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1. Introduction

Rheology is the science of the deformation and flow of matter. It is concerned
with the response of materials to applied stress. That response may be irrever-
sible viscous flow, reversible elastic deformation, or a combination of the two.
Control of rheology is essential for the manufacture and handling of numerous
materials and products, eg, foods, cosmetics, rubber, plastics, paints, inks, and
drilling muds. Before control can be achieved, there must be an understanding
of rheology and an ability to measure rheological properties.

Deformation is the relative displacement of points of a body. It can be
divided into two types: flow and elasticity. Flow is irreversible deformation;
when the stress is removed, the material does not revert to its original form.
This means that work is converted to heat. Elasticity is reversible deformation;
the deformed body recovers its original shape, and the applied work is largely
recoverable. Viscoelastic materials show both flow and elasticity.

This article is concerned with rheological measurements on both liquids
and solids and the principles on which they are based. The flow properties of a
liquid are defined by its resistance to flow, ie, viscosity, and may be measured by
determining the rate of flow through a capillary, the resistance to flow when the
fluid is sheared between two surfaces, or the rate of motion of an object or ball
moving through the fluid. The mechanical properties of an elastic solid may be
studied by applying a stress and measuring the deformation or strain. Many
solids, such as polymers, undergo flow in addition to recoverable elastic deforma-
tion. Furthermore, a number of liquids show elastic as well as flow behavior.
These materials are viscoelastic, and additional techniques beyond those indi-
cated for solids and liquids are needed for complete characterization. Examples
of such methods are the measurement of response to sinusoidal oscillatory
motion; the measurement of flow with time after application of stress, ie,
creep; and the measurement of the rate and degree of recovery after removal
of stress, ie, creep recovery or recoil.

In addition to viscometers, optical devices such as microscopes and cameras
can be used for defining and solving flow problems as well as characterizing
materials (1–3). Optical techniques allow the investigator to determine the phy-
sical structure of the material and visualize its flow processes.

2. Viscosity

A liquid is a material that continues to deform as long as it is subjected to a ten-
sile and/or shear stress. The latter is a force applied tangentially to the material.
In a liquid, shear stress produces a sliding of one infinitesimal layer over
another, resulting in a stack-of-cards type of flow (Fig. 1).

For a liquid under shear, the rate of deformation or shear rate is a function
of the shearing stress. The original exposition of this relationship is Newton’s
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law, which states that the ratio of the stress to the shear rate is a constant, ie, the
viscosity. Under Newton’s law, viscosity is independent of shear rate. This is true
for ideal or Newtonian liquids, but the viscosities of many liquids, particularly a
number of those of interest to industry, are not independent of shear rate. These
non-Newtonian liquids may be classified according to their viscosity behavior as
a function of shear rate. Many exhibit shear thinning, whereas others give shear
thickening. Some liquids at rest appear to behave like solids until the shear
stress exceeds a certain value, called the yield stress, after which they flow
readily.

Some commonly observed types of flow behavior are shown in Figure 2, in
which the shear stress is plotted against shear rate. These plots are called flow
curves and are frequently used to express the rheological behavior of liquids.
Newtonian flow is shown by a straight line, and shear thinning and thickening
by curves. Yield stresses, t0, are shown by intercepts on the stress ( y) axis. It
should be pointed out that the existence of yield stresses is controversial; they
may be artifacts resulting from high Newtonian viscosity at low shear rates
(4). However, in many dispersed systems, particularly where severe flocculation
occurs, this viscosity is so high that the material would take years to flow. There-
fore, in practice, there are true yield stresses. This parameter can be quite useful
in characterizing materials. Additional information on yield is available (5–8).

Viscosity is equal to the slope of the flow curve, �¼dt/dg�. The quantity t/g�
is the viscosity � for a Newtonian liquid and the apparent viscosity �a for a non-
Newtonian liquid. The kinematic viscosity is the viscosity coefficient divided by
the density, n¼ �/r. The fluidity is the reciprocal of the viscosity, f¼ 1/�. The
common units for viscosity, dyne seconds per square centimeter ((dyn�s)/cm2)
or grams per centimeter second ((g/(cm�s)), called poise, which is usually
expressed as centipoise (cP), have been replaced by the SI units of pascal seconds,
ie, Pa�s and mPa�s, where 1 mPa¼ 1 cP. In the same manner the shear stress
units of dynes per square centimeter, dyn/cm2, have been replaced by Pascals,
where 10 dyn/cm2¼ 1 Pa, and newtons per square meter, where 1 N/m2¼ 1 Pa.
Shear rate is DV/DX, or length/time/length, so that values are given as per second
(s�1) in both systems. The SI units for kinematic viscosity are square centimeters
per second (cm2/s), ie, Stokes (St), and square millimeters per second (mm2/s), ie,
centistokes (cSt). Information is available for the official Society of Rheology
nomenclature and units for a wide range of rheological parameters (9).

2.1. Flow Models. Many flow models have been proposed (8–10), which
are useful for the treatment of experimental data or for describing flow behavior
(Table 1). However, it is likely that no given model fits the rheological behavior of
a material over an extended shear rate range. Nevertheless, these models are
useful for summarizing rheological data and are frequently encountered in the
literature.

Of the models listed in Table 1, the Newtonian is the simplest. It fits water,
solvents, and many polymer solutions over a wide strain rate range. The plastic
or Bingham body model predicts constant plastic viscosity above a yield stress.
This model works for a number of dispersions, including some pigment pastes.
Yield stress, t0, and plastic (Bingham) viscosity, �p¼ (t�t0)g, may be determined
from the intercept and the slope beyond the intercept, respectively, of a shear
stress vs shear rate plot.
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The other models can be applied to non-Newtonian materials where time-
dependent effects are absent. This situation encompasses many technically
important materials from polymer solutions to lattices, pigment slurries, and
polymer melts. At high shear rates most of these materials tend to a Newtonian
viscosity limit. At low shear rates they tend either to a yield point or to a low
shear Newtonian limiting viscosity. At intermediate shear rates, the power law
or the Casson model is a useful approximation.

The power law, t¼ kg�n, is widely used as a model for non-Newtonian fluids.
It holds for many solutions and can describe Newtonian, shear-thinning, and
shear-thickening behavior, depending on the power factor, n, also called the
flow behavior index. For a Newtonian fluid, n¼ 1 and the equation reduces to
the Newtonian model. If n is less than 1, the fluid is shear thinning; if it is
greater than 1, the fluid is shear thickening. A test of whether the power law
applies and a means of determining n is to plot the log shear stress vs the log
shear rate. If the plot is linear, the power law applies. The value of n, which is
the reciprocal of the slope of the line, can be used as a measure of the degree of
shear thinning or shear thickening. Dividing the power law equation through by
g� gives an expression in terms of viscosity, �¼ k0gn�1.

The power law model can be extended by including the yield value
t�t0¼ kgn, which is called the Herschel–Bulkley model, or by adding the
Newtonian limiting viscosity �1. The latter is done in the Sisko model,
�1þ kgn�1. These two models, along with the Newtonian, Bingham, and Casson
models, are often included in data-fitting software supplied for the newer compu-
ter-driven viscometers.

Another model is the Casson equation (11), which is useful in establishing
the flow characteristics of inks, paints, and other dispersions. An early form of
this expression (eq. 1) was modified (12) to give equation 2.

�1=2 ¼ k0 þ k1 _��
1=2 ð1Þ

�1=2 ¼ �1=21 þ �
1=2
0 _���1=2 ð2Þ

The square root of viscosity is plotted against the reciprocal of the square root of
shear rate (Fig. 3). The square of the slope is t0, the yield stress; the square of the
intercept is �1, the viscosity at infinite shear rate. No material actually experi-
ences an infinite shear rate, but �1 is a good representation of the condition
where all rheological structure has been broken down. The Casson yield stress
t0 is somewhat different from the yield stress discussed earlier in that there
may or may not be an intercept on the shear stress–shear rate curve for the
material. If there is an intercept, then the Casson yield stress is quite close to
that value. If there is no intercept, but the material is shear thinning, a Casson
plot gives a value for t0 that is indicative of the degree of shear thinning.

The Williamson equation is useful for modeling shear-thinning fluids over a
wide range of shear rates (13). It makes provision for limiting low and high shear
Newtonian viscosity behavior (eq. 3), where t is the absolute value of the shear
stress and tm is the shear stress at which the viscosity is the mean of the viscosity
limits �0 and �1, ie, at �¼ (�0þ �)1/2.
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� ¼ �1 þ �0 � �1
1þ ðj� j�mÞ

ð3Þ

The Cross equation assumes that a shear-thinning fluid has high and low
shear-limiting viscosity (14) (eq. 4), where a and n are constants.

� ¼ �1 þ �0 � �1
1þ ��n

ð4Þ

The value for n is often given as 2/3, but polymer melts have shown a wide range
of values. The constant a is associated with rupture of the linkages in the struc-
ture of the fluid. The effect of different values of a, ie, at the same values of �0 and
�1, is shown in Figure 4. As a increases, breakdown occurs at lower and lower
shear rates.

2.2. Thixotropy and Other Time Effects. In addition to the nonideal
behavior described, many fluids exhibit time-dependent effects. Some fluids
increase in viscosity (rheopexy) or decrease in viscosity (thixotropy) with time
when sheared at a constant shear rate. These effects can occur in fluids with
or without yield values. Rheopexy is a rare phenomenon, but thixotropic fluids
are common. Examples of thixotropic materials are starch pastes, gelatin,
mayonnaise, drilling muds, and latex paints. The thixotropic effect is shown in
Figure 5, where the curves are for a specimen exposed first to increasing and
then to decreasing shear rates. Because of the decrease in viscosity with time
as well as shear rate, the up-and-down flow curves do not superimpose. Instead,
they form a hysteresis loop, often called a thixotropic loop. Because flow curves
for thixotropic or rheopectic liquids depend on the shear history of the sample,
different curves for the same material can be obtained, depending on the experi-
mental procedure.

Experimentally, it is sometimes difficult to detect differences between a
shear-thinning liquid in which the viscosity decreases with increasing shear,
and a thixotropic material in which the viscosity decreases with time, because
of the combined shear and time effects that occur during a series of measure-
ments. This is especially true if only a few data points are collected. In addition,
most materials that are thixotropic are also shear thinning. In fact, one defini-
tion of a thixotropic fluid limits it to materials whose viscosity is a function of
both shear rate and time (8).

Viscosity–time measurements during or after shearing can be used to show
time-dependent effects. The plots in Figure 6 (15) are representative of the
results of such measurements on a thixotropic material. On shearing at a
given shear rate, the viscosity drops sharply at first, but the rate of change con-
tinually decreases until a constant or nearly constant level is reached. This is
sometimes referred to as the sheared state. Changing to a higher shear rate
causes a a further drop in viscosity. When the shear rate is reduced, the viscosity
increases quickly at first, and then increases more slowly. A good example of this
is the behavior of latex house paint. The shearing plot represents the brushing
action, whereas the recovery plot shows what happens when the brushing stops.
The thixotropic behavior allows the paint to be easily brushed to a thin film and
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gives a short period of time for the brush marks to level; then the viscosity
increase prevents running and sagging.

Causes of time-dependent behavior include irreversible changes such as
cross-linking, coagulation, degradation, and mechanical instability, and reversi-
ble changes involving the breaking and re-forming of colloidal aggregations and
networks. Models of time-dependent behavior are less satisfactory and more con-
troversial than those of shear-dependent behavior. Few comprehensive investi-
gations of the viscosity–shear–time profiles of thixotropic and rheopectic
materials have been published, but there are sources that contain good discus-
sions of thixotropy (15–17). Rheopexy has also been described (18,19).

Time-dependent effects are measured by determining the decay of shear
stress as a function of time at one or more constant shear rates (20). Sequential
increases in shear rate followed by equilibration allows the shear stress to reach
a maximum value and then decrease exponentially toward an equilibrium level.
The peak shear stress, which is obtained by extrapolating the curve to zero time,
and the equilibrium shear stress are indicative of the viscosity–shear behavior of
unsheared and sheared material, respectively. The stress–decay curves are indi-
cative of the time-dependent behavior. A rate constant for the relaxation process
can be determined at each shear rate. In addition, zero-time and equilibrium
shear stress values can be used to construct a hysteresis loop that is similar to
that shown in Figure 5, but unlike that plot, is independent of acceleration and
time of shear.

Another method is the step-shear test (15), which uses controlled shearing
and the recovery behavior shown in Figure 6 to characterize the material. In this
method, a high shear rate (�104 s�1) is applied to the specimen until the viscosity
falls to an equilibrium value. The shear rate then is reduced to a low value
(�1 s�1), allowing the structure to re-form and the viscosity to recover. The
data can be analyzed in a number of ways. The time it takes to achieve 50% visc-
osity recovery or some other fraction of the original value can be used to indicate
the rate of recovery. Comparisons can be made based on these times or on the
time needed to reach a given viscosity. Equation 5 has been fit to the recovery
curve, where � (t) is the viscosity as a function of time, t; �t¼0, the sheared-out
viscosity at recovery time zero; �t¼1, the infinite time recovered viscosity; and t,
a time constant describing the recovery rate.

�ðtÞ ¼ �t¼0 þ ð�t¼1 � �t¼0Þð1� e�t=�Þ ð5Þ

Another method for estimating thixotropy involves the hysteresis of the thixotro-
pic loop. The area of the thixotropic loop is calculated or measured, which works
well with printing inks (1). In a variation of this method, the up curve on an
undisturbed sample is determined. The sample is then sheared at high shear
(>2000 s�1) for 30–60 s, followed by determination of the down curve (21). The
data are plotted as Casson–Asbeck plots, �1/2 vs g��1/2 (12). Such plots are best
used for comparison and ranking, but a measure of the degree of thixotropy
can be gained by determining the angle formed by the two lines or the area of
the triangle formed by the lines and a vertical line through a given value for
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g��1/2. Additional methods for determining the degree of thixotropy have been
described (7).

Results from measurements of time-dependent effects depend on the sam-
ple history and experimental conditions and should be considered approximate.
For example, the state of an unsheared or undisturbed sample is a function of its
previous shear history and the length of time since it underwent shear. The area
of a thixotropic loop depends on the shear range covered, the rate of shear accel-
eration, and the length of time at the highest shear rate. However, measure-
ments of time-dependent behavior can be useful in evaluating and comparing
a number of industrial products and in solving flow problems.

2.3. Effect of Temperature. In addition to being often dependent on
parameters such as shear stress, shear rate, and time, viscosity is highly sensi-
tive to changes in temperature. Most materials decrease in viscosity as tempera-
ture increases. The dependence is logarithmic and can be substantial, up to 10%
change/8C. This has important implications for processing and handling of mate-
rials and for viscosity measurement.

A common expression relating viscosity to temperature is the Arrhenius
equation, �¼A � eB/T or �¼A � 10B/T, where A and B are constants character-
istic of the polymer or other material, and T is the absolute temperature. Estima-
tion of the viscosity of a polymer at a given temperature requires a knowledge of
the viscosity at two other temperatures. This knowledge allows calculation of the
constants A and B and subsequent determination of viscosities at other, inter-
mediate temperatures.

The Arrhenius equation may also be expressed in logarithmic form (eq. 6):

log � ¼ logA þ B=T ð6Þ

For two temperatures (viscosity known at one), this expression may be written as
follows (eq. 7):

logð�1=�2Þ ¼ B
1

T1
� 1

T2

� �
ð7Þ

In practice, plots of log � vs 1/T tend to be straight lines over a considerable
range of values. Such plots may be used to predict viscosity at one temperature
from viscosities at other temperatures. Likewise, previously measured viscosity–
temperature curves for commerical products are often used to ensure meaningful
viscosity data for quality assurance even where temperature control is not pos-
silbe.

The Arrhenius equation holds for many solutions and for polymer melts
well above their glass-transition temperatures. For polymers closer to their Tg

and for concentrated polymer and oligomer solutions, the Williams–Landel–
Ferry (WLF) equation (22) works better (23,24). With a proper choice of reference
temperature Ts, the ratio of the viscosity to the viscosity at the reference tem-
perature can be expressed as a single universal equation (eq. 8):
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logð�=�sÞ ¼
�8:86ðT � TsÞ

101:6þ ðT � TgÞ
ð8Þ

Because Ts is often defined as Tgþ 50 K, the equation thus becomes

logð�=�gÞ ¼
�17:4ðT � TgÞ
51:6þ ðT � TgÞ

In general, the WLF equation holds over the temperature range Tg to
(Tgþ 1008C).

2.4. Dilute Polymer Solutions. The measurement of dilute solution
viscosities of polymers is widely used for polymer characterization. Very low con-
centrations reduce intermolecular interactions and allow measurement of poly-
mer–solvent interactions. These measurements are usually made in capillary
viscometers, some of which have provisions for direct dilution of the polymer
solution. The key viscosity parameter for polymer characterization is the limiting
viscosity number or intrinsic viscosity, [�]. It is calculated by extrapolation of the
viscosity number (reduced viscosity) or the logarithmic viscosity number (inher-
ent viscosity) to zero concentration.

The viscosity ratio or relative viscosity, �rel, is the ratio of the viscosity of the
polymer solution to the viscosity of the pure solvent. In capillary viscometer mea-
surements, the relative viscosity (dimensionless) is the ratio of the flow time for
the solution t to the flow time for the solvent t0 (Table 2). The specific (sp) visc-
osity (dimensionless) is also defined in Table 2, as is the viscosity number or
reduced (red) viscosity, which has the units of cubic meters per kilogram (m3/
kg) or deciliters per gram (dL/g). The logarithmic viscosity number or inherent
(inh) viscosity likewise has the units m3/kg or dL/g. For �red and �inh, c, the con-
centration of polymer, is expressed in convenient units, traditionally g/100 cm3

but kg/m3 in SI units. The viscosity number and logarithmic viscosity number
vary with concentration, but each can be extrapolated to zero concentration to
give the limiting viscosity number (intrinsic viscosity) (Table 2). Usually, mea-
surements at four or five concentrations are needed.

The specific viscosity can also be represented by (25)

�sp ¼ ½��c þ k1½��2c3

which becomes the Huggins equation (26)

�sp=c ¼ ½��ð1� kh½��cÞ

where kh is the Huggins viscosity constant, the most commonly used dilute solu-
tion viscosity number or index. It is easily determined from the slope of a plot of
�sp/c vs c such as the lower plot in Figure 8. The Huggins constant can be thought
of as a measure of the ‘‘goodness’’ of the solvent for the polymer with values
around 0.3 in good solvents and 0.5–1 in theta solvents. A large number of Hug-
gins constants can be found in Reference (25) along with constants for another

RHEOLOGY AND RHEOLOGICAL MEASUREMENTS 7



semiempirical equation relating viscosity and concentration, that of Schulz and
Blaschke (27).

The Huggins equation and Huggins constants can be used to determine
values for [�] (28,29). The latter gives an equation

½�� ¼ ð1þ 4kn�spÞ1=2 � 1=2knc

that can be used for single-point determinations (calculations from a single visc-
osity measurement at a known concentration). The general validity of single-
point methods has been questioned, however (30). An even simpler but equally
useful method is to approximate [�] by the logarithmic viscosity number of a sin-
gle sufficiently dilute solution: [�]�inh¼ (ln �rel)/c, where c¼ 1–2 kg/m3 or 0.1–0.2
g/100 cm3.

The limiting viscosity number depends on the polymer, solvent, and tem-
perature, but under a given set of conditions it is related to the molecular weight
by the Mark–Houwink relation, [�]¼KMa, where K and a are constants and M is
the molecular weight of the polymer. Tables of K and a are available for a large
number of polymers and solvents (31,32). Excellent summaries of equations,
techniques, and references relating to the viscosity of dilute polymer solutions
are also available (33,34), as is information on dilute polymer solutions that
are shear thinning (35).

2.5. Concentrated Polymer Solutions. Knowledge of the viscosity
behavior of concentrated solutions (36–38) is important to the manufacture
and application of caulks, adhesives, inks, paints, and varnishes. It is also useful
for designing and controlling polymer manufacturing processes, fiber spinning,
and film casting. Viscosity behavior can be investigated by a variety of methods,
including the use of simple capillary viscometers, extrusion rheometers, and
rotational viscometers. Unlike dilute solutions, concentrated polymer solutions
show a vast amount of interaction between the macromolecules. The degree of
interaction is governed by the concentration, the characteristics of the chains,
and the nature of the solvent. A convenient measure of concentration is the
dimensionless reduced concentration c̃, which is the product of the concentration
and the limiting viscosity number (intrinsic viscosity) [�] (36). The transition
from dilute to concentrated solutions occurs at a critical concentration cc and cor-
responds to c values of several units. In addition, at a critical molecular weight,
where M > Mc and c > cc, a fluctuating entanglement network forms. For a con-
centrated solution, properties above and below Mc may be quite different. For
example, the dependence of viscosity on molecular weight, which is much greater
in concentrated than in dilute solutions, changes from a value on the order of
unity below Mc to one of 3.4–3.5 above Mc (37,39,40). That is, �¼KM below
Mc and �¼KM3.4–3.5 above Mc. Viscosity in these expressions should be the
zero-shear viscosity �0, but because the relationships hold for low shear measure-
ments in many cases, the notation remains in the more general form �.

The break point above which entanglement occurs varies widely with mole-
cular structure; a range of 3,800–36,000 molecular weight has been shown (41).
In highly concentrated oligomeric solutions such as high solids organic coatings
(volume fraction > 0.7), high dependencies of viscosity on molecular weight occur
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even at low molecular weights (42–44). This is probably on account of hydrogen
bonding that causes the stringing together of short chains or the formation of a
loose network, thereby increasing the effective chain length. Something similar
to this has been seen with the formation of viscosity-building needle-like struc-
tures by low molecular weight materials (45).

Depending on the concentration, the solvent, and the shear rate of measure-
ment, concentrated polymer solutions may give wide ranges of viscosity and
appear to be Newtonian or non-Newtonian. The shear rate at which the break
in behavior occurs depends on the concentration and on the solvent.

2.6. Melt Viscosity. The study of the viscosity of polymer melts (46–57)
is important for the manufacturer who must supply suitable materials and for
the fabrication engineer who must select polymers and fabrication methods.
Thus, melt viscosity as a function of temperature, pressure, rate of flow, and
polymer molecular weight and structure is of considerable practical importance.
Polymer melts exhibit elastic as well as viscous properties. This is evident in the
swell of the polymer melt upon emergence from an extrusion die, a behavior that
results from the recovery of stored elastic energy plus normal stress effects. The-
oretical developments include a constitutive equation that correctly captures
nonlinear behavior in both elongation and shear (58,59).

A number of experimental methods have been applied to measure the melt
viscosity of polymers (51–60), but capillary extrusion techniques probably are
generally preferred. Rotational methods are also used, and some permit the mea-
surement of normal stress effects resulting from elasticity as well as of viscosity.
Slit rheometers can also be used to measure normal stress (61). Oscillatory shear
measurements are useful for measuring the elasticity of polymer melts (52,53).
Controlled stress methods have also been applied (54). Squeeze film flow has also
been proposed as a geometry suitable for processibility testing of polymer melts
(55). Nonlinear viscoelastic behavior is found in many molten plastics. Theoreti-
cal (62) as well as practical approaches address this issue, including a sliding
plate normal-thrust rheometer (63,64).

Polymer melts show a low shear rate Newtonian limit and a region of
diminishing viscosity with increasing shear rate. Although it is likely that a
high shear rate Newtonian region exists, this has generally not been observed
experimentally because of the effects of heat generation and polymer degrada-
tion at high shear rates.

The limiting low shear or zero-shear viscosity �0 of the molten polymer can
be related to its weight-average molecular weight Mw by the same relations
noted for concentrated solutions: �0¼KMw for low molecular weight and
�0¼KMw

3.5 for high molecular weight.
The transition between two forms of behavior occurs at a critical molecular

weight Mc, which corresponds to a critical chain length, Zc. The transition is
clearly shown in Figure 7, which is a plot of Newtonian viscosity vs chain length
in terms of carbon atoms for a series of molten polyethylenes (34). This transition
is thought to be related to chain fluctuations in the polymer melt in such a way
that the motion changes from displacement of whole chains to restricted motion
called reptation, ie, wiggly, snake-like motion within the tight tube formed by the
matrix of neighboring chains (65–67). Polymer entanglement and reptation have
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considerable influences on melt rheology, particularly on viscoelasticity, with
many consequences for the molding and extrusion of plastics.

The viscosity–molecular weight relationships noted above hold for narrow
molecular weight distribution polymers. For polymers having broad molecular
weight distributions, viscosity depends on a molecular weight average between
Mw and the next higher average Mz (z average), approaching Mz as the distribu-
tion broadens. Branching can have a considerable effect, reducing or increasing
the viscosity depending on the ratio of the length of the branch to the entangle-
ment length (68). The flow curve for a polymer melt can be predicted from the
molecular weight distribution (69) and, under some circumstances, a molecular
weight distribution can be determined from the flow curve (70,71). As might be
expected, fillers also have an effect on melt viscosity (72).

The dependence of viscosity on temperature is critical to the handling of
molten polymers in molding, extrusion, and other manufacturing processes. In
fact, the drop in viscosity with increasing temperature makes these operations
possible. Therefore, viscosity–temperature relationships are important. Data
for many polymers can be found in the literature (46–51). The behavior of others
can be determined by viscosity measurements over a range of temperatures.
Viscosity–stress master curves are useful in the prediction of viscosity at a
given temperature (73). The viscosity–stress curves shown in Figure 8 (46) are
approximately superimposable by shifting at constant stress.

The temperature dependence of melt viscosity at temperatures considerably
above Tg approximates an exponential function of the Arrhenius type. However,
near the glass transition the viscosity temperature relationship for many poly-
mers is in better agreement with the WLF treatment (22).

Melt viscosity is also affected by pressure (46,74,75). The compression of a
melt reduces the free volume and therefore raises the viscosity. For example, the
viscosity of low density polyethylene increases by a factor of roughly 10 over a
static pressure range of 34–170 MPa (5,000–25,000 psi).

2.7. Dispersed Systems. Many fluids of commercial and biological
importance are dispersed systems, such as solids suspended in liquids (disper-
sions) and liquid–liquid suspensions (emulsions). Examples of the former include
inks, paints, pigment slurries, and concrete; examples of the latter include
mayonnaise, butter, margarine, oil-and-vinegar salad dressing, and milk. Dis-
persion of a solid or liquid in a liquid affects the viscosity. In many cases New-
tonian flow behavior is transformed into non-Newtonian flow behavior. Shear
thinning results from the ability of the solid particles or liquid droplets to
come together to form network structures when at rest or under low shear.
With increasing shear the interlinked structure gradually breaks down, and
the resistance to flow decreases. The viscosity of a dispersed system depends
on hydrodynamic interactions between particles or droplets and the liquid, par-
ticle–particle interactions (bumping), and interparticle attractions that promote
the formation of aggregates, flocs, and networks.

Emulsions have not been studied as thoroughly as dispersions, probably
because of the greater complexity of the former. Emulsions tend to be unstable,
and frequently droplets begin to coalesce soon after the emulsion forms. Thus the
emulsion is continually changing. In addition, droplets may change shape under
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shear or when packed tightly together. This makes it difficult to apply theories
developed for solid spheres or other well-defined geometries of shape.

Detailed treatments of the rheology of various dispersed systems are avail-
able (76–81), as are reviews of the viscous, elastic, and yield behavior of disper-
sions (82–85), of the flow properties of concentrated suspensions (83,86–89), and
of viscoelastic properties (90–92).

The viscosities of dilute dispersions have received considerable theoretical
and experimental treatment, partly because of the similarity between polymer
solutions and small particle dispersions at low concentration. Nondeformable
spherical particles are usually assumed in the cases of molecules and particles.
The key viscosity quantity for dispersions is the relative viscosity or viscosity
ratio, �rel.

�rel ¼
�

�0
¼ Dispersion viscosity

Viscosity of liquid
ð9Þ

This is because the effect of the dispersed solid, rather than the dispersing med-
ium, is usually more significant. However, the latter should not be ignored. Many
industrial problems involving unacceptably high viscosities in dispersed systems
are solved by substituting solvents of lower viscosity.

The relative viscosity of a dilute dispersion of rigid spherical particles is
given by �rel¼ 1þaf, where a is equal to [�], the limiting viscosity number
(intrinsic viscosity) in terms of volume concentration, and f is the volume frac-
tion. Einstein has shown that, provided that the particle concentration is low
enough and certain other conditions are met, [�]¼ 2.5, and the viscosity equation
is then �rel¼ 1þ 2.5f. This expression is usually called the Einstein equation.

For higher (f > 0.05) concentrations where particle–particle interactions
are noticeable, the viscosity is higher than that predicted by the Einstein equa-
tion. The viscosity–concentration equation becomes equation 14, where b and c
are additional constants (93).

�rel ¼ 1þ 2:5�þ b�2 þ c�3 þ � � � ð10Þ

The deviation from the Einstein equation at higher concentrations is represented
in Figure 9, which is typical of many systems (94,95). The relative viscosity tends
to infinity as the concentration approaches the limiting volume fraction of close
packing fm (f¼�0.7). Equation 14 has been modified (96,97) to take this into
account, and the expression for �rel becomes (eq. 11)

�rel ¼
1þ 2:5�þ b�2 þ c�3 þ � � �

1� ð�m=�Þ
ð11Þ

Another model that has been successful in fitting much data is the Krieger–
Dougherty equation (eq. 16) (8,98):
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�rel ¼ 1� �

�m

� ��½���m

Factors other than concentration affect the viscosity of dispersions. A dispersion
of nonspherical particles tends to be more viscous than predicted if the Brownian
motion is great enough to maintain a random orientation of the particles. How-
ever, at low temperatures or high solvent viscosities, the Brownian motion is
small and the particle alignment in flow (streamlining) results in unexpectedly
lower viscosities. This is a form of shear thinning.

If the dispersion particles are attracted to each other, they tend to flocculate
and form a structure. At low concentrations the particles form open aggregates,
which give a fractal structure (99,100). At higher concentrations a network struc-
ture results, which can be so pronounced that the mixture has a yield point and
behaves like a solid when at rest. Shearing breaks up this structure, and viscos-
ity decreases.

If the volume concentration of the solid in the dispersion is high enough,
shearing may produce an increase rather than a decrease in viscosity. Such
behavior, called shear thickening (8,16,101,102) or dilatancy, is common in dis-
persions of certain pigments and other powders. These dispersions are closely
packed, but are usually shear thinning up to moderate shear rates, ie, a few hun-
dred to a few thousand per second. Higher shear introduces irregularities in the
packing, with bridging effects occurring between the particles. The overall pack-
ing loosens, which implies that the total space between particles increases. The
liquid is not able to fill this space and can no longer wet all the particles. Much of
the lubricating effect of the liquid is therefore lost, and internal friction rises,
producing a high viscosity. This is true dilatancy, and the volume actually
increases. Shear thickening can also occur in dilute suspensions (103). In such
cases there is no volume expansion; instead there is buildup of particle aggre-
gates which ultimately produces a network that behaves like a gel.

Because emulsions are different from dispersions, different viscosity–con-
centration relationships must be used (76,93). In an emulsion the droplets are
not rigid, and viscosity can vary over a wide range. Several equations have
been proposed to account for this. An extension of the Einstein equation includes
a factor that allows for the effect of variations in fluid circulation within the dro-
plets and subsequent distortion of flow patterns (104,105).

2.8. Extensional Viscosity. In addition to the shear viscosity �, two
other rheological constants can be defined for fluids: the bulk viscosity, K, and
the extensional or elongational viscosity, �e (36,50,51,106–110). The bulk viscos-
ity relates the hydrostatic pressure to the rate of deformation of volume, whereas
the extensional viscosity relates the tensile stress to the rate of extensional defor-
mation of the fluid. Extensional viscosity is important in a number of industrial
processes and problems (36,106,111,112). Shear properties alone are insufficient
for the characterization of many fluids, particularly polymer melts
(107,110,113,114).

Extensional flows occur when fluid deformation is the result of a stretching
motion. Extensional viscosity is related to the stress required for the stretching.
This stress is necessary to increase the normalized distance between two
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material entities in the same plane when the separation is s and the relative
velocity is ds/dt. The deformation rate is the extensional strain rate, which is
given by equation 17(111):

_"" ¼ 1

s

ds

dt
ð13Þ

Unlike shear viscosity, extensional viscosity has no meaning unless the type of
deformation is specified. The three types of extensional viscosity identified and
measured are uniaxial or simple, biaxial, and pure shear. Uniaxial viscosity is
the only one used to characterize fluids. It has been employed mainly in the
study of polymer melts, but also for other fluids. For a Newtonian fluid, the uni-
axial extensional viscosity is three times the shear viscosity: (�e)uni¼ 3�. The two
other extensional viscosities are used to study elastomers in the form of films or
sheets. Uniaxial and biaxial extensions are important in industry (106,110–
112,114,115), the former for the spinning of textile fibers and roller spattering
of paints, and the latter for blow molding, vacuum forming, film blowing, and
foam processes.

2.9. Electrorheological Behavior. Electrorheological (ER) fluids are
colloidal suspensions whose properties change strongly and reversibly upon
application of an electric field. When an electric field is applied to an ER fluid,
it responds by forming fibrous or chain structures parallel to the applied field.
These structures greatly increase the viscosity of the fluid, by a factor of 105 in
some cases. At low shear stress the material behaves like a solid. The material
has a yield stress, above which it will flow, but with a high viscosity.

A parameter used to characterize ER fluids is the Mason number, Ma,
which describes the ratio of viscous to electrical forces, and is given by equation
18, where e is the solvent dielectric constant; �0, the solvent viscosity; g�, the
strain or shear rate; b, the effective polarizability of the particles; and E, the elec-
tric field (116).

Ma ¼
24�"�0 _��

ð�EÞ2
ð14Þ

A considerable literature on ER fluids and their measurement has developed: a
selection of reviews and papers is given in References (117–138). There is an ana-
logous magnetorheological (MR) effect where suspensions filled with magnetic
particles show reversible changes in their rheological behavior when subjected
to a magnetic field (138–143). Measurements on ER and MR fluids are made
with viscometers modified to allow the the application of electric or magnetic
fields.
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3. Elasticity and Viscoelasticity

Elastic deformation is a function of stress and is expressed in terms of relative
displacement or strain. Strain may be expressed in terms of relative change in
volume, length, or other measurement, depending on the nature of the stress.
An ideal elastic body (144,145) is a material for which the strain is proportional
to the stress (Hooke’s law) with immediate recovery to the original volume and
shape when the stress is released. The relationship between the stress s and
strain e may be written as s¼Ke, where K is a proportionality constant called
the modulus of elasticity. For a homogeneous, isotropic, Hookean solid, three
moduli may be defined. Young’s modulus, E, relates tensile stress to tensile
strain. The shear modulus, G, relates shear stress to shear strain, ie, G¼ t/g.
The bulk modulus B relates hydrostatic pressure to the change in volume.
Another elastic constant needed for complete specification of behavior in tension
is Poisson’s ratio, m, which relates change in volume to change in shape. Incom-
pressible solids and polymer melts have m¼ 0.5, but for most solid materials,
m < 0.5. For isotropic, Hookean materials, Young’s modulus is related to the
shear modulus by E¼ 2G(1þ m). If m is 0.5, Young’s modulus is three times the
shear modulus. Values for the various moduli and Poisson’s ratio for some repre-
sentative materials are given in Table 3.

Materials such as metals are nearly elastic and show almost no flow or vis-
cous component. Polymers and many of their solutions are both viscous and elas-
tic, and both types of deformation must be taken into account to explain their
behavior (see Viscoelasticity).

3.1. Mechanical Behavior of Materials. Different kinds of materials
respond differently when they undergo mechanical stress. For purely viscous
behavior, stress is relieved by viscous flow and is independent of strain. For
purely elastic behavior, there is a direct dependence of stress on strain and the
ratio of the two is the modulus E (or G).

The response of different materials to a constant stress applied at time t¼ t0
followed by removal of that stress at t¼ t1, ie, creep and recovery, is shown in
Figure 10 (146). For an elastic material (Fig. 10a), the resulting strain is instan-
taneous and constant until the stress is removed, at which time the material
recovers and the strain immediately drops back to zero. In the case of the viscous
fluid (Fig. 10b), the strain increases linearly with time. When the load is
removed, the strain does not recover but remains constant. Deformation is per-
manent. The response of the viscoelastic material (Fig. 10c) draws from both
kinds of behavior. An initial instantaneous (elastic) strain is followed by a
time-dependent strain. When the stress is removed, the initial strain recovery
is elastic, but full recovery is delayed to longer times by the viscous component.

3.2. Mechanical Models. Because the complex rheological behavior of
viscoelastic bodies is difficult to visualize, mechanical models are often used.
In these models the viscous response to applied stress is assumed to be that of
a Newtonian fluid and is represented by a dashpot, ie, a piston operating in a
cylinder of Newtonian fluid. The elastic response is idealized as an ideal elastic
(Hookean) solid and is represented by a spring. The dashpot represents the dis-
sipation of energy in the form of heat, whereas the spring represents a system
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that stores energy. Mechanical behavior of materials may be approximated by
combinations of springs and dashpots. These models, which are largely being
replaced by mathematical (integral and differential) models, have been covered
in detail elsewhere (8,10,20,93,146,147).

Whether a viscoelastic material behaves as a viscous liquid or an elastic
solid depends on the relation between the time scale of the experiment and the
time required for the system to respond to stress or deformation. Although the
concept of a single relaxation time is generally inapplicable to real materials, a
mean characteristic time can be defined as the time required for a stress to decay
to 1/e of its elastic response to a step change in strain. The ratio of this charac-
teristic time to the time scale of the experiment, te, is called the Deborah number.
A material at a high Deborah number responds elastically, whereas that at a low
Deborah number exhibits viscous behavior: at te�l, it behaves like an elastic
solid; at 0 te > l, like a viscous liquid. These effects can be seen in geological
strata, where rock has flowed to relieve the stresses imposed by geological
events. The time scale is long, and the material appears to be viscous.

3.3. Dynamic Behavior. Knowledge of the response of materials to
stress–strain, creep, and stress–relaxation measurements are useful to define
material properties. The dynamic response of viscoelastic materials to cyclic
stresses or strains is also important, partly because cyclic motion occurs in
many processing operations and applications, and partly because so much rheo-
logical information can be gained from dynamic measurements. By subjecting a
specimen to oscillatory stress and determining the response, both the elastic and
viscous or damping characteristics can be obtained. Elastic materials store
energy, whereas liquids dissipate it as heat. This dissipation results in highly
damped motion. Viscoelastic materials exhibit both elastic and damping beha-
vior. The latter causes the deformation to be out of phase with the stress applied
in the dynamic measurement.

A sinusoidal stress applied to an ideal elastic material produces a sinusoidal
strain proportional to the stress amplitude and in phase with it. For ideal viscous
materials the stress and strain are out of phase by 908. Figure 11 gives an exam-
ple of a stress–strain diagram for a sinusoidal stress applied to a real material.
The amplitude of the deformation (strain) in response to the stress is propor-
tional to that of the stress, but lags behind the strain curve by some angle d
between 0 and 908, depending on the elastic/viscous characteristic of the mate-
rial. This behavior is usually analyzed by the use of complex variables to repre-
sent stress and strain. These variables, complex stress and complex strain, ie, t*

and g*, respectively, are vectors in complex planes. They can be resolved into real
(in phase) and imaginary (908 out of phase) components.

The complex stress is t*¼ t0 þ it00, which is the sum of a real part of the
stress and an imaginary part; the complex strain is g*¼ g0 þ ig00, where i is the
operator H�1 that signifies the rotation of 908 between t0 and t0 and g0 and g00.
The shear modulus can also be represented by a complex variable, ie, the com-
plex dynamic modulus G*, which is the ratio of the complex stress and complex
strain: G*¼ t*/g*. The dynamic modulus can also be resolved into two components
or vectors (G0 and G00): G*¼G0 þ iG00, where equation 15 holds, and where G0 ¼G*

cos d and G00 ¼G* sin d.

G� ¼ ½ðG0Þ2 þ ðG00Þ2��1 ð15Þ
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The parameter G0 is called the storage modulus. It is in phase with the real com-
ponents of g* and t* and is a measure of elasticity. It is associated with the energy
stored in elastic deformation and is approximately equal to the elastic modulus
determined in creep and stress–relaxation experiments when measured at
appropriate timescales, ie, G0(o)G(t) when t¼ 1/o. The value of G0 is high when
a polymer is in its glassy state, but drops with increasing temperature as the
polymer goes through the glass transition and becomes soft and rubbery
(Fig. 12). If the polymer is cross-linked, the storage modulus does not drop so
far after the glass transition. The exact level depends on the degree of cross-link-
ing. For viscoelastic melts it is common practice to associate G0 with the ability of
a melt to recover from a deformation. However, this has been shown to be invalid
in some cases, and an association with the stiffness of the melt is preferred (148).

G00 is called the loss modulus. It arises from the out-of-phase components of
g* and t* and is associated with viscous energy dissipation, ie, damping. The ratio
of G00 and G0 gives another measure of damping, the dissipation factor or loss tan-
gent (often just called tan d), which is the ratio of energy dissipated to energy
stored (eq. 16).

tan � ¼ G00=G0 ð16Þ

Plots of loss modulus or tan d vs temperature for polymers give peaks at energy
absorbing transitions, such as the glass transition and low temperature second-
ary transitions (Fig. 13). Such plots are useful for characterizing polymers and
products made from them.

A viscoelastic material also possesses a complex dynamic viscosity,
�*¼ �0 þ i�00, and it can be shown that �*¼G*/io; �0 ¼G00/o; and �00 ¼G0/o, where
o is the angular frequency. The parameter �* is useful for many viscoelastic
fluids in that a plot of its absolute value �* vs angular frequency in rad/s is
often numerically similar to a plot of shear viscosity � vs shear rate. This corre-
spondence is known as the Cox–Merz empirical relationship (150,151). The para-
meter �0 is called the dynamic viscosity and is related to G00, the loss modulus; the
parameter �00 does not deal with viscosity, but is a measure of elasticity.

The significance of G00, G0, tan d, �0, and �00 is that they can be determined
experimentally and used to characterize real materials. These parameters
depend on frequency and temperature, and this dependence can be used to define
behavior. For example, viscoelastic fluids are often characterized by log–log plots
of one or more of these quantities vs the angular frequency o, as shown in
Figure 14, which illustrates the behavior of a polymer melt (152,153).

3.4. Normal Stress (Weissenberg Effect). Many viscoelastic fluids
flow in a direction normal (perpendicular) to the direction of shear stress in
steady-state shear (20,96). Examples of the effect include flour dough climbing
up a beater, polymer solutions climbing up the inner cylinder in a concentric
cylinder viscometer, and paints forcing apart the cone and plate of a cone–
plate viscometer. The normal stress effect has been put to practical use in certain
screwless extruders designed in a cone–plate or plate–plate configuration,
where the polymer enters at the periphery and exits at the axis.
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The two normal stress functions, N1(g�) and N2 (g�), are referred to as the
first and second normal stress differences, respectively. The former is positive
and increases with increasing shear rate, as shown in Figure 15 (152,153),
which describes the steady-shear behavior of the polymer melt in Figure 14.
The stress function N2 (g�) is smaller in absolute value than N1(g�) and is some-
times negative. The first normal stress difference is a useful quantity, as it often
gives a good quantitative measure of viscoelasticity. It can be determined from
the normal force, which is measurable with several commercial rotational visc-
ometers. In highly elastic liquids it is common for N1(g�) to be considerably larger
than the shear stress.

Description of normal stress measurements on a practical but complex
material, paint, is available (154). Other publications (155–158) give the results
of investigations of normal stress differences for a variety of materials. These
papers and their references form a useful introduction to the measurement of
normal stress differences.

4. Viscometers

To solve a flow problem or characterize a given fluid, an instrument must be care-
fully selected. Many commercial viscometers are available with a variety of geo-
metries for wide viscosity ranges and shear rates (8,20,47,51). Rarely is it
necessary to construct an instrument. However, in choosing a commercial visc-
ometer a number of criteria must be considered. Of great importance is the nat-
ure of the material to be tested, its viscosity, its elasticity, the temperature
dependence of its viscosity, and other variables. The degree of accuracy and pre-
cision required, and whether the measurements are for quality control or
research, must be considered. The viscometer must be matched to the materials
and processes of interest; otherwise, the results may be misleading.

Most early viscometers, many of which have been incorporated into stan-
dard industrial tests, give single-point measurements. Instead of describing visc-
osity or shear stress over a range of shear rates, only a single point on the flow
curve is produced; the rest of the curve is unknown. This is not a problem with
Newtonian liquids because viscosity is independent of shear rate, but it can be
misleading in the case of non-Newtonian materials, as shown in Figure 16,
where the viscosity profiles of two fluids cross each other. Measurements carried
out at the shear rate corresponding to the intersection would indicate that the
two materials are identical, even though a simple examination, such as shaking
or pouring, would show that they are not. A non-Newtonian fluid cannot be ade-
quately characterized by a single-point measurement, and multipoint measure-
ment techniques are strongly recommended.

Temperature control is also important. Viscosity is highly dependent on
temperature; accurate, precise measurements can be made only if the tempera-
ture is carefully controlled. More errors are made and more disagreements over
viscosity results arise because of incorrect or drifting temperature than for any
other reason. Good temperature control can be achieved with commercial baths
or circulators equipped with thermostats. Unfortunately, this is impossible with
some viscometers. Others lose temperature control because of heat generation at
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high shear rates, especially with high viscosity materials. Such a temperature
increase causes an apparent loss of viscosity under shear. A natural but erro-
neous conclusion would be that the material is thixotropic or shear thinning.

Viscometers may be separated into three main types: capillary, rotational,
and moving body. There are other kinds, usually designed for special applica-
tions. For example, it has been reported that the viscosity of volumes of liquid
in the nanoliter range can be measured by monitoring the shape of a droplet
while it is suspended in a medium with an extensional or shear field (159). For
any given type of viscometer there is usually a choice of several different instru-
ments. The choice depends on the particular requirements of the investigator
and the price range.

4.1. Capillary Viscometers. Capillary flow measurement is a popular
method for measuring viscosity (20,146,147); it is also the oldest. A liquid drains
or is forced through a fine-bore tube, and the viscosity is determined from the
measured flow, applied pressure, and tube dimensions. The basic equation is
the Hagen–Poiseuille expression (eq. 17), where � is the viscosity, r the radius
of the capillary, Dp the pressure drop through the capillary, V the volume of
liquid that flows in time t, and L the length of the capillary.

� ¼ �r4�pt

8VL
ð17Þ

Steady-state, laminar, isothermal flow is assumed. For a given viscometer with
similar fluids and a constant pressure drop, the equation reduces to �¼Kt or,
more commonly, n¼ �/r¼Ct, where r is the density, n the kinematic viscosity,
and C a constant. Therefore, viscosity can be determined by multiplying the
efflux time by a suitable constant.

Capillary viscometers are useful for measuring precise viscosities of a large
number of fluids, ranging from dilute polymer solutions to polymer melts. Shear
rates vary widely and depend on the instruments and the liquid being studied.
The shear rate at the capillary wall for a Newtonian fluid may be calculated from
equation 18, where Q is the volumetric flow rate and r the radius of the capillary;
the shear stress at the wall is tw¼ rDp/2L.

_��w ¼ 4Q�

r3
ð18Þ

Absolute viscosities are difficult to measure with capillary viscometers, but visc-
osities relative to some standard fluid of known viscosity, such as water, are
readily determined. The viscometer is calibrated with the reference fluid, and
viscosities of other fluids relative to the reference sample are determined from
their flow times.

For highly accurate work, corrections must be made for kinetic energy
losses, incomplete drainage, turbulence, and possible surface tension and heat
effects (20). The largest correction for liquids is that resulting from loss of effec-
tive pressure because of the appreciable kinetic energy of the issuing stream. The
next most important correction for liquids and the largest for polymer melts is
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that for energy loss resulting from end effects, ie, viscous resistance caused by
velocity gradients as the liquid enters and leaves the capillary (146,147,160).
When the terms for these two correction factors are incorporated into the viscos-
ity equation, it is changed to equation 19, where t is the time of flow and B and C
are instrument constants generated from measurements of fluids of known
viscosity.

	 ¼ �=
 ¼ Ct � B=t ð19Þ

These corrections are rarely used in industrial applications because the
Poiseuille equation adequately expresses the flow. However, corrections are
absolutely necessary for determining even approximate viscosities when using
short capillary devices, such as orifice viscometers. Use of a long capillary
(> 10 dia) and long efflux times (> 300 s) minimizes the need for corrections.
The ASTM standards D3835 and D5099 describe experimental procedures for
using capillary rheometers to measure rheological properties of polymers and
rubbers under process conditions.

The glass capillary viscometer is widely used to measure the viscosity of
Newtonian fluids. The driving force is usually the hydrostatic head of the test
liquid. Kinematic viscosity is measured directly, and most of the viscometers
are limited to low viscosity fluids, approx 0.4–16,000 mm2/s. However, external
pressure can be applied to many glass viscometers to increase the range of mea-
surement and enable the study of non-Newtonian behavior. Glass capillary visc-
ometers are low shear stress instruments: 1–15 Pa or 10–150 dyn/cm2 if
operated by gravity only. The rate of shear can be as high as 20,000 s�1 based
on a 200–800 s efflux time.

The basic design is that of the Ostwald viscometer: a U-tube with two reser-
voir bulbs separated by a capillary, as shown in Figure 17a. The liquid is added
to the viscometer, pulled into the upper reservoir by suction, and then allowed to
drain by gravity back into the lower reservoir. The time that it takes for the
liquid to pass between two etched marks, one above and one below the upper
reservoir, is a measure of the viscosity. In U-tube viscometers, the effective pres-
sure head and therefore the flow time depend on the volume of liquid in the
instrument. Hence, the conditions must be the same for each measurement.

The original Ostwald viscometer has been modified in many ways, and a
number of different versions are on the market (20). Most are available with a
wide choice of capillary diameters and therefore a number of viscosity ranges.
A number of viscometers are described in ASTM D445, which also lists detailed
recommendations on dimensions and methods of use.

The Cannon–Fenske viscometer (Fig. 17b) is excellent for general use. A
long capillary and small upper reservoir result in a small kinetic energy correc-
tion; the large diameter of the lower reservoir minimizes head errors. Because
the upper and lower bulbs lie on the same vertical axis, variations in the head
are minimal even if the viscometer is used in positions that are not perfectly ver-
tical. A reverse-flow Cannon–Fenske viscometer is used for opaque liquids. In
this type of viscometer the liquid flows upward past the timing marks, rather
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than downward as in the normal direct-flow instrument. Thus the position of the
meniscus is not obscured by the film of liquid on the glass wall.

The Ubbelohde viscometer is shown in Figure 17c. It is particularly useful
for measurements at several different concentrations, as flow times are not a
function of volume, and therefore dilutions can be made in the viscometer. Mod-
ifications include the Cannon-Ubbelohde, semi-micro, and dilution viscometers.
The Ubbelohde viscometer is also called a suspended-level viscometer because
the liquid emerging from the lower end of the capillary flows down only the
walls of the reservoir directly below it. Therefore, the lower liquid level always
coincides with the lower end of the capillary, and the volume initially added to
the instrument need not be precisely measured. This also eliminates the tem-
perature correction for glass expansion necessary for Cannon–Fenske visc-
ometers.

For accurate and precise measurement the glass capillary must be clean.
The viscometer must be cleaned thoroughly after each series of operations. Sam-
ples being tested and cleaning solvents should be filtered to remove particles that
can clog the capillary.

All glass capillary viscometers should be calibrated carefully (20). The stan-
dard method is to determine the efflux time of distilled water at 208C. Unfortu-
nately, because of its low viscosity, water can be used only to standardize small
capillary instruments. However, a calibrated viscometer can be used to deter-
mine the viscosity of a higher viscosity liquid, such as a mineral oil. This oil
can then be used to calibrate a viscometer with a larger capillary. Another
method is to calibrate directly with two or more certified standard oils differing
in viscosity by a factor of approximately 5. Such oils are useful for calibrating
virtually all types of viscometers. Because viscosity is temperature-dependent,
particularly in the case of standard oils, temperature control must be extremely
good for accurate calibration.

In recent years several commercial capillary viscometers that allow auto-
mation have been developed. Manufacturers of automated viscosity systems
include Cannon, Schott, Design Scientific, and Lauda; Wescan supplies timer
and photocell combinations. An inexpensive timer is based on light pipes and
an electronic stopwatch (161). Cannon Instrument Co. supplies a wide range of
glass capillary viscometers, temperature baths, viscosity standards, and related
equipment.

Orifice viscometers, also called efflux or cup viscometers, are commonly
used to measure and control flow properties in the manufacture, processing,
and application of inks, paints, adhesives, and lubricating oils. Their design
answered the need for simple, easy-to-operate viscometers in areas where
precision and accuracy are not particularly important. In these situations knowl-
edge of a true viscosity is unnecessary, and the efflux time of a fixed volume of
liquid is a sufficient indication of the fluidity of the material. Examples of orifice
viscometers include the Ford, Zahn, and Shell cups used for paints and inks and
the Saybolt Universal and Furol instruments used for oils.

Orifice viscometers usually have extremely short capillaries. The typical
orifice viscometer is a cup with a hole in the bottom. The cup is filled, and the
time required for the liquid to flow out is measured. The hydrostatic head
decreases as the liquid flows, and there is a large kinetic energy effect. Flow
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analysis shows that the flow does not follow the Hagen–Poiseuille law, and efflux
times are not related to viscosities in any simple manner. Therefore, it is better
not to convert efflux times to viscosities except during calibration with standard
oils. Efflux times should be accepted as arbitrary measures of viscosity and noted
in terms of the viscometer being used, ie, Saybolt seconds, Ford seconds, etc. The
precision of orifice viscometers is poor because of the lack of temperature control,
wear during use, and variations in manufacture. However, they are widely used
in industry because they are inexpensive, robust, and easy to use. Some of these
instruments have the added convenience of being capable of dipping into or
remaining in the material to be tested. Dip cups determine approximate or rela-
tive viscosities in resin reactors, ink reservoirs, paint dip tanks, adhesive mixing
tanks, etc. These are applications where the limitations of orifice cups are
unimportant.

Orifice viscometers should not be used for setting product specifications, for
which better precision is required. Because they are designed for Newtonian and
near-Newtonian fluids, they should not be used with thixotropic or highly shear-
thinning materials; such fluids should be characterized by using multispeed rota-
tional viscometers.

Some orifice viscometers, such as the Shell dip cup and the European ISO
cup, which resembles a Ford cup with a capillary, have long capillaries. These
cups need smaller kinetic energy corrections and give better precision than the
corresponding short-capillary viscometers. However, they are still not precision
instruments, and should be used only for control purposes.

If it is necessary to calculate kinematic viscosities from efflux times, such
as in a calibration procedure, equation 20 should be used, where t is the efflux
time and k and K are constants characteristic of the particular viscosity cup
(162–165).

	 ¼ kt�K=t

In most cases it is sufficient to be able to convert from one viscometer value to
another or to approximate kinematic viscosities with the help of charts or tables;
literature from manufacturers is useful.

Linear equations of the type n¼ ct–C, where c and C are constants, relate
kinematic viscosity to efflux time over limited time ranges. This is based on the
fact that, for many viscometers, portions of the viscosity–time curves can be
taken as straight lines over moderate time ranges. Linear equations, which
are simpler to use in determining and applying correction factors after calibra-
tion, must be applied carefully as they do not represent the true viscosity–time
relation. Linear equation constants have been given (162) and are used in ASTM
D4212.

Pressure-driven piston cylinder capillary viscometers, ie, extrusion rhe-
ometers (Fig. 18), are used primarily to measure the melt viscosity of polymers
and other viscous materials (20,47,49,51). A reservoir is connected to a capillary
tube, and molten polymer or another material is extruded through the capillary
by means of a piston to which a constant force is applied. Viscosity can be deter-
mined from the volumetric flow rate and the pressure drop along the capillary.
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The basic method and test conditions for a number of thermoplastics are
described in ASTM D1238. Melt viscoelasticity can influence the results (171).

Polymer melts are frequently non-Newtonian. In this case the earlier
expression given for the shear rate at the capillary wall does not hold. A correc-
tion factor (3nþ 1)/4n, called the Rabinowitsch correction, must be applied in
such a way that equation 21 applies, where g�tw is the true shear rate at the
wall and n is a power law factor (eq. 22) determined from the slope of a log–
log plot of the true shear stress at the wall, ttw, vs g�w. For a Newtonian liquid,
n¼ 1. A true apparent viscosity, �t, can be calculated from equation 23.

_��w ¼ ð3n þ 1Þ _��w
4n

ð21Þ

n ¼ d log �tw
d log _��w

ð22Þ

�t ¼
�tw
_��tw

ð23Þ

An even more important correction for polymer melts is that for end effects.
Entrance and exit effects cause pressure drops that interfere with an accurate
determination of the pressure gradient, Dp/L, needed for viscosity determination
using the Hagen–Poiseuille equation. It has been assumed (160) that the effec-
tive length of the capillary is greater than the actual length, and the shear stress
at the wall has been corrected as equation 24, where R is the capillary radius, L
is the actual length, and E is an empirical parameter obtained by extrapolating a
plot of Dp versus the capillary aspect ratio, L/R, to zero pressure drop at constant
shear rate, _��, for capillaries of different length (146).

� cw ¼ R�p

2ðL þ ERÞ ð24Þ

A number of instruments are based on the extrusion principle, including slit
flow and normal capillary flow. These instruments are useful when large num-
bers of quality control or other melt viscosity test measurements are needed
for batches of a single material or similar materials. When melt viscosities of a
wide range of materials must be measured, rotational viscometers are preferable.
Extrusion rheometers have been applied to other materials with some success
with adhesives and coatings (8).

4.2. Rotational Viscometers. Rotational viscometers consist of two
basic parts separated by the fluid being tested (20,146,147,162,165–170). The
parts may be concentric cylinders (cup and bob), plates, a low angle cone and a
plate, or a disk, paddle, or rotor in a cylinder. Rotation of one part against the
other produces a shearing action on the fluid. The torque required to produce
a given angular velocity or the angular velocity resulting from a given torque
is a measure of the viscosity. Rotational viscometers are more versatile than
capillary viscometers. They can be used with a wide range of materials because
opacity, settling, and non-Newtonian behavior do not cause difficulties. Viscos-
ities over a range of shear rates and as a function of time can be measured.
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Therefore, they are useful for characterizing shear thinning and time-dependent
behavior.

Since the 1990s rotational viscometers have been developed that have inte-
grated computers for operation and control of the instrument as well as for data
collection, reduction, and storage. The combination of a computer, modern elec-
tronics, and feedback loops provides great flexibility and control. For example,
pulses from the computer coupled with feedback from the viscometer can give
precise oscillatory motion as well as shear viscosity measurement at constant
stress or speed; only simple hardware is involved. Such instruments are useful
for rheological measurements and studying the structure of dispersions and for-
mulated products. These new instruments are versatile, easy to use, and allow
the collection, analysis, and comparison of large amounts of data in a short time.

The mechanical parts of computer-controlled viscometers can be simple and
should not become obsolete for many years. The complexity is in the software,
and this is where changes will have to be made to keep the instrument up to
date. Some manufacturers are offering new, updated software free for a period
of several years after the instrument is purchased.

Rotational viscometers often were not considered for highly accurate mea-
surements because of problems with gap and end effects. However, corrections
can be made, and very accurate measurements are possible. Operating under
steady-state conditions, they can closely approximate industrial process condi-
tions such as stirring, dispersing, pumping, and metering. They are widely
used for routine evaluations and quality control measurements. The commercial
instruments are effective over a wide range of viscosities and shear rates.

The equations and methods for determining viscosity vary greatly with the
type of instrument, but in many cases calculations may be greatly simplified by
calibration of the viscometer with a standard fluid, the viscosity of which is
known for the conditions involved. General procedures for calibration measure-
ment are given in ASTM D2196. The constant thus obtained is used with stress
and shear rate terms to determine viscosity by equation 25, where the stress
term may be torque, load, or deflection, and the shear rate may be in rpm, revo-
lutions per second (rps), or s�1.

� ¼ Kðstress term/shear rate term) ð25Þ

Constants and factors are often supplied by the manufacturer. Separate con-
stants may be given for converting the stress and shear rate terms to the correct
quantities and units.

A constant is often determined from measurements with a Newtonian oil,
particularly when the calibrations are supplied by the manufacturer. This con-
stant is valid only for Newtonian specimens; if used with non-Newtonian fluids,
it gives a viscosity based on an inaccurate shear rate. However, for relative mea-
surements this value can be useful. Employment of an instrument constant can
save a great deal of time and effort and increase accuracy because end and edge
effects, slippage, turbulent interferences, etc, are included.

The earliest and probably the most common type of rotational viscometer is
the coaxial or concentric cylinder instrument. It consists of two cylinders, one
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within the other (cup and bob), keeping the specimen between them, as shown in
Figure 19. The first practical rotational viscometer consisted of a rotating cup
with an inner cylinder supported by a torsion wire. In variations of this design
the inner cylinder rotates. Instruments of both types are useful for a variety of
applications.

The relationship between viscosity, angular velocity, and torque for a New-
tonian fluid in a concentric cylinder viscometer is given by the Margules equation
(eq. 26) (20,147), where M is the torque on the inner cylinder, h the length of the
inner cylinder, � the relative angular velocity of the cylinder in radians per
second, Ri the radius of the inner cylinder wall, Ro the radius of the outer cylin-
der wall, and k an instrument constant.

� ¼ M

�4�h

� �
1

R2
i

� 1

R2
o

� �
¼ kM

�
ð26Þ

Therefore, the viscosity can be determined from the torque and angular velocity.
However, the viscosity is usually calculated from the shear rate and shear stress,
which can be obtained from the Margules equation. The shear rate is given by
equation 27, where r is any given radius.

_�� ¼ ð2�=r2ÞðR2
i R

2
oÞ

R2
o � R2

i

ð27Þ

The shear stress is given by equation 28:

� ¼ M

2�r2h
ð28Þ

The shear rate and shear stress can be calculated for any radius r from these
equations. In most cases the radius used is Ri because the shear stress and
shear rate of interest are at the inner, torque-sensing cylinder. Thus equations
27 and 28 become

_�� ¼ 2�R2
o

R2
o � R2

i

and � ¼ M

2�R2
i h

The viscosity of a Newtonian fluid may be determined from the Margules equa-
tion or from the slope of a shear stress–shear rate plot. Non-Newtonian fluids
give intercepts and curves with such plots. Viscosities can be calculated, but
accurate values depend on including correction factors for yield points and
shear thinning, ie, shear rate corrections, in the above equations (20). The
shear rate correction may be minimized by using a very small gap size; in
other words, the ratio of the inner to outer radius should be as close to unity
as possible. In practical terms this means maintaining a ratio of 0.95, which is
impossible with many sensors used with commercial rotational viscometers.
With highly shear thinning materials even this is insufficient, and corrections
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must be made regardless of the gap size. However, with viscosity–shear rate
curves, although correction shifts each point by a rather large amount, the cor-
rected curve itself is only slightly different from the uncorrected curve (172).

In addition to non-Newtonian flow, the main correction necessary for con-
centric cylinder measurements is that on account of end effects. Because the
inner cylinder is not infinitely long, there is drag on the ends as well as on the
face of the cylinder. The correction appears as an addition, h0, to the length, h.
The correction is best determined by measuring the angular velocity and torque
at several values of h, that is, at various depths of immersion. The data are
plotted as M/� vs h, and extrapolation is made to a value of h0 at M=� ¼ 0.
The quantity (hþh0) is substituted for h in the various equations.

In a cone–plate viscometer (Fig. 20), a low angle (�38) cone rotates against
a flat plate with the fluid sample between them. The cone–plate instrument is a
simple, straightforward device that is easy to use and extremely easy to clean. It
is well-suited to routine work because measurements are rapid and no tedious
calculations are necessary. With careful calibration and good temperature con-
trol it can be a very effective research and problem-solving tool. Heated instru-
ments can be used for melt viscosity measurements.

In most rotational viscometers the rate of shear varies with the distance
from a wall or the axis of rotation. However, in a cone–plate viscometer the
rate of shear across the conical gap is essentially constant because the linear
velocity and the gap between the cone and the plate both increase with increas-
ing distance from the axis. No tedious correction calculations are required for
non-Newtonian fluids. The relevant equations for viscosity, shear stress, and
shear rate at small angles a of fluids are equations 29, 30, and 31, respectively,
where M is the torque, Rc the radius of the cone, v the linear velocity, and r the
distance from the axis.

� ¼ 3�M

2R3
c

ð29Þ

� ¼ 3M

2�R3
c

ð30Þ

_�� ¼ d	

dr
¼ �

�
ð31Þ

Cone–plate geometry has several advantages over concentric cylinder geometry,
including a smaller sample size, a homogeneous shear rate, and easy conversion
of data. Disadvantages include the need for precise adjustment of the gap (done
automatically in many viscometers), including resetting when the temperature is
changed, specimen drying, solvent evaporation, slinging of material from the
gap, and the possibility of viscous heating, particularly at high shear rates.
The last problem is compounded by the fact that temperature control with com-
mercial instruments is not always as good as it should be.

In parallel plate viscometers (168) the gap width is usually larger and can
be varied freely. This is an advantage when measuring suspensions or disper-
sions with large particles or with a tendency to fly out of the gap. The wide
gap means that there is less sensitivity to temperature changes. Therefore, reset-
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ting is usually not necessary and temperature scans are much easier to run than
with a cone–plate viscometer. However, with the plate–plate instrument, the
velocity, and therefore the shear rate, varies with the distance from the center
of the plate. This makes viscosity data more difficult to evaluate.

The maximum shear rate (at the plate rim) is given by equation 32, where
Rp is the radius of the plate and h the distance between the two plates.

_��m ¼ �Rp

h
ð32Þ

The viscosity is given by equation 33, where M is the torque.

� ¼ 3M

2�R3
p _��m

1þ 3
d lnM

d ln _��

� �
ð33Þ

A dynamic viscometer is a special type of rotational viscometer used for charac-
terizing viscoelastic fluids. It measures elastic as well as viscous behavior by
determining the response to both steady-state and oscillatory shear. The geome-
try may be cone–plate, parallel plates, or concentric cylinders; parallel plates
have several advantages, as noted above.

Many rotational viscometers operate by controlling the rotational speed
and, therefore, the shear rate. The shear stress varies uncontrollably as the visc-
osity changes. Often, before the structure is determined by viscosity measure-
ment, it is destroyed by the shearing action. Yield behavior is difficult to
measure. In addition, many flow processes, such as flow under gravity, settling,
and film leveling, are stress-driven rather than rate-driven.

An instrument where the shear stress and rate of stress change, rather
than the rotational speed, are controlled offers advantages. A few such instru-
ments have existed for many years, eg, the Stormer; others have been developed
more recently (173–178). A typical instrument consists of a drag cup motor, a
frictionless air-bearing torque shaft, sensors for measuring angular deflection
and velocity, and a rotating bob and fixed cup or parallel plates (174–177). The
rotating shaft must be suspended in a frictionless manner to permit measure-
ments at very low stresses.

Controlled stress viscometers are useful for determining the presence and
the value of a yield stress. The structure can be established from creep measure-
ments, and the elasticity from the amount of recovery after creep. The viscosity
can be determined at very low shear rates, often in a Newtonian region. This
zero-shear viscosity, �0, is related directly to the molecular weight of polymer
melts and concentrated polymer solutions.

Yield stresses are determined with the help of a vaned cylinder acting as
sensor (179), which is attached to a stress rheometer (180). The sensor has
four to eight thin blades centered around the cylindrical shaft. The instrument
is immersed in the material, and a stress is applied. If the stress is below the
yield stress, the material deforms elastically (small strain), but does not yield.
When the applied stress exceeds the yield stress, the material flows and the sen-
sor rotates continuously. Usually, a series of measurements are carried out at
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successively higher stresses. The yield behavior is seen as a large strain over a
short period of time. The torque for yielding is between the last nonyield torque
value and the one that produced continuous rotation. Subsequent tests are per-
formed with smaller torque increments to narrow the range for the yield stress.
Details of the method and the equation relating yield stress to torque are avail-
able (180). Controlled stress techniques are used to determine yield stresses and
other flow properties for polymer melts (54) as well as for solutions and disper-
sions.

Some rotational viscometers employ a disk as the inner member or bob, eg,
the Brookfield and Mooney viscometers; others use paddles (a geometry of the
Stormer). These nonstandard geometries are difficult to analyze, particularly
for an infinite bath, as is usually employed with the Brookfield and the Stormer.
The Brookfield disk has been analyzed for Newtonian and non-Newtonian fluids
and shear rate corrections have been developed (21). Other nonstandard geome-
tries are best handled by determining instrument constants by calibration with
standard fluids.

Pictures and more detailed descriptions are available on the manufacturers’
relevant Web sites. Great changes have been made in commercial instruments,
particularly in their integration with computers, but a recent paper may point to
even greater changes in the future (181). Rheometers generally require actuators
to stress specimens and sensors to record the response. However, sensors contri-
bute considerably to the cost and complexity of instruments. A possible alterna-
tive to sensors is self-sensing, a technique that involves using knowledge of the
actuator’s behavior to estimate force or position. Torque or force is self-sensed in
some commercial rheometers, but they still need position sensors to measure
motion. Since it is possible to self-sense motion of electromagnetic actuators, it
should be possible to construct a rheometer having no sensors. Such a rheometer
could be small, simple, and inexpensive. To prove their point the authors built a
rheometer that fit that description.

4.3. Moving Body Viscometers. In moving body viscometers, the
motion of a ball, bubble, plate, needle, or rod through a material is monitored.

Falling ball viscometers are based on Stokes’ law, which relates the viscos-
ity of a Newtonian fluid to the velocity of the falling sphere. If a sphere is allowed
to fall freely through a fluid, it accelerates until the viscous force is exactly the
same as the gravitational force. The Stokes’ equation relating viscosity to the fall
of a solid body through a liquid may be written as equation 34, where r is the
radius of the sphere; ds and dl are the density of the sphere and the liquid,
respectively; g is the gravitational force; and v is the velocity of the sphere.

� ¼ 2r2gðds � d1Þ
9v

ð34Þ

Viscometers of the falling ball type can be used over an extremely wide viscosity
range, but are usually employed for fairly viscous materials because small balls
and small differences in density are needed to obtain a suitably slow rate of fall
in a low viscosity fluid. The devices are limited to measurements of Newtonian
fluids because no practical formula has been developed for non-Newtonian
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materials. They had been considered as instruments for routine viscosity mea-
surements rather than highly accurate work, but more recent designs (182–184)
have changed this. The technique has proved to be useful in the study of suspen-
sions, including those that are opaque and concentrated. The cylinder is jacketed
for temperature control to within 0.18C. Optical techniques are used for clear
solutions and X-rays for opaque suspensions. A high speed video system is
used for recording data.

The speed at which a sphere rolls down a cylindrical tube filled with a fluid
or down an angled plate covered with a film of the fluid also gives a measure of
viscosity. For the cylindrical tube geometry, equation 35 a generalized form of
the Stokes’ equation, is used for any given instrument, where v is the transla-
tional velocity of the rolling sphere and k is the instrument constant determined
by calibration with standard fluids.

� ¼ kðds � dlÞ
v

ð35Þ

The technique of determining viscosity from the velocity of a rolling ball on an
inclined plate or panel has been used largely for following the flow, drying,
and curing of paints and other coatings (185–187), but can also be used for
other materials. The system can be calibrated with standard oils or other fluids
of known viscosity. The geometry is ill-defined because the ball often slides and
rolls, but the technique is useful. Rolling ball methods based on an inclined plane
or an inclined path leading to a horizontal test specimen have been employed to
determine the tack of pressure-sensitive adhesives (ASTM D3121) (188–190).
The reciprocal of the distance rolled by the ball is considered to be proportional
to the tackiness of the adhesive.

Under a broad definition of a moving body, certain other viscometers can be
considered to be of this type, including the band, falling rod, falling needle, slid-
ing plate, and bubble tube viscometers. The band viscometer includes an
arrangement of parallel plates, the basic geometry used to define shear viscosity.
The band, which is a strip of Mylar film, is sandwiched between two fixed plates.
The fluid is placed between the band and the plates, and the band is pulled
through the fluid. For a given gap and force on the band, the speed of the
band is a measure of viscosity.

The falling rod viscometer, though similar to the band viscometer, is based
on the movement of a rod rather than a plate through the fluid (191–194). It is a
form of a falling coaxial cylinder viscometer. Initially, this device was used for
semiempirical studies of materials such as bitumens and rosins. In the 1990s,
the Laray falling rod viscometer became a standard test instrument in the ink
industry (ASTM D4040), and more recent versions of the falling rod viscometer
are capable of precise measurements of polymer melts and solutions (195). In the
falling needle viscometer (196,197) (ASTM D5478), the moving body is a glass or
stainless steel needle that falls vertically through the fluid. The viscous proper-
ties and density of the fluid are derived from the velocity of the needle.

The sliding plate rheometer has been in use for some time, but new
types were developed in the 1990s (198–202). The well-defined simple shear
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deformation generated by this technique is useful for the characterization of
polymer melts and concentrated solutions. Of particular interest is the fact
that it can cause a high degree of molecular stretching. The sliding plate rhe-
ometer is useful for the characterization of polymer slip at solid boundaries
and the determination of the effectiveness of processing aids (203,204).

Viscosity can also be determined from the rising rate of an air bubble
through a liquid. This simple technique is widely used for routine viscosity mea-
surements of Newtonian polymer solutions. A bubble tube vicometer consists of a
glass tube of a certain size to which liquid is added until a small air space
remains at the top. The tube is then capped. When it is inverted, the air bubble
rises through the liquid. The rise time may be taken as a measure of viscosity or
matched to that of a member of a series of standards (ASTM D1545).

4.4. Other Viscometers. A number of other viscometers are built for
specific research or product applications. In one type of design, vibrational tech-
niques are used to measure viscosity. The A&D Weighing SV-10, the Automation
Products Dynatrol, and the Nametre are all based on this principle. The SV-10
and the Nametre measure viscosity by monitoring the power required to main-
tain torsional vibrations in their sensors, two small, thin circular plates for the
SV-10 and a small stainless steel rod with a bulb at the end for the Nametre. The
Dynatrol determines viscosity by measuring the amplitude of vibration of an
immersed flexural member. Because the rate of shear is not easily determined
or changed, these instruments are best used for controlling or studying processes
in which viscosity changes with time or temperature. In such cases they can be
useful because wide ranges of viscosity can be measured without changing sen-
sors (for example, 10�1–106 mPa�s for the Nametre). Special versions of the
Dynatrol and Nametre devices are employed for in-line process control for
many polymeric solution-based products because of their insensitivity to stirring
and flow, wide viscosity ranges, simplicity of design, and ability to be controlled
from and transmit data to a remote point.

The Vilastic VE system is based on controlled oscillatory flow in a cylindri-
cal tube. Measurements are performed using oscillatory flow generated at a
selected frequency in a precision measurement tube. Viscosity, elasticity, and
storage and loss moduli are calculated from data obtained from sensors that
monitor the pressure drop across the tube and volume through the tube.

5. Measurement Techniques

5.1. Extensional Viscosity. All three types of extensional viscosity can
be measured (107): uniaxial, biaxial, and pure shear. Only a few commercial
instruments are available, however, and most measurements are made with
improvised equipment. Extensional viscosity of polymer melts can be estimated
from converging flow (entrance pressure) or from a melt strength drawdown test
(205) as well as measured with techniques described below.

Most uniaxial measurement techniques involve extending a strand or
cylindrical rod of the material and measuring the force required. To measure
fluids, the fluid is extruded from a spinnerette nozzle and allowed to fall under
gravity. It is then extended by being rolled up on a rotating drum (107,206–208).
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The generated force is measured by the deflection of the nozzle or tube as the
latter is pulled by the filament of fluid or at the take-up roller. This method
has been the basis for home-built viscometers and a commercial instrument
(208).

Another type of experiment involves a fluid filament being drawn upward
against gravity from a reservoir of the fluid (107,209,210), a phenomenon often
called the tubeless siphon. The maximum height of the siphon is a measure of the
spinnability and extensional viscosity of the fluid. More quantitative measures of
stress, strain, and strain rate can be determined from the pressure difference
and filament diameter. A more recent technique involves monitoring the stretch-
ing of a fluid filament as it is extended (211–216). The basic design is called a
filament stretching rheometer (FSR). With a commercial version, the CaBER
(Capillary Breakup Extensional Rheometer (Thermo Electron Corp.), a specimen
is placed between two parallel plates, and then the upper plate is raised to form a
filament. A laser micrometer measures the midpoint diameter of the filament as
it thins. The filament breakup time, deformation rate, and extensional viscosity
can be calculated from the decrease in diameter with time. All of these methods
are limited to spinnable fluids under small total strains and strain rates. High
strain rates tend to break the column or filament.

There is another technique that can be used with low viscosity (100 mPa�s)
nonspinnable fluids and which allows high strain rates (> 103 s�1). A modified
opposing jets device (217) is employed that consists of opposing nozzles through
which the fluid is sucked or blown out. Extensional viscosity is determined from
the force required to keep the nozzles at a fixed distance apart as a function of
flow rate. A wide range of fluids can be investigated, and the high strain rates
obtainable make it possible to study industrial processes and the effects of low
concentrations of additives. A commercial instrument based on this device was
on the market for a few years and has been used for some interesting research
(218–222).

A sliding plate rheometer (simple shear) can be used to study the response
of polymeric liquids to extension-like deformations involving larger strains and
strain rates than can be employed in most uniaxial extensional measurements
(63,198,202). The technique requires knowledge of both shear stress and the
first normal stress difference, N1ð _��Þ, but has considerable potential for character-
izing extensional behavior under conditions closely related to those in industrial
processes.

Flow entering an orifice from a larger tube produces both shear and exten-
sional deformation of the fluid (223). Although both shear and extensional effects
are present, the pressure across the orifice is often dominated by extensional
effects. This has been used as the basis for an extensional viscosity attachment
for the Vilastic VE tube viscometer (224).

A method for measuring the uniaxial extensional viscosity of polymer solids
and melts uses a tensile tester in a liquid oil bath to remove effects of gravity and
provide temperature control; cylindrical rods are used as specimens (225,226).
The rod extruder may be part of the apparatus and may be combined with a
device for clamping the extruded material (227). However, most of the more
recent versions use prepared rods, which are placed in the apparatus and heated
to soften or melt the polymer (113,228,230). A constant stress or a constant strain
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rate is applied, and the resultant extensional strain rate or stress, respectively, is
measured. Similar techniques are used to study biaxial extension (107).

In another elongational rheometer (228), the specimen is suspended on the
end of a flexible tape, which is wound onto a wheel turned by a servo-controlled
torque motor. This design is the basis for the Göttfert Rheostrain instrument.
One device for melts and solids is an add-on fixture for rotational rheometers.
The SER testing platform (Xpansion Instruments) incorporates dual wind-up
drums and can be used for tensile, tear, peel, and friction testing as well as for
elongational viscosity measurements.

The Rheometric Melt Elongational Rheometer (RME) is designed for high
elongations of polymer melts (231–233). It uses a small (�1 g) compression-
molded specimen which it supports on a stream of inert gas and holds in place
with a rotary clamping device. The specimen is heated to the test temperature
(up to 3508C) by electric heaters and extended by the motion of metal belts.
Three sets of belts are available to provide different ranges of extensional strain
rates: 10�3–10�1 s�1, 3 � 10�3 – 3 � 10�1 s�1, and 10�2 – 1 s�1. The force gen-
erated by the specimen is measured by a spring-type transducer.

An FSR similar to those becoming popular for measuring the extensional
viscosity of fluids has been constructed and applied to polymer melts (234).
The FSR results were compared to those obtained from RMEs and agreement
was good. Advantages of the FSR include the ability to make measurements
on less viscous fluids than with the RME and the use of a smaller size specimen.
In addition, the FSR measures all parameters online and very little post-
processing of data is necessary. In the RME, a measure of strain during an
experiment usually requires observation from a videotape or similar (233).

Biaxial extensional viscosity can be measured by several methods. The most
common is bubble inflation, in which a thin polymer sheet is inflated with an
inert gas or liquid (235–237). Another method involves stretching a polymer
sheet using eight rotating clamps placed in an octagonal pattern (238). A complex
servo control system is required to coordinate the motion of the clamps. In a
newer technique, displacement is measured as the material is squeezed between
two disks having lubricated surfaces (lubricated squeezing flow) (239–244). A
commercial instrument based on this technique, the MARS-III Multifunction
Axial Rheometer System, has been developed (240). The instrument is computer
controlled and data collection is as automatic as the operator wishes.

Extensional viscosity that results purely from shear deformation seems to
be of less interest, but has been measured (111). The rheology of several different
polymer melts in terms of shear viscosity and uniaxial and biaxial extensional
viscosity has been compared (239). Additional information on the measurement
of extensional viscosity is also available (108,245,246).

5.2. Viscoelastic Measurement. A number of methods measure the
various quantities that describe viscoelastic behavior. Some require expensive
commercial rheometers, others depend on custom-made research instruments,
and a few require only simple devices. Even qualitative observations can be use-
ful in the case of polymer melts, paints, and resins, where elasticity may indicate
an inferior batch or unusable formulation. For example, the extrusion swell of a
material from a syringe can be observed with a microscope. The Weissenberg
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effect is seen in the separation of a cone and plate during viscosity measurements
or the climbing of a resin up the stirrer shaft during polymerization or mixing.

Creep experiments are among the simplest for describing viscoelastic beha-
vior. They involve the measurement of deformation as a function of time after a
given load has been applied. Such measurements may be made on specimens in
tension, compression, or shear. Many more sophisticated devices exist, including
tensile testers. The data are usually presented in the form of a strain–time curve
(Figs. 10 and 21). Most materials undergo initial elastic deformation followed by
a slow increase in strain with time. After the stress is removed, elastic deforma-
tion is recovered, but viscous deformation is not. Creep measurements are useful
for evaluating the behavior of structural materials, fasteners, gaskets, pipe, and
other articles that are subject to loading while in use. Creep measurements can
also be carried out on fluids and are useful for measuring low shear viscosity and
elasticity and for estimating and comparing structures, particularly in disper-
sions such as paints and inks.

Figure 21 is representative of creep and recovery curves for viscoelastic
fluids. Such a curve is obtained when a stress is placed on the specimen and
the deformation is monitored as a function of time. During the experiment the
stress is removed, and the specimen, if it can, is free to recover. The slope of
the linear portion of the creep curve gives the shear rate, and the viscosity is
the applied stress divided by the slope. A steep slope indicates a low viscosity,
and a gradual slope a high viscosity. The recovery part of Figure 21 shows
that the specimen was viscoelastic because relaxation took place and some of
the strain was recovered. A purely viscous material would not have shown any
recovery, as shown in Figure 10b.

In a stress–relaxation test the deformation is held constant, and the result-
ing stress is measured as a function of time. Deformation produces an initial
stress that decays with time in the case of viscoelastic materials. In an experi-
ment the sample is rapidly deformed, and the resulting force measured as a func-
tion of time. The data may be plotted as stress, stress/initial stress, or modulus
(247).

The stress–relaxation process is governed by a number of different molecu-
lar motions. To resolve them, the thermally stimulated creep (TSCr) method was
developed, which consists of the following steps:

1. The specimen is subjected to a given stress at a temperature T for a time t,
both chosen to allow complete orientation of the mobile units that one
wishes to consider.

2. The temperature is then lowered to T0�T, where any molecular motion is
completely hindered; then the stress is removed.

3. The specimen is subsequently heated at a controlled rate. The mobile units
reorient according to the available relaxation modes. The strain, its time
derivative, and the temperature are recorded versus time. By running a
series of experiments at different orientation temperatures and plotting
the time derivative of the strain rate observed on heating versus the tem-
perature, various relaxational processes are revealed as peaks (248).
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In a similar fashion, thermally stimulated current spectrometry (TSC) makes
use of an applied d-c potential that acts as the stress to orient dipoles. The tem-
perature is then lowered to trap these dipoles, and small electrical currents are
measured during heating as the dipoles relax. The resulting relaxation maps
have been related to G0 and G00 curves obtained by dynamic mechanical analysis
(249–251). This technique, long carried out only in laboratory-built instruments,
is available as a commercial TSC spectrometer from Thermold Partners LP, for-
merly Solomat Instruments (Stamford, Conn.).

Penetration and indentation tests have long been used to characterize vis-
coelastic materials such as asphalt, rubber, plastics, and coatings. The basic test
consists of pressing an indentor of prescribed geometry against the test surface.
Most instruments have an indenting tip, eg, cone, needle, or hemisphere,
attached to a short rod that is held vertically. The load is controlled at some con-
stant value, and the time of indentation is specified; the size or depth of the
indentation is measured. Most instruments make use of a probe geometry
which gives an increasing area of contact as penetration proceeds. In this way,
at some depth of penetration, the resisting force can become sufficient to balance
the applied force on the indentor. Unfortunately, many geometries, eg, dia-
monds, pyramids, and cones, do not permit the calculation of basic viscoelastic
quantities from the results. Penetrometers of this type include the Pfund, Rock-
well, Tukon, and Buchholz testers, used to measure indentation hardness which
is dependent on modulus.

The Rheo-Tex rheometer is an inexpensive, automated instrument using
load cell technology to measure indentation and creep. Available software calcu-
lates hardness/softness, brittleness, plasticity, and tensile strength. This instru-
ment is particularly valuable for measurements on foods and personal care
products.

Other penetrometer–indentometers include transducers to sense the posi-
tion and movement of the probe and microprocessors for temperature control and
data collection and reduction. These instruments are used mainly to measure
softening points, which are not glass transitions but are usually close to those
values. Because a softening point is indicative of behavior under load, it is
often more useful for predicting performance than the Tg. Penetrometer–indent-
ometers can also be used to measure indentation hardness, creep, creep recovery,
and modulus. It has been applied to viscoelastic materials, including polymers
and coatings, with excellent results (252–255).

A fully automated microscale indentor known as the Nano Indentor is avail-
able from Nano Instruments (256–258). Hardness and elastic modulus are typi-
cally measured (258,259) but time-dependent phenomena such as creep and
adhesive strength can also be monitored.

Indentation is not usually thought of as a method for measuring viscoelastic
properties, but the technique can be useful particularly for measurements of
coatings on rigid substrates. A more quantitative technique is called modulus
profiling, which uses a modified TMA instrument to measure tensile compliance,
a measurement closely related to the inverse of the tensile modulus (260). The
instrument can be used to profile or map tensile properties of a polymer specimen
to show spatial variations resulting from processing inhomogeneities or aging
phenomena such as oxidation.
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The most widely used instrument for measuring the viscoelastic properties
of solids is the tensile tester or stress–strain instrument, which extends a sample
at constant rate and records the stress. Creep and stress–relaxation can also be
measured. Numerous commercial instruments of various sizes and capacities are
available. They vary greatly in terms of automation, from manually operated to
completely computer controlled. Some have temperature chambers, which allow
measurements over a range of temperatures. Manufacturers include Applied
Test Systems, Benz, Com-Ten Industries, Custom Scientific, Detroit Testing
Machine, Dillon Force Measuremet, Dynatek, GRC Instruments, Instron,
MTS, Monsanto, SATEC Systems, Inc., Shimadzu, Thwing-Albert, and Tinius
Olsen.

A typical stress–strain curve generated by a tensile tester is shown in
Figure 22. For more information on tensile testing, consult ASTM methods
D2370, D638M, and D882 as well as more recent literature (261,262).

Measurement of the propagation of ultrasonic acoustic waves has been
found useful for determining the viscoelastic properties of thin films of adhesives.
In this method, the specimen is clamped between transmitting and receiving
transducers. The change in pulse shape between successive reverberation of
the pulse is dependent on the viscoelastic properties of the transmitting mate-
rial. Modulus values can be calculated (263,264).

5.3. Dynamic Measurements. Dynamic methods are required for
investigating the response of a material to rapid processes, studying fluids, or
examining a solid as it passes through a transition region. Such techniques
impart cyclic motion to a specimen and measure the resultant response. Dynamic
techniques are used to determine storage and loss moduli, G0 and G00, respec-
tively, and the loss tangent, tan d. In addition, the dependence of these moduli
can provide insight into polymer architecture (265,266). Some instruments are
sensitive enough for the study of liquids and can be used to measure the dynamic
viscosity �0. Measurements are made as a function of temperature, time, or fre-
quency, and results can be used to determine transitions and chemical reactions
as well as the properties noted above. Dynamic mechanical techniques for solids
can be grouped into free vibrations and forced vibrations. Dynamic techniques
have been described in detail (247,252,254,262,267–274).

Free-vibration instruments subject a specimen to a displacement and allow
it to vibrate freely. The oscillations are monitored for frequency and damping
characteristics as they disappear. The displacement is repeated again and
again as the specimen is heated or cooled. The results are used to calculate sto-
rage and loss modulus data. The torsional pendulum and torsional braid analy-
zer (TBA) are examples of free-vibration instruments.

The torsional pendulum is a simple apparatus for making dynamic tests in
the frequency range of 0.1–10 Hz.

A TBA is a torsional pendulum with which a composite specimen instead of
a free film is used (267,270).

With both instruments, data can be plotted as a function of time or tempera-
ture to give dynamic mechanical spectra. Such spectra are particularly useful for
the study of polymers, including the identification of physical transitions and the
onset and kinetics of cross-linking (270,275) or embrittlement (276), as well as for
measuring various viscoelastic parameters.
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Forced-vibration instruments drive specimens at specific frequencies and
determine the response, usually over a range of temperatures. Storage and
loss moduli or related parameters are determined. Series of modulus–tempera-
ture curves can be generated by making measurements at several different fre-
quencies. Because thermal and mechanical transitions are functions of frequency
as well as temperature, data from such curves can be used to calculate activation
energies of transitions. In addition, frequencies can be chosen to represent or
approximate polymer processing effects and use conditions.

Probably the most common modes of operation are the double cantilever
and the tensile mode. In double cantilever, the specimen is held at its ends
and driven by a vibrating drive shaft which is clamped to the center of the speci-
men. In tensile mode the specimen is also clamped at both ends but is driven
along the axis between the clamps as one of them is part of the vibrating
shaft. With most instruments, several frequencies can be monitored at the
same time, as shown in the modulus and tan d plots of Figure 23. A typical mod-
ulus range is 103 – 1011 N/m2 (104 – 1012 dyn/cm2).

5.4. Fluids. The methods described above were designed for solid speci-
mens, although some can be used for fluids if a solid support or carrier is used.
The fluid must be highly viscoelastic for data to register, and absolute modulus
values are difficult to determine because of the presence of the support. Different
instrumentation is needed for the determination of meaningful modulus values
over wide viscosity and elasticity ranges. Viscoelastic fluids can be characterized
with a number of the rotational viscometers described previously. However,
instead of constant rotational motion in one direction, a sinusoidal oscillatory
motion must be used. Some oscillatory instruments can act as both dynamic visc-
ometers and dynamic mechanical testing devices. They are capable of making
measurements on solids, melts, and relatively concentrated solutions and disper-
sions. Viscoelasticity can also be determined by a controlled stress rheometer.
The shape of a creep curve can show that a fluid is viscoelastic, and the amount
of recovery after the stress is removed gives a measure of elasticity.

5.5. Time–Temperature Superposition and Master Curves. Be-
cause the modulus of a viscoelastic material varies with time and temperature,
measurements must be made over wide ranges of these variables for full charac-
terization. This is often impossible, particularly for very long and very short
times. Even if it were possible, the amount of experimental work involved
would be prohibitive. Therefore, techniques have been developed to determine
modulus values and curves at times or temperatures not attainable experimen-
tally. A series of stress–relaxation, indentation, or modulus curves measured at
different temperatures can be shifted on a log time axis to give a single modulus
time master curve that covers a wide time range. A creep–compliance–time mas-
ter curve can be constructed in the same fashion, as can a similar curve by using
the families of modulus curves at different frequencies, generated by dynamic
mechanical instruments with multiplexing capabilities. These curves can be
shifted to a single modulus–frequency master curve because time and tempera-
ture have equivalent effects on modulus and other viscoelastic quantities
(146,268,269,271–274,277).

Master curves can also be constructed for crystalline polymers, but the shift
factor is usually not the same as the one calculated from the WLF equation. An
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additional vertical shift factor is usually required. This factor is a function of
temperature, partly because the modulus changes as the degree of crystallinity
changes with temperature. Because crystallinity is dependent on aging and ther-
mal history, vertical factors and crystalline polymer master curves tend to have
poor reproducibility.

Master curves can be used to predict creep resistance, embrittlement, and
other property changes over time at a given temperature, or the time it takes for
the modulus or some other parameter to reach a critical value. For example, a
rubber hose may burst or crack if its modulus exceeds a certain level, or an elas-
tomeric mount may fail if creep is excessive. The time it takes to reach the critical
value at a given temperature can be deduced from the master curve. Frequency-
based master curves can be used to predict impact behavior or the damping
ability of materials being considered for sound or vibration deadening. The
theory, construction, and use of master curves have been discussed (146,247,
269,272,273,277,278).

There also is interest in applying the principle of superposition to and
developing master curves for polymer solutions. A recent paper (279) describes
success in doing so. Measurements of shear viscosity, viscoelasticity, and exten-
sional viscosity were carried out on solutions of polyisobutylene in a solvent con-
sisting of a mixture of polybutene oil and dekalin. Eight solutions were tested,
ranging in concentration from 0 to 2.5%. The results showed that both time–
temperature and time–concentration superposition held for shear flows. By
means of time–concentration superposition, a single master curve could be gen-
erated from the various flow curves. A single master curve was not possible for
extension dominated flows. Instead, three curves were found, one for each of
three concentration regimes, 0–0.1%, 0.25–1.5%, and 2.5%.

6. Practical Rheology

A common problem in rheology is that technologists in charge of research and
development, quality control, and problem-solving are rarely trained in rheology,
and rheologists are rarely trained in the technology of the product or process.
The technologist may use flow to describe effects that are not connected with
rheology in the way that a trained rheologist would interpret them. For example,
a paint technologist may describe a paint as having poor flow, meaning that the
surface has imperfections or defects. However, the same sample may flow easily
in a rheological sense during application and cure. The solution of the problem
may not involve a change in viscosity, and a small amount of a surfactant may
improve the surface appearance of the paint film.

A good working rule in the correlation of viscosity measurements with pro-
cessing conditions is to select and compare viscosities of materials at the shear
rate that corresponds to the process in question. However, problems are encoun-
tered with high shear processes. For example, a viscometer with a sufficiently
high shear rate may not be available. High shear rates can give heating effects,
slip, and erroneous viscosity values. These difficulties can be solved by careful
extrapolation from lower shear measurements; Casson plots and other viscosity
models can be useful.
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Often, a simple ordering of good and poor materials can provide insight into
the desired range of viscosity required for satisfactory processing. This strategy
assumes that the viscosity of the material is the significant controlling para-
meter in the process, an assumption that should always be tested. Often, other
factors have an equal or even greater influence on the system. For example, in
the case of thin films and surfaces, the surface tension and physics of wetting can
play a role equal to that of viscosity.

Few processes involve a single shear rate or set of mechanical conditions.
Typical processes involve low, intermediate, and high shear regions or sections
or stages. For example, a paint or coating may be pumped (intermediate shear
rate), be sprayed (high shear rate), coalesce, and flow to form a uniform film
(intermediate to low shear rate) and sag or run under gravity (low shear rate)
during application. Thus a complete rheological evaluation of a material to deter-
mine its processing characteristics requires consideration of the viscosity of the
material over an extended shear rate range. A given material may process well at
low or intermediate shear rates, but fail completely at higher shear rates.

Additional complications can occur if the mode of deformation of the mate-
rial in the process differs from that of the measurement method. Most fluid rheol-
ogy measurements are made under shear. If the material is extended, broken
into droplets, or drawn into filaments, the extensional viscosity may be a more
appropriate quantity for correlation with performance. This is the case in the
parting nip of a roller in which filamenting paint can cause roller spatter if the
extensional viscosity exceeds certain limits (280). In many cases shear stress is
the key factor rather than shear rate, and controlled stress measurements are
necessary.

These examples indicate that the correlation of rheological measure-
ments with product and process performance requires study, knowledge,
and hard work (3,8,93,147,162,166,167,281). Extensive applications of rheolo-
gical measurements have been made to food products (19,93,253,282–285),
lubricants (286,287), adhesives (188–190,288–290), paints (8,17,21,42–45,112,
154,163,164,168,171,187,280,291–295), printing inks (1,171,191,194,296–298),
rubber (281,299,300), polymers and plastics (46,146,198–204,246,263–274,301),
sealants (302), foams (303–306), slurry fuels (307) and other slurries (308,309),
cosmetics (93,310), concentrated suspensions (311,315), crude oil (316,317), and
powders and granular material (318,319). Careful rheological measurements and
a thorough knowledge of the literature should enable the investigator to meet
most rheological challenges.
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Table 1. Flow Equations for Flow Models

Flow model Flow equation

Newtonian � ¼ � _��
plastic (Bingham) body � � �0 ¼ � _��
power law � ¼ kj _��jn
power law with yield value � � �0 ¼ kj _��jn

Casson fluid �1=2 � �
11=2
0 ¼ �1=21 _��j1=2

Williamson � ¼ �1 þ ð�0 � �1Þ
1þ ½r�

rm

Cross � ¼ �1 þ ð�0 � �1Þ
1þ � _��n

Table 2. Viscosity Expressions

Common
name Recommended name Definition

Common
units

relative
viscosity

viscosity ratio �rel¼ t/t0¼ �/�0 none

specific
viscosity

�sp¼ (� � �0)/�0¼ ��1
rel none

reduced
viscosity

viscosity
number

�red¼ �sp/c¼ (��1
rel)/c dL/g

inherent
viscosity

logarithmic
viscosity
number

�inh¼ (ln �rel)/c dL/g

intrinsic
viscosity

limiting viscosity
number

½�� ¼ limitc!0
�rel
c ¼ limitc!0

ln �rel
c dL/g
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Table 3. Measured Values of Elastic Constants at Small Extensions and 258Ca

Material

Young’s
modulus, E,

GPab

Proportion-
ality limitc

% extension

Shear
modulus, G,

GPab

Poisson’s
ratio, m

Bulk
modulus,
B, GPab

vitreous
silica

70.0 3 30.5 0.14 37.4

mild steel 200–220 2.5 76–83 0.29 160.0
brass 80–100 2 26–38 0.25–0.4 61
Constantan 163 2 61 0.33 160.0
nickel 200–220 2 78–80 0.30 170.0
tin 39–55 17–20 0.33 52

silver 60–80 2 24–28 0.38 100
granite ca 30 0.5 ca 10 ca 0.3 ca 30
gelatin geld 2 � 10�4 10 0.50

dry wood
axial
piece
radial
piece

4–18 1

�1 1

silk thread 6.4 1

natural
rubber

8.6 � 10�4 400–600 2.9 � 10�4 0.49 0.019

hard rubber 0.36 3

phenolic
resin,
mineral-
filled

2.4 2

nylon 0.31 3

polyethy-
lene

0.010 2

aRef. 20.
bTo convert GPa to psi, multiply by 145,000.
cValues are approximate.
d80% H2O.
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Fig. 1. Laminar flow in simple shear. F/A¼ � dV/dX, where F is the force acting on area A,
V the velocity and X the thickness of the layer, and � the coefficient of viscosity or the New-
tonian viscosity.

Fig. 2. Flow curves (shear stress vs shear rate) for different types of flow behavior.
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Fig. 3. Examples of Casson plots: (viscosity)1/2 vs (shear rate)�1/2. The Casson equation is
�1/2¼ �1

1/2þ t0
1/2g�1/2.

Fig. 4. Graphic representations (viscosity vs shear rate) of Cross model with different va-
lues for a.
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Fig. 5. Flow curves (up and down) for a thixotropic material: hysteresis loop.

Fig. 6. Viscosity–time effects for a thixotropic material at rest (g¼ 0), at some shear rate,
g�, at an increased shear rate, and then at a lower shear rate.
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Fig. 7. Newtonian viscosity vs chain length in terms of the number of carbon atoms for a
series of molten polyethylenes. To convert Pa�s to P, multiply by 10. Courtesy of Springer
Verlag.
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Fig. 8. Viscosity at different temperatures measured by a capillary viscometer: injection-
molding grade of poly(methyl methacrylate) (46). To convert N/m2 to psi, multiply by 145;
to convert (N�s)/m2 to (dyn�s)/cm2(P), multiply by 10.
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Fig. 9. Relative viscosity vs volume fraction for a typical dispersion (curved line), where
the solid straight line represents the Einstein relationship [�]¼ 2.5, and the dashed line is
an approximate value for the limiting volume fraction fm.

Fig. 10. Response (strain) of different idealized materials to an instantaneous application
of a stress at time t¼ t0: (a) elastic, (b) viscous, and (c) viscoelastic.
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Fig. 11. Viscoelastic material: stress (—) and strain (---) amplitudes vs time where d is the
phase angle that defines the lag of the strain behind the stress.

Fig. 12. Generalized modulus–temperature curves for polymeric materials, showing the
high modulus glassy state, glass-transition regions for cured and uncured polymers, pla-
teau regions for cross-linked polymers, and the drop-off in modulus for a linear polymer.

56 RHEOLOGY AND RHEOLOGICAL MEASUREMENTS



Fig. 13. Logarithmic decrement (related to tan d and loss modulus) vs temperature for a
fluorocarbon dibenzoxazole (149). After drying up to 2008C, the experiment was conducted
at 200!�180! 2008C:DT/Dt¼�1.58C/min in a helium atmosphere. The Tg gives a sharp
damping peak, whereas the secondary glassy state transitions, Tsec, are very broad.
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Fig. 14. Dynamic viscoelastic properties of a low density polyethylene (LDPE) at 1508C:
complex dynamic viscosity �*, storage modulus G0, and loss modulus G00 vs angular velo-
city, o. To convert Pa�s to P, multiply by 10; to convert Pa to dyn/cm2, multiply by 10.
Courtesy of Rheometric Scientific.

Fig. 15. Shear viscosity � and first normal stress difference N1(g�) vs shear rate g� for a
low density polyethylene at 1508C (152,153), where | parallel plate; D cone and plate; and
&: Weissenberg rheogoniometer. To convert Pa to dyn/cm2, multiply by 10; to convert Pa�s
to P, multiply by 10. Courtesy of Rheometric Scientific.
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Fig. 16. Viscosity vs shear rate curves for two fluids, showing the fallacy of a single-point
measurement. Fluid A would appear to be more viscous than fluid B if measured only at
point X, of the same viscosity if measured at point Y, and less viscous if measured only at
point Z.

Fig. 17. (a) Ostwald glass capillary viscometer, (b) Cannon–Fenske viscometer, and (c)
Ubbelohde viscometer.
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Fig. 18. Piston cylinder capillary viscometer (51).

Fig. 19. Concentric cylinder viscometer. Ri and Ro are the radii of the inner and outer
cylinder, respectively, and o is the relative angular velocity.
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Fig. 20. Cone–plate viscometer. Rc is the radius of the cone, a is the angle between cone
and plate, and o is the relative angular velocity.

Fig. 21. Typical creep curve for a viscoelastic material. Stress applied at time t1 and re-
moved at t2.
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Fig. 22. Typical stress–strain curve. Point A is the yield point of the material; the sample
breaks at point B. Mechanical properties are identified as follows: a¼Ds/D@, modulus;
b¼ tensile strength; c¼ yield strength; d¼ elongation at break. The toughness or work
to break is the area under the curve.
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Fig. 23. Multifrequency modulus and tan d vs temperature plots. To convert N/m2 to,
multiply by 1.45�104.
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