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Abstract
Experiments in which two identical polycrystalline ice Ih specimens are simultaneously subjected to the same time–tem-
perature history while one of the specimens is actively deformed via grain size-sensitive (GSS) creep demonstrate distinctly 
different microstructural evolution: for particular ranges of starting grain size and differential stress, grains do not grow in 
the deforming specimen. Ice Ih specimens having initial, uniform grain sizes in the range d = 6–63 μm were tested in pairs 
that were subjected to identical time–temperature conditions (durations t = 4–12 days; T = 240 K) but of which only one was 
subjected to differential stress (σ1 = 0.25–1.85 MPa; σ3 = 0). Comparing specimens within a pair, for those with coarser initial 
grain size, the deformed specimens exhibit suppressed or no grain growth. Our results are interpreted from the perspective 
of nonequilibrium thermodynamics, specifically comparing the energy dissipation rates associated with both grain growth 
and plastic flow: if the rate of energy dissipation associated with flow exceeds that of grain growth, the grains will not grow. 
An examination of the limited database on GSS flow and grain growth in silicates conforms to our analysis. The results are 
applied to the question of the mechanical evolution of terrestrial glaciers and to the ice-rich shells of the outer satellites.
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Introduction

Grain size evolution in deforming, polycrystalline ice is 
critical to processes both on and off the Earth. Terrestrially, 
grain size impacts rheology and affects the rate of sea-level 
rise through the rate of ice loss from the Greenland and 
Antarctic Ice Sheets. Although both field data and numerical 
models suggest that ice sheets are susceptible to catastrophic 
collapse on timescales less than 103 a (Pollard and DeConto 
2009; Sejrup et al. 2016), the response of these ice sheets 
to climatic forcing remains one of the greatest uncertainties 
in projections of twenty-first-century sea-level rise (Alley 
and Joughin 2012; Willis and Church 2012). Models of ice 
sheet stability incorporate factors including climate coupling 

(Gasson et al. 2016), grounding line dynamics and buttress-
ing by floating ice shelves (Pollard and DeConto 2009), 
basal hydrology (Schoof 2010), and ice rheology (Deblonde 
and Peltier 1991; Pettit et al. 2011), but the latter factor is 
complicated by the observed grain size sensitivity of poly-
crystalline ice at conditions appropriate to glaciers and ice 
sheets (Cuffey et al. 2000; Goldsby and Kohlstedt 2001; 
Stern et al. 1997). An additional element—grain size—must 
therefore be added to ice-sheet flow models, and accurately 
predicting ice sheet stability in the face of a warming cli-
mate thus requires knowledge of grain size evolution within 
deforming ice.

Beyond Earth, polycrystalline ice flows within the 
interiors of icy moons of the outer solar system. Jupiter’s 
moon Europa, for example, possesses an ice I shell up to 
30 km thick overlying a liquid water-rich ocean (Billings 
and Kattenhorn 2005; Nimmo et al. 2003; Ojakangas and 
Stevenson 1989). The shell experiences convection, driving 
tectonic features observed on the moon’s surface (Katten-
horn and Prockter 2014; Pappalardo et al. 1998). The vigor 
of convection and, hence, an understanding of the driving 
stresses for tectonic deformation are a strong function of 
the viscosity of the ice (Collins et al. 2009). Europa’s ice 
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shell is simultaneously heated by tidal dissipation, which 
depends upon the viscosity of the ice (Tobie et al. 2003) and 
upon convective stresses if present (McCarthy and Cooper 
2016). At Saturn, the icy moon Enceladus erupts plumes 
of water vapor and ice from over one hundred active vents 
along four strike-slip faults known as “Tiger Stripes” in the 
moon’s South Polar Terrain (Porco et al. 2006, 2014). Plume 
activity is regulated by tidal forces (Porco et al. 2014) and 
is thought to be the source of Saturn’s E-ring (Baum et al. 
1981; Kempf et al. 2010; Spahn et al. 2006), suggesting that 
the geysers have persisted for some time. The relationships 
between tidal heating, possible convection beneath the South 
Polar Terrain, and deformation in the vicinity of the “Tiger 
Stripes” depend strongly on the local viscosity structure of 
the ice shell. Because grain size-sensitive (GSS) rheology 
is expected to dominate at the pressures and temperatures 
within these deforming ice I shells (Barr and Pappalardo 
2005; Barr and Showman 2009), the evolution of grain size 
in the course of any inelastic material response such as con-
vection is a critical physical process that should be repre-
sented in any authoritative model of icy satellite geophysics.

Modeling grain size evolution in a deforming, polycrys-
talline material generally involves the application of pie-
zometers, which are semi-empirical formulae describing the 
relationship between deviatoric stress and the grain size set 
by dynamic recrystallization (Twiss 1977; Poirier 1985, p. 
179; Shimizu 1998). A second approach, similar to piezom-
eters, is the “paleowattmeter” which describes recrystallized 
grain size as a function of the relative energy dissipation rate 
by each rheological mechanism effecting creep (Austin and 
Evans 2007). While these relationships can be applied to 
in-situ and ice core measurements in terrestrial, glaciologi-
cal applications, logistical challenges have so far prevented 
direct observation of microstructures in some of the most 
dynamic glaciological settings, such as the margins of ice 
streams. It is also, of course, not yet possible to measure 
the grain size within the shell of an icy satellite (although 
grain size evolution of frost deposited on the surfaces of the 
satellites can be inferred from spectral observations (Clark 
1981) and has been modeled (Clark et al. 1983)). Thus, 
the grain size in these dynamic regions remains relatively 
unconstrained.

Previous authors have adapted standard piezometric 
relationships to predict the grain size in ice deforming at a 
steady state (Montagnat and Duval 2000; Barr and McKin-
non 2007; Behn et al. 2021; Ranganathan et al. 2021). Of 
particular relevance to this study is the model of Barr and 
McKinnon (2007), which determined the equilibrium grain 
size in a convecting ice shell deforming via GSS creep. The 
model, however, assumed that dynamic recrystallization 
occurs during GSS creep in ice, which recent experimental 
work has shown to be inappropriate (Caswell et al. 2015). 
Other models, such as that of Montagnat and Duval (2000), 

are predicated upon dislocation creep (which is insensitive to 
grain size) at very high homologous temperature (Th > 0.96, 
i.e., T ⪆ − 10 °C). There is thus a lack of physically sound 
models of grain size evolution to be applied when ice 
deforms via GSS creep.

We propose—and, in this experimental study, demon-
strate—that a comprehensive model of grain size evolution 
should consider the rates of (free) energy dissipation. When 
sustained differential stress (nonequilibrium mechanical 
potential) is applied to a system—as in, e.g., a creep test 
on a specimen of polycrystalline ice or, naturally, when 
convective stress affects a planetary ice shell—the system 
texture evolves to a non-equilibrium steady-state whereby 
the additional energy input is dissipated by the most rapid 
means available. This postulate is an application of the 
maximum entropy-production principle in dynamics, i.e., 
non-equilibrium thermodynamics, to crystalline plasticity 
(e.g., Kondepudi and Prigogine 1998, Ch. 15). In the phys-
ics probed here, two physical processes of energy dissipa-
tion compete: grain growth and GSS rheology. In general, 
grains grow because the free-energy density associated with 
grain boundaries is thereby lowered; the rate of grain growth 
diminishes with growth because the driving potential is 
reduced. Strain energy density associated with a persistent, 
unvarying deviatoric stress is dissipated by inelastic flow, 
and for grain-size-sensitive rheology, the rate of that dis-
sipation is diminishes as grains grow. The criterion that a 
system evolves to a texture that, at a steady state, maintains 
as high an energy dissipation rate as practicable means that 
the response overall is dominated by the competing mecha-
nism that dissipates energy most rapidly. Calculating rela-
tive energy dissipation rates of processes occurring at grain 
boundaries in a polycrystalline material deforming via GSS 
creep reveals that, for certain conditions of stress and grain 
size, the system can dissipate energy faster via GSS creep 
than by grain growth. Under such conditions, grain growth 
would be suppressed.

Theoretical considerations

Normal grain growth is driven by the chemical potential 
difference across a curved grain boundary (Feltham 1957; 
Hillert 1965; Sutton and Balluffi 1995, p. 524; Alley et al. 
1995). That difference is defined by:

where μ is the chemical potential with subscript GG rep-
resenting grain growth, ζ is a constant depending on the 
grain-growth model, γGB is grain boundary (or solid–solid 
interfacial) energy per unit area, Ω is molecular volume and 

(1)Δ�GG =
��GBΩ

Δr
,
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r is grain radius. The value of γGB
ice−I for high-angle (> 15°) 

tilt boundaries in ice has been measured as 0.065 J m–2, 
although this value varies as a function of grain bound-
ary misorientation (Druetta et al. 2014; cf. Ketcham and 
Hobbs 1969; Sutton and Balluffi 1995, Ch. 2). This chemical 
potential difference effects the diffusion of atoms/molecules 
across a grain boundary from the more tightly curved grain 
(Hillert 1965; Alley et al. 1995; Sutton and Balluffi 1995, 
p. 524). A grain with a larger radius of curvature will thus 
“eat” a neighboring grain with a smaller radius of curvature.

When a deviatoric stress is applied to the aggregate, an 
additional difference in chemical potential can be charac-
terized at the scale of the grain size. Normal tractions on 
grain boundaries vary as a function of boundary orienta-
tion relative to the applied stress tensor. The spatial differ-
ence in tractions drives the chemical diffusion of atoms/
ions from boundaries of relatively high traction to those 
of relatively low traction (Nabarro 1948; Herring 1950; 
Coble 1963; Raj and Ashby 1971). These are the physics 
of diffusion creep and, in part, of grain boundary sliding 
(GBS; cf. Goldsby and Kohlstedt (1997)). The chemical 
potential difference associated with spatial variations of 
normal traction (subscript Tr) on the grain boundary is 
expressed by (Herring 1950; Raj 1975):

 where Tn is the normal traction (units of stress) at a point 
along the boundary. For a faceted grain boundary deforming 
via steady-state grain boundary sliding (as is the case for 
polycrystalline ice at planetary conditions (e.g., Barr and 
Pappalardo 2005; cf. Hondoh and Higashi 1978; Goldsby 
and Kohlstedt 2001)), the normal traction at the center of 
a facet may be more than twice that at its edges (Raj 1975).

The two chemical potential differences are illustrated 
in Fig. 1a for the situation under consideration, i.e., a 
polycrystalline material subjected to persistent deviatoric 
stress. Both grain growth and grain size-sensitive creep 
are facilitated by chemical diffusion: for grain growth, all 
ionic species in a compound must diffuse across a grain 
boundary, and for GSS creep, ionic species must diffuse 
along a grain boundary and/or through the crystal lattice. 
From the perspective of nonequilibrium thermodynam-
ics, however, the critical issue is not the relative size of 
the potential energy differences that dictate the dominant 
kinetic response, but rather the relative steepness of the 
potential gradients, which, ceteris paribus, characterize 
the dynamics: if the rate of reduction of chemical poten-
tial overall is greater via GSS flow than by grain growth, 
then growth will be suppressed. One can therefore predict 
which mechanism dominates overall kinetics by calculat-
ing the rates of bulk energy dissipation for each process 
and comparing them.

(2)Δ�Tr = ΔTnΩ,

The macroscopic manifestation of Eq. (1) is normal grain 
growth as a function of time, expressed by

where d is final grain size (grain diameter), do is initial grain 
size, t is time, and K is the kinetic growth-rate constant, 
which is temperature-sensitive following Boltzmann’s sta-
tistics, i.e., K = Ko exp(–Qgr/RT), where Qgr is the activa-
tion enthalpy for the growth process and RT has the usual 
meaning (Arena et al. 1997; cf. Gow 1969; Poirier 1985, p. 
72; Azuma et al. 2012). The pre-exponential constant Ko 
incorporates the normalized (to RT) driving potential (e.g., 
Schmalzried 1995, p. 145). Equation (3) can be inserted 
into a simple geometrical expression to formulate the time-
dependent total grain boundary energy per unit volume dur-
ing grain growth:

where EGB = (#grains × grain surface area × γGB), V is volume 
and, thus, EGG has units J m–3. The number of grains is esti-
mated by dividing a unit volume by the grain volume, and 
the constant in Eq. (4) arises from the surface area to volume 
ratio of the grains. In that no work is accomplished in grain 
growth, EGG is dissipated energy. Equation (4) can then be 
differentiated with respect to time to produce the energy 
dissipation rate associated with grain growth:

There is, likewise, no work accomplished in plastic defor-
mation: it is all dissipation of stored elastic strain energy. In 
general, the rate of this dissipation is characterized by (for 
steady-state flow):

where σ is (deviatoric) stress and 𝜀̇Pl is steady-state strain 
rate (the Pl subscript signifying plasticity). Rate-sensitive 
plasticity in polycrystalline ice incorporates four kinetically 
independent mechanisms (cf. Goldsby and Kohlstedt 2001): 
(i) diffusion creep (which is rate-limited by chemical diffu-
sion of H+, O2– or, potentially, H2O molecules either through 
the lattice or along grain boundaries), (ii) grain boundary 
sliding (GBS; this mechanism involves serial, i.e., depend-
ent, kinetic steps of (a) sliding along the grain boundary via 
the motion of boundary-defining point and line defects and 
(b) lattice dislocation glide on the basal (0001) plane [cf. Liu 
et al. 1993)], (iii) dislocation creep (which is rate-limited 
by the glide and climb/cross-slip of lattice dislocations on 
multiple slip systems within ice grains) and (iv) rate-inde-
pendent dislocation glide (i.e., yielding, in the engineering 

(3)d2 − d2
o
= 4Kt,

(4)EGG =
EGB

V
=

6�GB
√

d2
o
+ 4Kt

,

(5)ĖGG = −12𝛾GBK
(

d2
o
+ 4Kt

)−3∕2
.

(6)ĖPl = 𝜎𝜀̇Pl,
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sense). Diffusion creep (i) and GBS that is rate-limited by 
the boundary-sliding kinetics (ii(a)) are the mechanisms 
whose rates are sensitive to the grain size.

Rate-sensitive, thermally activated plastic flow at a steady 
state is described by the semi-empirical Mukherjee-Bird-
Dorn equation (Mukherjee et al. 1969):

where Ai is a constant that incorporates aspects of micro-
structure other than grain size (including, in this formula-
tion, any effects of chemical potentials), ni is the stress expo-
nent, pi is the grain-size sensitivity, and QPl,i is the activation 
enthalpy for the flow mechanism. The subscript i in Eq. 7 
refers to the dominant kinetic mechanism (i.e., mechanisms 

(7)𝜀̇Pl,i =
Ai𝜎

ni

dpi
exp

(

−QPl,i

RT

)

,

(i) through (iii) articulated above, with mechanism (iv) being 
neither rate-sensitive nor thermally activated). Values of n 
and p are used to identify the active—that is, kinetically 
dominant—deformation process, and the value of Qpl char-
acterizes the rate-limiting kinetic step of that dominant 
process. For GBS that is rate-limited by the boundary-slid-
ing kinetics, which is our interest here, n = 1.8 and p = 1.4 
(Goldsby and Kohlstedt 2001). The energy dissipation rate 
associated with thermally activated plasticity is calculated 
by substituting Eq. (7) into Eq. (6).

We present in Fig. 1b a schematic log–log graph where 
the grain size is plotted versus energy dissipation rate for 
an isothermal condition. This variable space is divided into 
two regions, one where the energy dissipation rate of grain 
growth (Eq. (5)) exceeds that of steady-state plastic flow by 
boundary-sliding-limited GBS (mechanism ii(a)) and one 

Fig. 1   a Combined driving potentials for grain growth (ΔμGG) and 
boundary-sliding rheology that is rate-limited by chemical diffu-
sion  (ΔμGBS  ≡  ΔμTr) for a single-phase, polycrystalline material 
having faceted grain boundaries and subjected to a persistent shear 
stress, τ. b Schematic log–log plot (isothermal, isobaric) compar-
ing the energy-dissipation rates of grain growth ( Ė

GG
 ; Eq.  (5)) and 

of grain-size-sensitive plastic deformation, specifically GBS that is 
rate-limited by boundary-sliding kinetics, incorporating the stress 

and grain-size sensitivity parameters (exponents) of Goldsby and 
Kohlstedt (2001) ( Ė

Pl
≡ Ė

GBS
 ; Eqs. (6) and (7)). Following Onsager’s 

(1931) model of maximum-power dynamics, this space is divided 
between conditions where the rate of energy dissipation by grain 
growth exceeds that of GSS creep (fine grain size and low stress) and 
where that of creep exceeds that of grain growth (larger grain size and 
higher stress). The dividing boundary (heavy solid line) is affected by 
the grain-boundary energy, γGB
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where the opposite occurs. The rates are equal at the bound-
ary between regions. The postulate of this work is that, for 
a given set of (σ, d, T) potentials (d representing the volume 
potential associated with grain boundary energy, cf. Equa-
tion (1)), specimens deforming in GSS creep will experience 
grain growth—and consequent increase in effective viscos-
ity with time (strain)—only for initial conditions where the 
grain size is sufficiently small that ĖGG > ĖPl.

The license for preparing Fig. 1b, and for arguing its sig-
nificance, is the postulate of maximum power dissipation 
in non-equilibrium thermodynamics. Onsager (1931), in 
his Nobel-Prize work on transport coefficients, as well as 
others (e.g., Odum and Pinkerton 1955; Ziegler 1958; Zie-
gler and Wehrli 1987; Hillert and Ågren 2006) have argued 
that systems pushed (and sustained) from equilibrium will 
evolve so as to maximize the rate of energy dissipation (or 
entropy production). There are caveats. First, the perturbed 
system must remain in the “linear” dynamic regime, i.e., 
that referred to by Prigogine (1997, p. 66) as the “thermo-
dynamic branch” of disequilibrium. Second, the evolving 
system must be characterized by “local equilibrium,” that 
is, the change (lowering) in Gibbs free energy of the system 
with each atomic/molecular “step” in the dynamic response 
be significantly less than the product kBT, where kB is Boltz-
mann’s constant (e.g., Kingery et al. 1976, p. 230; Schmalz-
ried 1995, Ch.5). Both these caveats are met for the argu-
ably “gentle” processes of grain growth and rate-dependent 
plasticity. An additional constraint must be considered, 
however: in competing kinetic (dissipative) processes, the 
relative activation energies of the initial kinetic steps influ-
ence the overall kinetic path (e.g., Kingery et al. 1976, p. 
382). Consider, for example, the solidification of a liquid 
at constant temperature and pressure: to form a metastable 
assemblage, there must be sufficient undercooling to allow 
for the reaction and the system of atoms must cascade in free 
energy to a state that is not the lowest one available. This 
situation is only tenable if the first kinetic step—overcoming 
the activation energy barrier for nucleation—is easier for the 
metastable crystalline form than for the stable form (e.g., 
Cooper et al. 1991): the relative values of ΔrG (Gibbs energy 
of reaction; ∣ΔrGmetastable∣ < ∣ΔrGstable∣) have little effect.

Applying this insight to the problem at hand, the first 
kinetic step in grain growth and in sliding-limited GBS is 
arguably identical: detachment of ions (or, in the case of 
ice, perhaps of H2O molecules) from the boundary. This 
being the case, the first-kinetic-step constraint is neutralized, 
allowing the rest of the response kinetics for grain growth 
and GSS creep to “compete.” The fact that the system is 
attempting to “discover” (by thermal sampling) a texture that 
facilitates the highest rate of energy dissipation, combined 
with the fact that the grain-size sensitivity of the dissipation 
rate is greater for creep, allow the direct comparison of Eqs. 
(5) and (6), which is represented schematically in Fig. 1b.

Experimental approach

Specimen preparation and deformation/annealing 
experiments

Experimental specimens were prepared specifically to 
explore grain size evolution and were thus fabricated with 
different initial grain sizes. Two distinct methods were uti-
lized: hot-pressing and pressure-cycling (Stern et al. 1997; 
Goldsby and Kohlstedt 2001). Hot-pressed ice is fabricated 
by nebulizing deionized water in the air and directing the 
spray into liquid nitrogen (LN2). The resulting slurry is 
then sieved in LN2 to obtain the desired grain size. Siev-
ing is performed under N2 gas so that atmospheric CO2 
and water vapor do not deposit onto the sieved material. 
The resulting powder is packed into a cylindrical vacuum 
mold and hot-pressed in dry ice (195 K) at 100 MPa for 
2 h. The resulting sample is fully dense and possesses 
a grain size approximately equal to the particle size of 
the initial sieved powder (Goldsby and Kohlstedt 1997; 
Caswell et al. 2015; Prior et al. 2015). By this method, we 
produced 1-cm diameter, 2-cm length cylindrical speci-
mens of grain sizes in the range 25–70 μm.

Pressure-cycled ice is prepared in an identical manner 
to hot-pressing except for a sequence of high-pressure/low-
pressure cycles prior to the final hot-pressing (Stern et al. 
1997). Each pressure cycle begins by increasing the (nomi-
nally hydrostatic) stress on the sample to 250–300 MPa, 
which initiates a phase transformation from ice Ih to the 
high-density polymorph, ice II. The sample is held at 
250–300 MPa for 5 min to allow the phase transformation 
to complete before the pressure is rapidly released. Dur-
ing the phase transformation back to ice I, the kinetics of 
nucleation dominate relative to those of grain growth and 
a high density of ice I nuclei is produced. These nuclei 
then grow to produce specimens of extremely fine grain 
size (5–10 μm). The pressure-cycling process is repeated 
three to six times, with greater numbers of cycles produc-
ing finer grain sizes. In this manner, we produced 1-cm 
diameter, 2-cm length cylindrical specimens with mean 
grain sizes ~ 9–30 μm. All specimens were stored in dry 
ice (195 K) between fabrication and use in experiments, 
generally for less than 48 h.

The experiments involved characterizing and com-
paring three types of specimens: (i) starting material 
(undeformed/unannealed), (ii) the deformed material, 
and (iii) material that was annealed under identical (and 
simultaneous) time–temperature (thermal) conditions as 
the deformed material without being subjected to devia-
toric stress. In what follows, the first type of material is 
described as “Starting,” the second as “Deformed” and the 
third as “Thermal.” Prior to each experiment, a section of 
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the starting material was cut from the cylindrical sample 
and placed directly into a liquid nitrogen storage dewar 
(77 K) for later microstructural comparison; these speci-
mens are the “Starting” material. A second section of the 
sample was placed inside the apparatus, adjacent to the 
deformation specimen but not subject to load; these speci-
mens are the “Thermal” specimens.

The deformation experiments reported here arise from 
two different apparatus. The first utilized a dead-weight 
creep device described elsewhere (Goldsby and Kohlstedt 
1997). The second utilized a computer-controlled, servo-
mechanical apparatus (Instron Model 1361) modified by 
the addition of an ethanol-bath cryostat that maintains sam-
ple temperature to a precision of ± 0.5 K (Fig. 2). Strain 
and strain rate in the specimen were determined by meas-
uring displacement between ceramic plates abutting the 
specimen using a displacement-voltage transducer (direct 
current differential transformer—DCDT). Specimen tem-
perature was measured by a Type-T (copper–constantan) 

thermocouple embedded in the uppermost of these plates. 
The data acquisition system employed averaging to miti-
gate electronic noise: though data were recorded at 5 Hz, 
each recorded data point was an average of 1000 samples 
collected at 5 kHz. Including this averaging and analog-
to-digital conversion, strain resolution was 1 × 10–7. Load 
was measured by a 2.2 kN-capacity load cell with a reso-
lution of 0.035 N. The computer-controlled load setpoint 
was adjusted every ~ 24 h to maintain constant stress on 
the sample, assuming constant-volume deformation of a 
cylindrical sample.

The experiments were designed to fall into two groups 
according to the theory presented in Sect.  Theoretical 
considerations: one in which the Starting grain size and 
initial differential stress (σ1 – σ3 ≡ σ1) condition favored 
grain growth in the deforming specimen and the other in 
which, again because of the selection of initial d and σ1, 
grain growth is anticipated to be inhibited. Dissipation rates 
by grain growth were calculated using Eq. (5). Deviatoric 

Fig. 2   The servomechanical apparatus employed in the majority of 
experiments (schematic). a Full assembly, including Instron 1361 
load frame and actuator, ethanol bath cryostat, and extensometer. b 
The sample assembly within the cryostat. The distance between two 
ceramic (Macor™) platens abutting the ends of the specimen is meas-
ured/monitored by a direct-current differential transformer (DCDT), 
which is located outside the cryostat; the DCDT is connected to 

the platens via long ceramic rods, “floating” so as to provide tem-
perature-fluctuation and -gradient compensation. Small “thermal” 
specimens (not to experience deformation) rest on the bottom platen 
beside the deformation specimen. c Extensometer electronics hous-
ing. The housing is sealed; N2 gas is passed through the housing to 
prevent frosting of the electronics
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stress was adjusted to control the dissipation rate by creep 
(Eq. (6)).

Deformed specimens were subjected to deviatoric 
stresses of σ1 = 0.25–1.65 MPa at temperatures of 240 K 
for 4–12 days, the initial stress conditions selected to place 
a specimen in either the growth or no-growth regime as 
described above. Specimens utilized to explore the question 
of grain growth were additionally interrogated for steady-
state and transient creep responses as well as low-frequency 
attenuation behavior (the latter presented elsewhere). As a 
result, many Deformed specimens experienced multiple, 
contiguous segments of deformation (i.e., stress steps), each 
of which accumulated sufficient strain to achieve steady-state 
flow behavior (ε ≥ 0.02). Thus, in the interest of addressing 
the grain-growth/GSS-deformation question at hand, defor-
mation segments beyond the initial one were designed to 
be in the “no-growth” regime, based on the starting grain 
size. A consequence is that the microstructures of Thermal 
specimens are being compared with Deformed specimens 
having a somewhat more complex history.

At the start of each experiment, the deformation and 
Thermal specimens were transferred from dry ice to the 
apparatus, which was initially equilibrated at 195 K. The 
apparatus then passively warmed to the experiment tempera-
ture (240 K), allowing the specimens to equilibrate ther-
mally over the course of 24 h. A low, controlled deviatoric 
stress (250–400 kPa, depending on estimated initial grain 
size) was applied to the to-be-deformed specimen during 
equilibration to facilitate “bump-free” initiation of defor-
mation experiments and, again based on our theoretical 
assumptions (Sect. Theoretical considerations), suppress 
grain growth in appropriate specimens during the thermal 
equilibration timeframe.

Deformed and thermal specimens were quenched simul-
taneously in LN2 immediately following each experiment.

In one experiment a “Grow” specimen was also studied. 
This specimen was sectioned from a Deformed specimen 
after deformation and reinserted into the cryostat for addi-
tional, stress-free annealing at 240 K for 48 h. This specific 
experiment allowed us to evaluate whether cavitation, poten-
tially induced by GBS, influenced grain size evolution in 
deformed samples.

Microstructure analysis

Microstructural analyses were performed via reflected-light 
optical microscopy and cryogenic electron backscatter dif-
fraction (EBSD) in scanning electron microscopy. Because 
microstructural analyses were conducted several weeks after 
the completion of mechanical experiments, specimens were 
stored in an LN2 dewar (77 K; − 196 °C) between experi-
ments and microscopy.

EBSD was performed on a Zeiss Sigma field-emission 
scanning electron microscope at the Otago Center for Elec-
tron Microscopy (University of Otago, Dunedin, New Zea-
land) (Prior et al. 2015). Sections for analysis were cut from 
experimental specimens using a band saw and bonded to 
copper SEM adapters by a very thin (~ 100 μm) melt layer, 
which forms a strong bond while maintaining sample tem-
perature below 223 K (− 50 °C). The sample surface was 
shaved flat in a cryogenic microtome at 243 K (− 30 °C) 
before insertion into the SEM via a nitrogen-filled airlock 
that prevented frost accumulation on the samples.

Optical microscopy was conducted in a cold room at 
Lamont-Doherty Earth Observatory (Palisades, New York, 
USA). Sections for analysis were cut from each specimen 
using a razor blade in a cooler over LN2. Sections were then 
transferred to the cold room (256 K; − 17 °C) where they 
were bonded to a glass slide with drops of water. Specimens 
were prepared for microscopy by shaving a flat surface with 
a microtome, then allowing the shaved surface to etch via 
sublimation in the cold room for 1–2 min to produce etched 
grain boundaries (Caswell et al. 2015). Images were col-
lected with a Leica DM2700 reflected-light microscope in 
the cold room.

Image analysis was conducted using the NIH software 
ImageJ. Grain size was measured by the line-intercept 
method, applying a multiplicative factor 1.5 to account 
for geometric effects (Exner 1972). Grain sizes reported 
are averages taken from multiple images of each sample. 
EBSD data were analyzed using the Channel 5 HKL soft-
ware package.

Results

Table 1 presents a synopsis of the experiments and results. 
To facilitate presenting experimental results graphically, we 
have binned the data based on the initial (Starting) grain 
size of a specimen; the bins are “Fine” (d ≤ 10 μm; repre-
sented in graphs as open and filled circles) and “Coarse” 
(d ≥ 20 μm; squares). In the table, grain sizes are presented 
as the mean ± one standard deviation.

Mechanical data

The steady-state stress and strain rate pairs from our mechan-
ical tests are presented in Fig. 3, with material identified by 
its starting (i.e., as fabricated) average grain size, binned as 
indicated above. All measured steady-state strain rates are 
consistent (within a factor of three) with those predicted by 
the composite rheology of Goldsby and Kohlstedt (2001), 
which is indicated by gray lines for comparison to the data in 
Fig. 3. The composite rheology curves indicate the transition 
in ice creep from sliding-limited GBS at low stress (slope on 



	 Physics and Chemistry of Minerals (2022) 49:28

1 3

28  Page 8 of 18

the log–log plot of n = 1.8; cf. Equation (7)) to dislocation 
creep at higher stress (n = 4); the transition is most easily 
perceived in the concave-up topology of the curves repre-
senting the flow of specimens of grain size exceeding 50 μm. 
As noted in Specimen Preparation and Deformation/Anneal-
ing Experiments, multiple stress segments were conducted 
in some experiments, which accounts for the number of data 

points exceeding the number of specimens. The stress- and 
grain size-sensitivities of steady-state strain rate perceived 
from this graph should be approached with caution, however, 
because several experiments were conducted under condi-
tions anticipated (by the postulate articulated in Sect. Theo-
retical considerations) to favor grain growth. The resulting 
stress exponent is therefore a convolution of stress and grain 
size variations. For the experiment with most stress seg-
ments and the least measured change in grain size (SD4; 
Table 1), the observed stress exponent is n = 1.6.

The rheology is distinctly sensitive to grain size, though 
the number of data points is small: the average value of the 
grain size exponent (Eq. (7)) in the subset of experiments 
crept at the same stress is p = 2.1.

Microstructures

Optical micrographs of representative samples are shown 
in Fig. 4. Two-grain boundary morphologies are seen in the 
deformed specimens depending upon whether grain growth 
occurred during the experiment. This variation is exhibited 
in the figure, in which the left-hand column (a-c) illustrates 
a specimen (GVF1; cf. Table 1) deformed under conditions 
expected to inhibit grain growth, while the right-hand col-
umn (d-f) illustrates a specimen (AVF3) deformed under 
conditions favoring simultaneous grain growth.

It is apparent from visual inspection of Fig. 4a and b 
that grain size remains similar between the Deformed 
specimen and the Starting material in Specimen GVF1. 
In this and similar experiments, the Deformed specimen 
exhibits numerous four-grain junctions (black arrows, 

Table 1   Grain sizes for starting, deformed and thermal specimens; 
differential stress (σ1); maximum energy dissipation rates by grain 
growth ( Ė

GG
 ; predicted via Eq.  (5)) and by plastic deformation via 

sliding-limited GBS ( Ė
Pl

 ; measured via Eq.  (6)); and prediction for 
grain growth during deformation

All experiments at T = 240 K
* ◻ ≡ Coarse; ○ ≡ Fine
† Total time duration of deformation/thermal experiment
‡ First-segment, lowest-stress and corresponding, minimum plastic-deformation energy dissipation rate
§ Calculated (Eq. (5)) with K = 1 × 10–15 m2 s–1, γGB

ice−I = 0.065 J m–2 and t = 1 s

Experiment code Grain size 
Starting (μm)

Grain size 
range sym-
bol*

Grain size 
Deformed 
(μm)

Grain size  
Thermal (μm)

Dur.†

(days)
σ1

‡

(MPa)
Ė
GG

§

(J m–3)
Ė
Pl

‡

(J m–3)

Growth 
expected?

GVF1 29.9 ± 5.4 ◻ 24.5 ± 5.4 66.8 ± 21.5 4 1.0 0.0292 0.2600 N
AM2 63.0 ± 9.0 ◻ 82.9 ± 13.9 102.5 ± 22.7 12 0.4 0.0031 0.0108 N
AM7 41.0 ± 4.4 ◻ 41.4 ± 6.5 70.8 ± 8.1 12 0.4 0.0113 0.0300 N
SD4 33 ± 3.2 ◻ 34 ± 7.3 N/A 11 0.93 0.0217 0.1434 N
SD8 33 ± 3.2 ◻ 41 ± 6.4 N/A 4 1.6 0.0217 0.3240 N
AVF2 6.4 ± 1.6 ○ 7.8 ± 1.6 12.4 ± 4.2 5 0.25 2.9750 0.0210 Y
AVF1 8.7 ± 2.8 ○ 18.9 ± 4.4 20.8 ± 4.7 7 0.5 0.1155 0.0440 Y
GVF5 9.7 ± 5.2 ○ 11.5 ± 2.0 26.2 ± 3.4 11 0.25 0.8546 0.0015 Y
AVF3 8.2 ± 0.5 ○ 16.9 ± 3.4 20.1 ± 3.3 9 1.0 1.4145 0.0520 Y

Fig. 3   Steady-state strain rate vs. differential stress for our experi-
mental specimens deformed in uniaxial compression at 240  K. For 
reference, the composite flow law of Goldsby and Kohlstedt (2001) 
is plotted as gray lines for grain sizes comparable to our Deformed 
specimens. The symbol sizes are defined based on the Starting—not 
final—grain size in the specimen; thus, fine-grained specimens that 
experienced grain growth are still labeled as “Fine” despite reduced 
strain rates indicative of grain growth during some experiments. 
Stress segments during which statistically-significant growth occurred 
are indicated by the letter “G” to the upper right of the corresponding 
symbol
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Fig. 4b). Many grain boundaries are linear, showing very 
little evidence for migration. Thermal specimens (e.g., 
Fig. 4c) exhibit highly curved grain boundaries. Small 
grains generally possess convex-outward grain bounda-
ries (white arrow), while large grains have concave-inward 
boundaries (black arrow). Comparison of Fig. 4a and c 

clearly illustrates a marked increase in grain size in the 
Thermal specimen.

Figure 4d and e show the starting material and deformed 
specimen for a single experiment conducted under condi-
tions in which grain growth is expected. It is clear from vis-
ual inspection that the grain size in the deformed specimen 

Fig. 4   Reflected light micrographs of experimental specimens. 
The column on the left represents an experiment (code GVF1; see 
Table 1), conducted under conditions in which grain growth is inhib-
ited in the deforming specimen. The column on the right represents 
an experiment (code AVF3), conducted under conditions expected to 
allow grain growth. a GVF1 Starting material: d = 29.9 ± 5.4  μm. b 
GVF1 Deformed specimen (σ1 = 1  MPa, ε = 0.101, 240  K, duration 
3.7 d; compression axis perpendicular to image): d = 24.5 ± 5.4  μm. 
Grain boundaries are generally straight, and numerous four-grain 
junctions are visible (black arrows), consistent with a GBS texture. 
The grain size is unchanged from the starting material. c GVF1 Ther-
mal specimen: d = 66.8 ± 21.5  μm. Boundaries are concave-in on 
large grains (black arrow) and concave-out on small grains (white 

arrow), a texture associated with normal grain growth. Dark spots are 
frost accumulated on this specimen during microscopy (gray arrow). 
d AVF3 Starting material: d = 8.2 ± 0.5 μm. e AVF3 Deformed speci-
men (σ1 = 0.4  MPa, ε = 0.121, 240  K, duration 9.4d; compression 
axis perpendicular to image): d = 16.9 ± 3.4  μm. Numerous curved 
boundaries (e.g., black arrow) indicate a growth texture. Several cus-
pate boundaries are evident (gray arrow). f AVF3 Thermal specimen: 
d = 20.1 ± 3.2 μm. (Note that the magnification in this image is half 
that in (e)). Numerous, highly curved grain boundaries are visible. 
Some boundaries exhibit cusps (black arrow). Frost, accumulated 
during microscopy, forms dark blots on the surface (gray arrow). 
Scratches from the microtome blade cross the image from left to right
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is much larger than that in the starting material. In contrast 
to the deformed specimen shown in Fig. 4b, grain bound-
aries are generally curved (e.g., black arrow, Fig. 4e). A 
few cuspate boundaries are observed, suggesting pinning 
of the boundaries in some locations (gray arrows, Fig. 4e). 
The Thermal specimen for the same experiment also shows 
highly curved boundaries (e.g., black arrows, Fig. 4f), con-
vex-out small grains, concave-in large grains, and slight 
cusps on some grain boundaries (gray arrow, Fig. 4f).

Though sliding-limited GBS in ice is geometrically 
accommodated by the glide of basal dislocations, the micro-
structures of our deformed samples show very little—to first 
order, none—formation of low-angle (subgrain) boundaries. 
In addition to the dearth of shallow sublimation features seen 
in reflected light images (Fig. 4), EBSD data from deformed 
specimens reveal few low-angle boundaries (cf. Caswell 
et al. (2015)).

Grain sizes in all samples—Starting, Deformed and 
Thermal—are presented in Fig. 5. Error bars represent one 
standard deviation. We note that the broad error bars in 
Fig. 5 are expected for the analysis of a three-dimensional 
phenomenon via random, two-dimensional slices (Exner 
1972). The question of grain growth, however, is a binary 

one and thus the means presented in Fig. 5 are significant. 
Thermal specimens (white symbols, Fig. 5) show continu-
ously increasing grain size with annealing time, which is 
presented in Fig. 6a and b, where the values of (d2 – do

2) 
are plotted versus time. Data for the Thermal specimens are 
consistent with the model for normal grain growth, and can 
be fit via linear regression to the dynamics equation (Eq. (3)) 
to discern the (temperature-sensitive) kinetic growth con-
stant K. For the condition where we (logically) force the 
regression through the origin, the values determined are: (a) 
for Fine grain-sized Thermal specimens, K = 5(± 1) × 10–16 
m2s–1 (correlation coefficient r = 0.931; this K is represented 
as the slope of the dotted line in Fig. 6a and b); (b) for the 
Coarse grain-sized Thermal specimens, K = 6(± 1) × 10–15 
m2s–1 (r = 0.802), and (c) for Fine grain-sized Deformed 
specimens, K = 4(± 1) × 10–16 m2s–1 (r = 0.798). (The pre-
cision indicated for the values of K are the standard error 
for the respective linear regressions based on the measured 
average values of grain size (Walpole and Myers 1972, p. 
286)). The “Grow” specimen (a piece of Deformed speci-
men GVF5, which was annealed following deformation as 
described in Sect. Theoretical considerations), is shown as a 
diamond in Fig. 6a and b. This specimen shows an increase 

Fig. 5   Grain sizes of all specimens. The experiments are divided 
into two groups: the five experiments on the left are those in which 
the Deformed specimen was subjected to a stress (σ1) sufficiently 
large such that—given the Starting grain size—the energy dis-
sipation rate due to plasticity exceeded that due to grain growth 
( Ė

GBS
≡ Ė

Pl
> Ė

GG
 ); as such, no grain growth during deforma-

tion was anticipated. The experiments on the right were con-
ducted under conditions favoring grain growth during deformation 

(Ė
GG

> Ė
GBS

≡ Ė
Pl
) . As indicated in the key, symbol shape repre-

sents the Starting grain size bin; symbol shading identifies Starting 
from Deformed from Thermal specimens. Specimen symbols for each 
experiment are offset for clarity. Error bars represent one standard 
deviation around the mean grain size; if error bars are not present, the 
error is smaller than the symbol size. (Thermal specimens were not 
included in experiments SD4 and SD8.)
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in grain size consistent with the trend observed for the Fine 
grain-size Thermal specimens.

In contrast to the Thermal specimens, the critical result 
presented in Fig. 5 is that the grain size in the Deformed 
specimens fall clearly into two groups depending on whether 
the deformation conditions were expected to inhibit grain 
growth according to the theoretical considerations pre-
sented in Sect. Theoretical considerations; this result will 
be explored in depth in the Discussion.

Discussion

Comparison of deformation and grain growth 
results to similar studies on ice

The deformed specimens exhibit both microstructures and 
effective viscosity consistent with the dominant deformation 
mechanism being grain boundary sliding that is rate-limited 
by the sliding along the grain boundary (mechanism (ii)(a) 
in Sect. Theoretical considerations). Evidence for sliding-
limited GBS includes the low, but non-Newtonian stress 
exponent (n = 1.6; cf. Goldsby and Kohlstedt (2001) and 
Fig. 3), and deformation microstructures evincing straight 
grain boundaries and numerous four-grain junctions, which 
are considered diagnostic of grain switching events during 
GBS (Ashby and Verrall 1973; Langdon 1991; Goldsby and 
Kohlstedt 1997). Thus, the rheological response of polycrys-
talline ice in our experiments is consistent with the chemical 
potential difference (and potential gradient with characteris-
tic distance being the grain size) as presented schematically 
in Fig. 1a.

Comparing the kinetic grain-growth constants K (Fig. 6) 
experimentally determined here to values reported elsewhere 
demonstrates the challenge—widely experienced—of meas-
uring the kinetics of grain growth and grain boundary mobil-
ity (e.g., Evans et al. 2001; for ice, cf. Fan et al. 2021). The 
value that we measured for the growth constant in the Fine 
grain-sized Thermal specimens—K = 5 × 10–16 m2s–1—is a 
factor of ten to a factor of thirty slower than those reported 
by Arena et al. (1997) and Azuma et al. (2012), respectively, 
for “bubble-free” ice. Nevertheless, our value matches well 
with those measured by both these studies for polycrystal-
line ice containing a small concentration of broadly dis-
persed fine bubbles (which serve to pin grain boundaries 
and so slow the kinetics of grain growth). While no bub-
bles are readily apparent in the microstructural study of our 
specimens (to a resolution of ~ 1 µm), we do note that some 
grain boundaries in the initially Fine grain-sized Thermal 
specimens exhibit evidence of pinning (e.g., grain boundary 
cusps in Fig. 4f). A small concentration of extremely small 
bubbles along grain boundaries, perhaps remnant from the 
sample fabrication process, may therefore be the source of 

Fig. 6   Grain growth kinetics: the quantity (d2 – do
2), in units μm2, 

is plotted against time (cf. Equation (3)). a and b Grain growth in 
Thermal specimens. Two trends are observed, indicating different 
grain growth kinetics for our Fine grain-size specimens relative to 
our Coarse grain-size specimens. The Fine grain-size specimens, 
shown in (b), produce a growth-rate constant K = 5 × 10–16 m2s–1, 
which plots as the dotted line. c Grain growth in those Deformed 
specimens—all in the Fine grain-size category—for which 
Ė
GG

> Ė
GBS

≡ Ė
Pl

 . Growth of these specimens produces a grain 
growth constant K = 4 × 10–16 m2s–1 (dotted line), which, given the 
experimental scatter, is nominally the same as that for Thermal 
specimens
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the sluggish grain growth observed in the Fine grain-sized 
Thermal specimens. And while it borders on speculation, ice 
II, the cycling from which the Fine grain-sized specimens 
were prepared, has been demonstrated to persist as a meta-
stable phase (e.g., Bauer et al. 2008; Nakamura et al. 2016): 
in the context of the strain-energy state of grain boundaries, 
durable, sub-micrometer particles of ice II may well charac-
terize the texture of grain boundaries (cf. Raj 1981, for the 
case of glass–ceramics). Such particles would fill the same 
boundary-pinning role as fine bubbles.

Deformed Fine grained-sized specimens, anticipated to 
grow during deformation (see Sect. Theoretical consid-
erations and below), as well as the singular, Fine grain-
sized (post-deformation) Grow specimen demonstrated 
the same growth constant—K = 4 to 5 × 10–16 m2s–1—as 
did the Fine Thermal specimens: the results are self-
consistent. Significantly, the growth rate of the Grow 
specimen, being unchanged, indicates that no additional 
boundary-pinning textural differences occur because of 
the accumulation of strain via boundary-sliding dominant 
deformation.

The Coarse grain-sized specimens, manufactured 
without the solid-state ice I–ice II phase transformation, 
demonstrated a growth constant—K = 6 × 10–15 m2s–1—
that is consistent with the “bubble-free” ice I of other 
investigators.

Grain growth during grain size‑sensitive 
deformation?

Evaluation of the data for both deformation and grain growth 
(Figs. 3, 4, 5, and 6 and discussed above) allows the evolu-
tion of the schematic presented as Fig. 1b into a quantita-
tive dissipation-rate v. grain size dynamics “map,” which we 
present as Fig. 7. Two boundaries are presented for energy 
dissipation by normal grain growth: black and black-dotted 
lines representing K (m2s–1) = 1 × 10–16 and 1 × 10–15, respec-
tively, which bracket our measurements. These divide space 
between regions where the dissipation rate by grain growth 
exceeds that for GSS plastic deformation and vice versa. The 
map presents gray contours corresponding to the differential 
stress that drive deformation, using the parameterization by 
Goldsby and Kohlstedt (2001) (with which our data corre-
late). Dissipation-rate data from our experiments are arrayed 
on the map (cf. Fig. 3 and Table 1): for Coarse specimens, 
the dissipation is from flow, while for Fine specimens the 
dissipation is from grain growth. In that Eq. (5) reveals that 
dissipation by grain growth is a function of a negative power 
of time, we have chosen to use for Table 1 and Fig. 7 a nomi-
nally maximum value for ĖGG based on t = 1 s.

Inspection of Fig. 7 reveals that our experimental data 
fall into two groups: one in which the rate of energy dissipa-
tion by grain growth exceeds that for creep, and the other 
in which the opposite hierarchy exists. This is by design, 

Fig. 7   Comparison of energy dissipation rates by boundary-sliding-
limited GBS (gray dotted lines, Eqs. (6) and (7)) and normal grain 
growth (heavy black lines, Eq.  (5)) as a function of grain size; 
T = 240 K. Creep dissipation curves are based on the flow-law param-
eters of Goldsby and Kohlstedt (2001), as is the noted transition from 
GBS to dislocation creep. The magnitude of differential stress for 
each plasticity dissipation line is given at right. Grain growth dissi-
pation employs γGB

ice−I = 0.065  J  m–2. Grain growth dynamics for 

two values of the rate constant K (Eq.  (3)) that bracket our experi-
mental findings are shown. The data symbols follow the usage of ear-
lier figures. In our experiments, the specimens noted with black cir-
cles experienced grain growth during GBS creep while those noted 
with black squares did not (cf. Fig.  5). (One would anticipate grain 
growth occurring in specimens deformed within the dislocation creep 
regime.)
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of course, to evaluate the model we have articulated: grain 
growth is expected to occur in one group but not the other.

The first group includes Coarse grain-sized specimens 
subjected to loading conditions under which the energy 
dissipation rate via GSS creep is greater than that by grain 
growth. Grain growth is expected to be suppressed in these 
deforming specimen and, returning to Fig. 5, we see that 
this group (which includes experiments GVF1, AM2, SD4 
and SD8—Table 1) corresponds exactly to those observed 
to have suppressed grain growth. The best example of this 
behavior is experiment GVF1, for which the Deformed spec-
imen and Starting material have nearly identical grain size 
while the Thermal specimen, which was subjected to identi-
cal time–temperature conditions as the deformed specimen, 
has a final grain size consistent with normal grain growth 
(cf. Arena et al. 1997; Azuma et al. 2012).

In the experiments with Coarse grain-sized specimens 
SD4 and SD8 (Fig. 5; Table 1), fixturing was unavailable 
to include a Thermal specimen. Nevertheless, these data 
provide a compelling case for suppressed grain growth dur-
ing GSS deformation. For specimen SD4, Deformed and 
Starting specimens have essentially identical grain sizes 
(~ 33 µm) despite a 240 K deformation experiment that 
encompassed a total elapsed time of nearly 11 days. By 
comparison, applying Eq. (3) with the grain growth con-
stant measured for Thermal specimens of Coarse grain size 
(K = 6 × 10–15 m2s–1) yields a predicted final grain size from 
normal grain growth of 155 μm. Similarly, a Thermal speci-
men for experiment SD8—a 240 K deformation experiment 
of approximately four days duration—would be expected to 
have a normal grain growth final grain size of 95 µm.

The Deformed specimen for experiment AM2 exhibits a 
grain size between that of the Starting and Thermal spec-
imens. Applying the value of K obtained for the thermal 
specimens in the Coarse grain-size fraction, the amount of 
grain growth indicated for the Deformed specimen would 
have occurred in ~ 3.2 days. This time is much shorter than 
the duration of the 240 K experiment, ~ 12 days, yet too long 
to be explained by any transient load alleviations during the 
experiment due to, e.g., frosting of the apparatus piston. Fur-
ther, less than 1 μm of grain-diameter growth is anticipated 
for the ~ 10 min that the specimen was in the 256 K (–17 °C) 
environment of the cold room during microstructure analy-
sis. We attribute the discrepancy in grain size between the 
Starting and Deformed specimens, thus, to heterogeneity 
in the original fabricated sample from which the Start-
ing, Deformed and Thermal specimens were all derived: 
although the Deformed specimen shows increased grain 
size relative to the Starting material, the Thermal specimen 
exhibits a grain size that is significantly larger than either—
and consistent with the rate of static grain growth.

Clearly, in the dynamics regime where the dissipation 
rate by GSS creep exceeds that by grain growth (associated 

here primarily with the Coarse grain-size specimens), grain 
growth is arrested or, at least, inhibited.

The second group consists of those Fine grain-sized 
specimens deformed at low differential stress—conditions 
designed to promote grain growth accompanying deforma-
tion. In these experiments, the predicted dissipation rate 
due to grain growth exceeds that by GSS creep. This group 
is indicated by Fig.  5, which demonstrates that growth 
occurred in each of the deformed specimens within this 
group. Notably, the Deformed specimens in experiments 
AVF1 and AVF3 possess grain sizes only slightly smaller 
than that in the corresponding thermal history specimens, 
indicating that grain growth was uninhibited as these speci-
mens deformed.

That grain growth occurs independently of the dynamics 
of creep essentially has dogma status in materials science 
and experimental geophysics (e.g., Courtney 1990, p. 293; 
Karato 2008, p. 253). This is not a surprise: many investi-
gators studying grain-size-sensitive creep (and particularly 
diffusion creep) in metals and ceramics (including synthe-
sized “rock”) have recorded the diminishment of (nominally) 
steady-state strain rate as a function of strain (i.e., time) and 
correlated this behavior with simultaneous grain growth. 
While a number of studies could be quoted, the compre-
hensive work of Karato (Karato et al. 1986; Karato 1989) 
on GSS creep and grain growth in dunite (synthetic olivine 
aggregates prepared from natural material) is representative. 
For example, in a specimen of ~ 10 μm initial grain size (pre-
pared from pulverized San Carlos, AZ, peridot that was hot-
pressed into synthetic dunite) deformed “dry,” in compres-
sion at 1300 °C and confining pressure of 300 MPa and at a 
nominally constant (i.e., steady-state) strain rate of 10–5 s–1, 
the differential flow stress increased from approximately 
4 MPa at a strain (ε) of 0.01 to approximately 20 MPa at 
ε = 0.06 (Karato et al. 1986, Experiment 4927). A conclusion 
of simultaneous normal grain growth accompanying diffu-
sion creep is warranted, particularly in that the rate of grain 
growth matches reasonably with that for static annealing of 
similarly prepared aggregates (Karato 1989).

One can, however, apply the argument we have made 
in Sect. Theoretical considerations—and supported with 
our ice deformation and grain growth experiments—to 
contemplate these same dunite data. A 1300 °C, 300 MPa 
confining pressure, “dry,” GSS deformation experiment 
(Karato et al. 1986, Experiment 4759) of many differential-
stress segments in the range 45–175 MPa, with an initial 
grain size of 12 μm and a total time-at-temperature exceed-
ing seven hours, experienced but modest grain growth. 
Scrutinizing the lowest stress (thus lowest strain rate and 
corresponding energy dissipation rate by flow) with the 
static grain growth kinetics characterized by Karato (1989) 
(K ≈ 10–14 m2s–1 at 1300 °C) and employing a (high-angle) 
grain boundary energy of γGB

Ol of 0.9 J m–2 (Cooper and 
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Kohlstedt 1982), the dissipation rates for both deforma-
tion and grain growth are the same at ~ 70 J m–3 s–1. The 
published data suggest that higher stresses corresponded to 
reduced rate (or no) grain growth. Further, Karato (1989), 
demonstrates that those grain-growth kinetic constants 
measured during “dry” deformation are uniformly lower 
than those measured for conditions of static annealing. 
Consider, too, a recent experimental study, in which “wet” 
dunite that was partially dynamically recrystallized (i.e., 
large relict grains remained in the microstructure) had the 
growth of the recrystallized grains characterized during 
stress relaxation (Speciale et al. 2020): deformation in 
the recrystallized matter continues during relaxation and 
the measured kinetics of grain growth are revealed to be 
orders of magnitude slower than in static annealing. Taken 
all together, then, it is easy to imagine conditions in a geo-
logical setting where silicate rocks—even monomineralic 
ones—can deform by GSS creep without simultaneous 
grain growth.

Returning to the behavior of ice, our understanding of 
energy dissipation can be applied to the data of Durham 
et al. (2001), who studied GSS flow in ice-I at low tem-
peratures (i.e., ~ 220 K) and elevated confining pressure 
(P ~ 50  MPa). These authors observed very little grain 
growth in their specimens, consistent with observations 
made by Goldsby and Kohlstedt (1997) and with the model 
articulated here. Applying the analysis of Sect. Theoretical 
considerations, only one of their experiments—that with the 
finest grain size and lowest strain rate—falls near the bound-
ary between growth- and flow-dominant dissipation rates 
in Fig. 7; in all others, grain growth should have been sup-
pressed. Indeed, the authors note that the experiment whose 
conditions resulted in comparable dissipation rates for creep 
and growth (their code 420) showed a slight increase in grain 
size relative to the starting material, but no indication of 
time-dependent strengthening (i.e., consistent with grain 
growth) during the course of the experiment. The authors 
did observe strengthening in a small, additional subset of 
their samples, but the interpretation is nebulous. While 
they attributed the observed strengthening to grain growth, 
they were unable to derive realistic grain growth constants 
when fitting their data to Eqs. (3) and (7). Furthermore, the 
microstructures of the strengthened samples exhibited sub-
stantial irregularities, including signs of dislocation creep 
and grain aspect ratios of 50:1, indicative of abnormal grain 
growth during the ice I-II phase transition as the samples 
were fabricated (cf. Bennett et al. 1997; Stern et al. 1997). 
These microstructures indicate that rather than strengthening 
due to grain growth, strengthening is associated with strong 
fabric caused by abnormal grain growth during specimen 
fabrication. For samples without abnormal fabric, the Dur-
ham et al. (2001) results are fully in keeping with the model 
articulated here.

Geophysical implications

Because the rheology of ice is grain size-sensitive when 
deforming via boundary sliding-limited GBS, inhibit-
ing grain growth restrains time (i.e., strain)-dependent 
strengthening. Our results suggest that when polycrystal-
line ice deforms via boundary sliding-limited GBS, grain 
size will remain constant until either (i) deviatoric stress 
ceases, allowing grain growth to become the sole process of 
free energy dissipation, or (ii) the deviatoric stress increases 
such that dislocation creep once again becomes the dominant 
mechanism, potentially leading to grain size reduction—and 
subsequent softening—by dynamic recrystallization.

Our results, therefore, carry implications for settings 
in which rheological weakening has occurred by dynamic 
recrystallization. Evidence from experiments and from 
nature indicates that shear localization and seismic slip can 
produce zones of dynamically recrystallized grains (i.e., 
mylonites) throughout the mantle and lithosphere (e.g., 
Karato and Wu 1993; Warren and Hirth, 2006; Kim et al. 
2010; Rozel et al. 2011; Bestmann et al. 2012; Smith et al. 
2013; Verberne et al. 2014). Such recrystallized zones may 
produce rheological weakening of the lithosphere (e.g., Rut-
ter and Brodie, 1988), but an oft-cited criticism of models 
invoking this mechanism of weakening is that grain growth 
in the mylonitized zone limits the lifetime of weakening. 
Balancing growth and recrystallization then leads to the 
“field boundary approach” (De Bresser et al. 2001). Some 
authors evoke an inhibiting process to constrain grain 
growth; for example, both Warren and Hirth (2006) and 
Newman et al. (2021) (among others) suggest that perma-
nent grain size reduction is possible due to second-phase 
pinning in peridotite mylonites. Our results, however, sug-
gest that if the recrystallized grain size is sufficiently small 
to cause a switch to GSS rheology and the deviatoric stress 
is sufficient to maintain energy dissipation via GSS creep at 
a rate higher than that which would be produced by grain 
growth, the resulting zones of weakness will persist without 
the need for a pinning process.

The possibility of maintaining a fine grain size without 
second-phase pinning has profound implications for the 
tectonics of icy worlds and the deformation of terrestrial 
glaciers and ice sheets. In these settings, any stress concen-
tration that produces a local grain size reduction sufficient 
to cause a switch to GSS deformation has thereby produced 
a zone of rheological weakness. As long as the ice continues 
to deform by GSS creep, this zone of weakness will persist 
indefinitely—a potential means of localizing strain at the 
margins of fast-moving ice streams or at the base of an icy 
satellite’s lithosphere.

In particular, our results are directly applicable to the 
marginal zones of fast-moving Antarctic ice streams. Low 
basal drag due to weak basal till (e.g., Kamb 2001; Tulacyk 
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et al. 2001; Joughin et al. 2004) means that the margins are 
critical in the force balance controlling ice stream motion, 
and shear stresses at margins may provide as much as 93% of 
the force resisting downstream driving stresses (Echelmeyer 
et al. 1994; Whillans and van der Veen 1997). The majority 
of strain associated with ice stream flow is thus produced 
at the margins (Bindschadler and Scambos 1991; Joughin 
et al. 2002). Marginal ice appears to be very soft in some 
cases. To match a measured velocity profile across the mar-
gin of Whillans Ice Stream (Ice Stream B), Echelmeyer 
et al. (1994) suggested that ice within the margin is ten 
times weaker than that in the central part of the ice stream, 
though this may apply only to the region of the profile meas-
ured by the authors and may represent an extreme datum 
of variable ice rheology along the margins of Ice Stream B 
(Joughin et al. 2004). Many authors, including Echelmeyer 
et al. (1994), attributed such softness to shear heating and 
potential meltwater generation (Perol and Rice 2015; Suck-
ale et al. 2014), though Cuffey et al. (2000) and Behn et al. 
(2021) point out that such enhancement is also possible by a 
combination of fabric development and grain size-sensitive 
flow. Our results suggest that it is indeed possible for grain 
size-sensitive flow to sustain areas of rheological weakness 
along ice stream margins.

The results also affect estimates of grain size in a convect-
ing ice shell. Barr and McKinnon (2007) assumed that the 
dislocation component of GBS in ice was sufficient to drive 
dynamic recrystallization, concluding that the maximum 
equilibrium grain size within an ice shell is 1–10 mm. Our 
results here, and those of Caswell et al. (2015) indicate that 
the Barr and McKinnon model does not accurately capture 
the mechanics of grain size evolution within an ice shell. 
Instead, the field boundary approach may be used to esti-
mate the initial grain size in a convecting ice shell. Such 
an estimate was carried out by Barr and Pappalardo (2005) 
who calculated, using the grain size-sensitive rheology of 
Goldsby and Kohlstedt (2001), that convection would not 
initiate within an icy Galilean satellite if initial deformation 
occurred by dislocation creep—i.e., for a grain size exceed-
ing 2 cm. Using this estimate as the maximum initial grain 
size in a convecting ice shell at − 8 °C (265 K) (Tobie et al. 
2003), an initially coarse grain size (d ~ 2 cm) would not 
experience a substantial change in grain size at a convec-
tive stress of 100 kPa. The surfaces of many icy moons are 
pervasively fractured, however, and the surface of Europa 
exhibits evidence for kilometers of displacement along 
strike-slip faults (e.g., Tufts et al. 1999; Hoppa et al. 2000; 
Nimmo and Gaidos 2002). Analogous terrestrial faults, such 
as the San Andreas, exhibit localized shear to the bottom of 
the mantle lithosphere (Ford et al. 2014), and fault slip pro-
duces recrystallization in experiments and natural settings 
(Bestmann et al. 2012; Smith et al. 2013). Thus, propagation 

of tectonic stresses to the base of an icy lithosphere may 
produce geologically long-lived regions of fine grain size.

Summary and conclusion

Simultaneous creep and annealing experiments have demon-
strated that when polycrystalline ice deforms via grain size-
sensitive (GSS) creep, grain growth is inhibited intrinsically, 
specifically when the free energy-dissipation rate by flow 
exceeds that of normal grain growth. Whether or not grain 
growth occurs can be predicted by calculating and compar-
ing the dissipation rates for each mechanism following the 
approach presented in Sect. Theoretical considerations. For 
flowing, polycrystalline ice, the conditions for suppressing 
grain growth are met for most geologically relevant grain 
sizes, meaning that grain growth is expected to be sup-
pressed in the convecting interior of an icy satellite in the 
outer solar system or in localized shear zones at the margins 
of fast-moving ice streams. It is the small driving potential 
for grain growth in ice, based specifically on the small value 
of γGB

ice−I (= 0.065 J m–2)—an order of magnitude smaller 
than that for other (primarily ionically bonded) oxides and 
silicates—that allowed the separation in energy-dissipation 
space of grain-size-sensitive creep and grain growth to be 
accessed reliably in laboratory experiments. Having done 
so, it is straightforward to imagine the application of the 
discovery to other problems in crystalline rheology. Appli-
cability of GSS creep-affected suppression of grain growth 
to monomineralic silicate rocks is suggested but not easily 
studied in laboratory settings.
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