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Introduction:  Polycrystalline ice deforms via a 

suite of mechanisms including dislocation creep, grain 

boundary sliding and, perhaps, diffusion creep.
[1]

 The 

interiors of many icy bodies are thought to deform via 

grain boundary sliding (GBS), in which strain rate is 

sensitive to grain size.
[1,2]

 Very few constraints exist, 

however, regarding grain size within an ice shell.
[3]

 

Grain sizes inferred from viscosity, such as that needed 

to match heat production and heat flux, suggest grain 

sizes on the scale of millimeters. Though normal grain 

growth in ice would be expected to produce grain sizes 

on the order of tens of meters at an ice shell’s base, 

Barr and McKinnon (2007) evoked dynamic recrystal-

lization in thermally convecting shells, driven by basal 

dislocation glide during GBS
[1]

, to reduce grain size to 

a steady-state value on the order of 1 mm. Recent ex-

periments, however, showed that GBS produces insuf-

ficient dislocation activity to effect dynamic recrystal-

lization.
[4]

 Despite moderate strains (up to 12%) and 

high temperature (233 K), Caswell and Cooper (2015) 

observed no development of subgrain boundaries, 

which are the precursor to grain size reduction as em-

ployed theoretically by Barr and McKinnon (2007).
[3,4]

  

Significantly, samples deformed in GBS by 

Caswell and Cooper (2015) did not show grain growth, 

either, despite lengthy experiments (~11 days).
[4]

 To 

scrutinize this result, in this work we have expanded 

upon the range of deformation conditions examined by 

Caswell and Cooper (2015). We have conducted un-

confined, uniaxial creep experiments at 240K, grain 

sizes (d) 8-45 μm, and stresses (σ) 0.25-1.8 MPa, to 

investigate the evolution of grain size in polycrystalline 

ice creeping via GBS. Experiments were run for an 

average of 9 days each in order to allow substantial 

grain growth to occur. 

We find that regardless of starting grain size or the 

magnitude of deviatoric stress, polycrystalline ice de-

forming via grain boundary sliding experiences no sig-

nificant change in grain size during deformation. Sam-

ples subjected to the same temperature-time history but 

under no deviatoric stress, however, do show signifi-

cant grain growth. We conclude that the process of 

grain boundary sliding pins grain growth, although the 

mechanism by which it does so is the focus of our on-

going work.
 

Regardless of the physical process retarding grain 

growth, these results carry substantial implications on 

grain size evolution in a deforming icy shell; if grain 

size is reduced by any process, it will remain small as 

long as deformation continues within the GBS regime. 

Methodology:  Fully dense samples of pure, fine-

grained (d = 8.7-45 μm) polycrystalline ice were pre-

pared by hot pressing aggregates of controlled grain 

size at 100 MPa for two hours at 195K. Prior to hot 

pressing, our finest-grained samples (d ~ 8.7 μm) were 

additionally subjected to pressure cycles into the Ice II 

stability field (up to 250-300 MPa). Pressure was rap-

idly released, leading to nucleation of very fine Ice Ih 

grains.
[1] 

Our experiments were conducted using a computer 

controlled, servo-mechanical apparatus modified by the 

addition of a liquid nitrogen-cooled, 1-atm, ethanol-

bath cryostat. This system maintains sample tempera-

tures as low as 150K with ±0.5K stability. The appa-

ratus utilizes an extensometer to measure displacement 

between sample ends with 10
–7

 strain resolution. The 

apparatus applied constant load to the specimens, 

which was gradually increased throughout the experi-

ments to maintain constant stress by compensating for 

increasing cross-sectional area as strain accumulated. 

Experiments were conducted at 240 K under loading 

conditions reflecting a range of stresses relevant to icy 

satellite interiors (0.25 – 1.65 MPa) while remaining 

within the GBS rheological regime.
[1]

 

Experiments involved three specimens: a section of 

the starting material which was quenched in liquid ni-

trogen immediately prior to the experiment; the de-

formed sample, quenched immediately after removal 

from the cryostat; and a “thermal” sample which resid-

ed next to the deforming sample within the crystat, but 

not subjected to deviatoric stress. The latter allowed 

comparisons between samples undergoing deformation 

and those experiencing zero load but otherwise identi-

cal temperature-time conditions. Following one exper-

iment we also obtained a “growth” sample which was a 

section of the deformed sample placed back into the 

cryostat, without load, for 2 days at 240 K, to evaluate 

whether grain size pinning processes remained active 

after deformation. 

Reflected light optical microscopy was performed 

on a Leica DM2700 microscope in a –17°C cold room. 

Samples were frozen to a glass slide using droplets of 

water, planed using a microtome in the cold room, and 

allowed to etch via sublimation for 1-2 minutes. Grain 

size was then evaluated using the line intercept method, 

using a factor of 1.5 to account for viewing geometry. 

Results and Discussion: For all specimens sub-

jected to deviatoric stress – independent of initial grain 

size, length of experiment or magnitude of (non-zero) 

deviatoric stress, grain size remained constant (Table 
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1). By comparison, each un-stressed “thermal” sample 

experienced substantial grain growth. The “grow” 

sample (a section of the GVF5 deformed sample) was 

reinserted into the cryostat following deformation and 

allowed to anneal for two days; grain size grew from 

11.5 μm to 18.9 μm. 

A single experiment (AVF1: Table 1) had substan-

tially larger grains in the deformed sample than in the 

starting material (18.9 μm vs. 8.7 μm). This sample 

was left in the cryostat overnight, without load, while 

the cryostat passively warmed from 195K to 240K; the 

discrepancy in grain size is well-matched if one as-

sumes normal grain growth during this timeframe. 

Load was applied to all subsequent samples immediate-

ly upon placement into the cryostat and maintained 

throughout the period of cryostat equilibration.  

Grain size in deformed samples can be compared to 

the normal grain growth model, D
2
 − Do

2
 = Kt, where 

D is final grain size, Do initial grain size, K the grain 

growth kinetic constant, and t is time. Values of K are 

often determined by finding the slope of D
2
 − Do

2 
vs t. 

For deformed samples, this produces a nonphysical, 

negative slope. For thermal history samples, however, 

the data yield a value of K consistent with that meas-

ured for polar firn.
[5]

  

Implications for Icy Satellites: Our results suggest 

that the “field boundary” approach (e.g., De Bresser et 

al., 2001)
[6]

 provides an upper bound on the grain size 

in icy bodies undergoing viscous deformation. In the 

field boundary approach, “steady state” grain size oc-

curs when the deformation conditions (stress, tempera-

ture, and grain size) reach the point at which the rheol-

ogy switches from dislocation creep – where stress 

regulates grain size – to GBS, in which grain size re-

mains constant.  As in other materials, grain size reduc-

tion occurs in ice undergoing dislocation creep
[e.g., 7]

. In 

a convecting ice shell at stresses of 100 kPa, disloca-

tion creep at this stress would be expected to generate 

recrystallized grain size of ~1 mm.
[8]

 This grain size 

falls within the grain size-sensitive GBS creep regime 

under icy satellite conditions, indicating that disloca-

tion creep will give way to GBS as grain size is re-

duced.
[1,2]

 

In the standard field boundary model, however, 

grain size grows in the grain size-sensitive regime. 

Thus, if the stress is reduced, grain size is expected to 

increase to a new equilibrium value. Our data, howev-

er, suggest that once the grain size is sufficiently re-

duced that the ice begins to deform by GBS, the grain 

size will remain constant even if stress is further re-

duced, as long as deformation continues within the 

grain size-sensitive regime. The grain size will remain 

constant until either a) stress is removed, deactivating 

the inhibiting process and allowing normal grain 

growth to occur, b) stress falls until the deformation 

becomes basal-slip limited (i.e., not grain size-

sensitive),
[1]

 or c) stress increases sufficiently to reacti-

vate dislocation creep and further drive down the grain 

size by dynamic recrystallization. Importantly, this 

means that if grain size is locally reduced by, e.g., tec-

tonic stresses or “plastic faulting”
[9]

, grain size will 

remain small in that locale. Thus, localized defor-

mation may produce zones of weakness that persist 

until load is removed from that region of the satellite. 
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 Experiment 

Designation 

Stress 

(MPa) 

T       

(K) 

Do 

(µm) 

D 

(µm) 

DT 

(μm) 

Time 

(10
5
 s) 

  

 GVF5 0.25 240 8.7 11.5 26.2 7.88   

 AVF1 0.5 240 8.7 18.9 20.8 5.33   

 GVF3 1.0 240 25 24.4 62.1 3.35   

 GVF1 1.0 240 29.9 24.5 66.8 3.17   

 SD4 1.6 233 45 44.4 N/A 9.50   

 SD1.85-4 1.8 233 45 51 N/A 3.31   

Table 1: Conditions of experiments conducted in the GBS regime: stresses, 

temperatures, measured initial (Do) and final (D) grain sizes for deformed sam-

ples, final grain size of thermal samples (DT), and test durations (Time). 
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