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Activation Energy for Creep of Columnar-Grained Ice 

L. W. GOLD 

Division of Building Research, National Research Council of Canada, Ottawa 

The apparent activation energy for creep of columnar-grained ice subjected to a compressive stress of 
9.8 x 104 N m-2 (l kgf/cm2) is found to be 15.5 kcal mole- ' from measurements made on a single specimen 
over the temperature range —5 °C to —40 'C. The analysis indicates that the deformation is controlled by 
diffusion processes, and that the difference between the measured activation energy and that for self-
diffusion in ice can be explained by the temperature dependence of Young's modulus. 

1. Introduction 

Investigations by Higashi et al.,' Jones and Glen,' 
and Muguruma3 indicate that the activation energy 
for the time-dependent deformation of single crys-
tals of ice at temperatures within 50 C degrees of 
their melting point is about the same as that for self-
diffusion. Similar behavior has been observed by 
Muguruma3 and Gold4 for polycrystalline ice, sug-
gesting that the deformation is controlled by the dif-
fusion process. This conclusion is based, in part, on 
the equality that has been observed for several 
materials between the activation energy for creep at 
high temperatures and the activation energy for self-
diffusion.' 

Several theoretical expressions have been sug-
gested for relating strain rate to temperature and 
stress when the temperature is greater than about 
0.57',„ where T rn is the melting temperature in ab-
solute degrees. A form that may be appropriate 
for ice for relatively low stress is the following 
given by Weertman:6

= AD Or) 
kT 1' 

(1) 

where E is the strain rate, u is the stress, D = Do
exp(—Qd/kT) is the coefficient of self-diffusion, 
Qd is the activation energy for self-diffusion, 
k is Boltzmann's constant, E is Young's modulus, 
SI is the atomic volume, T is the absolute tempera-
ture, and ,4 and m are constants. Ramseier7 found 
good agreement between his observations on 
granular ice and the expression 

= BD(al E)", (2) 

where B and n are constants. 
If the stress is sufficiently small, m in Eq. (1) may 

be zero, and the equation has the same form as that 
developed by Nabarro8 and Herring9 for creep due 
only to the diffusion of vacancies. In this case the 
strain rate is proportional to the stress. No experi-
ments have been carried out for a sufficiently long 
period of time to demonstrate that ice will undergo 

Nabarro-Herring creep, but observations indicate 
that if it does the stress must be less than about 5 x 
104 N m-2 (0.5 kgf cm-2). 

Observations were undertaken on the creep of 
polycrystalline ice under a load of 9.8 x 104 N m-2
(1 kgf cm-2 ) to obtain information on the apparent 
activation energy and possible deformation mechan-
isms that occur at low stress levels. The ice used was 
columnar-grained with a bias in the crystallographic 
orientation of the grains. Preliminary results of this 
investigation are presented in this paper. 

2. Description of Ice and Test Arrangements 

The ice was grown by a method'° that produces 
a columnar-grained structure for which there is a 
marked preference for the axis of crystallographic 
symmetry in each grain to lie in the plane perpen-
dicular to the long direction of the columns. The pro-
jection of the axes on that plane had a random orien-
tation. 

A specimen 5 by 10 by 25 cm3 was machined from 
the ice in such a way that the 10 by 25 cm 2 face was 
perpendicular to the long direction of the columnar 
grains. The average grain size increased gradually in 
the direction of freezing, and its value perpendicular 
to the long direction of the grains ranged from about 
0.14 cm2 per grain to 0.30 cm' per grain. No steps 
were taken to purify the water, except to deaerate it 
before freezing. Its electrical conductivity prior to 
freezing was about 137 µmho. 

A simple lever apparatus was used to apply a con-
stant compressive load of 9.8 x 104 N m-' to the 5 
by 10cm2 face (i.e. perpendicular to the long direc-
tion of the columns). Earlier work by Gold" had 
shown that when this type of ice is subjected to this 
condition of load the deformation is essentially two-
dimensional, with no significant creep strain in the 
long direction of the columnar grains. Strain was 
determined by measuring the movement between 
the upper and lower loading plates by means of two 
dial gauges mounted on either side of the specimen. 

Physics and Chemistry of Ice, Ed.. E. Whalley, S. J. Jones, and L. W. Gold, Royal Socicty of Canada, 011aWa. 1973. 
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FIG. I . Plot of log 71 against I/T. 

Observations of the strain rate were made on one 
specimen at temperatures of -5, -10, -15, -20, 
-30, and -40 'C. The test has run for a period of 
almost four years, and is still in progress at the time 
of writing. Total strain is at present a little over 2 per 
cent. The experiment is being carried out in a cold 
room in which each temperature setting could be 
maintained to within ±0.2 C degrees. The specimen 
was wrapped in polyvinyl fi lm to prevent sublima-
tion during the test period. 

3. Results and Analysis 

The observations show that the creep rate 
increases initially with time and subsequently 
decreases. the maximum occurring at a strain of 
0.35%. This behavior is similar to that observed by 
Gold" for the same type of ice and larger stress, and 
indicates that the deformation is not controlled by 
the Nabarro-Herring process. It is assumed that the 
secondary creep rate is described by Eq. ( I). 

About 1.7% of the more than 2% strain imposed 
on the specimen took place at the temperature of 
-10 'C. The largest amount of strain that occurred 
at one time at that temperature was about 0.5%. 

4 . 2 4 .3.10-3

When the total strain exceeded 0.65%, it was 
observed that the change in strain rate with strain at 
-10 CC was relatively small. For each test tempera-
ture, the strain rate was constant to within the accu-
racy of the measurements for strains up to about 
0.2%. Strain rates were determined for this interval 
of strain or smaller. 

The value of Tj K s- ' was calculated for each 
interval for which the total strain of the specimen 
was greater than 0.65%. Log 7-1 was plotted against 
11T (Fig. 1). The plotted points indicate a linear rela-
tion, the least squares estimate being 

TE = 3.8 x 105 exp (-7.82 x I03/T). 

Figure 1 and Eq. (3) indicate that 

0(ln Tš)/8(1/T ) -7.82 x 103 K, (4) 

which gives an apparent activation energy of 15.5 
kcal mole- ' . From Eq. (1) 

0(ln Qd mT2 dE 

@(1IT ) 1 c E dT • 

Ramseier'' found that 0, = 0.62 eV (14.3 kcal 
mole- ') from measurements of the self-diffusion 

(3) 

(5) 
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of tritium in ice monocrystals. This gives 0,,lk 
7.20 x 103 K. Comparing Eq. (4) with Eq. (5) gives 

mT2 dE 
=  

E dT 
-0.62 x 103 K = const 

or, for the temperature range of the observations, 

E = E, exp 
(0.62 AT \ 

m TI T!' 

(6) 

(7) 

where E, is Young's modulus at temperature T, and 
AT = (T, - T). From Eq. (7) 

0.62 x 103 AT 
m  

In (EIE1) T1T' 

Young's modulus of columnar-grained ice has a 
significant dependence on temperature over the tem-
perature range 0 to -40 CC. From Gold,' 3 E = 5.7 x 
109 N m-2 for T = 273.2 K and 8.3 x 109 N m-2 for 
T = 233.2 K. Using this information to solve for In 
in Eq. (8)gives 

m = 1.04. 

(8) 

4. Discussion 

It is probable that for low stress ( <5 x 104 N m-2) 
the strain rate of columnar-grained ice is directly 
proportional to the stress, whereas in the stress 
range of 3 x 105 to 10K N m-2 it is proportional to 
stress raised to a power of between 3 and 44 . A stress 
of 9.8 x 104 N m-= is, therefore, probably in a transi-
tional region so that a value of about 1 for in, which 6. 
according to Eq. ( ) gives a value of about 2 for the 
stress exponent, is not unreasonable. 

The analysis has indicated the possible significant 
influence that a temperature-dependent Young's 8. 
modulus has on the apparent activation energy for 
time-dependent deformation of polycrystalline ice. 
Ramseier7 has also shown this effect for granular-
type ice using Eq. (2) as the basis for analysis. The 
observations available are not adequate for deter-

mining which, if either, is the correct form. lf defor-
mation is controlled, however, by the climb of dislo-
cations by the diffusion process, the equation for 
strain rate should include a stress effect on the diffu-
sion coefficient. This is approximated at small stress 
by the term uSlIkT in Eq. (1). 

5. Conclusion 

Observations on the creep of columnar-grained 
ice due to a compressive stress of 9.8 x 104 N m-2
indicate that deformation is controlled by a diffusion 
process probably associated with the climb of dislo-
cations out of their glide planes. The difference 
between the observed apparent activation energy of 
15.5 kcal mole- ' and that associated with self-
diffusion may be explained by the temperature 
dependence of Young's modulus. 

This paper is a contribution from the Division of Building 
Research, National Research Council of Canada, and is 
published with the approval of the director of the division. 
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