
Elastically accommodated grain-boundary sliding: New insights
from experiment and modeling

Ian Jackson a,⇑, Ulrich H. Faul b, Richard Skelton a

a Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
b Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA, USA

a r t i c l e i n f o

Article history:
Available online 26 November 2013

Edited by Mark Jellinek

Keywords:
Grain-boundary sliding
Seismic wave attenuation and dispersion
Viscoelastic relaxation
Creep function

a b s t r a c t

Substantial progress is reported towards a reconciliation of experimental observations of high-
temperature viscoelastic behaviour of fine-grained materials with the micromechanical theory of
grain-boundary sliding. The classic Raj–Ashby theory of grain boundary sliding has recently been revis-
ited – confirming the presence of the following features: (i) at a characteristic period se much less than
the Maxwell relaxation time sd, a dissipation peak of amplitude !10"2 and associated shear modulus
relaxation resulting from elastically accommodated sliding on grain boundaries of relatively low viscos-
ity; (ii) at intermediate periods, a broad regime of diffusionally-assisted grain-boundary sliding within
which the dissipation varies with period as Q"1 ! Ta

o with a ! 1/3, sliding being limited by stress concen-
trations at grain corners, that are progressively eroded with increasing period and diffusion distance; and
(iii) for periods longer than the Maxwell relaxation time sd, diffusionally accommodated grain-boundary
sliding with Q"1 ! To. For periods To# se, laboratory dissipation data may be adequately described as a
function of a single master variable, namely the normalised period To/sd. However, it is becoming increas-
ingly clear that the lower levels of dissipation measured at shorter periods deviate from such a master
curve – consistent with the existence of the two characteristic timescales, se and sd, for grain-boundary
sliding, with distinct grain-size sensitivities. New forced-oscillation data at moderate temperatures (short
normalised periods) provide tentative evidence of the dissipation peak of elastically accommodated
sliding. Complementary torsional microcreep data indicate that, at seismic periods of 1–1000 s, much
of the non-elastic strain is recoverable – consistent with substantial contributions from elastically
accommodated and diffusionally assisted grain-boundary sliding.

! 2013 Elsevier B.V. All rights reserved.

1. Theory of elastically accommodated grain-boundary sliding

In the classic theory of grain-boundary sliding (Raj and Ashby,
1971), the low effective viscosity of grain-boundary regions plays
a vital role, as follows. At sufficiently low temperatures and short
timescales of stress application, the behaviour of a stressed bi-crys-
tal is strictly elastic (Fig. 1a). However, with increasing tempera-
ture and/or timescale of stress application, the low effective
viscosity of the boundary region allows a finite amount of slip
between adjacent grains. Slip on the periodic corrugated interface
between the grains results in a spatially variable normal stress act-
ing across the boundary. This normal stress is responsible for an
elastic distortion of the grains that facilitates sliding by eliminating
the incompatibilities in grain shape and provides the restoring
force for recovery of the non-elastic strain on removal of the ap-
plied stress, so that the resulting behaviour is anelastic (Fig. 1b).
The characteristic timescale se for such anelastic relaxation by

elastically accommodated grain-boundary sliding is given by the
expression (e.g., Kê, 1947; Nowick and Berry, 1972):

se ¼ ggbd=GUd ¼ ggb=GUab ð1Þ

The thin grain-boundary region, of thickness d and length in the
sliding direction comparable with the grain size d (and hence of as-
pect ratio ab = d/d), is characterised by atomic positional disorder
and, commonly, chemical complexity relative to the adjacent crys-
talline grains (e.g., Drury and Fitz Gerald, 1996; Hiraga et al., 2003;
Faul et al., 2004). This grain-boundary region is assumed to
respond to applied stress as a Newtonian fluid, in which the shear
stress is the product of strain-rate and a viscosity ggb' gss, the
viscosity associated with steady-state diffusional creep of the
polycrystal. The two viscosities are expected to have distinctive
Arrhenian temperature dependencies. In Eq. (1), GU is the
unrelaxed shear modulus. Under conditions of sinusoidally time-
varying shear stress, a dissipation peak and associated partial
relaxation of the shear modulus are expected for an angular
frequency x ! 1/se.
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At higher temperatures and/or longer timescales of stress appli-
cation, the distribution of boundary-normal stress is modified by
diffusional transport of matter along the grain boundary, ulti-
mately allowing the transition from anelastic towards viscous
behaviour (Fig. 1c). The time constant sd for the evolution of the
distribution of normal stress from that prevailing on completion
of elastically accommodated sliding to that associated with stea-
dy-state diffusional creep, and thus the duration of transient diffu-
sional creep, was identified (Raj, 1975), within a dimensionless
multiplicative factor, to be the Maxwell time for diffusional creep
with the steady-state viscosity gss, i.e.

sd ¼ ð1" mÞkTd3
=ð40p3GUdDgbXÞ ¼ gss=GU ð2Þ

where m, k, T, Dgb, and X are respectively Poisson’s ratio, the Boltz-
mann constant, the absolute temperature, the grain-boundary dif-
fusivity and the molecular volume of the diffusing species. Such
transient creep behaviour is adequately described, at least for time
intervals of finite duration, by an Andrade creep function (Gribb and
Cooper, 1998; Jackson et al., 2006). For sinusoidally time-varying
shear stress, such anelastic behaviour results in a weakly fre-
quency/period dependent dissipation and associated modulus
relaxation, of the type often referred to as ‘high-temperature back-
ground’ (e.g., Nowick and Berry, 1972).

The classical Raj–Ashby model of grain-boundary sliding has re-
cently been revisited by Morris and Jackson (2009a). The boundary
value problem describing sliding on a fixed periodic piecewise lin-
ear interface between two elastic grains, including both low effec-
tive viscosity of the grain-boundary region and grain-boundary
diffusion, was solved in the limit of infinitesimal boundary slope
for the complete mechanical relaxation spectrum. A dissipation
peak located at x ! 1/se, and the diffusionally accommodated
sliding regime with Q"1 !x"1 for x < 1/sd, are separated by a dif-
fusionally-assisted sliding regime within which Q"1 varies very
mildly (approximately as 1/logx) with frequency (Fig. 2a). The
term ‘diffusionally assisted’ is used to convey the idea that within
this regime, diffusion occurs on progressively greater spatial scales
(ultimately comparable with the grain size d) with decreasing fre-
quency towards 1/sd. The width (in frequency or timescale of stress
application) of this diffusionally assisted regime, is determined by
ratio M = se/sd, which is poorly constrained a priori, but inferred
from experimental data for fine-grained polycrystals to be '1
(Morris and Jackson, 2009a).

More recently, a combination of analytical and numerical
(finite-element) methods has been used to extend the work of
Morris and Jackson (2009a) to finite slopes of the same piecewise
linear boundary between elastic grains (Lee and Morris, 2010;

Fig. 1. The concepts that underpin the classic Raj–Ashby model of grain-boundary
sliding (redrawn after Ashby, 1972). Regimes (b) and (c) are the domains of
elastically accommodated and diffusionally accomodated grain-boundary sliding,
respectively. Intervening between these two regimes is that of diffusionally assisted
grain-boundary sliding. Within this latter regime, the distribution of boundary-
normal stress is progressively modified by diffusion from that pertaining on
completion of elastically accommodated sliding, involving stress concentrations at
grain corners, to the parabolic distribution appropriate for steady-state creep (Raj,
1975).

Fig. 2. (a) and (b) The mechanical relaxation spectrum of Lee et al. (2011) for the u = 30" saw-tooth interface, with alternative values of M = se/sd of 10"8 and 10"3. (c) The
effect on Q"1 of spatial heterogeneity in grain size and/or viscosity (Lee and Morris, 2010, Fig. 9). Curves labelled (i–iv) correspond respectively to uniform grain size and
viscosity, 10-fold variation of grain-boundary viscosity, 4-fold variation of grain size, both 10-fold variation of boundary viscosity and 4-fold variation of grain size.
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Lee et al., 2011). Anelastic relaxation associated with elastically
accommodated sliding was confirmed but with a dissipation peak
amplitude !0.05 more than an order of magnitude lower than that
for the infinitesimal-slope solution (Lee and Morris, 2010). Further-
more, it was demonstrated that the peak amplitude decreases only
mildly with increase of N, the number of terms retained in the Fou-
rier series approximation to the topography on the piecewise lin-
ear periodic boundary. N is a proxy for the sharpness of the grain
corners, that had previously invoked as a possible inhibitor of elas-
tically accommodated sliding (Jackson et al., 2006). Increase of N
from 10 to 1 resulted in a decrease of only 30% in the peak dissi-
pation. For a ‘saw-tooth’ boundary with slope u = 30" within an ar-
ray of regular hexagons, designed to model local 4-fold variation of
grain size, a further 50% reduction in peak amplitude was found
(Lee and Morris, 2010; Fig. 2c). A local 10-fold variation in viscosity
along a similar boundary resulted in a 25% reduction of peak dissi-
pation along with broadening by an order of magnitude in fre-
quency. In combination, these variations resulted in a height of
0.02 for the broadened peak associated with elastically accommo-
dated sliding (Lee and Morris, 2010; Fig. 2c).

For the diffusionally-assisted grain-boundary sliding regime
with finite boundary slopes, the dissipation was found to exhibit
a power-law dependence on normalised frequency i.e.
Q"1 = A(xsd)"a. The power law exponent a depends only upon
the slope u of the boundary through the relationship a = (2/3)
(1 " k(u)), where k with values between 0 and 1 is a measure of
the stress concentration at the grain corner. For the saw-tooth
boundary with u = 30", a = 0.3. The proportionality constant A
depends upon the orientation of the boundary relative to the stress
field. The dissipation decreases markedly with increasing boundary
slope, by about a factor of 10 for an increase from 0.36" to 30" (Lee
et al., 2011). For a piecewise linear boundary involving corners
subtending different angles, the behaviour is more complicated,
but at high frequencies, the dissipation is well approximated by a
power-law with an exponent corresponding the largest subtended
angles (Lee et al., 2011, Fig. 8).

In summary, the qualitative features predicted by the infinites-
imal-slope analysis of Morris and Jackson (2009a) survive when
the interface has finite slope, but the overall level of dissipation
is greatly reduced and depends strongly on slope (Fig. 2). The dis-
sipation is still controlled by stress concentrations near corners on
the interface, with the energy dissipation at each corner dependent
upon the angle subtended by the corner, and on the local orienta-
tion of the interface relative to the principal axes of applied stress.

Such micromechanical models of grain-boundary sliding thus
clearly predict that the first significant indication, with increasing
temperature, of the breakdown of strictly elastic behaviour in
fine-grained materials should be a broad dissipation peak with
amplitude of order 10"2 and associated modulus dispersion,
reflecting anelastic behaviour associated with elastically accom-
modated grain-boundary sliding. With further increase in period
and/or temperature, diffusion will become progressively more
influential, allowing first, additional anelastic strain within the dif-
fusionally assisted sliding regime, and ultimately the irrecoverable
viscous strain of diffusionally accommodated grain-boundary
sliding.

2. Master-variable scaling of viscoelastic relaxation?

Most recent laboratory work, for example on polycrystalline
olivine, has been performed on polycrystals of grain size no more
than a few tens of lm. Only such fine-grained materials can be
cycled through wide ranges of temperature without microcracking
by intergranular stresses resulting from anisotropic thermal expan-
sivity of the constituent crystallites. However, for seismological

application, such data concerning low-strain viscoelastic behaviour
need to be extrapolated to the mm–cm grainsizes expected of
mantle rocks. In the previous section, the viscoelastic behaviour
associated with grain boundary sliding was shown to have two
characteristic timescales se and sd, each with its own distinct
grain-size sensitivity. However, it has been argued that at least
for restricted ranges of period, temperature and grain size, the vis-
coelastic behaviour can in fact be described by a single normalised
period/frequency (Gribb and Cooper, 1998; Morris and Jackson,
2009b). Morris and Jackson (2009b) emphasised that demonstra-
tion of such similitude would prove that the viscoelastic behaviour
can be understood entirely in terms of grain-scale diffusion. This
idea of scaling of frequency (or equivalently, period) with the Max-
well relaxation time sd calculated though Eq. (2) from the viscosity
measured in an independent microcreep test has been reinforced
by the recent study of McCarthy et al. (2011). These authors showed
that selected forced-oscillation data (restricted to relatively high
levels of dissipation: logQ"1 > "1.4) for various materials are ade-
quately described by a master curve specifying Q"1 as a unique
function of normalised frequency.

In contrast, Jackson and Faul (2010) have advocated an ap-
proach to the fitting of experimental forced-oscillation data with
an extended Burgers model, in which the relaxation times associ-
ated with anelastic and viscous behaviour are allowed distinct
grain-size sensitivities. Incorporation of a broad low-amplitude
dissipation peak and associated modulus dispersion – plausibly
attributed to elastically accommodated grain-boundary sliding –
provides a seamless transition between (unrelaxed) elastic behav-
iour and the low-frequency forced-oscillation data. The dataset for
essentially dry, melt-free olivine that was fitted by Jackson and
Faul (2010) yielded a mild grain-size sensitivity for the anelastic
relaxation times (se ! d1.3) but no constraint on the grain-size sen-
sitivity for sd. Accordingly, we set sd = g/GU ! d3 – consistent with
Coble creep involving grain-boundary diffusion. These data, aug-
mented by the results of recent work on a newly prepared San-Car-
los-derived olivine polycrystal of 16.6 lm average grain size, reach
dissipation values as low as logQ"1 = "2.5, and thus approach
much more closely the threshold for genuinely elastic behaviour,
than does the dataset of McCarthy et al. (2011) limited to
logQ"1 > "1.4. It is evident from Fig. 3b that these data reveal
much milder grain-size sensitivity of dissipation than is prescribed
by scaling the oscillation period with the Maxwell time sd with the
expected d3 dependence upon grain size. Only if the grain-size
exponent for viscosity used to calculate the normalised period is
arbitrarily reduced to 1.3, the value well-constrained within the
extended Burgers model for the anelastic relaxation times, do the
data collapse more nearly onto a single curve. The implication is
that a grain-size exponent of viscosity markedly lower than the
range of 2–3 expected for diffusional creep would need to be in-
voked to approach a satisfactory single-master-variable scaling of
oscillation period.

Until recently, it had been our assumption that the dislocation
densities in our hot-pressed specimens are sufficiently low as to
contribute negligibly to the viscoelastic relaxation. However, it
has recently been demonstrated (Farla et al., 2012) that dissipation
increases systematically with increasing dislocation density for a
suite of fine-grained, hot-pressed and pre-deformed olivine poly-
crystals. It follows that the dislocation densities for hot-pressed,
but otherwise undeformed, material are apparently sufficient to
make an appreciable contribution to the observed viscoelastic
relaxation. Such grain-size-insensitive dislocation-related relaxa-
tion, operating in parallel with grain-boundary relaxation, would
tend to result in milder grain-size sensitivity, than for the grain-
boundary processes acting alone.

Forced-oscillation data for synthetic peridotite (olivine-orthopy-
roxene mixtures) have similarly been attributed to grain-boundary
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sliding with a mixture of elastic and diffusional accommodation
(Sundberg and Cooper, 2010). These authors chose to model the
high-temperature background dissipation for a synthetic peridotite
with an Andrade creep function, with a superimposed dissipation
peak attributed to elastically accommodated sliding and modelled
with a single anelastic relaxation time. A similar conclusion con-
cerning the breakdown of master-variable scaling of period/fre-
quency with the Maxwell time has recently been reported by
Takei and Karasawa (2012) for the organic silicate analogue mate-
rial borneol newly tested at lower levels of dissipation.

It is therefore concluded that scaling with the Maxwell time is
effective only for conditions far removed from the elastic/anelastic
threshold where normalised periods approach or exceed unity. The
neglect of the systematically milder grain-size sensitivity of Q"1

under low-loss conditions at short normalised periods (or high
normalised frequencies), that is implicit in this approach, will re-
sult in misleading extrapolations to the conditions of seismic wave
propagation in the Earth’s upper mantle.

The foregoing discussion serves to highlight the need for further
laboratory experiments that more closely scrutinise the onset of
the high-temperature transition from elastic behaviour in fine-
grained materials. In the following sections, we present new exper-
imental observations for fine-grained polycrystalline olivine that
(i) strengthen the circumstantial evidence for a broad, low-ampli-
tude dissipation peak at moderate temperatures, diagnostic of

elastically accommodated grain-boundary sliding, and (ii) con-
strain the fraction of recoverable non-elastic strain – attributable
to elastically accommodated and diffusionally-assisted grain-
boundary sliding.

3. Insights from preliminary forced-oscillation observations on
copper-jacketted olivine

In the experimental assembly normally used for forced-oscilla-
tion experiments under conditions of simultaneously high pressure
(200 MPa) and temperature (to 1300 "C) in our ANU laboratory, an
olivine specimen of 30 mm length and 11.5 mm diameter wrapped
in Ni70Fe30 foil, is sandwiched between torsion rods of high-grade
polycrystalline alumina within a thin-walled jacket of mild steel.
The jacket, sealed with an O-ring at each end, beyond the furnace
hot-zone, serves to isolate the specimen from the argon pressure
medium, thereby ensuring frictional coupling between the speci-
men and torsion rods. The high melting point and low thermal con-
ductivity of mild-steel jacket material allow routine access to
temperatures in excess of 1200 "C. However, the occurrence of
the sluggish phase transition between the austenite (face-centred
cubic) and ferrite (body-centred cubic) phases during cooling from
!900 to <700 "C results in strongly viscoelastic behaviour of the
jacket material though this temperature interval, that varies with

Fig. 3. Re-assessment of master-variable scaling of shear modulus and dissipation for ANU data for specimens of essentially dry, melt-free polycrystalline olivine tested at
temperatures of 800–1200 "C and oscillation periods of 1–1000 s. The four-specimen dataset analysed by Morris and Jackson (2009b) has been revised and expanded to
incorporate data for temperatures in the range 800–950 "C (Jackson and Faul, 2010); moreover, data for two additional olivine specimens of 3.1 lm grain size (Jackson and
Faul, 2010) and 16.6 lm grainsize, have been included. In panels (a) and (b), the oscillation period is scaled with the relaxation time sd which varies with grain size d and
temperature T as sd = gss(d,T)/GU ! d3exp(E/RT) as expected for Coble creep. Panels (c) and (d) demonstrate a closer approach to collapse of the data onto a master curve if the
timescale sd used for scaling varies with grain size as d1.3. The dashed lines in panels (b) and (d) represent the lower limit (logQ"1) = "1.4 of the data used by McCarthy et al.
(2011) to assess the validity of a model in which dissipation is a function only of frequency (or period) normalised by the Maxwell time.
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thermal history. Such variations in mechanical behaviour of the
jacket material complicate the robust determination of the shear
modulus G and dissipation 1/Q for the enclosed olivine specimen,
and thus potentially impede the observation of its transition with
decreasing temperature from anelastic to elastic behaviour.

Accordingly, we have trialled the use of copper as an alternative
jacket material in some exploratory experiments to 900 "C. For this
purpose, the residue of a sol–gel olivine specimen #6585, previ-
ously tested in an Ni70Fe30 foil-lined steel jacket (Jackson and Faul,
2010) and subsequently sectioned for microstructural character-
isation, was precision ground to a length of !18 mm (c.f. the stan-
dard 30 mm), dried by firing at 1200 "C under controlled
atmosphere, and loaded without any foil wrapper into a thin-
walled copper jacket. The specimen recovered following testing
in copper to 200 MPa and 900 "C, was !4% more porous than its
precursor 6585 and less uniform in grain size – some grains having
grown to !20 lm. These microstructural changes are attributed to
the long multi-stage history of this specimen including multiple
controlled-atmosphere firings at 1400 "C and (most recently)
1200 "C and atmospheric pressure and subsequent annealing un-
der conditions of 200 MPa and either 1200 "C or (most recently)
900 "C.

Following such annealing for a total of 50 h in two successive
excursions to 900 "C, torsional forced-oscillation and microcreep
tests were performed during slow staged cooling to room temper-
ature. Similar torsional oscillation experiments were performed on
a reference assembly in which a sapphire crystal replaced the oliv-
ine specimen. Subtraction of the complex torsional compliance of
the reference assembly from that of the olivine specimen assembly
allowed elimination of the unwanted contribution of the torsion
rods.

For a sapphire control specimen oriented with [001] parallel
with the torsional axis, the relevant elastic shear modulus for tor-
sional loading is G ¼ c44 " 2c2

14=ðc11 " c12Þ (Voigt, 1883, cited by
Liebisch, 1891). Temperature-dependent values of G were calcu-
lated from published ultrasonic (high-frequency) data for the tem-
perature dependence of the single-crystal elastic constants cij

(Anderson and Isaak, 1995). The viscoelastic behaviour of the cop-
per was investigated in companion experiments in which a copper
specimen was encapsulated in a copper jacket. The shear modulus
and dissipation for the copper specimen were determined with
trial values of these quantities for the copper jacket – with itera-
tion to consistency between the properties of the jacket and spec-
imen (as previously described for steel, Jackson et al., 2000).

The parallel processing of torsional forced-oscillation data for
the Cu-jacketted olivine specimen assembly and the Cu-jacketted
sapphire reference asembly, thus yields generally systematic

variations of shear modulus and dissipation for the olivine
specimen (Fig. 4). With a maximum temperature of 900 "C (conser-
vatively below the melting temperature of 1084 "C for pure cop-
per), the measured dispersion of the shear modulus and
associated dissipation are both limited. The temperature depen-
dence of G is somewhat scattered for temperatures between 900
and 600 "C – reflecting the impact of uncertainties in the calibra-
tion factors for the torsional mode displacements for both speci-
men and reference assemblies. The dissipation data are also
somewhat scattered as expected at such low levels of dissipation
(Q"1 6 0.02) – but relatively coherent trends are observed at the
highest temperatures (800–900 "C). These log Q"1 vs logTo trends
have a generally consistent shape – suggestive of the superposition
of a broad dissipation peak upon a monotonically positive back-
ground (Fig. 4). In order to further explore this possibility, the 20
(G,Q"1) pairs for the temperature range 800–900 "C having
logQ"1 P "2.8 have been tentatively fitted to extended Burgers
models (Jackson and Faul, 2010) with and without a dissipation
peak and associated modulus relaxation. Such a dissipation peak
and the associated dispersion, is modelled as in Jackson and Faul
(2010), by augmenting the distribution of anelastic relaxation
times specified by Eq. (9) of that publication with the separately
normalised distribution:

Dpðln sÞ ¼ r"1ð2pÞ"1=2 expf" ln s=sp
! "

=r
# $2

=2g ð3Þ

with relaxation strength dP. The ‘peak’ anelastic relaxation time sP is
related to the corresponding quantity sPR at the reference tempera-
ture TR by the Arrhenian expression

spðTÞ ¼ sPR expfðEP þ PVPÞð1=T " 1=TRÞ=Rg ð4Þ

in which EP and VP are respectively the activation energy and acti-
vation volume, P the pressure and R the gas constant. Incorporation
of such a dissipation peak results in a substantially improved fit to
these somewhat scattered data with the following refined values for
the model parameters: dP = 0.016 (2), logsPR = 1.15 (7), and EP = 259
(25) kJ mol"1, with TR fixed at 900 "C, VP at 10 cm3 mol"1, and the
peak width parameter r at 0.9. The results of these exploratory
experiments with a copper jacket are broadly consistent with those
previously reported for the same specimen tested within a steel
jacket – especially with allowance for the previously mentioned
microstructural changes. The new data provide further tantalising,
but not yet definitive, evidence of a dissipation peak attributable
to elastically accommodated grain-boundary sliding, superimposed
on a generally steeper monotonic background.

The inferred value for the timescale sP for the dissipation peak,
although preliminary, can be used in Eq. (1) to estimate the

Fig. 4. Shear modulus and dissipation from torsional forced-oscillation measurements on copper-jacketted olivine #6585. The broken and solid curves in the right-hand
panel represent the background-only and background + peak dissipation as modelled by the optimal extended Burgers model fit (see text for details).
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grain-boundary viscosity ggb. For a plausible boundary aspect ratio
ab of 10"4, corresponding to a grain boundary width d of 1 nm with
a grainsize of 10 lm, ggb is inferred to be !108 Pa s at 900 "C. The
activation enthalpy HP = EP + PVP, constrained by data obtained in
this study at 800–900", provides the basis for a speculative extrap-
olation to higher temperatures. The result is a grain-boundary vis-
cosity for pure Fo90 olivine of order 105 Pa s at 1200–1300 "C that
is, not unreasonably, substantially higher than those (1–100 Pa s)
for basaltic melt at similar temperatures (Murase and McBirney,
1973).

Dissipation peaks, of similar amplitude 0.01–0.04 varying inver-
sely with grain size and superimposed upon a monotonic back-
ground, have been observed at high temperatures in resonance
studies (at 1–30 Hz) of comparably pure, fine-grained (3–23 lm)
MgO and Al2O3 polycrystals (Pezzotti, 1999). Grain boundary vis-
cosities of 106.5–109 Pa s for temperatures of 1300–1800 "C were
inferred for these materials from the frequencies (1/sP) at which
the dissipation peaks were observed.

Follow-up experiments are planned in which we will seek to
reach higher temperatures (possibly 1050 "C) in copper jackets
with newly prepared olivine specimens of optimal microstructure.
Such data should allow more definitive resolution of the proposed
dissipation peak and closer comparison with the previous mea-
surements in steel jackets.

4. Microcreep tests and the recoverability of viscoelastic strain

Torsional forced-oscillation tests involving an integral number
of complete oscillation periods provide no opportunity to assess
the extent to which any non-elastic strain is anelastic, i.e. recov-
ered following removal of the applied torque. However, such infor-
mation is available through complementary torsional microcreep
tests of total duration typically either 5000 or 10,000 s, comprising
five segments of equal duration during which the torque succes-
sively assumes the constant values 0, +L, 0, "L, 0, respectively
(Jackson, 2000; see also Gribb and Cooper, 1998). The first segment
is used to estimate and correct for any linear drift, leaving a 4-seg-
ment record of duration T within which the torque is switched at
times usually ti = (i " 1)T/4, i = 1,4. The successive switchings of
the torque can be modelled as the superposition of Heaviside step
functions of appropriate sign si (+1 @ t1 and t4, "1 @ t2 and t3).

Provided that the viscoelastic behaviour is linear, the time-
dependent twist per unit torque of the experimental assembly
S(t) for 0 < t < T is appropriately modelled as the superposition of
the responses to each of the torque switching events. For reasons
of parametric economy, the Andrade creep function J(t) is here pre-
ferred over the extended Burgers model to specify the response of
the system at time t to the application of the Heaviside step-func-
tion torque H(t) at time t = 0:

JðtÞ ¼ HðtÞ½JU þ btn þ t=g*; ð5Þ

where the Heaviside function H(t) is specified as usual as:

HðtÞ ¼ 0; for"1 < t < 0; and HðtÞ ¼ 1; for 0 + t <1: ð6Þ

The Andrade creep function prescribes infinite strain rate at
t = 0, and a transient strain that is unbounded as t ?1 (e.g., Jack-
son, 2000). The latter is a major disadvantage for extrapolation to
very long timescales, and may also bias the analysis of strain recov-
erability in experimental microcreep records of finite duration. An
alternative strategy involving the simultaneous fitting of a creep
function of extended Burgers type to both forced-oscillation data
and complementary microcreep data will be explored in future
work.

With allowance for the previously defined sign si of the switch-
ing of the torque at time ti, the contribution to the twist per unit

torque at time t from the particular episode of torque switching
at time ti is thus:

SiðtÞ ¼ si Jðt " tiÞ; ð7Þ

the argument t " ti being the time delay since the torque switching
at t = ti. For any given t, such contributions need to be summed over
all prior switchings of the torque, so that:

SðtÞ ¼
X

ði¼1;4Þ

SiðtÞ ¼
X

ði¼1;4Þ

si Jðt " tiÞ: ð8Þ

Time-domain processing of the microcreep records involves
refining the values of the Andrade creep function parameters JU,
b, n and g by non-linear least squares to provide the optimal fit
to S(t) the measured twist per unit torque.

As for forced-oscillation data, torsional microcreep records are
compared with those from parallel tests on a reference assembly
containing an alumina control specimen – thus allowing subtrac-
tion of the unwanted contribution from the distortion of the tor-
sion rods. Following recognition of the significant role played by
the finite compliance of the interfaces between torsion rods and
specimen (Jackson et al., 2009), microcreep data for a reference
assembly containing a pair of Ni70Fe30 foils at one end of the con-
trol specimen have been employed in the present analysis to pro-
vide a clearer indication of the extent to which the non-elastic
strain is recoverable. Any difference in duration between the
microcreep tests conducted on the specimen and reference assem-
blies is addressed by fitting an Andrade model to the record for the
reference assembly and using it to construct a synthetic micro-
creep record for the reference assembly that is of the same dura-
tion as that for the specimen assembly.

Application of this procedure to a representative microcreep re-
cord of 5000 s total duration obtained at 1200 "C for a hot-pressed
San Carlos olivine specimen HP6728 of 16.6 lm average grain size
is shown in Fig. 5. In order to facilitate the comparison of this
microcreep record with a record of greater duration (10,000 s) for
the reference assembly, the optimal Andrade model fitted to the
latter has been used to construct a synthetic microcreep record
of 5000 s duration (Fig. 5). This synthetic record (labelled ‘refer-
ence ass’y’ in Fig. 5) is then subtracted from that for the specimen
assembly (‘specimen ass’y’) to yield the relative microcreep record
(‘difference spec-ref’) also displayed in Fig. 5. Thus far, all process-
ing has been done in the time domain. The optimal time-domain
Andrade fit to the ‘spec-ref’ difference record is then calculated
and Laplace-transformed to obtain the corresponding complex dy-
namic compliance at the periods To of our forced-oscillation exper-
iments in the range 1–1000 s. A normally very small correction is
then made for any differences in geometry between the two
assemblies, to obtain the relative dynamic torsional compliance
SRL(To). Next, the dynamic torsional compliance SJA(To) for the jack-
etted alumina control specimen, in which the control specimen
and jacket act in parallel to support the applied torque, is calcu-
lated a priori from complementary forced-oscillation data for
steel and an Andrade pseudoperiod model (Jackson et al., 2009)
fitted to published data for alumina (Lakki et al., 1998). The sum
SRL(To) + SJA(To) is the dynamic torsional compliance SJR(To) of the
jacketted rock specimen. The reciprocal of SJR is the torsional
stiffness of the jacketted rock specimen, which is then corrected
for the stiffness of the jacket (inclusive of foil wrapper), and
inverted to obtain the dynamic torsional compliance SR(To).

The values of SR(To) thus calculated at the forced-oscillation
periods between 1 and 1000 s are then fitted to an Andrade creep
function allowing calculation of the associated microcreep record
by superposition of the responses to the successive episodes of tor-
que switching. The results for SR(t), labelled ‘specimen only’ are
also displayed in Fig. 5.
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The recoverable (i.e. anelastic) strain is identified with the btn

term in the Andrade model, and the fraction fR of the total inelastic
strain btn + t/g can be calculated as a function of the duration t of
steady torque application:

fR ¼ btn=ðbtn þ t=gÞ ¼ 1=ð1þ t1"n=bgÞ ð9Þ

Such an estimate can be made for the Andrade model fitted to
the rather directly determined difference between the microcreep
records for the specimen and reference assemblies, or alternatively
for the Andrade model fitted to the final SR(To) data. Closely consis-
tent results concerning the recoverable fraction of the non-elastic
strain are obtained with these two approaches – though the latter
estimate for the specimen itself is preferred.

Such estimates of fR(t) are displayed in Fig. 6 for polycrystalline
olivine specimens of two contrasting grain sizes. It is evident that

for torque application on the timescales of teleseismic periods,
much of the inelastic strain will be recoverable – consistent with
contributions from both elastically accommodated and diffusional-
ly assisted grain-boundary sliding, and that the recoverable frac-
tion fR increases with increasing grain size.

5. Conclusions and prospects

The long-sought reconciliation of the theory of grain-boundary
sliding with experimental observations is within reach. Recent
micromechanical modelling of grain-boundary sliding confirms
the prediction of a dissipation peak at To ! se associated with
recoverable, elastically accommodated sliding on grain boundaries
of low effective viscosity (Morris and Jackson, 2009a). However,
the subsequent modelling of sliding on boundaries of finite slope

Fig. 5. The time-domain view of the processing of a torsional microcreep record of 5000 s total duration for San Carlos olivine specimen 6728 at 1200 "C.

Fig. 6. The recoverable fraction of non-elastic strain estimated from Andrade fits to microcreep data for olivine polycrystals of contrasting grain size. The material-specific
quantities n and bg for the Andrade creep functions fitted to the processed microcreep data SR(To) for the two specimens tested at 1200 "C are as follows: 2.9 lm, 0.26, 90 s1"n;
16.6 lm, 0.15, 774 s1"n. Propagation of the formal uncertainties in the parameters n, b, and g and the covariances among them through to fR results in the representative error
bars attached to the plotting symbols at log (duration) =3.
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yields much lower peak amplitude than suggested by the solution
for infinitesimal boundary slope, and the peak is broadened and
further reduced in height to order 10"2 by distributions of grain
size and/or boundary viscosity (Lee and Morris, 2010; Lee et al.,
2011). At much longer periods To ! sd, the regime of irrecoverable
diffusionally accommodated grain-boundary sliding is expected
within which it is predicted that Q"1 ! To. For intermediate periods
such that se' To' sd, a regime of diffusionally-assisted grain-
boundary sliding is predicted in which Q"1 varies mildly with
period approximately as T0:3

o . With increasing period within this
regime, diffusion on progressively larger scales, ultimately
approaching that of the grain size, erodes the grain-corner stress
concentrations resulting from prior elastically accommodated
sliding.

Experimental observations at high temperatures and relatively
long periods reveal the generally weak monotonic variation of
Q"1 with period, known as high-temperature background and
broadly consistent with expectations for the diffusionally-assisted
sliding regime. Under these circumstances, far from the elastic/
anelastic threshold, the strain-energy dissipation and associated
modulus dispersion may be adequately described as unique func-
tions of a dimensionless period, that is the ratio of period to the
Maxwell relaxation time i.e. sd = g (d,T)/GU. However, the growing
body of experimental data at lower temperatures and correspond-
ingly lower levels of dissipation !10"2, defy this simple parame-
terisation – suggesting that the characteristic timescale se = ggbd/
GUd for elastically accommodated sliding with its milder grain-size
sensitivity must also be taken into account in an appropriate
parameterisation of the viscoelastic behaviour. Experimental data
for polycrystalline olivine tested in both steel and copper jackets
at moderate temperatures provide so far circumstantial rather than
definitive evidence for the existence of a broad dissipation peak or
plateau and associated modest modulus dispersion tentatively
attributed to elastically accommodated grain-boundary sliding.
The results of complementary torsional microcreep tests show that
for timescales of stress application comparable with seismic peri-
ods, much of the non-elastic strain is recoverable. This finding is
consistent with significant roles for both elastically accommodated
and diffusionally assisted grain-boundary sliding.

Resolution of these issues concerning extrapolation of data
describing the viscoelastic behaviour of necessarily fine-grained
laboratory materials to the much more coarse-grained rocks of
the Earth’s mantle is crucial for robust interpretation of seismolog-
ical data. A comprehensive understanding of the role of grain-
boundary sliding in the viscoelastic behaviour responsible for
seismic wave dispersion and attenuation thus requires further
experimental work. Particular targets should include forced-oscil-
lation testing at the low levels of dissipation characteristic of
low-moderate temperatures in fine-grained materials, including
cleaner separation of the contributions of grain-boundary and
intragranular (dislocation) relaxations. Complementary micro-
creep tests of longer duration, should be processed in parallel with
forced-oscillation data for improved constraints on steady-state
viscosities and the recoverability of non-elastic strain.
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