible to operate at flow rates where the kinetic energy
correction is negligible. The capillary tubes should be made of a resistant
glass if they are to withstand the hot oxidizing solutions required for
removal of latex films.
Capillary viscometers offer several distinct advantages over concentric
cylinder instruments. First, capillary viscometers are usually simpler and
less expensive to construct. Second, end-effects, Weissenberg effect, heat
buildup, misalignment, and centrifuging errors are either absent, or they
can be rendered negligible by proper design. Third, high rates of shear are
more readily attained in capillary than in rotational instruments. And,
finally, calculation of the true rate of shear is simpler for capillary viscom1 8 20
eters than for concentric cylinder systems. "
18
19
20

I. M. Krieger and S. H. Maron, J. Appl. Phys., 23, 147 (1952).
I. M. Krieger and H. Elrod, J. Appl. Phys. 24, 134 (1953).
L M. Krieger and S. H. Maron,
Appl. Phys. 25, 72 (1954).
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21

Maron and co-workers have developed a capillary viscometer which
is very satisfactory for latex studies. This instrument, of all glass construction, is convenient, accurate, and absolute, and permits measurements
2
over a shear stress range from about 5 to 3000 dynes/cm. . A modified
form of this instrument, applicable to shear stresses between about 0.06
2
22
and 20 dynes/cm. , has been described by Maron and Belner. For shear
2
stresses higher than ca. 3000 dynes/cm. the authors use a positive displacement capillary instrument in which known rates of flow are obtained by
means of a motor-driven syringe. The pressure drops across the capillary
are determined with strain-gage transducers.
Recently, cone and plate viscometers have been developed in which the
rate of shear is uniform throughout the fluid being sheared. The commercial
versions of this instrument, such as the Ferranti-Shirley viscometer, may
be suitable for latex studies provided the latices are mechanically stable.
With mechanically unstable latices the close clearances employed in these
23
instruments will operate essentially as mechanical stability test devices
and cause partial, or even total, coagulation of the latex sample under test.
2. T R E A T M E N T

OF D A T A

a. Capillary Viscometer
In a capillary viscometer the shearing stress at a distance r from the axis
of a capillary tube of radius R and length L is
r =

rP/2L

(7)

where Ρ is the pressure drop caused by viscous resistance. The rate of shear,
in turn, is the gradient of fluid velocity u, or
y = —du/dr

(8)

The experimentally measured variable is the volume rate of flow Q or
(9)
where Tw = RP/2L is the shearing stress at the capillary wall and Φ = y/r
is the fluidity.
Equation (9) can be integrated if we know or assume the relation between
7 and r , that is, the flow equation. In the Newtonian case, where φ is a
21
22
23

S. H. Maron, I. M. Krieger, and A. W. Sisko,
Appl. Phys. 25, 971 (1954).
S. H. Maron and R. J. Belner,
Appl. Phys. 26, 1457 (1955).
S. H. Maron and I. N. Ulevitch, Anal. Chem. 25, 1087 (1953).
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constant, equation (9) yields on integration the Poiseuille equation,
namely,

Φ

do)

=m

If the fluid is non-Newtonian, it is frequently possible to assume over
2 4 - 29
the exponential flow equation
limited ranges
r"

(11)

= n'y

or
(12)

= T"-"/«'

Φ — y/τ

where Ν and η' are constants. Ν is an index of non-Newtonian behavior
{N = 1 in the Newtonian limit) and η' is the viscosity at unit shearing
stress. For this flow equation integration of equation (9) yields

If equation (11) applies, then a plot of log Q versus log Ρ should be linear,
with slope equal to N. With Ν determined, η' may be evaluated from the
intercept, y and φ then follow from equations (11) and (12). The expression TW = RP/2L remains valid even in the non-Newtonian case.
However, it is possible to deduce the nature of the flow curve from equation (9) without knowing or assuming the flow equation. For a non-Newtonian fluid in a capillary viscometer an apparent fluidity φβ may be defined
by means of the Poiseuille relation
8LQ
~ îrï&P

,

jt _

.
)

On substitution of equation (14) into equation (9), we obtain
ζ

Φα = — 4 f* Φτ άτ

(15)

This integral equation of the capillary viscometer is a relation between φ0
and TW , and does not contain any instrumental dimensions. Consequently,
Φο-Tw
data from different capillary viscometers may be compared directly.
2 4

1 . M.
S. H.
26
S. H.
27
S. H.
28
S. H.
29
S. H.
25

Krieger and S. H. Maron, J. Colloid Sei. 6 , 528 (1951).
Maron, Β. P. Madow, and I. M. Krieger,
Colloid Sei. 6 , 584 (1951).
Maron and Β. P. Madow, / . Colloid Sei. 8, 130 (1953).
Maron and Β. P. Madow, / . Colloid Sei. 8, 300 (1953).
Maron and S. M. Fok,
Colloid Sei. 10, 482 (1955).
Maron and A. E. Levy-Pascal, J. Colloid Sei. 10, 494 (1955).
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Solution of this equation, first obtained by Weissenberg, may be expressed
20
in the form

where

Ac(TW)

φ =

φ,[1

A

J = J

+

(16)

Ac(TW)}

is given by
C(T

4 d log

(17)

TW

Consequently, all that need be done to obtain the true fluidity φ is to evaluate φ0, plot log φ0 versus log rw , and differentiate graphically the resulting
plot. Ac(TW) is then y± of this slope, and φ follows from equation (16). Once
φ values are available at various τ,/s, they may be plotted against each
other to give the flow curve.
b. Concentric Cylinder Viscometer
In a typical concentric cylinder viscometer the sample is confined between a cup of radius R2 and a bob of radius Ä x and length L. The measured
torque M is that required to produce a steady relative angular velocity Ω
between the cylinders, and the shearing stresses η and r 2 produced in a
fluid at the inner and outer cylinders are, respectively,
η =
T2

M

(18)

2

2TT#I L

M2
2wR2 L

(19)

Finally, it can be shown that Ω and the r ' s are related by the expression

where φ — y/r.
For a Newtonian fluid ψ is a constant and equation (20) yields on integration
2Q
Φ= n
-2
(21)
n(l ~ s )
where s = R2/R\. Again, for a fluid obeying the exponential flow equation
(11), integration of equation (21) gives
2iVy \

RS«

2

/\2TÄ1 L/

K
}

When equation (22) is applicable, a plot of log Ω versus log M yields a
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straight line of slope equal to N. With Ν known, η' can be found from the
intercept, and y and φ may be found from equations (11) and (12).
An asymptotic solution of equation (20) without assuming a flow equa19
tion was obtained by Krieger and Elrod. Their result can be expressed
20
in the generalized form
φ = φ8[1 + Δ.(η)]

(23)

Here φ is the true fluidity and φ8 the fluidity as calculated from equation
(21). Again Δ β(τι) is given by

^•>=*·(^;)+>·(^-;)

!

<«
2

where
fa= 2 - ^ ( 1 +

%ln«)

h

s

(25)

and
ln

" (nUr)

)

To handle these equations, φ8 is calculated first from the experimental data,
then log φ8 is plotted versus log r i , and the plot differentiated graphically
to obtain d log φ8/ά log η . These slopes, along with the instrumental constants ki and k2, give then Δ,(τ 1 ), and the latter, introduced into equation
(23), yield finally the true fluidities at the various values of η .
Examples of the application of these various equations to latex, and of
the superposition of the results from capillary and rotational viscometers,
24 30
may be found in publications from this laboratory. * The only point which
need be illustrated here is the superposition of the results obtained with
both capillary and rotational viscometers when the data were handled by
means of equations (16) and (23), i.e., without assumption of a flow equation. Figure 1 gives a plot of φ versus r for a 62.2 % solids synthetic latex
measured in a capillary viscometer and in a rotational viscometer with two
different clearance ratios. The three sets of points may be seen to fall very
well on the same curve.
IV. Dependence of Latex Flow on Shearing Stress
As was pointed out above, no published data are available for natural
rubber latex which give unambiguously the relation between shear stress
and rate of shear. Whatever data are available merely show that natural
rubber latex is non-Newtonian at the higher concentrations, with the flow
30

S. H. Maron and R. J. Belner, J. Colloid Sei. 10, 523 (1955).

( 2 6
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FIG. 1. Fluidity-shear stress plot for a 62.2% solids latex at 30°C. in capillary and
concentric cylinder viscometers. Key: Φ, concentric cylinder a; Θ , concentric
cylinder b ; O , capillary.

being of the type generally referred to as pseudoplastic. Consequently, all
of the following will be confined to the discussion of the relation between
rate of shear and shearing stress observed with synthetic latices.
2 4 , 26
Krieger, Maron, and M a d o w
have shown that 50:50 butadienestyrene copolymer latex emulsified with rosin soap is Newtonian in flow
behavior up to a concentration of about 25 % solids and is non-Newtonian
at higher concentrations. This dividing line of ca. 25 % solids between Newtonian and non-Newtonian flow has also been observed in latices of high
2 5 2 8 , 30
butadiene content emulsified with both rosin and fatty acid s o a p s , '
29
27
in Neoprene latex, and in latex mixtures.
Figure 2 shows the typical shape of flow curves for synthetic latex above
ca. 25 % solids. These curves are very near to linear at concentrations just
above 25% solids and then deviate more and more from linearity as the
concentration is raised. In all cases the curves are found to be concave upwards, indicating pseudoplastic flow, and in no instance do they show a
yield point. At sufficiently high shear stresses the slope of each curve becomes constant, and consequently the latex approaches under these conditions Newtonian flow behavior with a limiting viscosity determined by
the nature of the latex and its concentration. The higher the concentration
for a given latex, the larger is this high shear stress limiting viscosity.
30
Again, Maron and Belner have found that latex above a volume fraction
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FIG. 2. Rate of shear-shear stress plot for a GR-S latex at various total solids
contents and 30°C.

v = 0.28 and below ν = 0.54 exhibits also Newtonian flow at very low shear
stresses. The shear stress below which Newtonian flow set in ranged from
2
τ = 4 dynes/cm. at ν = 0.28 down to r ~ 0 at ν = 0.54 for the particular latex studied. No such approach to Newtonian flow was observed above
ν = 0.54. For any given concentration of latex the low shear Newtonian
viscosity is in all cases higher than the high shear limit. These results indicate that the complete variation of the viscosity of a latex with shear
stress or rate of shear in the non-Newtonian range can be represented
schematically by a curve such as shown in Figure 3. One such curve corresponds to each fixed concentration, with the curves for higher concentrations lying above those for the lower ones.
A problem of considerable importance is the mathematical representation
of these flow curves, i.e., the nature of the flow equation. Maron and asso2 4 - 27
ciates
have shown that in some instances equation (11) may be used to
represent the relation between r and y over at least reasonable ranges of r.

133

RHEOLOGY OF L A T E X

High Shear Limit

Low Shear Limit

0

r(orr)

FIG. 3. Schematic diagram of complete flow curve for a latex of fixed concentration in non-Newtonian range.

They further found that up to ca. 40 % solids a single set of Ν and η' values
was sufficient to represent the flow curve over the entire region studied.
However, above ca. 40 % solids two sets of Ν and t{ values were required,
one for the lower shearing stresses and another for the higher ones. The Ν
values, which measure deviation from Newtonian behavior, were found to
range from Ν = 1 (Newtonian) up to Ν = 2.6 for ca. 62% solids latex,
while the η' values varied from the viscosity of water up to values as high
as a million times that of water.
However, experience has shown that for many latex systems, as well as
different samples of the same system, equation (11) is not valid even for
2 8 30
limited ranges of τ. " In the latter instances it was found possible to represent the flow behavior up to ca. 60% solids by the relation
Vr

1/2

=

A + BT
1 + Cr
2

for shear stresses above 50 dynes/cm ,

2 8, 2 9

(27)

and by
112

_ 1/2
Vr

_
—

A + Br
1 2
1 + Cr /

(28)
2 30

for shear stresses between 0.08 and 20 dynes/cm. . In these equations
7 7 r , the relative viscosity, is defined as ητ = τ/"γηο, while A, Β, and C are
parameters dependent on concentrations and temperature. These equations
are purely empirical in character, and it is doubtful whether they have any
general validity.
31
Ree and Eyring proposed in 1955 a generalized theory of flow which
31

T. Ree and H. Eyring, J. Appl. Phys. 26, 793, 800 (1955).
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considers a system to be composed of a number of flow units of different
relaxation times and gives for the viscosity η = τ/y the relation

, =Σ h

ßii

= Σ W«

(29)

In this equation hi and ßi are parameters characteristic of a particular flow
unit and dependent on concentration and temperature, while the indicated
summation has to be carried over the number of flow units required to
32
represent η as a function of 7 . Maron and Pierce applied equation (29) to
28
the latex flow data of Maron and Fok on the supposition that the latex
consists of two flow units, a Newtonian solvent unit and a polymer particle
unit which may be non-Newtonian. On this basis equation (29) takes the
form
V-a

+ bA-a

1

1

+ b!* *' ^
ßii

(30)

where a is the contribution made to the viscosity by the solvent, and MI
that made by the latex particles. A plot of 77 versus y predicted by equation
(30) has the general shape shown by Fig. 3. At high values of ßiy, Θχ = 0
and η = α. Again, when ßxy —» 0, θχ — 1 and η = a + b. The latter is also
the expression for the viscosity of the system at lower concentrations when
the flow becomes Newtonian. Consequently, this equation predicts for the
non-Newtonian region Newtonian high and low shear limits of η = a and
η = a + 6, respectively, and an intermediate viscosity variation with 7
similar to that observed.
Maron and Pierce also found that equation (30) reproduced quantitatively the dependence of η on 7 over the entire range of the latter variable
studied and at all concentrations and temperatures. A typical example of
the agreement obtained is shown in Fig. 4. However, application of the Ree33
Eyring theory by Maron and Sisko to the low shear data of Maron and
30
Belner showed that in this region three flow units are required to represent
the data, that is, 77 is given now by
η = a + M2 + M 3

(31)

One of these flow units is the Newtonian solvent, while the other two are
latex particle units of different relaxation times.
The equations given by the Ree-Eyring theory for the flow of a system
in the non-Newtonian range are too complicated for substitution into and
integration of equations (9) or (20). Further, to use these theoretical equa32
33

S. H. Maron and P. E. Pierce, J. Colloid Sei. 1 1 , 80 (1956).
S. H. Maron and A. W. Sisko,
Colloid Sei. 1 2 , 99 (1957).
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FIG. 4. Comparison of observed viscosities with those calculated by equation (30)
for 62.0% total solids latex, (v = 0.6017). Key: —, calculated; O , observed.

tions r and y data are required. Hence these equations can be applied only
to experimental results which have already been processed without assumption of a flow equation to convert the observables to τ - y plots, or to equivalent φ - τ or η - y plots.
The practice employed at present by the authors is to process experimental data without assumption of a flow equation, and then to plot the results
as either φ = y f r versus τ or η = τ / y versus y . A set of curves thus obtained
is shown in Fig. 5. These results can be left and used in graphical form, or,
if desired or possible, mathematical functions can be fitted to the data.
V . Dependence o f Latex Flow on Concentration

The viscosity of latex is very dependent on concentration. The increase
of viscosity with concentration is relatively slow below 40% solids, more
rapid between 40% and 50-55% solids, and extremely sharp above the
latter concentrations. In general, the increase of viscosity with concentration is not as pronounced with natural latex as it is with the synthetic
ones. With synthetic latices it is not unusual to find the viscosity of a 60 %
solids latex to be a million or more times that of water.
Some of the relations which have been employed to represent the variation of the viscosity of natural latex with concentration have been mentioned in Section II. In all these relations the viscosity, relative viscosity,
or specific viscosity employed have been calculated on the basis of Newtonian behavior, with no attempt being made to take into consideration
shear stress or rate of shear as a variable. The only latex systems in which
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FIG. 5. Fluidity-shear stress plot for a GR-S latex at various total solids (T.S.)
contents and 30°C.

cognizance was taken of the latter effect are the synthetic latices investigated by the authors.
2 5 27
Maron and co-workers " have found that it is possible in some synthetic
latex systems to represent the dependence of flow behavior on concentration by means of the relation
l

o

Î = ^
_
ηο
1 — αν

g

(32)

where 77' is the viscosity at unit shear stress as it appears in equation (11),
ηο is the viscosity of water, and ν the volume fraction of polymer in the latex,
whereas a and b are constants. When applicable, equation (32) is capable
of representing the flow behavior of a latex all the way from ν = 0 up to at
least ν = 0.60, that is, a polymer content higher than 60 % solids. However,
when equation (11) is unsatisfactory, then equation (32) is not applicable.
34
For such instances the Eilers equation, modified to the form

34

- 0 + H?J

H . Eilers, Kolloid-Z. 97, 313 (1941).

(33)
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28 30

has been found to be satisfactory. " In this equation ητ = 1/φηο = r/yw
while a and β are fitted constants.
Both of these equations can be tested readily by graphical means. A rearrangement of equation (32) gives
1

log η'/ηο

V

ab

(34)

b

and hence a plot of the quantity on the left versus υ should yield a straight
line from which the constants can be obtained. Again, rearrangement of
equation (33) yields
1/2

(„r

-

m

\)/v

= a + ß(Vr

1 2/

-

1)

(35)

1 /2

and hence a plot of ( τ 7 Γ — l)/v versus (?? r — 1) should be linear if the
equation is applicable.
In the case of the Ree-Eyring theory, the variation of the parameters
a and b in equation (30) with concentration at any given temperature can
be represented by the relations (32)
α =

T^ - T 2 2
(1 — ev)

(36)

7

and
b l

=

z

(1 — ev)

(37)

In these equations 770 is the viscosity of water, Kb is a constant dependent
on temperature, and € is a temperature independent constant. The same
33
equations have been found applicable to a and b2 in equation (31).
However, the dependence of βι and ß2 on concentration is different, as is
3 2, 3 3
also that of 63 and 0 3
A discussion of the variation of these parameters
32
with temperature has been given by Maron and Pierce.
35
According to Einstein's theory for suspensions of rigid spherical particles,
lim ηΒρ/ν
v->0

= 2.50

( 3 8)

The extent to which this expectation is realized with synthetic latices can
be deduced from the above equations. For small values of ν equation (32)
reduces to the form
(η/ηο)

-

1 = 2.303ab*>

η'Βρ/ν

= 2.303α&

or

36

A. Einstein, Ann. Physik [4] 19, 289 (1906).

(39)
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Again as ν —> 0, equation (33) reduces to
=

vjv

{fir

-

l)/v = 2a

(40)

and equation (36) to
VsP/v

= 2e

(41)

These equations are not quite correct because, in calculating the volume
fraction v, no account was taken of the volume occupied by the adsorbed
2b
layer of emulsifier on the latex particles. Now, Maron et al. have shown
that the true volume fraction vt is related to ν by the relation
vt/v

=

y

= 1 + (6Δ/Ζ).)

(42)

where Δ is the thickness of the adsorbed monolayer of emulsifier, and Ds is
the volume-to-surface average diameter of the dispersed particles as deter36 38
mined by soap titration. " On eliminating ν between equation (42) and
equations (39-41), we obtain
= 2.303α6/τ

(43)

/vt

= 2a/y

(44)

/vt

= 2e/y

(45)

' Jvt

v B

Vsp

and
Vap

The values for v'ap/vt obtained from equation (43), and based on data
25 26
obtained through use of equation (11), ranged from 2.03 to 2.25 · .
On the other hand, data processed without assumption of a flow equation,
and based on the use of ηΒρ instead of η'Βγ>, gave limiting values of t\Bp/vt
28 30
through equation (44) which ranged from 2.42 to 2.82 " , and through
32 33
equation (45) values of 2.60 and 2.67 · . The results given by equations (44) and (45) are near the expected 2.50 value, and they indicate
that the flow behavior of dilute latices is in good accord with the Einstein
theory of dilute suspensions of spherical particles.
Equations (32), (33) and (36) predict, respectively, that the viscosity
will become infinite at a volume fraction given by v*> = 1/α,
= 1/0,
and Voo = 1/e. When corrected by means of equation (42) for the volume
occupied by the monolayer of emulsifier adsorbed upon the latex particles,
these expressions become ^ = τ / α ,
= y/ß, and
= y/e. The values of
Voo obtained by means of the latter equations for various types of buta2 5 , 2 6 2 8 , 3 03 2 3 3
diene-styrene latices ranged from 0.68 to 0 . 7 7 .
'
' ' These results
36
37
38

S. H. Maron, M. E. Elder, and I. N. Ulevitch, / . Colloid Sei. 9 , 89 (1954).
S. H. Maron, Μ. Ε. Elder, and C. Moore, J. Colloid Set. 9 , 104 (1954).
S. H. Maron and M. E. Elder,
Colloid Sei. 9 , 263 (1954).

RHEOLOGY O F L A T E X

139

are in good accord with
= 0.74 expected for rhombohedral close packing
of uniform spheres, and values somewhat larger than 0.74 for spheres not
uniform in size. However, in the case of Neoprene latex
was found to
29
range from 0.55 to 0.61. These lower values suggest that in Neoprene the
viscosity becomes infinite when the particles are closely packed in cubical
rather than in rhombohedral array, i.e., with six rather than twelve closest
neighbors.
VI. Effect of Particle Size and Size Distribution
Hevea latex, being a natural product, is not subject to much variation in
either particle size or its distribution. Further, in order to preserve a certain
uniformity in properties, latices from various trees and sources are frequently blended, and thereby differences which may be present are to a
large degree wiped out. Consequently particle size and size distribution
effects are questions which have not been investigated in connection with
the flow behavior of natural latex.
However, this is not the case with synthetic latices. These may be prepared in average particle sizes ranging from several hundred angstroms up
to several microns, and the size distribution can also vary within extremely
39
wide limits. Some latices may show a very narrow distribution, such as
the much studied Dow 580G polystyrene latex, while others may have
39
broad distribution curves with one or more peaks in them. Under such
circumstances the question of the effect of particle size and its distribution
on flow becomes important.
Experience with latex polymerization has shown that, for the same
solids content, large particle size latices are more fluid than corresponding
latices of small particle size. However, it has not been established that the
increase in fluidity is due entirely to increase in particle size. In order to
make large particle size latices, polymerization recipes must be employed
in which the amount of emulsifier used is considerably lower than in recipes
for small particle size latices. Under such conditions the emulsifier-polymer
ratio in the large and small particle size latices is quite different, as is also
the fraction of the surface covered with emulsifier. What effects these latter
factors have on fluidity of latex is still unknown; and, until they are evaluated, it will be impossible to establish unambiguously the effect of particle
size on latex flow.
The only study which has been reported on the influence of particle
27
size distribution on latex flow is that by Maron and Madow. They studied
the flow behavior of mixtures of two latices, both of which were heterogeneous in particle size, but whose average particle diameters differed by a
factor of two. They found that, for mixtures of all proportions of the two
39

S. H. Maron, C. Moore, and A. S. Powell, / . Appl. Phys. 23, 900 (1952).

140

SAMUEL H. MARON AND IRVIN M. KRIEGER

latices up to a total volume fraction of ca. 0.45, the l o g ^ ' / ^ o ) values were
intermediate between those of the two constituents and were essentially
linear with the composition, expressed as the fraction by volume of one
constituent. Above a total volume fraction of 0.45, the plots showed minima
which shifted toward greater proportions of the larger particle size latex
38
as the total concentration increased. Further, the Einstein relation was
found to be obeyed reasonably well by the mixtures, while
was found to
go through a maximum when the composition was about 75 % of the larger
particle size latex. Whereas v* was 0.74 for the smaller particle size latex
and 0.77 for the larger one, the maximum gave
= 0.81, indicating that
mixtures of the two latices were capable of giving denser packing than the
individual latices. These observations suggest that polydisperse latices
should be capable of exhibiting flow to concentrations higher than corresponding monodisperse systems.
VII. Effect of Temperature
There are no published data on the effect of temperature upon the flow
behavior of natural rubber latex. The only reference we have been able to
10
find is the statement by Madge that the viscosity of natural rubber latex
decreases sharply, and probably exponentially, with temperature.
For synthetic latices, in turn, there is available only one detailed study,
28
that of Maron and Fok on the flow behavior of a butadiene-styrene latex
between 20° and 50° C. This study shows that the decrease of the viscosity
of the latex with temperature results primarily from the decrease of the
viscosity of the water medium. As a consequence the relative viscosity of a
latex of given concentration changes very little with temperature, and the
flow involves an activation energy which differs only slightly from that of
pure water. Further, the deviation of the latex from Newtonian behavior
has been found to be essentially independent of temperature and to be a
function only of concentration and shear stress. An analysis of these data
32
in terms of the Ree-Eyring theory has been given by Maron and Pierce.
VIII. Effect of Electrolytes
Ordinary electrolytes which are compatible with latex have generally a
tendency to lower its vicosity. The effect is the more pronounced the higher
the concentration of the added electrolyte. However, too much added
electrolyte may produce agglomeration of the particles and eventual coagulation of the latex.
The effect of anions on the viscosity of latices is relatively smaller than
the effect of the cations, since in general most latices are negatively charged.
Latices containing soaps usually cannot tolerate multivalent cations, since
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the soaps of such ions are insoluble, and hence the latices are destabilized.
Among the monovalent cations the action of the potassium ion is unique,
since potassium salts and potassium soaps give much more fluid latices at
a given concentration than any of the other monovalent cations. Although
the above observations are common knowledge among latex chemists, no
study has as yet been published on the quantitative effect of electrolytes on
either the viscosity of latex or its non-Newtonian behavior.
While most ordinary electrolytes lower the viscosity of latex, certain
other electrolytes, such as sodium silicofluoride, and polyelectrolytes, such
as sodium or ammonium alginate and sodium acrylate, raise it. These
substances, as well as others, are known as thickeners. They are usually
agents which promote the creaming and sometimes also the gelation of
latices.
IX. Some Unsolved Problems in Latex

Rheology

From the above discussion it is apparent that information is very meager
on the flow behavior of natural latex. While the situation for synthetic
latices is better, we still do not have a complete understanding of the behavior of these systems. Some of the deficiencies in the picture are peculiar
to latices, while others are common to the entire field of non-Newtonian
rheology.
The key problem in the entire field is the cause of non-Newtonian flow.
Many rheologists ascribe all non-Newtonian behavior to orientation under
shear. Although such effects may be operative when the suspended particles
are unsymmetrical, it is difficult to extend this explanation to systems such
as latices where the suspended particles are essentially spherical and, in
many cases, rigid. T o us a vital clue to the cause of non-Newtonian flow in
latices is the observation that this phenomenon only appears when the
volume fraction exceeds about 25%. This suggests that, at least in these
systems, the origin of non-Newtonian behavior is a crowding effect, and that
contributions resulting from orientation and from particle-particle and
particle-medium interactions are secondary.
A second deficiency which impedes the logical study of non-Newtonian
flow is the lack of a simple and theoretically interprétable flow law, i.e.,
an analytic function relating the rate of shear y and the shearing stress r .
While such a flow law is no longer necessary to obtain y and r from viscometric data, this task might be considerably eased if equations (9) and
(20) could be integrated. A more important advantage would be the possibility of expressing the flow behavior of a fluid by means of the parameters
of its flow equation, rather than by means of graphs or tables. While many
empirical and semitheoretical flow laws have been proposed, none has been
shown to be applicable to a wide class of fluids. And, although the Ree-
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Eyring theory looks very promising as a general flow law, the equations
yielded by this theory are difficult and tedious to handle, and the parameters of the equation are not always easily interprétable.
This brings us to the question of how the flow results are to be expressed.
Most latex chemists, accustomed to thinking in Newtonian terms, insist
on the expression of latex flow results in terms of a single parameter, the
"viscosity." From the very definition of non-Newtonian flow it is evident
that such an economy of expression of flow results is impossible. Nevertheless, the problems still remain of how many parameters are required to
characterize the flow behavior and how these parameters are to be used in
practical and theoretical problems. In our present state the most satisfactory way of expressing the results appears to be the Φ — y/τ versus r or the
η = τ/y versus y plot. Although such a plot presents the desired information, it does not permit the ready use of the results, and it is not convenient
for mathematical application. Again, while analytic functions can often be
fitted to the curves, the functions are not always the same, and neither are
the parameters. Consequently, intercomparison of flow results becomes difficult and confusing.
Beside these questions affecting the entire field of non-Newtonian flow,
there are also some which apply specifically to latex, both natural and synthetic, and which require further elucidation. First, more information is
required on the flow behavior of latices at very low shearing stresses in order
to define more fully the shape of the flow curve. Second, we know as yet
very little about the rheological effects of polymer composition, kind and
amount of emulsifier, temperature, particle size, and particle size distribution. Third, systematic studies are required to define the action of electrolytes in latex, not only with a view to the type of electrolyte and its concentration but also from the standpoint of the theory of the electroviscous
effect. Fourth, it is known that latices exhibit flow at concentrations beyond
Voo and that the flow behavior in those regions is not the same as below
v*>. Investigation of this concentration range should be of great interest.
Fifth, no data are available on the flow behavior of latex in the turbulent
region. Yet this region is of great importance practically, for the shear
rates employed during polymerization and in subsequent handling place
the latex in turbulent flow. Finally, most applications of latex require its
compounding with various ingredients. This compounding modifies tremendously the flow characteristics and frequently imparts thixotropy to the
system. As the processing conditions and the properties of the products
formed are greatly dependent on the flow properties of the compounded
latices, rheological information on such latices is needed, and would be of
great help to the latex technologist.
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Nomenclature
coefficients
particle diameter, volume to
surface average
coefficients
K, Kb
length of capillary or cylinder
L
M
torque
N
exponent in flow equation
Ρ
pressure drop
volume rate of flow
Q
radius of capillary
R
radius of inner cylinder
Ri
radius of outer cylinder
Ä*
a, bf bi , bi , 62 , &3 coefficients
instrumental constants of conh , k2
centric cylinder viscometer
radial coordinate; rubber-tor
serum weight ratio
radius ratio of concentric cyls
inder viscometer (s = R2/Ri)
velocity
u
volume fraction of suspended
V
phase
total volume fraction, polymer
Vt
plus soap
volume fraction at which flow
ceases
weight fraction of suspended
w
phase
A
thickness of soap monolayer

A,

B,

C

Ac

D,

A8

Ω
oc,
y

ai

correction term for capillary
viscometer
correction term for concentric
cylinder viscometer
angular velocity
, » 2 , 0 coefficients
volume correction factor (γ =
vt/v)

rate of shear
coefficient
e
viscosity
V
viscosity of medium
viscosity at unit shear stress
y'
relative viscosity
= ν/ψ>)
Vr
specific viscosity (r;8p = t\r — 1)
ηβρ
t
specific viscosity at unit shear
V BP
stress (τ/sp = η'/νο — 1)
l
function [θ(χ) = x ~
0, Öl ,, 02 , 03 Eyring
-1
sinh a;]
shear stress
r
shear stress at capillary wall
Tw
shear stress at inner cylinder
Tl
shear stress at outer cylinder
fluidity (φ « 1/ij)
Φ
apparent fluidity in capillary
Φο
viscometer
apparent fluidity in concentric
Φ»
cylinder viscometer

y

