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Observations of pressure effects on the creep of
ice single crystals
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ABSTRACT. Experiments performed on ice single crystals oriented for basal slip
indicate that the steady-state creep rate is only marginally allected by confining
pressure up to 19 MPa, at a constant absolute temperature of 263 K. The observations
contradict earlier work at similar pressures and the disparity is examined in terms of

experimental errors,

INTRODUCTION

A series of confined compressive-creep experiments were
conducted on single erystals of pure ice in an efforl (o
establish the activation volume for hasal glide. The ul-
timate intent of the work is to use pressure effects on the
casy-glide creep rate to shed light on the physical processes
involved in the mobility of basal plane dislocations.

Since the work of Rigshy (1938 . it has generally heen
accepted that there is virtually no pressure efleet on the
casy-glide creep rate provided that the experiments are
performed at a constant  homologous temperature
Ty =T/Ty; (where T is the temperature of the experi-
ments and 7y is the pressure-sensitive melting point ).
rather than a constant absolute temperature. The
experiments described here produced a different result:
pressure had very litde eflect on the easyv-glide creep rate
at constant absolute temperature. The following sections
present a brief review of creep and pressure effects before
locusing on the experimental results and  possible
explanations for the disagreement with carlier work.

SINGLE-CRYSTAL CREEP

Butkovich and Landauer
1973, 1983

1958), Higashi (1967, 1969,

Weertman and Homer and Glen (1978

present original data, useful tabulations and analyses of

single-crystal ereep behavior. In summary, the casy-glide
creep hehavior follows a power law with observed values
of the stress exponent n rangine from 1.3 to 4.0,

depending on the experimental conditions. A value of

n 2 2is generally accepted. The activation energy Q for
creep s typically in the range of 0.6 1o 2=0.7¢V.
Experiments employing constant deformation rates
rather than constant loads produce essentially the same
values of noand Q. The latter experiments show a well-
defined peak strength followed by a sharp drop off and
give no evidence of work hardening.

Jones and Brunet (1978) found an activation energy ol

0.73 ¢V for single erystals that decreased slightly with
increasing temperature. Upon careful analysis. consider-
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ing temperature eflects on the modulus, Homer and Glen
(1978) determined that the activation energy for casy
glide increases monotonically and rather slightly as
temperature increases, and noted that both the activ-
ation cnergy and the stress exponent are .Hll'(‘HH-(l(‘})(‘]](I(’]]l
n=2.0 lor stresses below 2.0MPa, and n = 2.5 for
higher stresses; Q@ = 0.67 eV for stresses ahove 2.0 MPa
and Q = 0.61 eV for lower stresses

PRESSURE EFFECTS ON CREEP
Single crystals

Rigshy (1958 performed the first conlined-creep experi-
ments on ice single crystals 1o address concerns amongest
glaciologists regarding the behavior of ice at the bottom of
thick ice sheets. He performed  experiments at shear
stresses ol approximately 0.256 and 0.368 MPa  at
20°C, ai either

atmospheric pressure or approximately 30 MPa. Afier
| I Pl )

temperatures ranging from 1 to

linding that the deformation rate at constant T' increased
with conlining pressure. he conducted an experiment in
which the temperature was lowered appropriately o
maintain the specimen at a constant number of deerces
below the pressure-sensitive melting point Ty, The vesults
led 1o the conclusion that with such compensation for the
pressure elleet on the melting temperature, the basal
creep rate was essentially independent of pressure for the
stated conditions. Interestingly. this result was cantrary to
the expectations of many at that time. Rigshy cautioned
that the reported strain rates were averages (for intervals
before and after the pressure and temperature changes
and that the ice was not in steady-state creep.

Polycrystalline ice

Although the rate-controlling processes in polyerystalline
ice are expected to be different from those in single-cryvstal
ice, a briel review provides some useful insight and
illustrates the extent to which pressure corrections have
been applied to ereep data.
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Haefeli and others (1968) observed decelerating creep
throughout tests performed at very low ereep-stress levels,
and found that a pressure of 29.5 MPa brought about an
approximately 30% decrease in strain rate when the
temperature was lowered 1o account for the pressure-
melting effect. Jones and Chew (1983) performed creep
experiments on polyerystalline ice up to 60 MPa, T=

9.6°C, and Geep = 0.47 MPa. Temperature was not
adjusted downward to compensate for the pressure eflect
on Ty, Jones and Chew observed that the creep rate
decreased slightly for pressures up to approximately
15MPa, and

30 MPa. Averaging values of strain rate for a number ol

increased for pressures greater than

specimens, they arrived at activation volumes of
3.9% 10 "m*mol " and 5.3 % 10 >m* mol ', for the low-
and high-pressure regions, respectively.

One specimen tested at several pressure levels (in fig. 2
of Jones and Chew (1983)) exhibited a significantly lower
activation volume on its first pressure cyele, esimated by
the present author to be approximately 2 x 10 “m* mol ',
which is close to the value of 4.1x 10 *m?mol ' for the
dielectric relaxation process in ice (Taubenberger and
others, 1973). This particular measurement eliminates the
specimen variability effects which could easily over-
shadow or distort a slight pressure effect.

Mizuno (1992) presented the results of confined-creep
experiments performed at temperatures of -0.8° to —2.3°C
and pressures up to 35 MPa. That work indicated a slight
increase in the high-temperature creep rate with pressure,
when pressure-melting effects were not considered.
However, when the results were interpreted in terms of
the homologous temperature, a decrease in strain rate by
a factor of 1.5 2 was associated with the pressure change,
along with a slight increase in activation energy above
Ty = 0.985. At lower temperatures, there was a minimal
pressure effect on the creep rate, in accord with Jones and
Chew (1983).

EXPERIMENTAL DETAILS

The present experiments employed a patented test fixture
with the unique feature of a pressure-activated loading
piston mounted within the confining chamber (Fig. 1). A
complete description of the cell. along with details of the
hydraulic and electrical systems, specimen preparation,
calibration, data reduction and analysis are given elsewhere
(Cole, 1992, in press). For the specimen length and range of
the displacement gauge employed, the precision of the
strain measurement was 2% 10 °, The pressure vessel was
placed in an insulated tank containing a mixture of ethylene
glycol and water, with temperature control provided by a
refrigerated circulating bath. The system was located in a
cold room maintaining an average temperature of 8.5°C.
As a result of the mass of the tank and cell, the interior
temperature of the cell was very stable.

The test specimens were taken [rom material grown in
bulk from seed crystals. The process used degassed and
distilled water frozen at a rate of approximately 30 mmd S
Rough-cut specimens were taken with basal planes
oriented at 45° to the eventual axis of loading and
subsequently finished to diameter using a warm-die
extrusion method.
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Fig. 1. The confined-creep cell.

RESULTS

Table 1 summarizes the experimental results. For the
data points over which the strain-rate measurements were
made. the nominal stress levels were maintained with a
standard deviation of +3kPa or less for specimens SC-1
and -2, and generally within £ 1 kPa for specimen SC-4.
The strain interval indicates the creep strains over which
the specimen experienced the nominal stress. In general,
the reported strain rate was determined over the part of
the strain interval for which the stress control was most
consistent. The exception was test 27JAN2 on specimen
§C-2, for which the average stress was 0.20140.03 kPa.
The lack of good stress control is reflected in the high
standard deviation of the strain rate.

In the following plots, the stress level appearing under
the specimen number indicates the conlining pressure for
all the data in a given figure. The stress levels appearing
next to the plotted data indicate the axial compressive
creep stresses. Figure 2 demonstrates a typical steady-state
responsc at atmospheric pressure before and alter a change
in the creep stress, Each part of the curve is linear in a
macroscopic sense, although noise in the delormation
measurement systems caused point-to-point scatter. The
symbols indicate actual data points, and the solid line in
the expanded region is the result of the smoothing routine.

Figure 3 illustrates the behavior of a specimen
subjected 1o a sequence of application and removal of a
0.2 MPa creep stress. Upon reapplication of the stress, the
strain rate resumes its previous trajectory within approxi-
mately 0.001 strain. The initial decreasing strain rate in
the individual segments has been omitted from this plot.

The steady-state response for specimen SC-1 at several
pressure levels is plotted in Figure 4. This specimen
appears to exhibit steady-state behavior only at the very
end of the atmospheric-pressure test performed just prior
to the 14.1 MPa pressurization. However, it is clear from
Figure 4b that the specimen essentially began the
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Fig. 2. "Dypical response to a decrease in the creep stress
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variable. causing very slight decreases in strain rate in

most cases, vet with shight increases found for SC-1, The
0.15 MPa ercep-stress level shows a gradual increase over

the full pressure range. The same specimen under the 0.20

MPa creep-stress level shows o decrease over the pressure
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Table 1. Summary of confined-creep experiments

Cole: Creep of ice single crystals

Specimen Test No. s oy G éreep Strain interval g San
@ MPa MPa (' 10%) (%10°% ! (%10
Sl 29JAN3 —9.57 0 0.20 0 0.497 - 0.10
30JAN1 -9.64 0 0.20 0.484 1.530 1.47
30JANS -9.56 13.8 0.20 1510 2.170 1.43
31JANI -9.51 14.1 0.20 2,027 2.551
IFEBI 9.67 14.1 0.20 3.387 4.696 1.64
2FEBI 9.72 0 0.20 1609 6.105 2.3940.003 3.81
3FEBI 9.66 14.0 0.20 5.724 6.005 2.36+0.01
QL L 6.063 6.451 1.43+0.01 1.34
3FEBI —-9.61 19.1 0.20 6.671 7.081 2.55140.01 :
0.15 7.141 7411 1.46+0.03 5]
5FEB4 9.62 0 0.20 7.143 7.537 2.37+0.03
-9.52 0 0.15 7.558 7.806 1.384+0.01 1.64
SC-2 4JANI 5.0 0 0.30 0 0.501 0.18
15JANI —9.77 0 0.33 0.483 1.633 0.26
2FEBI -9.72 0 0.20 4.609 6.105 2.394+0.003
153JAN2 -9.77 0 0.33 1.607 1.941 0.21
17JAN2 9.67 6.9 0.20 4.110 L.670 =
26JANI Q.77 35 0.30 6.104 6.440 =
26JAN2 9.65> S5 0.20 6.760 7.030 1.5240.03 1.30
27JAN1 9.8 0 0.20 6.910 7.628 1.88+0.02
27JAN2 9.73 6.9 0.20 8.294 9.185 1.39+0.02 0.80
SC-4 6FEBI 9.66 0 0.30 0 0.397
0.20 0.437 0.788 1.71
7FEBI —9.69 0 0.20 0.942 1.429 —
0.5 1.450 1.726 — 1.50
8FEB2 9.58 0 0.20 1.799 2.327 0.50
8FEB3 9.61 0 0.20 2.289 2.696 0.60
SIEB4 9.63 0 0.20 2.651 2.962 2.0840.02
Q.15 3.004 3.272 1.33+0.03 0.59
10FEB2 9.67 0 0.20 3.016 3.454 2.08+0.01 =
Q.15 gl 3728 1.42+40.02 L
10FEB3 —G52 0 0.15 3.595 3.810 1.4840.02 0.59
11FEB2 9.66 18.3 0.20 3.799 4,338 2.10
1 IFEBG 9.60 18.3 0.20 4,437 5.412 2.77+0.03
11 FEB7 9.60 18.3 0.15 3.485 6.029 1.74+0.02 4,12
12FEBI -9.63 0 0.20 5216 5.678 2.80+0.01
0 0.15 5.733 6.116 1.7740.03 3.40

14.1 MPa experiment in steady state. This, and the fact
that this specimen acquired very nearly the same strain
rate in the final test at atmospheric pressure, indicates
that it was in steady state for the entire period. Figure 4a
also presents unfiltered values of the creep stress. The
ability to control the creep stress improved with
experience, and the variability in the latter part of the
data in Iigure 4a may be considered an average
performance. Subsequent plots include the creep stress
when it helps to explain variations in the strain-rate data.

Specimen SC-1 experienced no stresses that were
significantly higher than the intended level during this
pressurization sequence. As a consequence, its dislocation
density remained relatively constant, as evidenced by the
fact that after pressurization the strain rate returned
essentially to its initial steady-state value. The steady-
state strain rates observed in these experiments all fall well
within the expected limits of single-crystal behavior, as
summarized by Duval and others (1983), for the
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prevailing stress and temperature.

Specimen SC-4 experienced a briel accidental over-
load during one of its high-pressure runs and this is
believed to be why the strain rate does not return o its
initial value during the final atmospheric-pressure test. As
the overload occurred early in the high-pressure test, a
relatively constant dislocation structure is believed to
apply for the steady-state strain rates at 18.3 MPa and
those of the final atmospheric-pressure test. Figure 5
shows plots of strain rate and creep stress in some cases, vs
strain for specimen SC-4.

The results of experiments on specimens SC-1 and -4
cover the widest pressure range and thus ofler the best
opportunity to expose a pressure effect. The stability of
the temperature and stress levels for tests on those two
specimens was considerably better than on SC-2, which
was the first to be tested.

The steady-state strain rates are plotted as a function
of pressure in Figure 6. The effects of pressure are

7l
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Fig. 5. Experimental vesulls for specimen SC-4. (a)
Straining al almospheric pressure. Nole thal the strain rate
Jor the 015 MPa creep stress is inereasing slightly. (b)
Steadv-state creep at 18.3 MPa confining pressure and
0.20 MPa creep stress. (¢) Final st atning al almospheric
pressuie.

increment to 14 MPa, followed by an increase for the next

pressure increment to 19.1 MPa. With the exception of

SC-2, the decreases in strain rate amount to 1-2%. and

are thus of the same maenitude as the coellicient of

variation associated with the strain-rate calculations. The
temperature variations during steady-state creep have a
~+0.04 ¢, and calculations
indicate (Cole, in press) that this has no significant impact

low standard deviation

on the results.

The anelastic strain values, taken as the total strain
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Fig. 6. Steady-state creep rate as a_function of pressure.

recovered in time alter removal of the creep stress less the
elastic strain, ranged from 0.8 % 10 * to 4.1 x 10 ",

The specimens developed well-defined slip bands (Fig.
7a) as expected for the 457 orientation of the basal planes
to the stress axis. Thin sections (Fig. 7h) rvevealed
evidence of slip lines in the crystals commensurate with
the macroscopic deformations. When allowed to etch in
the cold-room atmosphere for a period of time, the
microtomed and polished surfaces of the sections devel-
oped rows ol etch pits along the slip lines with spacing of
approximately | mm,

DISCUSSION

The salient features of the confined-creep experiments
may be summarized as [ollows:

Lo After a very briel wansient period, the strain rate
increased to a steady-state value.

2. Steady-state creep was quickly reestablished  after
removal and reapplication of the creep stress.

At constant absolute temperature, slight  pressure
eflfects that were variable with FESPect Lo sign were
observed over the pressure range 0 19,1 MPa. No

gross changes in steady-state creep rate occurred.

The first two ol these observations are important in
establishing the validity of the experimental procedures.
The essential aspects ol single-crystal behavior evident in
the present experiments are in agreement with the
observations in the literature on compressive creep. On
the other hand. the shear experiments performed by
Rigshy (1938) exhibited either a continuous increase or
decrease in strain rate. Ttis possible that the double shear
device employed in that work in some way inflluenced the
observations, as discussed  below. Rigshy’s method of
unloading the specimen during periods of pressure change
and temperature equilibration proved effective in the
present study.

The fact that no gross change in strain rate occurred
over the pressures studied stands in contrast 1o Rigshy's
observations on single crystals. The strain rates at
constant temperature in those experiments increased by
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a [actor of 1.5 2 for a pressure change of =~ 30 M Pa, at
temperatures both higher and lower than in the present
work. An effect of this magnitude would have been easily
detected at the pressures emploved in the present
experiments. Two possible explanations for this critical
difference in behavior are now examined,

Rigsby’s deformation readings included contributions
of the coarsely serrated interface between both parts of
the shear specimen and its brass mount. Stress concentra-
tions associated with this geometry, and with the order-of-
magnitude difference hetween the bulk modulus ol ice
and that of the brass fixture, would result in an enhanced
creep rate for the interfacial region. The contribution of
this region to the measured deformation might also
increase significantly at higher pressures and for
temperatures close to the melting point. Additionally,
the inability of the specimens to achieve steady-state creep
in those experiments must call into question the validity of
the experimental technigue.

As noted. Rigsby attributed the observed increase in
strain rate with pressure to the fact that the melting point
decreases with pressure. (The relationship between
pressure and the change in the melting point is
OT = 0.074°C MPa ' (Hobbs, 1974). By keeping the

homologous temperature constant, he found that the

https://doi.org/1 b.2189/50022143000030628 Published online by Cambridge University Press

Fig. 7. Photographs of specimen SC-2 after straining.
Initial dimensions of the specimen were 50 mm diamelei
and 127 mm length. (a) View showing the surface steps
indicalive of the orientation of the basal planes. (b) Thin
section viewed under crossed polarizers illustrating slip

lines.

strain rate was virtually unaffected by a conlinement
change from | to 27.4 MPa. It was thus concluded that
the only effect of pressure on creep rate was through is
effect on the homologous temperature. With one excep-
tion (Jones and Chew, 1983), this approach has been
taken in the analysis of other confined-creep experiments
on ice. Interestingly, it has been employed despite the fact
that the more recent work on polverystalline ice at lower
temperatures (as discussed above) indicates that there is a
minimal effect on creep rate for pressures below 35 MPa.
In such cases, performing experiments at constant
homologous temperature results in creep rates that
decrease with pressure. The maximum pressure of
19.1 MPa in the present study, for example, depresses
the melting point by 1.41°C, increasing the homologous
temperature from 0.9645 to 0.9695. Arguing that the
homologous temperature should be held constant implies
that the elevated pressure actually decreased the strain
rate by ~17% (calculated by considering AT = 1.41°C
with @ = 0.7eV).

There are two factors which weaken the case for
applying the melting-point correction indiscriminately.
First, the present findings and the results for polycrystal-
line ice at pressures below 35MPa show no significant

pressure eflects at temperatures near 107C and below.
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Secondly, the effects observed in this pressure range. but
at higher temperatures, are variable, with their magni-
tude increasing with proximity to the melting point.
Thus, pressures up to 35 MPa are capable of aceelerating
creep only at temperatures very close to the melting point.
The first of these factors obviates the need for applying
the pressure-melting interpretation in cases where the
creep rate does not increase significantly with pressure. As
usually applied o creep-test resulis, the pressure-melting
argument indicates that the effect of pressure is
independent of temperature, and thus offers no explana-
tion for the variable pressure cffects.

[t remains 1o be shown experimentally what effect
higher pressures will have on the easy-glide ereep rate. It
was not possible to examine behavior at substantially

higher pressures with the system employed in the present

experiments. The system’s design pressure of 20 MPa was
based on indications in the literature that, unfortunately,
were very misleading as a consequence of experimental
artifacts.

The potential importance ol praton rearrangement in
the dislocation-glide process has been recognized since the
work of Weertman (1963), and the observed pressure
effects are now examined in that regard. The maximum
pressure applied in the creep experiments would produce
at best a 4% reduction in the creep rate il proton
rearrangement alone controlled dislocation motion. Of the
two most reliable creep experiments, one indicates
increases ol 8.6% and 5.8% for the steady-state creep
rate while the other indicates decreases of 1% and 1.7%
for ereep-stress levels of 0.20 and 0.15 MPa., respectively,
and approximately the same pressure change. Given the
relatively minor pressure effects observed, the inherent
scatter in creep-rate. measurements, and the relatively
weak pressure eflfeet expected from a drag mechanism
based on proton rearrangement. the importance of that
mechanism can be neither confirmed nor eliminated on the
basis of the experimental findings. [t is clear, however, that
carcfully performed experiments at much higher pressures
are required to use pressure effects as a link between basal
dislocation creep and proton rearrangement.

SUMMARY AND CONCLUSIONS

The creep experiments on single erystals oriented for casy
glide were performed at -9.6"C, and under pressures o up
to 19.1 MPa. The crystals exhibited steady-state creep

after straining several per cent, at which point a series of

tests was performed at clevated pressure.

For the prevailing experimental conditions. the
pressure effect at constant absolute temperature on the
casy-glide creep rate was small, with mixed indications as
to its sign. Although firm conclusions cannot be drawn
regarding the activation volume associated with easy
glide. the results do not support the indications in carly
work to the eflect that strain rate increases significantly
with pressure at all temperatures unless adjusted for the
ellect of pressure on the melting paint,

Cole: Creep of ice single crystals

The evidence of a small pressure effect, coupled with
the inherent variability in creep behavior, indicates the
need for experiments at much higher pressures to establish
the activation volume for easy-glide creep in ice.
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