Phys Chem Minerals (2001) 28: 557-571

© Springer-Verlag 2001

ORIGINAL PAPER

J. D. Lawlis - Y.-H. Zhao - S. Karato

High-temperature creep in a NiGe0,4: a contribution

to creep systematics in spinel

Received: 18 June 2000 / Accepted: 3 April 2001

Abstract High-temperature creep behavior in Ni,GeOy4
spinel was investigated using synthetic polycrystalline
aggregates with average grain sizes ranging from sub-
micron to 7.4 microns. Cylindrical samples were
deformed at constant load in a gas-medium apparatus
at temperatures ranging from 1223 to 1523 K and
stresses ranging from 40 to 320 MPa. Two deformation
mechanisms were identified, characterized by the
following flow laws:
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where ¢ is in MPa, d is in um and T is in Kelvin. These
flow laws suggest that deformation was accommodated
by dislocation creep and grain-boundary diffusion (Co-
ble) creep, respectively. A comparison with other spinels
shows that an isomechanical group can be defined for
spinels although some differences between normal and
inverse spinels can be identified. When creep data for
olivine and spinel are normalized and extrapolated to
Earth-like conditions, spinel (ringwoodite) has a
strength similar to olivine in the dislocation creep regime
and is considerably stronger than olivine in the diffusion
creep regime at coarse grain size. However, when grain-
size reduction occurs, spinel can become weaker than
olivine due to its high grain-size sensitivity (Coble creep
behavior). Analysis of normalized diffusion creep data
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for olivine and spinel indicate that spinel is weaker than
olivine at grain sizes less than 2 um.
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Introduction

Understanding the creep behavior of high-pressure
minerals is critical to the understanding of the dynamics
of the Earth’s interior. Direct mechanical tests under
deep mantle conditions remain difficult, however, and
are limited to stress-relaxation tests (e.g., Karato and
Rubie 1997). Under these circumstances, the use of an-
alogue materials is a useful strategy to understand better
the rheology of the Earth’s deep interior (e.g., Frost and
Ashby 1982; Karato 1989). This paper presents results of
such a study on spinel, a major constituent in Earth’s
deep transition zone (~520 to ~660 km depth).
Systematic comparisons of the creep properties of
many isostructural materials have been made in the past
20 years, including the oxide, garnet, and olivine families
(Bretheau et al. 1979; Karato 1989; Karato et al. 1995).
The results of these studies indicate that an isomechan-
ical class can be defined for materials with the same
structure but different chemistry, for which the type and
strength of slip systems are similar. Materials within an
isomechanical class are characterized by having similar
nondimensional creep parameters (e.g., Q/RT,, and QG/
kT,, where Q is the activation energy for creep, Q is the
atomic volume, G is the shear modulus and T, is the
melting temperature). Normalization provides a means
for comparing materials with different melting temper-
atures and shear moduli under similar conditions. There
is often a good correlation between the strengths of
isostructural materials when they are compared under
the same normalized conditions. Exceptions to this
classification can usually be explained by factors relating
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to the size and charge of the cations, stacking fault
energies, or point-defect chemistry.

Germanates have long been regarded as suitable an-
alogues for silicates based on analyses of common slip
systems and crystal chemistry systematics (Ringwood
1970; Navrotsky 1967, 1973, 1977, Navrotsky and
Hughes 1976; Vaughan and Coe 1981; Green and
Burnley 1989; Dupas-Bruzek et al. 1998). In particular,
magnesium germanate has been widely studied, not only
because its composition is similar to that of mantle
materials, but because it features an olivine-to-spinel
transformation that can be produced at pressures under
2 GPa. This makes it ideally suited for investigation
using a standard solid-medium deformation apparatus.
Although compositions other than Mg,GeO,4 have been
investigated, mainly from the standpoint of determining
the conditions of phase transformation, there has been
no systematic investigation of the deformation behavior
of any member of the germanate family other than
magnesium germanate.

Furthermore, most studies (e.g., Vaughan and Coe
1981; Dupas-Bruzek et al. 1998) have aimed at estab-
lishing similarities between the slip systems of germanates
and silicates, but have neglected to compare their nor-
malized creep strengths. In part, this is due to a paucity of
creep data for spinels containing tetrahedral cations (11—
IV spinels), particularly silicate spinel, for which there are
no creep data. It is not sufficient, however, to simply
compare dislocation microstructures and slip systems of
silicates and germanates to prove the usefulness of
germanate spinel as a rheological analogue. We must
demonstrate that spinels form an isomechanical class, so
that creep data from germanate analogues can be used to
predict the strength of silicate spinel in the Earth.

Creep experiments in a gas-medium apparatus are
limited to minerals or rocks that are stable within the
upper 10 km. It is impossible, therefore, to perform ex-
periments on Mg,GeOy spinel in a gas apparatus, since
the spinel phase is not stable. By incorporating transi-
tion metal cations such as iron or nickel, it is possible to
stabilize spinel at 1 atm pressure. We can perform
mechanical tests in the dislocation and diffusion creep
regimes by controlling the grain size, temperature, and
differential stress. These transition-metal germanates are
also relevant to the transition zone of the Earth, where
transition-metal ions are thought to make up over 10%
of the octahedral sites (Ringwood 1970).

Experimental procedure

Sample preparation

Powders of nickel germanate spinel (Ni,GeO,) were synthesized by
reacting fine-grained (< 1 um) powders of lab-grade NiO and
GeO, (99.998% purity) in a l-atm furnace. The reaction was
conducted in two stages to prevent the initial melting of germania.
The mixture was first heated at 1323 K for 18 h and then annealed
at 1473 K for 34 h. All syntheses were performed in an Ar-10.4%
CO, environment using an alumina boat covered with Ni foil. At
first, powders of NiO and GeO, were mixed in a stoichiometric 2:1

ratio, cold-pressed, and reacted according to the above procedure.
We found, however, that the resulting powders contained sub-
stantial amounts of NiO, due to the evaporation of germania
occurring during the synthesis. When powders were mixed in a
2Ni0O:1.1GeO, molar ratio, the rate of germania evaporation was
slow enough to allow most NiO to react before evaporation was
complete. The reaction product was light green in color and had the
spinel structure. No noticeable traces of NiO or GeO, were found
using X-ray diffraction (XRD) analysis.

Powders were ground in a mortar and pestle to < 1 um and
subsequently cold-pressed in an Ni can (11.5 mm OD, 30 mm
length) at a differential stress of 200 MPa. The cold-pressed sam-
ples were then placed in a vacuum oven at 413 K for 1 day to
remove adsorbed water on the surfaces of the grains. Samples were
densified by hot-isostatic pressing (HIP) at a confining pressure of
300 MPa and temperatures ranging from 1173 to 1573 K in a gas-
medium apparatus. We found that temperatures between 1373 and
1473 K were ideal for HIPing nickel germanate. At temperatures
below 1273 K, powders were poorly densified and contained po-
rosities of several percent, while at temperatures higher than
1523 K grain growth was abnormal, yielding a binormal grain-size
distribution. Sample density was measured using the Archimedean
method of weighing a sample in water and in air, and apparent
porosity was calculated using the theoretical density of nickel
germanate spinel (p = 6,026 kg m™). Despite our best efforts, it
was difficult to achieve porosities less than 2%. All creep experi-
ments were performed on samples containing 2-2.5% porosity.

A 1-mm section was cut from the end of the hot-pressed sample
for grain-size measurement. Ordinarily, these sections would be
polished to <1 um and etched so that the grain shape can be clearly
distinguished. This procedure was not used, however, because
nickel germanate does not dissolve easily in acid. We tried to etch
samples using several acids ranging from boiling HNO3;, HPOy,
HCI, HF vapor etch, HF immersion, and various combinations of
the above, with no noticeable success. Finally, we were able to
observe the grain boundaries by cracking open samples that had
been heated to 1273 K and quenched. In this procedure, a fresh
fracture surface was created using a hammer and a hardened steel
implement with a sharp tip.

Deformation procedure

Samples were jacketed in either an Ni or Cu sleeve to buffer the
oxygen fugacity (fo,) at either Ni/NiO or Cu/CuO. The inside of
the Ni sleeves was coated with a slurry of predried NiO powder and
ethanol and allowed to dry in a vacuum oven overnight. Sleeves of
Cu were oxidized by heating in air so that a ~100-um oxide layer
was formed. In both cases, the oxide layer was sufficiently thick to
buffer the oxygen fugacity. In addition, when the Cu sleeve was
peeled away from the sample after an experiment, the metal re-
mained discolored, suggesting the presence of an oxide film. The
ends of the sample were polished flat and parallel before recording
the length and cross-sectional area for strain and stress calcula-
tions. Alumina pistons were used to transmit the load, and con-
tained a hole along the central axis. A thermocouple could be
positioned at some distance from the sample so that the sample
temperature could be monitored during the experiment. The tem-
perature profile was calibrated prior to the experiment using a
dummy sample and showed temperature variations of 1-2 °C
across the 4-cm hot zone. For full details of the experimental as-
sembly including diagrams see Paterson (1990).

Deformation experiments were conducted at 300 = 5 MPa
confining pressure in a servo-controlled gas-medium Paterson de-
formation apparatus. The apparatus is equipped with a capaci-
tance-type internal load cell, yielding stress measurements accurate
to =2 MPa. Stress-stepping experiments, in which samples were
deformed at constant load in 1-2% strain increments, were per-
formed on the majority of samples. Figure 1 shows a plot of strain
versus time data for a typical experiment where deformation con-
ditions (stress, temperature) were duplicated at the beginning and
end of the deformation experiment. The good agreement between
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Fig. 1 Strain versus time data for a typical deformation experiment.
Similar deformation conditions were applied at the beginning and end
of the experiment to test for the presence of strain hardening. In this
example, strain rates were virtually identical for two separate stresses,
indicating that deformation is steady state with little to no strain
hardening

the creep rates for these tests demonstrates that deformation was
steady state and that little to no strain-hardening was observed up
to 18% strain.

In their initial format, creep data exist as position versus time
and load versus time files. The strain rate is calculated by taking the
slope of the position versus time data and dividing by the instan-
taneous length (calculated from the position change during each
creep test). Typical strain rates varied between 1 x 10~ and
1 x 107® s™! and had reached steady state by about 1% strain. We
calculated differential stress by dividing the load by the instanta-
neous cross-sectional area of the sample. Differential stresses were
typically between 40 and 300 MPa. Creep data for all experiments
are shown in Table 1. They are shown sequentially, following the
order in which each data point was collected.

At the end of the experiment, the load was removed and the
temperature was dropped at a rate of 1 K s™'. Upon removal of the
sample assembly, the jacket was dissolved in aqua regia (nitric and
hydrochloric acid). A 1-mm slice was cut from the deformed sample
for grain-size analysis. We calculated sample porosity after defor-
mation using the Archimedean method. In most cases the porosity
did not change during the experiment except when the sample was
deformed at temperatures above 1523 K, where the porosity in-
creased slightly.

We used nickel jackets for all hot presses and most deformation
experiments. These jackets do not react with Ni,GeO,4 and they
buffer the oxygen fugacity (fo,) of the sample at Ni/NiO. Samples
that were jacketed by copper were noticeably darker in color (dark
green). The reaction layer must be small (<0.5 um), however, as
we were unable to detect copper in the interior of the sample using
microprobe analysis.

Microstructural observations

Grain size was estimated by analyzing the fracture surfaces of de-
formed samples. More than 200 grains were traced from SEM
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micrographs for each sample. The traced images were analyzed
using an NIH image analysis program, and grain sizes were cal-
culated by assuming that grains were approximately spherical and
that the area for each grain could be approximated by n(kr)?, where
r is the grain radius and k is a geometrical constant. We use
k = 1.22, which assumes that spheres are sectioned randomly. This
should be a reasonable approximation if underlying grains are
partially obstructed by those on the surface. In the event that the
correction factor k deviates from the random case, our grain-size
analysis is still internally consistent and does not affect the deter-
mination of the grain-size exponent. Figure 2a shows an SEM
image of a fractured surface of a typical hot-pressed nickel germ-
anate sample. Grains are equant and have a grain-size distribution
that is approximately log normal. The average grain size and
distribution for this sample are shown in Fig. 2b. The reported
average grain size for every sample is the logarithmic average.

Experimental results

The transition between the dislocation and diffusion
creep regimes was located by performing a series of
stress-stepping tests at constant temperature on a sample
with a grain size of 7.4 pm. At low differential stress, the
creep rate varied linearly with stress (diffusion creep
behavior), while at higher stress the creep rate varied
with the power of the stress (dislocation creep behavior).
An example of this behavior is illustrated in Fig. 3a.
Experiments were then performed in each region by
varying the grain size and differential stress accordingly.

The creep rate is a function of temperature, stress,
oxygen fugacity, and grain size. For the majority of
deformation tests, we determined the creep rate as a
function of one variable, holding all other variables
constant. In this manner, creep parameters were deter-
mined independently for each variable. We prefer this
technique, as opposed to one that uses multiple linear
regression, because it provides a more accurate estimate
of the error associated with each creep parameter. It was
not always possible to hold all variables constant, such
as when grain growth occurred during the course of an
experiment. In these cases, creep data were corrected for
the change in grain size, using a procedure that will be
presented in a later section.

Experiments in the dislocation creep regime

Two deformation experiments were performed on sam-
ples with a grain size of 7.4 pm. In the first experiment,
the temperature was held constant while the stress was
varied. When the log creep rate is plotted against log
stress, the stress exponent n can be determined. Fig-
ure 3a shows a plot of creep data from experiment PI-
604, in which the stress exponent changes from n ~ 1 at
lower stress to n=12.9 £+ 0.1 at higher stress. The
change in slope occurred at ¢ =200 MPa at 1423 K
and, at ¢ = 180 MPa at 1473 K.

The second deformation experiment was performed
at constant stress while the temperature was varied. This
type of experiment is useful for determining the activa-
tion energy for dislocation creep. Creep rates were
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determined at 220 and 320 MPa differential stress and vation energy for dislocation creep was determined by
temperatures ranging from 1373 to 1523 K. Creep data fitting the log & versus 1/T creep data using a least-
from experiment PI-612 are shown in Fig. 3b. An acti- squares algorithm.

Table 1 Creep data from all Ni,GeO,4 experiments

Experiment Jacket initial dfinal Temp Stress Strain rate Corrected Total
no. (um) (um) (K) (MPa) ™ strain rate (s') strain (%)
PI-604 Ni 7.4 7.4 1473 168 9.43 x 107°
55 2.75%x 107¢
84 3.42 % 107°
112 421 %x10°°
169 6.40 x 107°
199 8.72 x 107°
225 1.20 x 1073
286 1.77 x 1073
314 3.09 x 107° 18
259 2.01x107°
1423 171 6.06 x 107°
85 1.98 x 107°
116 249 x 107¢
174 422 % 107°
204 536 x 107°
233 7.21 % 107°
292 137 x 107°
326 1.88 x 1073
PI-612 Ni 7.4 7.4 1523 224 6.07 x 107°
1473 225 1.55x 107°
318 297 x 107°
1423 225 5.60 x 107°
319 8.49 x 107° 9.4
1373 227 1.64 x 107°
320 233%107°
1398 229 3.16 x 107¢
321 493 x107°
PI-621 Ni 5.6 5.8 1523 130 9.33x 107>
61 3.87 x107°
1473 132 2.22%x107°
63 1.14 x 107
1424 133 7.67 x 107°
63 3.15%107° 15
1373 133 2.95x%x107¢
62 1.18 x 107°
1422 132 1.25%x 107°
62 3.73x 107°
1473 133 234 %x107°
62 9.92 x 107°
PI-669 Cu 0.5 1.06 1123 141 1.40 x 107° 221%107°
45 3.46 x 107¢ 6.24 x 107
68 6.09 x 107° 1.18 x 1073
114 9.51x 107° 1.94 x 1073
172 1.35%x 1073 2.85%x107°
230 127 x 107° 2.81%x107°
289 1.40 x 1073 321 x 107
174 8.28 x 107° 2.01%x107°
93 4.77 x 107° 1.23x107° 18
1173 175 2.18 x 107° 8.34 x 107
46 5.44 x 107° 2.51%107°
70 6.90 x 107° 3.64 x 107>
117 9.10 x 107¢ 529 x 107
237 1.19 x 107° 7.55 x 107>
166 8.33x 107° 5.80 x 1073
1123 179 2.48 x 107° 1.86 x 1072

275 3.26 x 107° 248 x107°
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Experiment Jacket initial dfinal Temp Stress Strain rate Corrected Total
no. (um) (num) (K) (MPa) s strain rate (s™) strain (%)
PI-785 Ni 3.3 3.7 1274 161 1.54 x 107° 1.21 x 107¢

210 1.56 x 107° 1.29 x 107°

255 1.70 x 107° 1.46 x 107¢
PI-785 156 8.14 x 107/ 7.49 x 1077 7

227 9.85%x 1077 9.49 x 1077

258 1.24 x 107° 1.24 x 107¢
PI-788 Cu 3.7 4.0 1274 175 1.10 x 107° 8.99 x 107/

216 1.04 x 107¢ 8.97 x 107/

269 1.08 x 107° 9.80 x 107/ 6

210 6.49 x 1077 6.23 x 1077

267 9.62 x 1077 9.62x 1077

Creep data were fit using a power-law equation of the
form:

&= Ao" exp(—%) , (1)

where temperature (7), differential stress (o), and strain
rate (¢) are independent variables. Oxygen fugacity was
not included as an independent variable because it was
held constant by the Ni/NiO buffer and was never
varied. Values for the preexponential coefficient A4,
stress exponent n, and activation energy E* are shown
below.

A = 10*95015(MPa—2957)
n=29+0.1

E* =416+ 16 (kJ mol™).

Experiments in the diffusion creep regime

Five experiments were conducted in the diffusional creep
regime on samples with grain sizes ranging from 0.5 to
7.4 pm. One temperature-stepping test was performed at
constant differential stress and four stress-stepping tests
were performed at constant temperature. Since grain
growth occurred in some of the fine-grained samples,
similar temperature and stress conditions were revisited
during the course of the experiment.

Correcting creep data for grain growth

In some fine-grained samples, sample hardening oc-
curred during the experiment as a result of grain growth.
Since we can only measure the grain size at the start and
end of the experiment, it is necessary to calculate the
grain size at each stress step by interpolating between the
initial and final grain size. In such situations, the grain
size was estimated as a function of time by assuming a
grain-growth law of the following form:

d(t)" —d)' = kot , (2)

where d, is the initial grain size, d(7) is the grain size at
time ¢, m is an exponent typically between 2 and 3, kg is a
reaction constant, and ¢ is time. The uncertainty in the
exponent m contributes a very small error to the cor-
rected creep rate (<5%) because creep rates are inter-
polated over a small range in grain size (a factor of 2).
Creep data for a sample that had experienced grain
growth were then corrected to a single grain size by
using the formula:

d
10g écorr = lOg & —p- lOg <¥) ; (3)
f

where .o, 18 the corrected strain rate, & is the uncorrected
strain rate, p is the grain-size exponent for diffusion creep
(¢ o< d7P), d(t) is the grain size at the end of each stress
step, and dy is the grain size at the end of the experiment.
When creep data are corrected to reflect a single grain
size, the stress exponent can be determined through a
least-squares linear regression. Corrected creep data
were used only to constrain the stress exponent. The
grain-size exponent and activation energy were obtained
using creep data for which no correction was necessary.

Method for obtaining diffusion creep parameters

The large range in grain size and stress used for the dif-
fusion creep experiments in this study made it impossible
to have overlapping temperatures for every experiment.
In particular, higher temperatures were necessary at
larger grain sizes so that strain rates were measurable
(e.g., above ~1 x 107° s7!). It was therefore necessary to
extrapolate creep data to a common temperature before
the grain-size exponent could be determined.

Creep parameters were calculated according to the
iterative procedure defined below. First, an average
stress exponent was determined from log ¢ versus log o
data for several samples. An initial estimate of the ac-
tivation energy for diffusion creep was then obtained
over a limited temperature range using data from a
temperature-stepping experiment. This activation energy
was then used to estimate the grain-size exponent in the
following way. First, strain rates corresponding to
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Fig. 2 a SEM micrograph of a fractured surface of sample PI-604
before deformation. Grains are typically equant and have a normal
grain size distribution. b Grain-size distribution before deformation of
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100 MPa differential stress were selected from each ex-
periment. This value of differential stress was chosen
because it was within the range of all mechanical data
and involved no extrapolation. Strain rates were then
extrapolated to 7= 1223 K using our initial estimate
for activation energy in the equation below:
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T\1223 T

6,- 0, (MPa)
100

T T I [ L

200 300

|II||III_

PI-604
Grain size = 7.4 pm

% T=1473K
0 T=1423K

IIIIIIIIIlIIIIIIIIIlIIII

II|I|IIII|IIIIIIIII

S AT S T TN B!

1.6 1.8 2.0 22 24 2.6
log(c,-6;) (MPa)
b Temperature (K)
1550 1500 1450 1400
-3' v I T T | | | | L | L
4.0 = PI-612 .
: Grain Size = 7.4 um
C A 0,-0,=220 MPa
-45 = —
W
~-5.0 — —
w -
0 -
2 C
55— —
-6.0 — —
C E' =416 + 16 ki/mol
-6.5 —
[P =T U SR N N
6.4 6.6 6.8 7.0 7.2 7.4
10%T (K™

Fig. 3 a Plot of creep data from experiment PI-604, demonstrating a
transition between diffusional creep (n ~ 1) at lower stresses and
dislocation creep (n = 2.9 £ 0.1) at higher stresses. b Creep data from
experiment PI-612 are used to constrain the activation energy for
dislocation creep

where E" is the activation energy for diffusional creep.
Normalized log creep rates are then plotted against
log(d) for each sample. An initial estimate of the grain-
size exponent p is obtained by fitting the data using a
least-squares linear regression.

A new estimate for activation energy is obtained in a
manner similar to that described above. First strain rates
corresponding to 100 MPa differential stress are select-
ed, then extrapolated to a grain size of 2 um using the
following equation:



10g énorm = 10g & —p[log(2) - 1Og(d)] ) (5)

where p is the grain-size exponent determined in the
previous step and d is the grain size for each experiment.
We chose a grain size of 2 pm so that the amount of
extrapolation was minimized. We plot log &yorm versus 1/
T to obtain a new estimate for the activation energy for
diffusional creep. Equations (4) and (5) are iterated until
a convergent solution is found. To test this method, we
used an initial estimate for the grain-size exponent in-
stead of the activation energy. When p = 2 was used as a
starting value, the solution converged to the same result
as in the former case.

Results for diffusion creep

The stress exponent was first estimated from experi-
ments in which minimal grain growth was observed.
These experiments, which represent the majority of the
dataset, indicate a stress exponent n ~ 1. We subse-
quently refined our estimate of the stress exponent by
including corrected creep data from samples that had
experienced grain growth during the course of the
experiment. Mechanical data from samples that were
deformed in the diffusional creep regime are plotted in
Fig. 4a. Creep data were fit using a least-squares linear
regression, yielding slopes between n = 0.7 and n = 1.2,
with an average n = 1.0 =+ 0.2.

We obtained an activation energy for diffusion creep
using the iterative procedure described in the previous
section. Normalized creep rates are plotted in Fig. 4b,
from which an activation energy E = 281 + 11 kJ mol~!
was determined using a least-squares linear regression,
excluding data at 1523 K. We report an activation
energy only for temperatures between 1123 and 1473 K
because there is some evidence for a change in activation
energy at temperatures above 1473 K.

The grain-size exponent was also determined using an
iterative procedure. Normalized creep data are plotted
in Fig. 4c, from which a grain-size exponent
p=3.0 = 0.2 was determined by least-squares linear
regression. When creep data from samples that have
experienced grain growth are analyzed, a grain-size
exponent can be determined based on the initial and
final grain size. This analysis, which assumes that all

>

Fig. 4 a Diffusion creep data from all experiments are shown to
illustrate the typical variation in stress exponent. Slopes determined
from a least-squares regression vary from n= 0.7 to 1.2, with an
average of n = 1.0 + 0.2. Creep data were normalized to a grain size
of 2 pum so that all data could be shown on one plot. b The activation
energy for diffusion creep was determined using creep data from three
experiments, extrapolated to a single stress and grain size (triangles are
from PI-621, squares from PI-604, diamonds from PI-669). The
dashed line represents a possible change in activation energy above
1473 K. ¢ The grain-size exponent for diffusion creep was determined
using creep data from four experiments, extrapolated to a single
temperature and stress (diamonds are from PI-669, square from PI—
621, triangle from PI-604, star from PI-785). A grain-size exponent
p =3.0 £ 0.2 suggests that deformation occurred by Coble creep
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sample hardening is due to grain growth, is fully con-
sistent with a grain-size exponent p = 3.

We used copper jackets for deformation experiments
on some fine-grained samples because the samples had
strengths that were comparable to the nickel jackets.
Since copper jackets buffer the oxygen fugacity at higher
values, we needed to test if there was an effect of oxygen
fugacity on diffusion creep. Two deformation experi-
ments were performed using different oxygen buffers.
The same sample was used in both experiments to
minimize discrepancies due to sample-to-sample varia-
tion. In the first experiment, an Ni jacket was used so
that the oxygen fugacity was fixed by the Ni/NiO buffer.
We chose a deformation temperature 7 = 1273 K be-
cause it was lower than the melting point of copper but
high enough so that strain rates were measurable. Be-
cause the grain size increased slightly during the exper-
iment, creep data were corrected to a grain size of 4 um.
The sample was then rejacketed in copper so that the
oxygen fugacity was fixed by the Cu/Cu,O buffer. The
sample was held at temperature for more than 2 h so
that the internal point defects could equilibrate to the
new oxygen fugacity. Creep data were corrected to a
grain size of 4 um as in the previous case.

Creep data for both experiments are shown in Fig. 5.
They are virtually indistinguishable, indicating that
there is no measurable oxygen fugacity dependence in
the diffusion creep regime. No correction was therefore
necessary for samples surrounded by different metal
jackets.
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Fig. 5 The use of copper or nickel jackets has no noticeable effect on
the creep rate, indicating that there is little to no dependence of
oxygen fugacity on creep rate for nickel germanate. Creep data were
corrected to a grain size of 4 pm using a grain-size exponent p = 3

Creep data were fit by a diffusion creep equation of
the following form, which assumes a linear stress de-
pendence:

. a" E*

€ ZAEf& €Xp <—ﬁ> )
where temperature (7)), differential stress (o), strain rate
(&), oxygen fugacity (fp,), and grain size (d) are inde-
pendent variables. Values for diffusion creep parameters
are shown below:

3
A — 10553021 (KM
MPas-!

(6)

n=10%0.2
p=30+02
m=0

E* =281+ 11(kJmol™).

Discussion

Deformation at high temperatures can occur either by
the progressive movement of dislocations in response to
an applied stress (dislocation creep), or by the movement
of point defects along grain boundaries or through the
lattice (diffusion creep). The former process is charac-
terized by a power-law dependence of stress on strain
rate, while the latter process features a linear dependence
of stress on strain rate. In samples with certain grain
sizes, it is possible to observe dislocation creep at higher
stress and diffusion creep at lower stress. By performing
a stress-stepping test at a fixed temperature, one can
estimate the transition stress between the two deforma-
tion mechanisms.

Initially, we chose a relatively coarse-grained sample
with an average grain size of 7.4 um. Stress-stepping
tests revealed a change in slope fromn ~ 1 ton ~ 3 ata
stress near 200 MPa, indicating a change in mechanism
from diffusion creep to dislocation creep. The stress
exponent (n = 2.9 + (.2) obtained from the high-stress
creep data is similar to values predicted from standard
theoretical models (3 < n < 5) (Nabarro 1967; Weert-
man 1968).

Reliable estimates of the activation energy are nec-
essary because flow laws are often extrapolated to lower
temperatures, particularly when modeling the dynamics
of slab deformation. At the temperatures of our exper-
iments (7/T,, = 0.75), a 100-K increase in temperature
results in an order of magnitude increase in strain rate.
The effect of temperature on strain rate would, of
course, be magnified at lower temperatures due to its
exponential dependence.

At low stress and small grain size, nickel germanate
exhibited a linear stress-strain dependence with a stress



exponent n = 1.0 £ 0.2, which is characteristic of dif-
fusion creep. In the diffusion creep regime, deformation
is sensitive to grain size, so that any increase in grain size
due to grain growth results in a lowering of the creep
rate.

There are two possible mechanisms for diffusion
creep. Mass can be transported by the motion of point
defects through the lattice (Nabarro-Herring creep) or
along grain boundaries (Coble creep). Nabarro-Herring
and Coble creep are characterized by a grain-size-de-
pendent creep rate, in which the grain-size exponent
p =2 and 3, respectively, for each process. We deter-
mined a grain-size exponent of 3 for nickel germanate
spinel, suggesting that deformation occurs by a Coble
creep mechanism. A grain-size exponent p = 3 is also
consistent with grain-boundary sliding accommodated
by volume and grain-boundary diffusion (Ashby and
Verrall 1973). The Ashby and Verrall model has several
shortcomings, however, and does not fit existing exper-
imental data very well (Gifkins 1978). Grain-boundary
sliding also tends to operate in systems that have equant
grain shape and that do not exhibit normal grain
growth. While we cannot eliminate the possibility of
diffusion-accommodated grain-boundary sliding as the
predominant deformation mechanism, it is more likely
that diffusion creep mechanisms occur in our samples.
This hypothesis could be tested if grain-boundary dif-
fusion rates in nickel germanate were known.

We determined an activation energy for diffusion
creep of 281 kJ mol™!. There is some evidence for a
change in activation energy above 1473 K, but since this
is based on a single data point, we prefer to report an
activation energy based on temperatures between 1123
and 1473 K only. Further experiments at temperatures
above 1473 K are necessary to determine if there is
change in activation energy.

Effect of oxygen fugacity on diffusion creep

In certain materials, oxygen fugacity can have a pro-
found effect on the creep rate. This effect was shown for
transition-metal-bearing olivines (Ricoult and Kohlstedt
1985), demonstrating the need for establishing thermo-
dynamic equilibrium during creep experiments. In such
experiments, the silica activity usually is controlled by
the presence of a few volume percent pyroxene grains.
Ideally, the activity of germania should also be fixed in a
similar manner by adding a few percent pyroxene grains.
No pyroxene phase exists at low pressures in the NiO—
GeO, system; hence, the activity of germania could be
fixed at unity only if excess GeO, were present in the
sample. It is difficult to incorporate excess GeO, for two
reasons, however. Because of the extensive evaporation
of germania during the synthesis stage, no excess GeO,
remains. In addition, if excess GeO, powder were added
to the nickel germanate powder before hot-pressing, the
low melting temperature of GeO, would cause extensive
melting under most deformation conditions. Although
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the activity of germania remains unbuffered, the pres-
ence of NiO powder surrounding the sample ensures
that the activity of NiO remained constant.

We chose two metal-oxide buffers, Ni/NiO and Cu/
Cu,0, so that we could equilibrate our sample at two
different oxygen fugacities (for a discussion of equili-
bration kinetics using solid buffers, see Karato et al.
1986). At 1 atm pressure and 1273 K, the oxygen fu-
gacity corresponding to the Cu/Cu,O buffer is 3.2 log
units higher than that of the Ni/NiO buffer. At 300 MPa
pressure, the oxygen fugacities for metal-oxide systems
do not change substantially from their room tempera-
ture values, so we approximate the difference as 3.2 log
units. From Fig. 5, we observe that there is little dif-
ference in the creep rate between a copper-or nickel-
jacketed sample. This indicates that there is little to no
oxygen fugacity dependence in Ni—Ge spinel. Electro-
neutrality conditions involving Frenkel defects, or [Nig]
paired with [V], [Nij] or [Ge;'| produce a zero oxygen
fugacity dependence. For a similar example in a different
spinel system, see Greskovich and Schmalzried (1970).
Although we cannot rule out a 1/10 dependence due to
experimental scatter, we can rule out a 1/6 dependence
because this would result in a change in strain rate of
0.53 log units, well above the resolution capability of the
Paterson apparatus. The absence of an oxygen fugacity
dependence on creep rate in Ni germanate spinel is
consistent with the results of Wolfenstine and Kohlstedt
(1994) for Ni silicate olivine.

Comparison with other spinels

Previous microstructural investigations of several spinels
reveal dislocation microstructures consistent with a
[1 1OKI11) slip system (Hwang et al. 1975; Vaughan
and Coe 1981; Karato et al. 1998). In addition, the
dissociation of straight-edge dislocations into two
colinear partials is seen in a number of spinels (Veyssicre
et al. 1978; Doukhan et al. 1979; Dupas-Bruzek et al.
1998). These observations have provided a basis for the
use of spinel analogues by previous researchers
(Vaughan and Coe 1981; Dupas-Bruzek et al. 1998).
There has, however, been no examination of the nor-
malized creep behavior of spinel, particularly in the
germanate system, which is often used as an analogue
for silicate spinel. By normalizing the shear stress and
temperature by the shear modulus and melting temper-
ature, respectively, materials with similar structures of-
ten have similar normalized creep strengths (they are
isomechanical). We therefore compare the mechanical
data for nickel germanate and several normal and in-
verse spinels to see if an isomechanical group can be
defined.

Dislocation creep data have been collected for several
spinels at temperatures 7/7,, ~ 0.5-0.9 (Mitchell et al.
1976; Nishikawa et al. 1980; Dupas-Bruzek et al. 1998).
Although the temperature range for each data set is
typically limited to ~100 K, three of the four datasets
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have homologous temperatures that overlap. Since the
mechanism of dislocation creep is the same for these
spinels, it is reasonable to compare their creep parame-
ters as well as their absolute strength.

Stress exponents are similar for Mng sZng sFe>Oy,
Ni,GeO4 and Mg,GeOy spinels (n ~ 3) and slightly
higher for MgAl,O4 (n ~ 4). Stress exponents in the
range 3 < n < 5 are indicative of recovery-controlled
creep, where steady-state deformation results from a
balance between dislocation multiplication and climb-
controlled recovery processes. Although small differ-
ences in the stress exponent are relatively unimportant at
experimental strain rates, the difference can become
significant when extrapolating to natural strain rates.
For example, MgAl,O4 is 100 times stronger than
Ni,GeO, at ¢ = 107" s7!, while it has a comparable
strength at & = 107> s7".

Activation energies for dislocation creep can be
compared by normalizing them by RT,,, yicelding the
nondimensional parameter g:

_ Odisu
9= RT,

Values for g are similar for Ni,GeO4 (g ~ 26) and
Mng sZng sFe>O4 (g ~ 24), but different from MgAl,O4
(g ~ 42). The large value of g for MgA1,0O4 may reflect a
fundamental difference between MgAl,O4 and other
spinels, or it may result from a change in the rate-
limiting creep mechanism at high temperatures
(T/T,, ~ 0.85-0.90). Creep experiments on MgAl,O,
at lower temperatures (7/T,, ~ 0.7-0.8) are needed for
a valid comparison of activation energy. Since temper-
atures in subducting slabs (7/T,, ~ 0.4-0.7) are typically
lower than experimental temperatures (7/7,, ~ 0.7-0.9),
it is desirable to measure activation energies at the
lowest possible temperatures to minimize extrapolation
errors. Since all available g values are in the range of 24
to 26 at T/T,, ~ 0.7-0.8, they represent the best current
estimates for g for silicate spinel.

To define an isomechanical group it is necessary to
compare the strength of several materials with similar
structures. We chose creep data for MgAl,Oy,
Mng sZny sFe,04, Mg,GeOy, and Ni,GeOy4 spinel, ex-
trapolated to a strain rate £ = 107> s™'. There is a gen-
eral agreement between the normalized creep strengths
of all four spinels, shown in Fig. 6a. Two of the normal
spinels (Ni,GeO4, and MgAl,O4) show higher creep
strengths than the inverse spinels (Mng sZngsFe>Oy),
although the difference is relatively minor (less than 1
order of magnitude). Magnesium germanate, which is
normal type, has a lower stress, consistent with inverse
ferrite spinel. The authors acknowledged, however, that
glassy phases were present along grain boundaries,
which may have contributed to a lower creep strength
(Dupas-Bruzek et al. 1998). Thus, it is not possible to
evaluate whether there is a systematic difference in
strength between normal and inverse spinels or simply a
difference between ferrite and other spinels. Creep tests
on inverse spinels with a point-defect chemistry that is
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Fig. 6 a Normalized dislocation creep data for Ni,GeO,4, Mg,GeQy,
MgAlL Oy, and Mng 5Zn, sFe,O, spinels. Creep data were extrapolated
to a strain rate of 107 s™! using stress exponents listed in Table 2.
Stress and temperature were normalized by the shear modulus and
melting temperature of each material. An isomechanical group can be
defined for spinels, characterized by a 1 order-of-magnitude variation
in normalized strength. b Normalized diffusion creep data for
NizGCO4, MgA1204, Ni045Zn0.5FeZO4 and MH045ZHO.5F€204 spinels.
Creep data were extrapolated to a common strain rate and d/b ratio,
where d is grain size and b is the Burger’s vector. Creep data for
Ni,GeO4 were extrapolated to a grain size of 10 pm. Stress and
temperature were normalized by shear modulus and melting
temperature of each material. Normal and inverse spinels are
indicated by open and closed symbols, respectively



similar to normal spinels must be performed (ferrites are
n type while the normal spinels presented here are not).

Duclos et al. (1978), Duclos (1981), and Okamoto
(1989) provide evidence that dislocation creep in spinel
might be due to dislocation climb (as opposed to glide)
proposed by Nabarro (1967). Cannon and Langdon
(1988) argue that creep in ceramics showing n ~ 3 may
be due to dislocation climb from Bardeen-Herring
sources, as proposed by Nabarro (1967). To test this
hypothesis, we calculated the effective diffusion coeffi-
cients from dislocation creep data using the theoretical
relationship by Nabarro (1967):

Ble)effO'3
G*b’RT
where B ~ 0.3, V,,, is the molar volume, D.g is the ef-
fective diffusion coefficient, ¢ is stress, G is the shear
modulus, b is the Burger’s vector and R is the gas
constant. The results are shown in Fig. 7. The results
agree well with the oxygen self-diffusion coefficients in
MgAl,O4 spinel after normalization, supporting the
notion that dislocation creep in nickel germanate spinel
may be due to dislocation climb.
An important consequence of the dislocation climb
model of dislocation creep in spinel is that the defor-
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Fig. 7 Effective diffusion coefficients calculated from diffusion
creep data using Nabarro’s model (1967): Mn—Zn ferrite 2 —217
KJ mol™'] (Nishikawa et al. 1980); Ni-Zn ferrite [E" = 36k) mol™]
(Nishikawa et al. 1979); Ni,GeOy4 [E* = 281 kJ mol™!] (this study).
Effective diffusion coefficient calculated from dislocation creep data
using a Nabarro dislocation climb model (1967): NiyGeOg4
[E* = 416 kJ mol™"] (this study). Lattice self-diffusion coefficients
for oxygen and iron in MgAl,O4 and Mn—Zn ferrite are shown for
reference: Do in MgALO, [E* =439 kJ mol 1 (Ando and Oishi
1983); Do in Ni ferrite [E* = 255 kJ mol™ N Bryan and Di-
Marcello 1970); Dg, in Mn—Zn ferrite: [E” = 147 kJ mol™'] (Ogawa
et al. 1968)
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mation fabric is pure shear and is associated with no
vorticity. This point will have to be tested by fabric
measurements. The results will have an important
implication for seismic anistropy in the transition zone.

Diffusion creep parameters for several spinels are
shown in Table 3. A stress exponent n ~ 1 and a grain-
size exponent p ~ 3 indicate that deformation occurs by
Coble creep, rather than Nabarro-Herring creep (where

p ~ 2). Although diffusion creep parameters are gener-

ally similar for all spinels, normalized creep strengths
show greater variation. Diffusion creep data for four
spinels were extrapolated to a strain rate of & = 107>
and a d/b ratio of 1.72 x 107, where d is grain size and b
is the Burger’s vector. This ratio corresponds to a grain
size close to 10 um. There is a general agreement in
mechanical strength among the four spinels, as indicated
in Fig. 6b, but the scatter is somewhat larger than for
the case of dislocation creep (roughly 2 orders of mag-
nitude in flow stress). Ferrite spinels have a similar
strength, while Ni,GeO, and MgAl,O4 spinel are
stronger by two orders of magnitude. Both ferrites are
inverse spinels, and they also have similar point-defect
chemistry. Since Fe®" has a strong tetrahedral site
preference, it is forced to occupy both tetrahedral and
octahedral sites (Navrotsky 1967). The Fe’" on the
octahedral site can achieve a lower energy state by acting
as an electron acceptor, thus behaving like an n-type
material. Therefore, creep rates for ferrites may vary
substantially with oxygen fugacity if electrons are one of
the majority point defects. This difference in point-defect
chemistry between the ferrites and Ni,GeO4 may explain
the discrepancy in normalized creep behavior.

The difference in normalized creep strength may also
be related to such factors as oxygen fugacity, grain
boundary width, or nonstoichiometry (Doukhan et al.
1976; Chiang and Kingery 1990). In manganese ferrite,
for instance, oxygen grain-boundary diffusion is signifi-
cantly reduced by the addition of less than 1 wt% SiO,
or CaCO; (Boy and Wirtz 1994). This illustrates the
important role of sample preparation in obtaining reli-
able and consistent results in the diffusion creep regime.
It is also possible that a better correlation may be ob-
tained by comparing other II-IV spinels with nickel
germanate, particularly those that have a zero oxygen
fugacity dependence. Creep experiments on Fe,GeOy4
spinel are planned to test this hypothesis.

When diffusion creep is accommodated by diffusive
mass transfer, standard theoretical models predict a flow
law of the following form (see, e.g., Karato et al. 1986):

VinDefro
RTd?

where A4 is a numerical constant dependent on the flow
geometry (at small strain, 4 = 14 for diffusion creep:
Raj and Ashby 1971), V,, is molar volume, Dy is an
effective diffusion coefficient composed of a volume
diffusion and a grain-boundary diffusion term, o is
stress, d is grain size and RT has the usual meaning.
When D.g is dominated by a grain-boundary diffusion

=4
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Table 2 Dislocation creep

parameters for several spinels Spinel T (K) G (GPa) n Q~ g RT, Reference
Ni,GeOy4 ~1900 ~100 29 + 0.2 26 - RT,, This study
Mg,GeOy ~2400 110 ~3 - Dupas-Bruzek
et al. (1998)
Mn0_52n0_5F6204 ~1900 64 2.6 £ 0.2 24 - RT,, Nishikawa
et al. (1980)
MgAl,O, ~2400 108 3.9 42 - RT,, Mitchell
et al. (1976)
Table 3 Diffusion creep para- )
meters for several spinels Spinel T (K) Q~g RT, n p Reference
Ni,GeOy ~1900 18 - RT,, 1.0 £ 0.2 3.0 £0.2 This study
Nig 5Zny sFe>04 ~1990 19 - RT,, 1.1 £ 0.1 ~3 Nishikawa
et al. (1979)
Mny sZng sFe,Oy4 ~1900 14 - RT,, 1.1 £0.1 ~3 Nishikawa
et al. (1980)
MgALO, ~2400 ) ~1 ~3 Mitchell

et al. (1976)

term, Dy o< dDy/d, where ¢ is a grain-boundary width
and D, is a grain-boundary diffusion coefficient.
Therefore, ¢ oc d—> when diffusion is rate-limited by
grain boundary diffusion and ¢ oc d~2 when diffusion is
rate-limited by volume diffusion.

Effective diffusion coefficients were calculated for
three spinels as a function of homologous temperature,
shown in Fig. 7. Both ferrites have a higher effective
diffusion coefficient than nickel germanate, which is
consistent with their weaker creep strength. Self-diffu-
sion coefficients for lattice diffusion of oxygen and iron
are shown in Fig. 7 for comparison. Effective diffusion
rates calculated from ferrite creep data are intermediate
between iron self-diffusion (Dg.) and oxygen self-diffu-
sion (D,) in ferrite spinel. Since lattice diffusion of the
cation species is faster than the effective diffusion rate, it
is likely that grain boundary diffusion of oxygen is rate-
limiting for ferrites. Similarly, grain-boundary diffusion
of oxygen is rate-limiting for MgAl,Oy, although overall
creep rates and diffusion rates are slower. Since there are
no available data for lattice or grain-boundary diffusion
of oxygen in germanates, we can only speculate that
diffusion rates are intermediate between that of
MgAl,O4 and ferrite spinel (the creep rate is also inter-
mediate between the two). Although it is impossible to
rule out Ge as a rate-limiting species, it is likely that the
cation species will be transported through the lattice, as
it is in ferrite spinels. Tracer diffusion experiments are
needed for II-IV spinels to test whether oxygen is the
slowest diffusing species, as it is in II-1II spinels.

Comparison of olivine and spinel strength

A preliminary assessment of the narmalized creep
strengths of olivine and spinel was made by Karato
(1989). This study was based on an extensive datset for
olivines that contained different cations and a somewhat
limited dataset for spinels, characterized primarily by 11—

IIT spinels. Since this time, more datasets have become
available for spinel, including that of the present study.
In light of those new data, we shall reexamine the nor-
malized creep behavior of olivine and spinel in the dis-
location and diffusion creep regimes, and extrapolate
each isomechanical group to conditions that are
appropriate for the Earth.

Dislocation creep flow laws for Co,SiOy4 (Ricoult and
Kohlstedt 1985) and (MgqoFeq 1),SiO4 dunite (Chopra
and Paterson 1984) were used to construct an isome-
chanical group for olivine. These two flow laws were
chosen because they represent the strongest and weakest
creep data (after normalization) from a range of syn-
thetic and natural olivines. For a compilation of the
normalized strength of olivine with several different
compositions, the reader may refer to Bai and Green
(1998). Creep data for synthetic olivine with an upper
mantle composition (e.g., Karato et al. 1986) fall within
these upper and lower bounds and are not represented in
Fig. 8a for the sake of clarity. When the two flow laws
are extrapolated to a strain rate & = 10" s~!, the dis-
crepancy between them becomes greater because of the
difference in stress exponents (n = 3.6 for dunite and
n=>35 for Co,S104). However, the true normalized
strength for olivine is likely to be bracketed by these two
flow laws.

Dislocation creep flow laws for Ni,GeOy (this study)
and MgAl,O,4 (Mitchell et al. 1976) were used to con-
struct an isomechanical group for spinel. These spinels
were chosen because they have a normal structure,
which is more applicable to the Earth. Flow laws for
spinel also deviate from each other when they are ex-
trapolated to Earth-like strain rates, because of their
different stress exponents. Isomechanical groups for
olivine and spinel, shown in Fig. 8a, were calculated
between 7/T,, = 0.4 and T/T,, = 0.7. Although there is
a range in strength for each isomechanical group when
flow laws are extrapolated to Earth-like strain rates, the
olivine and spinel fields overlap, indicating that they
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have comparable normalized strengths. Since spinel has
a shear modulus that is 50% greater than olivine, its
unnormalized strength is actually greater than that of
olivine.

Although olivine and spinel have comparable
strengths in the dislocation creep regime, they do not
always have comparable strengths in the diffusion creep
regime. Normalized creep data for Mg,GeO, olivine
(Kizhappali and Karato 1996) and Ni,GeOy spinel (this
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Fig. 8 a Comparison of normalized creep strengths for olivine and
spinel in the dislocation creep regime, extrapolated to a strain rate of
107'% 57!, The spinel field is bracketed by flow laws for MgAl,O,
(Mitchell et al. 1976) and Ni,GeOy (this study) while the olivine field
is bracketed by flow laws for (Mg, Fe),SiO4 (Chopra and Paterson
1984) and Co,SiO4 (Ricoult and Kohlstedt 1985). The olivine and
spinel fields overlap each other, indicating that their normalized creep
strength is comparable. Because spinel has a higher shear modulus, its
actual flow stress is higher than olivine (by a factor of 1.5).
b Comparison of normalized creep strengths for Mg,GeO, olivine
and Ni,GeOy spinel in the diffusion creep regime. The thicker lines
represent best fits through the experimental data, while the dashed
lines represent extrapolations to larger grain sizes using grain-size
exponents p =2 and p = 3. Olivine and spinel have a comparable
strength at 2 pm (unextrapolated creep rates are similar). Because of
its smaller grain size exponent (p = 2 for olivine and p = 3 for spinel),
olivine may be considerably weaker than spinel (up to 2.5 orders of
magnitude) at grain size of 1 mm. At a strain rate of 107> s7!, flow
stresses would be 9 orders of magnitude smaller than that shown in
the figure

study) were compared as a function of grain size at 7/
T,, = 0.6. Unextrapolated creep data for olivine and
spinel are shown by the solid and alternating dash and
dotted lines in Fig. 8b. At a grain size of 2 um, olivine
and spinel have a comparable strength. Spinel is con-
siderably stronger than olivine at coarse grain sizes
(1 mm) because it deforms by Coble creep (p = 3) in-
stead of Nabarro—Herring creep (p = 2), as is the case
for olivine. Since a change in diffusion creep mechanism
is possible for either olivine or spinel, creep data are
extrapolated using grain-size exponents of p =2 and
p =3 to bracket their strength. The strength of spinel
(indicated by the dark gray region in Fig. 8b) is greater
than that of olivine (shown in light gray) at coarse grain
size. If flow laws are extrapolated to 1-mm grain size
with no change in the grain-size exponent for either
olivine or spinel, spinel will have a normalized strength
that is 2.5 orders of magnitude stronger than olivine.
Conversely, if grain-size reduction occurs, spinel can
become weaker than olivine. This phenomenon may
have important consequences for subducting slabs that
are undergoing simultaneous deformation and trans-
formation from olivine to spinel (e.g., Karato et al.
2000).

Conclusions

We have performed deformation tests on nickel germa-
nate. A wide range of experimental conditions (tem-
perature, stress, and grain size) were employed in order
to characterize the dislocation creep and diffusion creep
regimes. Five main conclusions can be drawn from this
work:

1. High-resolution tests can be performed on nickel
germanate spinels using a gas-medium deformation
apparatus. At lower confining pressure, creep
parameters for spinel can be determined more
precisely.
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2. The transition between diffusion creep and dislocation
creep was identified for nickel germanate. For a
sample with a grain size of 7.4 um, the transition
occurs at ¢ = 200 MPa at 1423 K and ¢ = 180 MPa
at 1473 K.

3. Two experiments were performed to determine the
oxygen fugacity dependence on creep rate in nickel
germanate spinel. These experiments suggest that
there is no oxygen fugacity dependence on creep rate
in the diffusion creep regime.

4. An isomechanical group can be defined for spinels
when creep data are normalized by the melting tem-
perature and shear modulus. There is evidence for a
difference between the normalized strength of normal
and inverse spinels, in that normal spinels are slightly
stronger.

5. Normalized creep strengths for olivine and spinel are
comparable in the dislocation creep regime. In the
diffusion creep regime, spinel is stronger than olivine
at coarse grain sizes, but weaker than olivine at grain
sizes below 2 pm.

Germanates are good analogues for the deformation
behavior of silicate spinel because they have similar slip
systems and because they form an isomechanical group
with other spinels. Since silicate spinel is likely to belong
to this isomechanical group, we can predict its strength
by using normalized creep parameters obtained from
analogue spinels. Nickel germanate spinel is a useful
analogue from the standpoint of its low-pressure sta-
bility, but suffers from the fact that no pyroxene phase is
stable at low pressures. Consequently, GeO, excess
compositions will tend to melt due to the low melting
temperature of GeO,. Even at temperatures lower than
the melting temperature, the high vapor pressure of
GeO, may encourage vapor-phase transport, a condi-
tion that may not occur in silicate systems. By using an
appropriate Mg—Ni or Mg—Fe solid solution, however, it
is possible to form a stable pyroxene phase. Such a
material would be an ideal analogue because it would be
possible to deform a pyroxene-bearing aggregate at low
pressures. In addition, compositions that are closer to
Earth spinels can be selected, thereby providing a better
estimate of the strength of spinel under Earth-like
conditions.
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