Viscosity and Anelasticity of Melts.

Donald B. Dingwell

1. DEFINITIONS
A Newtonian fluid is one for which a linear relation exists
between stress and the spatial variation of velocity. The

viscosity of a Newtonian material is defined as the ratio of
stress to strain rate

n=Q
: (1)

In contrast, the elastic modulus of a Hookean elastic
material is defined as the ratio of stress to strain

M=

™A

(2)

As is the case for elastic moduli, we can, for an isotropic
medium like a silicate melt, speak of two components of
viscosity, a volume (1y) and a shear (ng) component. The
combination of volume and shear viscosity yields a
longitudinal viscosity, (Ng)

m=m+§ns
(3)

A comparison of longitudinal and shear viscosities
illustrates that volume and shear viscosities are subequal at
very low strains [9] (see Figure 1). The ratio of Newtonian
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viscosity to elastic modulus yields a quantity in units of
time. This ratio

(4)

2=

is the Maxwell relaxation time [24]. This relaxation time
is a convenient approximation to the timescale of
deformation where the transition from purely viscous
behavior to purely elastic behavior occurs. The purely
viscous response of a silicate melt is termed "liquid"
behavior whereas the purely elastic response is termed
"glassy" behavior. The term silicate melt is used to describe
molten silicates quite generally, regardless of their
rheology. Even for the simple case of a Maxwell body, the
change from liquid to glassy behavior does not occur as a
sharp transition but rather describes a region of mixed
liquid-like and solid-like behavior - a region of visco-
elasticity. Deformation experiments performed in the
viscoelastic region contain three distinct time-resolved
components of deformation, instantaneous recoverable,
delayed recoverable and delayed non-recoverable. Figure 2
illustrates these components for a creep experiment.
Viscous flow is the delayed non-recoverable component, the
term anelasticity refers to the instantaneous plus the delayed
recoverable deformation and the entire deformation behavior
falls under the heading of viscoelasticity [26].

Structural relaxation in silicate melts is but one example
of a relaxation mode. It can be mechanically represented as a
series combination of viscous dashpot and elastic spring (a
Maxwell element, see Figure 3). For more complex
materials such as crystal suspensions, foams and partial
melts, several additional mechanisms of deformation are
contributed at distinct timescales of deformation via
additional relaxation modes within and between the added
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Figure 1. The relationship between longitudinal and shear
viscosities in silicate melts. The solid line represents the
correlation predicted from the assumption that volume and
shear viscosities are equal. The dashed line is the best fit to
the data and lies within 1o of the theoretical line. Redrawn
from Dingwell and Webb (1989).

phases (e.g., crystal-crystal interactions, bubble
deformation, matrix compaction, etc.). These relaxation
modes involve chemical and textural equilibria and thus
occur at increasingly longer timescales (i.e., at lower rates
of deformation). As a consequence of the multiphase nature
of flowing magma the accompanying mechanical models
become more complex, involving additional viscoelastic
elements in the linear regime and non-linear effects as well.
Inherent in the experimental study of magma rheology then,
is the experimental deformation rate or its inverse, the
experimental timescale. It is this experimental timescale
which must most closely match the natural process in order
to make secure applications of the rheological results.

2. CLASSES OF EXPERIMENTS

In principle, any experiment that records strain as a
function of time and applied stress can be used to obtain
viscosity. Viscosity experiments can be subdivided in
several ways. We can, for example, distinguish between
those in which the strain rate is controlled and the resultant
stress is measured (e.g., concentric cylinder) and those in
which the stress is controlled and the resultant strain rate is
measured (e.g., fiber elongation). We can also separate
those methods that involve only shear stresses (e.g.,
concentric cylinder) from those which involve a
combination of shear and volume (compressive or
dilational) stress (e.g., beam bending or fiber elongation).
For any given geometry that employs controlled strain we

can further distinguish between the application of a step
function of strain and the continuous application of strain
(e.g., stress relaxation versus steady-state flow). Stress
relaxation involves the recording of stress versus time as
the stress field decays to zero after the application of a step
function of strain, Steady-state strain experiments record the
equilibrium stress sustained by the liquid due to the
constant strain rate being applied to the sample. We can
distinguish between experiments performed at low total
strains such that the perturbations from equilibrium are
small and in the linear regime of stress-strain relations.
Such measurements probe the response of the system to
stresses without macroscopic rearrangements of the phases,
In contrast nonlinear measurements can deal with the
redistribution of phases during macroscopic flow. Finally,
we can distinguish between time domain experiments where
a stress is applied and the time variant relaxation of the
system to the new equilibrium is measured (e.g., creep
experiments) and frequency domain experiments where
sinusoidal variations of the stress field, small in magnitude
but up to very high frequencies (from mHz to MHz), are
applied and the magnitude and phase shift of strain is
measured (e.g., torsion, ultrasonic wave attenuation).
Implicit in considerations of rheological measurements is
the ratio of deformation rate to the relaxation rate of
structural components in the material. The characteristic
strain rate of the experiment is easily defined in most
rheological experiments. For example, in Figure 4, several
experimental timescales are compared with structural
relaxation times of silicate melts. Ultrasonic measurements
are performed on time scales of 1-50 ns, forced oscillation
techniques in the range of 0.01-150 s and fiber elongation
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Figure 2. The instantaneous recoverable elastic strain, the
delayed recoverable strain, and the delayed non-recoverable
viscous flow occurring in a linear viscoelastic material
upon application of a step function in stress at time, t=0,
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Figure 3. Calculated frequency dependent behavior of
longitudinal, volume and shear viscosities (n1, Ny, Ng) and
moduli (M, K, G) of a linear viscoelastic melt with a
relaxation time 7T plotted as a function of @t where © is the
angular frequency of the applied sinusoidal stress. The
subscripts "0" and "eo" indicate zero frequency and infinite
frequency values. The shear relaxation time T = 1/G is for
the mechanical model of a spring and dash-pot in series
(i.e., a Maxwell element).

from 102 to 100 s. Each structural or physical component
of the system relaxes as a distinct relaxation mode at a
distinct timescale of frequency which is a function of
pressure and temperature. Frequency-dependent or non-
Newtonian effects are seen in frequency domain rheological
experiments when the measurement timescale approaches a
relaxation mode timescale.

3. GEOMETRIES

The most widely used example of controlled strain rate
and measured stress is the rotational (Couette) method (see
Figure 5). Ryan and Blevins [34] provide a description of
the physics of Couette viscometry. The strain rate is
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imposed on an annulus of liquid filling the gap between an
inner cylinder (or spindle) and the outer cylinder (or cup)
which usually takes the form of a cylindrical crucible. The
strain rate is delivered to the liquid by rotating either the
inner or outer cylinder. The shear stress sustained in the
liquid is usually recorded as the torque exerted by the liquid
on the inner cylinder. The concentric cylinder method is
commonly used for viscosity measurements in the range of
100-103 Pa s. Another form of the Couette viscometer is
the cone-and-plate geometry. Viscometers based on the
cone-and-plate geometry have been used in both steady state
(as above) and pulse strain modes. The geometry of the
cone-and-plate viscometer allows the preparation of starting
materials by pre-machining to the final form. This avoids
the need to pour or melt the silicate material into the
cylinder and to immerse the spindle into the liquid at high
temperature. The cone-and-plate method finds application at
lower temperatures and higher viscosities than the
concentric cylinder method. This method has also been used
in the investigation of the viscoelastic behavior of silicate
melts at/near the glass transition [41].

Shear viscosities in the range 10%-1014 Pa s can be

‘determined using fiber elongation techniques (see Figure 5).

Glass fibers with a diameter 0.1-0.3 mm and lengths 10-18
mm are commonly used. In a vertically mounted silica
glass dilatometer the silica glass holder of the dilatometer
supports the beaded glass fiber in a fork. A second silica
glass rod holds the lower bead of the fiber in tension. The
strain-rate range is machine limited to 10-7-104s. A
tensile stress (~107 Pa) is applied to the melt fiber and the
viscosity is determined as the ratio of the applied stress to
the observed strain-rate. In this geometry the observed
viscosity, Telong, is the elongational viscosity and is
related to the shear viscosity, Tg, by

Nelong = == ————
£ 3nv+ T]s (5)

[11, 15, 17] Although infinite shear strains are possible
in a melt, volume strain must be limited in magnitude [25].
The volume viscosity of a melt, therefore, approaches an
infinite value with increasing time and Equation 5 becomes

MNelong= 31 (6)

[11, 25] for times greater than the relaxation time of the
melt. Equation 6 is known as Trouton's rule.

Absolute shear viscosities in the range 107 - 1011Pa s
can be determined using micropenetration techniques (see
Figure 5). This involves determining the rate at which an
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Figure 4. The liquid-glass transition as a function of
temperature plotted for several silicate melts calculated
from Equation 4 together with the timescales on which a
range of experimental measurements are performed. The
relaxation times relating to the various experimental
techniques are discussed in Dingwell and Webb (1989).
Redrawn from Dingwell and Webb (1989).

indenter under a fixed load moves into the melt surface.
High accuracy (+0.1 logg Pa s) is obtained by using a
silica glass sample holder and pushrod for temperatures
under 1000°C. The indenter may be conical, cylindrical or
spherical in shape [6]. For the case in which a spherical
indenter is used [8] the absolute shear viscosity is
determined from

_0.1875Pt
ns(Pas) = R
1] N

[28, 44] for the radius of the sphere, r (m), the applied
force, P (N), indent distance 1 (m) and time, t (s), (t=0 and 1
=0 upon application of the force).

The shear viscosity of large cylinders of melt or partially
molten material can be determined by deforming the
cylinder between parallel plates moving perpendicular to
their planes. Absolute viscosities in the range 104 - 108 Pa
s [12, 16] and 107 - 101 Pa s [2] can be determined.

Specimen deformation rates are measured with a linear
voltage displacement transducer. For a cylindrical specimen
of any thickness the shear viscosity can be determined by

2Tmg h’
3V 8h/6t (21 b + V) (8)

ns(Pas) =

for the applied mass, m (kg), the acceleration due to
gravity, g (mz/s), the volume, V (m3) of the material, the
height, h (m) of the cylinder, and time, t (s) [12, 16] for the
case in which the surface area of contact between the melt
and the parallel plates remains constant and the cylinder
bulges with increasing deformation. This is the "no-slip”
condition. For the case in which the surface area between
the cylinder and the plate increases with deformation and the
cylinder does not bulge the viscosity is

2
Ns (Pa s) = m_gh B
3V 3h/ét ©)

This is the "perfect slip” condition. The parallel plate
method involves the uniaxial deformation of a cylinder of
melt at either constant strain rate [18] or constant load [40].

The counterbalanced sphere and falling sphere viscometers
(see Figure 5) are based on Stokes law. Riebling [30] has
described a counterbalanced sphere viscometer which he
subsequently used in viscosity determinations in the B;03-
Si0y [31] and Na,0-Al;03-SiO; [32] systems. Falling
sphere viscometry has been employed at 1 atm and at high
pressures [13, 34, 36]. The falling sphere method may be
used for the simultaneous determination of density and
viscosity. Alternatively the falling sphere method may be
used with input values of density provided the density
contrast between melt and sphere is relatively large.
Maximizing the density contrast reduces errors associated
with the estimation of melt density. Errors in density
contrast can be reduced below the uncertainties inherent in
the other variables affecting viscosity determination. Very
high pressure measurements of viscosity have been made
[19] by imaging the falling sphere in real time using a
synchrotron radiation source and a MAX 80 superpress.
This method extends the lower limit of measurable
viscosity using the falling sphere method at high pressure
to 1073 Pa s.

The shear and longitudinal viscosities of a melt can be
determined from the velocity, c(®), and attenuation, a(®),
of a shear or longitudinal wave travelling through the melt;
where the amplitude of the wave is

A(®,t) = Ag exp™ exp'@(t*e (10)
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Figure 5. Methods of determining viscosity: (a) falling
sphere (b) restrained sphere (c) rotational viscometer (d)
sink point measurement (e) free fiber elongation (f) loaded
fiber elongation (g) beam bending (h) micropenetration (i)
torsion of a cylinder. Redrawn from Zarzicki (1991).

for time t and distance x [27]. Small strains (<10‘6) are
used and linear stress-strain theory is applicable. The real
component of the modulus, M (®) = pc2, and the
imaginary component of the modulus, M (@) =
M’ (w)co/nf (where the quality factor Q = M ()M~ (w) =
nf/co [27]. Viscosities are calculated for time, t and
distance, x [27]. The shear viscosity can be calculated from
the velocity and attenuation data in that n*(w) =M
*(w)/iw, or

M*(w) =M'(0) + iM"(®) = M"(®) + in'(0)o =

n'(w)-o + m'(w)-o (1)
and the real component of the frequency dependent viscosity
is

3
n'(0) = 2%

® 12)

The shear viscosity can be calculated from the velocity
and attenuation of the shear wave. The data from the
propagating longitudinal wave results in the determination
of the longitudinal viscosity from which the volume
viscosity can be calculated

n*(w) = n*(®) + 4 n*(w)/3 . (13)

Most ultrasonic studies of silicate melts are conducted at

DINGWELL 213

the temperature (1000-1500°C) and frequency (3-22 MHz)
conditions required to observe the relaxed (frequency-
independent) longitudinal viscosity of most silicate melts.
In cases (basalt melts [22], basaltic andesite [35], synthetic
silicate melts [33]) where the experimental conditions were
approaching the relaxation frequency of the melt, frequency-
dependence of the longitudinal viscosity has been observed.
In studies where the frequency of the applied signal has been
greater than that of the relaxation frequency of the melt
shear wave propagation has been observed (B,QO5 [43],

4. TEMPERATURE DEPENDENCE OF
VISCOSITY

The temperature-dependence of silicate liquid viscosity has
been described using a number of different equations. The
simplest form, often valid for restricted temperature
intervals, is a linear dependence of the logarithm of
viscosity on reciprocal temperature, i.e. the Arrhenius
equation

logiom = logiomo + 2.303 E% .

where 1 is the viscosity at temperature, T, and 1 and E
are termed the frequency or pre-exponential factor and the
activation energy, respectively. Quite often the data
obtained by a single method of investigation over a
restricted temperature or viscosity interval are adequately
described by Equation 14. With the possible exception of
SiO; however, sufficient data now exist to demonstrate
that, in general, silicate liquids exhibit non-Ahrrenian
viscosity temperature relationships. The degree of
"curvature” of the viscosity temperature relationship plotted
as log viscosity versus reciprocal absolute temperature
varies greatly with chemical composition (see [29] for a
summary). The temperature-dependence of non-Arrhenian
data can be reproduced by adding a parameter to Equation 14
to yield

E

logiom =logiomno + 2.3O3R(T ™o
- 19

(15)

where T is a constant. This empirical description of the
temperature-dependence of liquid viscosity is called the
Fulcher or TVF (Tamann-Vogel-Fulcher) equation [14, 15,
42, 45].

Angell [1] describes the concept of strong and fragile
liquids based on the extent of nonArrhenian temperature-
dependence of viscosity. This consideration is extremely



important where extrapolations of viscosity to lower
temperatures are performed. In general, silicate melts are
strong liquids in comparison with nonsilicate liquids. The
extent of nonArrhenian temperature dependence varies
greatly with composition. Decreasing SiO, content
generally leads to less Arrhenian, more fragile, behavior.
Additionally the increase of pressure likely leads to more
fragile behavior.

5. PRESSURE DEPENDENCE OF VISCOSITY

The falling sphere method has been used to study high
pressure viscosities of natural and synthetic silicate liquids
[10, 13, 20]. The pressure-dependence of anhydrous silicate
liquids has been summarized by Scarfe et al. [36]. Figure 6
illustrates the pressure dependence of silicate liquid
viscosities to 2 GPa. The viscosities of silicate and
aluminosilicate melt compositions with relatively low
calculated NBO/T (ratio of nonbridging oxygens to
tetrahedrally coordinated cations) values decrease with
increasing pressure. In contrast the viscosities of some
silicate liquids increase with pressure. Two studies have
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Figure 7. Viscosities of melts in the system NaAlSi3Og-
H50-F;0_1 with (X/X+0) = 0.1 and 0.2 plotted versus
reciprocal temperature (X = F,OH). Redrawn from
Dingwell (1987).












