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THE MECHANICAL PROPERTIES OF SINGLE CRYSTALS 
OF PURE ICE 

By S. J. J ONES * and J. W. GLEN 

(Department of Physics, University of Birmingham, Birmingham, England ) 

ABSTRACT. R esults obta ined from tensile a nd eompressive tes ts on pure ice single crysta ls at various 
tempera tures down to - go°C a re reported. At - 50°C tensile creep tests give a continually increasing creep 
rate until fracture, as observed at higher temperatures. The stress dependence of the strain-rate is discussed. 
Fracture stress increases with decreasing tempera ture. R esults from consta nt strain-ra te compressive tests are 
compared with theoretical curves computed from J ohnston's (1962) theory of di slocation multiplica tion. A 
dislocation velocity of the order of 0.5 X 10- 8 m s- ' is deduced for ice at - 50°C. 

RESUME. Les propriettfs mtfealliqlles de monoeristaux de gLace pure. L es n'sulta ts obtenus d 'essais d 'elonga tion et 
d e compression sur des monocrista ux de glace pure a tempera tures jusq u'a - go°C sont presentes. A - 50°C 
les essais de Auage par elongation donnent une vitesse de Auage croissante continue jusqu'a fracture comme 
on l'a observe a de plus hautes tempera tures . La dependa nce d e contra inte avec la vitesse d e Auage est 
di scuh~e. La contrainte de frac ture a ugmente avec la diminution de temperature. Les resulta ts d 'essa is de 
vitesse d e deforma tion sous compression constante sont compares aux courbes theoriques deduites de la 
theorie de multiplication des disloca tions de Johnston (1962) . Une vitesse de dislocation de l'ordre de 
0,5 X 10- 8 m s- ' est deduite pour la glace a - 50°C. 

ZUSAMMENFASSUNG. Die meehallisehell Eigensehajlen von EinkrislaLLen reillCll Eises. Ergebnisse von Dehnungs
und Druckversuchen an Einkristallen reinen Eises bei verschiedenen T empera turen bis zu - go°C werden 
mitgeteilt. Bei - 50°C ergaben Dehnungskriechve rsuche eine sta ndig wachsende Kriechgeschwindigkeit bis 
zum Bruch , wie es auch bei hoheren T empera turen beobachtet worden war. Die Abhangigkeit der Spannung 
von der Dehnungsgeschwindigkeit wird diskutiert. Die Bruchspannung wachst mit sinkender Temperatur. 
Ergebnisse von Druckversuchen bei konstanter Dehnungsgeschwindigkeit werden mit theoretischen Kurven 
verglichen , die nach J ohnstons (1962) Theorie der Versetzungsvervielfachung berechnet wurden. Fill' Eis bei 
- 50°C wird eine Versetzungsgeschwindigkeit in del' Grossenordnung von 0,5 X 10- 8 m s- ' abgeleitet. 

INTRODUCTION 

The present authors have presented two previous papers concerned with the mechanical 
properties of pure ice (Glen and J ones, 1967 ; J ones and G len, 1968) . This third paper 
presents further results and also summarizes the earlier results in order to present a complete 
account of the work done at the University of Birmingham between 1964 and 1967. The 
work that was done on impure ice has been separately reported (J ones and Glen, 1969) and 
is not mentioned here. 

The object of the experiments was to inves tigate the mechanical properties of ice single 
crystals at temperatures lower than had previously been attempted. A number of workers 
have conducted investigations close to the melting point, and two groups, Readey and Kingery 
(1964) and Higashi and others (1965), have made studies at various temperatures down to 
- 42 °C. The present work includes results at temperatures down to - 90°C. 

TENSILE CREE P TESTS 

The method of growth of the crystals and a description of the tensil e creep apparatus 
have been given by Glen and Jone (1967) . 

The glide direction 
All the results pertinent to this question were presented by Glen and Jones (1967) . The 

conclusion reached then was that < 1 120) is the glide direction in ice, a result which confirms 
the X -ray topographical work of Hayes and Webb (1965). 

* Present address: Inland ' '''a ters Bra nch, Depa rtment of Energy, Mines and R esources, Ottawa, Ontario, 
Canada . 
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Analysis of creep curves 
Creep curves obtained at - 50°C are shown in Figure I , in which the shear strain reso lved 

on the basal plane, as defined by Schmid and Boas ( 1950, p . 58), is plotted as a function of 
time. It is of the same form as that found at higher temperatures; a continually increasing 
creep rate is observed with no apparent strain hardening. The shape of the curves was found 
by plotting the logarithm of the strain E against the logarithm of the time t as is done in Figure 
2. In all cases the result was a straight line showing that 

E et:. t'n 

where m = I.5 ± 0.2 for shear strains between 0.3 and 4 % . Below 0.3 % m easurements of the 
strain were unreliable. Above 4 % the apparent value ofm increased , possibly due to increased 
stress in the deformed region of the crystal, and for one crys tal m equalled 2.2 between shear 
strains of 10 and 30 % . 

TIME h 

Fig. I . Creep =curves of ice single crystals diformed under various stresses at - 50°C. 

- 1iO"C 
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Fig. 2. Creep curves of Figure I plotted logarithmically. 

Since E et:. t' ' 5, it follows that ti et:. to '5 and hence ti et:. E' /3 . This being so, ti /E' /3 should be 
a constant for each crystal, the value of which depends on the resolved shear stress acting on 
the crystal. This was found to be so and since it was expected that the dependence of strain
rate on stress would be a power-law type relationship, a graph of log (ti /E' /3) against log T 
was plotted as shown in Figure 3. A straight line was fitted to these data by the method of 
least squares and i drawn on Figure 3. The equation for this line is 
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with n = 2.2 ± O.3 and T O = I 930 bar sI /2.2. However, it is possible that the data would be 
fitted better by a non-linear curve, and to test for this, a least-squares d etermination of the 
constan ts in the simple parabolic type of equation 

log (EjEI /3) = a+ b log T+ C (log T)' (3) 

was made w ith the help of the University of Birmingham Computer Services' KDF 9 com
puter. Once this had been done, the Gauss criterion, as d efined by 'Vorthing and Geffner 
(1943, p. 260) was used to determine whether the linear or non-linear fun ction was the better 

3 

- 50-C 

2 

10~------------~O~.5~-------------1~.O-----

log T 

Fig. 3. The stress dependence of the strain-rate of the crystals deformed at - jOcc. 

TIME h 

Fig . 4. Creep curves of ice single crystals deformed ul/der various stresses at - 70cC. 

fit to the experimental data. For the da ta obtained at - 50°C (Fig. 3), the non-l inear law, 
which is a lso drawn on the figure, proved to give a better fit. I t is possible that the data are 
stili better fitted with another non-linear eq uation , for example a circle or cubic parabola, 
but these were not tested since the object was primarily to show whether or not the data were 
randomly d istrib u ted about a straight line. Since now the slope of the curve is a function of 
stress, this means that in the power-law expression (Equation (2) above) 11 varies with stress 
from 1.0 at T = 1.6 bar to 4.1 at T = 6.2 bar. T he value of n reported at Sapporo (G len and 
Jones, 1967) of 4 ± I is the value obtained at the h igher stresses only. 
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All data obtained from creep tensile tests at - 60oe were reported by J ones and Glen 
(I g68) a nd so will not be repeated here. The - 60oe creep curves were ana lysed in an identical 
manner to those obta ined a t - 500e and it was again found that a para bolic term in log T 

gave a better fit to the experimenta l data than simply a straigh t line. 
The creep curves obtained at - 70oe a re shown in Figure 4 a nd their analysis is shown in 

Figures 5 and 6. In Figure 6, a straight line of slope n = 2.3 gave a better fi t to the experi
m ental data than the non-linear function. The results are summarized in T a ble I , from 
which it can be seen that m is independent of temperature. 

10 
- 70·C 

;//1/ 
0.1

1 
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TIME h 

Fig. 5. Creep curves cif Figure 4 plotted logarithmicallv. 
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Fig. 6. The stress dependence oJ the strain-rate oJ the crystals deformed at - 70DC. 

T ABLE 1. P A RA MET ERS D ET E RMINED FO R F LOW L A W 

T emperature 
DC m 11 

- 50 1.5 ± 0.2 1 at I bar 
4 at 6 bar 

- 60 I.4 ± 0.2 1 a t 2 bar 
4 a t 6 ba r 

- 70 1.6 ± 0.2 2· 3 

An attempt was made to obtain creep curves at - goOe bu t on all occasions the crys tal 
fractured before any significant strain could be detected . As discussed by Jones and Glen 
( I g68), more specimens need to be tested at this temperature before it is possible to say cate
gorically whether or not ice crystals are brittle a t - gooe. 
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Activation-energy analysis 

Details of this analysis have been given by Jones and G len (1968). It was found that 
between - lo° and - so°C the activation energy was 0.68 ± 0.04 eV (6S ±3 kJ /mol) and 
between -Soo and -90°C it was 0.4r ± 0.03 eV (40 ± 2 kJ/mol). 

FRACTU RE DATA 

When the crystals fractured about 80 % of them did so on a plane perpendicular to the 
tensile axis and very often at a point close to one of the end grips. The nominal stress applied 
to the crystal, that is, the load applied divided by the original cross-sectional area of the 
crystal rather than the resolved shear stress, was found to be the influencing factor. Tables II 
and III show results for different crystals with different values of e, the angle between the 
tensile and optic axes. At - so°C large strains were only obtained when the nominal stress 
on the crystal was about 8 bar; if this stress was around r 2 bar, fracture occurred within 
20- 30 h , after straining approximately r % . 

TABLE II. FRACTURE DATA AT - 50° AND - 60°C 

Nominal Time to Nominal strain T ensile stress 
Temperature Crystal () stress fracture at fracture at fracture 

°C bar h % bar 

- 50 VC 65 12.0 10 small 12.0 
V IIA 9 12·3 80 1.3 12·3 
VIA 46 7·9 60 20.2 9·5 
IIIB 68 12·4 55 5 12.8 
IlIA 50 8·7 70 40 12.1 

lVB 63 12.6 17 small 12.6 
IIB 68 10·7 50 1.6 10.8 
VA 52 15.8 2 0 .1 15.8 

lVC 64 9·9 40 6 10.2 
XlC 63 9·7 110 40 13.6 

-60 VIB 50 16-4 17 small 16.1 
lIC 63 17.6 170 4 18.0 
X C 61 ,6·5 17 sma ll 16·5 

XIID 66 ,8.1 17 small 18.1 
XIIE 62 9·3 100 10 10.2 

XVlAI 67 12.1 110 1.5 12·3 
XVIA2 67 17.2 25 1.2 17·4 
XVIC 64 13.0 80 1.3 ' 3. 1 
XVIB 62 14.8 48 1.0 14·9 

For very short times, however, a crystal could sustain larger stresses, for example, crystal 
VA which existed under a stress of r6 bar for 2 h . The last column of Table II shows the tensile 
stress at the moment of fracture, assuming a uniform deformation. Since it is known that the 
crystals do not deform uniformly- they normally form a " tape" or " neck"- this column can 
only give a lower limit for the true tensile stress at the moment of fracture. Thus the actual 
tensile stress acting at the tape of crystal VIA after it had strained overall by 20 % may well 
have been much larger than 9.5 bar. 

At lower temperatures the fracture stress increased as can be seen from Tables II , III and 
IV. Although this increase in fracture stress was a help in obtaining a measurable deformation 
at the lower temperatures, it was not a large enough increase to compensate entirely for the 
loss of ductility at these temperatures. 
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TABLE Ill. FRACTURE DATA AT - 70°, _ Soo AND - go°C 

Nominal Time to N ominal strain T ensile stress 
Temperature Crystal 8 stress fracture atfracture at fracture 

°C bar h % bar 

- 70 VIA 50 16·7 24 0·3 16·7 
IXB 64 15·7 240 2 16.0 
XIA 44 13·5 104 5 13·S 

XVIIAI 60 IS.6 144 2 IS.g 
XVIIA2 5S 16·3 25 0.1 16·3 
XVIIC 45 16·5 24 small 16·5 
XVIID 46 13.6 120 5 14·3 
XIXD 50 30.S 40 1.0 31.1 
XXA 62 27 .1 20 0·3 27.2 

- So XB 41 21 30 small 21.0 

- go XXC 40 35·5 40 0 35·5 
XXD 55 31.7 0 0 3I.7 
XXE 49 2S.g 35 0 2S.g 

TABLE IV. SUMMARY OF FRACTURE DATA 

M ean tensile stress 
T emperature atfracture 

°C bar 

- 50 12·5 ± 0.6 
- 60 15·2± 0.g 
- 70 Ig ± 1 
- So 21 (one specimen) 
- go 32± 2 

CONSTANT STRAIN- RATE TESTS 

The apparatus and the method of using it have been described by J ones and Glen (1968). 
Cylindrical single crystals of ice, 1.5 cm in diameter and 3 cm in length, were compressed at a 
constant speed and stress- strain curves were recorded . The angle between the optic and 
tensile axes of the crystals was always close to 45°. Various temperatures were used in the 
experiment but only one nominal strain-rate, namely 2.7 X 10- 7 S- I. 

Typical stress-strain curves obtained in the compression tests are shown in Figure 7, for 
various temperatures, as marked on the curves. In general, as can be seen from this figure, no 
work hardening occurred during the deformation after the yield stress was passed-the stress 
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....... ::::::::::::::====~ - SO ·C 
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~====;=::-:;;;:;::--:- -50·C 
- 40 ·C I - O·C 

2 8 
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Fig. 7. Stress- strain curves of pure ice single crystals obtained at strain-rate of 2.7 X IO- i s- ', and at various temperatures. 
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continued to drop at a decreasing rate even to the quite large strains (resolved shear strains of 
10 %) observed in the experiment. In one test at -70°C, however, when resolved shear strains 
of up to 18 % were observed, the stress did start to rise again at a strain of 15 % as shown in 
Figure 8. This might have been a genuine work-hardening effect or it might possibly have 
been due to distortion of the crystal at large strains. It was only observed in the one test, but 
this was also the only test that continued to such large strains, because at the strain-rate used 
4 days were needed to obtain a strain of 18 % . 

The effects of temperature and of annealing on the stress- strain curves were analysed in 
detail by J ones and Glen (1968) . 
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Fig. 8. Stress-strain curve of a crystal difoml£d at - 7oDe, showing an increase in stress at a strain of about I 8% . 

COMPUTED STRESS-STRAIN CURVES 

It was decided to analyse the stress- strain curves obtained in this experiment along the 
lines of J ohnston's (1962) theory developed for lithium fluoride . A brief reference to some 
results of this analysis was made by J ones and Glen (1968). 

LiF has a stress- strain curve like that of ice in that it has an upper yield stress followed by a 
yield drop. It differs from ice in that at moderate strains, about 1- 2 % , work hardening 
becomes very marked. This is not of importance in applying the theory to ice because the 
initial theory was formulated for the case of no work hardening and an extra term, which can 
be neglected for ice, was added later to take work hardening into account. Johnston (1962) 
was able to use the experimentally known behaviour of dislocations in LiF, as determined by 
etch pit methods, to compute stress- strain curves which fitted the experimental ones satis
factori ly. 
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The strain-rate E of a deforming crystal was given by Cottrell ( [ 953) as 

E = bY(E) v( T) 
where b is the Burgers vector of the dislocations, Y(E) is the density of dislocations, which is a 
function of the strain, and v( T) is the dislocation velocity which, at a constant temperature, is a 
function of stress. If only pure edge and pure screw dislocations are present in the crystal, 
and they move with different velocities, Equation (4) must be rewritten as 

E = b(ysvs + yeve) (5) 
where the suffix s refers to screw dislocation and the suffix e to edge dislocation. Johnston 
considered the case when Vs ~ Ve, as in LiF, and showed that Equation (3) can be simplified to 

E = 2byvs. (6) 

In LiF, the dislocation density increases linearly with strain so that with 

Y = CCE 

with Y = 10'3 dislocations/m" and the dislocation velocity is given by 

Vs = (T/D)P 
where D = 0.53 bar and p = [6.5. Thus the strain-rate is given by 

E = 2bccE( T/D) p. 

(8) 

(9) 

An experimental stress- strain curve is obtained by causing a specimen to interact with a 
testing machine. The crosshead moves at a constant speed, Se, so as to compress the crystal 
against an anvil. Part of the crosshead motion goes into the elastic strain of the deforming 
fixture and crystal, which can be thought of as an imaginary spring of force constant, K. The 
elastic displacement is ~Yel = FjK where F is the applied force. If ~Lp is the amount of 
plastic deformation of the crystal, the total crosshead displacement is 

~Y = Set = ~Yel+ ~Lp (10) 
where t is the time. The plastic strain is 

6.Lp 
E = To = (Set - F/K)/Lo. (1I ) 

The plastic strain-rate is therefore 

E = (Se - K- ' dFjdt )jLo. 

By converting the variables F and t to resolved shear stress T and crosshead displacement y 
respectively, and substituting Equations (11 ) and ( [2 ) into (9) the equation 

dT 
~ = C- B (TjD)P(CY - T) (13) 

is obtained. C is given by Kj2A, B = 2bcc jSe , and T = Fj2A where A is the cross-sectional 
area of the specimen. Equation ( [ 3) is a reformulation of the strain-rate equation (5) incor
porating the assumptions mentioned. For an initial pair of values (TO,yo) which is equivalent 
to specifying (TO, yo) where yo is the initial number of mobile dislocation present in the crystal, 
the differential equation can, in principle, be integrated to obtain the stress- strain curve that 
the testing machine should produce under the same initial conditions. This is what Johnston 
did and he obtained good agreement with LiF stress- strain curves determined experimentally. 

Unfortunately, we do not know how the individual dislocations in ice respond to stress, as 
no suitable etchant has been discovered which will show the basal dislocations. In other 
words, we do not know whether Equations (7) and (8) are valid for ice. It was decided to fit 
Equation ([ 2) to the ice data, varying the parameters, until good agreement was obtained, 
in the hope of obtaining some useful information about the dislocations in ice. Therefore, 
Equations (7) and (8) were assumed to hold for ice and the effect of varying the parameters 
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0:, D, yo and p for known K, the stiffness of the machine, and Se, the speed of compression was 
observed. Of these four parameters p is the best known since it should determine the stress 
dependence of the strain-rate of the crystals, and should therefore equal n of Equation (2). 
The effect of varying D is only to alter the scale of the stress- strain curve and does not alter 
the shape of the curve. The parameters yo and 0: are least known for ice. It was assumed that 

10 ' 
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10' 

V) 10' 
V) 
UJ 
a: 
l-
V) 

STRAIN 

Fig. 9. The e.ffect of varying Yo, the initial number of dislocations, on the computed stress- strain curves. 

V) 
(1) ... 
a: 
l
ll) 

STRAIN 

5 

4 

3 

2 

Fig. 10. The e.ffect of varying p, of Equation (8), on the computed stress-strain curves. The upper yield stress is kept constant 
by adjusting D . 

0: = Io' 3jm 2 (as in LiF) and it was found that varying 0: , like varying D, did not alter the 
shape of the curve. 

The effects of varying yo and p are shown in Figures 9 and 10. Varying Yo, keeping all the 
other parameters fixed, changes the upper yield stress but above all it alters the width of the 
peak. The effect of varying p, on the other hand, is to alter the yield drop, as seen from 
Figure 1 0, in which D has also been changed to keep the upper yield stress constant. Varying 
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p does not alter the width of the curve, so that once the correct width of the computed curve 
has been obtained by varying Yo, p can be varied to give the correct yield drop and D can be 
altered to give the correct upper yield stress. 

Such a fit is shown in Figure I I, in which the solid line is the computed curve and the 
open circles are experimental points for two crystals deformed at -so°C. The parameters 
used to fit the curve were p = 3.0, D = I 000 bar and yo = 5 X 109 dislocations/mz. The 
value of p is in reasonable agreement with the value expected from the stress dependence of 
the strain-rate of the tensile creep experiment. The number of initial mobile dislocations is a 
lot higher than that found by Johnston in LiF (c. 107) , but it may be a reasonable value for the 
method used to grow the crystals. The value of D gives a dislocation velocity of I.7 X 10- 8 

15 P 3.0 
0 1000 bar 
"I. 5 X 10t m- 2 

li 10 ° Exp. points DC 
~ 

mA 
tJl 
tJl 
w 
Cl: 
~ 5 
tJl 

2 3 

STRAIN " 

Fig. I I. A computed stress-strain curve (solid line) compared with the experimental points of two crystals deformed at - 50°C. 

m s- ' at the upper yield point, dropping to 0.21 X 10- 8 m s- ' by the time the stress has fallen 
to 6 bar. It is not surprising that the velocities are small since the strain-rate used was only 
2.7 X 10- 7 s- '. An explanation of this low dislocation velocity has been given by Glen (1968) 
based on the re-orientation of hydrogen bonds in ice. 

Recent work by Fukuda and Higashi (1969), using an X-ray topographical technique, 
has given a dislocation velocity of 10- 5 m s- ' at - 22 °C. With an activation energy ofo.68 eV, 
as measured in the present paper, a velocity of 2 X 10- 7 m s- ' at -so°C is computed from 
their value. It is difficult to know exactly the value of the stress acting on Fukuda and 
Higashi's dislocations, since their experiments were conducted in bending, but they quoted a 
value of 100 bar, in which case their experimental value is in reasonable agreement with the 
value deduced in these calculations. 
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