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ABSTRACT. Laboratory-grown single crystals, both pure and HF-doped, and pure polycrystals of ice, 
as well as natural, columnar-grained ice from the River Si Lawrence, have been deformed in uniaxial com
pression at 77 K at strain-rates between t o - ' and io~3 s_ ! . Britdc fracture was observed, with stress-strain 
curves similar to those found for rocks at room temperature. The first cracks appeared at low stresses, 
510.3 MN m - 1 , in agreement with theory, but the failure or fracture stress was high « s o MN m - a . The 
ratio of experimental to theoretical strength was o.a8. H F doping of the single crystals had no effect at this 
temperature. 

RESUME. Fracliirabiliti de la glace A 77 K. Des monocristaux de laboratoire, purs et dopes a l'acide fluor-
hydrique, des polycristaux de glace pure ainsi que de glace colonnaire provenant de le fieuve du St-Laurcnt 
ont ili soumis 4 une deformation par compression umaxiale a. 77 K a des vitcsses de deformation de t o - ' & 
io_> s''. Des cassures ont i te observdes avec une courbe effort-deformation semblable a celles que Ton 
observe pour des roches aux temperatures ambiantes. Les premieres fissures apparaissent pour de faibles. 
efforts, s s o ^ M N m - * , conformement a la thiorie mais les contraintes de rupture etaient importantes 
as 50 M N m - 1 le rapport entre les resistances experimentale et thiorique etait de 0,a8. Le dopage a l'acide 
fluorhydrique d'un monocristal n'a pas d'effet a cette temperature. 

ZUSAMMENFASSUNG. Sprodti Brack des Eises bei jy K. Im Labor hergestellte Einkristalle, teila rein, teils 
HF-lackiert, rcine Mehrfachkristalle von Eis, aber auch natiirliches, saulenformig gekorntes Eis aus dem 
St Lawrence-Strom wurden durch cinachsige Kompression mit Spannungsraten zwischen iO"J und to"3 s_ l 

bei 77 K deformiert. Dabei waren sprode Bruche zu beobachten, deren Last-Spannungskurven jenen fur 
Fels bei Zimmertemperatur ahnlich sind. Die ersten Spriinge traten bei niedrigen Spannungen von elwa 
0,3 MN m~» auf, was mit der Theorie (lbereinstimmt, aber die Bruchspannung war mit ctwa go MN m - 1 

sehr hoch. Das Verhaltnis zwischen experimenteller und iheoretischer Festigkeit betrug 0,28. HF-Lackierung 
der Einkristalle hatte bei dieser Temperatur keinen Einfluss. 

i . I N T R O D U C T I O N 

The mechanical properties of ice have been studied by many workers (see Weertman (1973) 

for a review and bibliography) but always at temperatures close to the melting point. To 

date, the lowest temperature at which anyone has reported results (Jones and Glen , io,6o,[b]) 

is —90° C or 0.67 Tm, where T m is the absolute temperature of the melting point, and these 

results were for single crystals only. The bulk of the work has been done at T ^ o.gTn,. 

The reasons for this are obvious: natural ice exists at these temperatures; such temperatures 

are easy to produce in the laboratory; and, because the creep rate of ice decreases exponen

tially with temperature, experiments on the creep of ice at low temperatures take a very long 

time. However, for comparison with other materials it is necessary to cover a wide range of 

temperatures, and so we started this study of the mechanical properties of ice at liquid 

nitrogen temperature, 77 K or o.28Tm. 

2. SAMPLE PREPARATION 

We have used both single crystals and polycrystals grown artificially, and also natural ice 

from the River St Lawrence. 

All the artificial ice samples were grown from water which had been de-ionized, micropore-

filtered and double distilled in quartz. The single crystals were grown by a method previously 

described (Glen and Jones, 1967) which yielded air-free cylindrical single crystals 32 mm in 

diameter and about 115 mm long. The e-axis was usually at 450 to the cylinder axis, and was 

determined for each sample by a polarized light technique. Single crystals of HF-doped ice 

were grown using water to which 100 ppm of hydrofluoric acid had been added. The resulting 

concentration of HF in the ice was 10-20 ppm. 
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Polycrystalline ice was grown inside a cold, stainless steel tube which had been de-greased, 
cleaned and rinsed in de-ionized water, by first filling it with finely sieved natural snow crystals, 
evacuating all air, and then filling with cold water (Glen and Perutz, 1954). The natural snow 
was collected from a field 12 miles (19 km) outside Ottawa. The resulting ice was equiaxed 
and randomly polycrystalline, with a grain diameter of about 1.5 mm. 

The single and polycrystalline samples were taken from their tubes and machined into 
cylindrical test specimens which were 18-20 mm in diameter and about 85 mm in length. 
The two flat ends were then frozen into stainless-steel end caps. The specimen length between 
the end caps was about 65 mm. 

Natural ice was obtained from the River St Lawrence in the form of cores 150 mm dia
meter and 0.6 m long. We used clear, columnar-grained ice with few air bubbles. The 
grains were large, as 20-40 mm, and cylindrical samples were machined out of the cores with 
their cylinder axes parallel to the growth direction. The e-axes of the grains were aligned 
preferentially at right angles to the cylinder axes. Natural ice specimens were generally 
bicrystals or tricrystals. 

3. EXPERIMENTAL PROCEDURE 

The tests were done in uniaxial compression, at a constant strain-rate, on an Instron model 
1116 testing machine. A special jig was designed, shown in Figure 1, which allowed a sample 
A to be immersed in liquid nitrogen contained in a dewar B, and compressed by the platen c. 
This platen is connected to the Instron load cell. A specimen was lowered slowly into the 

_a_ 

Fig. 1. Diagram of the jig that was designed for testing ia at 77 K using a model 1116 Instron machine. 
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liquid nitrogen at a rate of about 5 mm per minute to avoid cracking due to thermal shock. 
Once immersed, a specimen was allowed to equilibrate at 77 K for about 15 min. 

The strain-rates used for the tests were between io~sand io~3 s-1. The load was measured 
by a load cell installed in the Instron and the amount of deformation was deduced from the 
known strain-rate and the time. 

The measured elastic deformation of the machine determined in a "dummy run" without 
a sample was subtracted from the deformation measured in a test and the result AL converted 
to strain « by 

Fig. 2. Typical stress-strain ctnvts obtained for various samples oj'ice at yy K; # polycrystaUine sample; X, O single crystals; 
+ HF-doped single crystal; • 51 Lawrence river ice. 
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where L„ was the original specimen length. The load F was converted to stress a using the 
equation 

where A0 was the original cross-sectional area of the specimen. For single crystals the load 
and strain were not resolved along the basal plane because basal slip did not occur at 77 K. 

4. RESULTS 

(a) Stress—strain curves 

Typical stress-strain curves obtained are shown in Figure 2. At first the stress increased 
slowly and then, at a strain of the order of 0.5%, it increased much more rapidly and linearly 
until an explosive fracture occurred. 

The stress—strain curves shown in Figure 2 are similar in shape to those found in rocks at 
room temperature (Hawkes and Mellor, 1970, p. 201) where there is an initial "stiffening" of 
the sample with increasing stress followed by a linear elastic region. At stresses approaching 
the strength of the ice (or rock), the slope of the stress-strain curve decreases until the un-
confined compressive strength is reached. For such materials one cannot define an 
unambiguous Young's modulus E since the stress-strain curve is non-linear. However, by 
measuring the slope of the curve we obtained the "tangent modulus" and this is shown for 
several samples as a function of stress in Figure 3. The maximum value of the tangent modulus 
was 1 X io - 4 M N m - 2 for pure polycrystafline ice and 1.6 X io - 4 MN m - 2 for pure and HF-
doped single crystals. These agree well with the value of E calculated at 77 K from Dantl's 

60 80 IOC 
STRESS/ MNm-2 

Fig' 3- Tangent modulus for various samples plotted as a function of stress; O , O . > < > + > • P<f* single crystals; • , <> 
HF-doped single crystals; Z, H St Lawrence riser ice, • pofycryslatlint ice. 
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(1968) e q u a t i o n s of 1.0 x i o - 4 M N m.- 1 a n d show t h a t t h e l i n e a r r e g i o n of t h e s t ress - s t ra in 

c u r v e is p u r e l y e las t ic . F o r t h e n a t u r a l ice f rom the JRriver S t L a w r e n c e , t h e m o d u l u s was 

found to v a r y a l m o s t l i n e a r l y w i t h stress a n d a m a x i m u m v a l u e w a s n o t o b t a i n e d . 

( b ) Failure 

U p o n fa i lure t he s a m p l e b r o k e a b r u p t l y w i t h a n explos ive noise . T h i s exp los ion w a s 

p r o b a b l y n o t a n i n h e r e n t p r o p e r t y of t h e ice b u t w a s d u e to a n insufficiently " h a r d " tes t ing 

m a c h i n e . As H a w k e s a n d M e l l o r (1970) h a v e p o i n t e d ou t , if t h e m a c h i n e is insufficiently 

" h a r d " , e las t ic s t r a in e n e r g y s to red i n t h e m a c h i n e is re leased a b r u p t l y a n d u n c o n t r o l l a b l y 

w h e n t h e tes t s p e c i m e n r e a c h e s t h e lixnit of its r es i s tance . T h e l o a d i n g p l a t e n s a c c e l e r a t e 

v io len t ly a n d t h e s p e c i m e n is d e s t r o y e d w i t h explos ive swiftness. If t h e m a c h i n e is sufficiently 

" h a r d " t he s t r e s s - s t r a in c u r v e d r o p s s lowly a n d t h e s p e c i m e n fails i n a m o r e con t ro l l ed m a n n e r 

b y t h e p r o p a g a t i o n of c racks . 

TABLE I. FRACTURE STRESS DATA AT 77 K 

and the standard deviation 
Type of ice No, of samples of a point 

M N m - " 

Pure single crystals 16 3 9 ± ' 5 
Pure poly crystals 4 2 4 ± i a 
HF-doped single crystals 8 5 ' ± 2 7 
St Lawrence river ice 7 36J116 

T h e m e a n f r a c t u r e stresses at t h a t w e obse rved a r e s h o w n in T a b l e I . T h e r e is q u i t e a 

s p r e a d in va lues as i n d i c a t e d b y t h e l a rge s t a n d a r d d e v i a t i o n of a p o i n t . T h e p u r e ice s ingle-

crys ta l s a n d t h e n a t u r a l r i v e r i ce polycrys ta l s h a d t h e s a m e m e a n s t r e n g t h w h i l e t h e l a b o r a t o r y 

g r o w n po lyc rys t a l s w e r e w e a k e r . T h e m e a n v a l u e of f r ac tu re stress for t he H F - d o p e d crysta ls 

was t he la rges t of al l t h e ice types b u t this was b e c a u s e t w o s a m p l e s h a d v e r y h i g h va lues . 

W i t h i n t h e s t a n d a r d d e v i a t i o n ( ± 2 7 ) t he H F - d o p e d crysta ls w e r e n o t s ignif icant ly 

s t ronge r . T h e t h e o r e t i c a l s t r e n g t h ath of m a t e r i a l s h a s b e e n c a l c u l a t e d b y m a n y w o r k e r s 

( F r e n k e l , 1926) u s ing va r ious i n t e r a t o m i c po ten t i a l s , a n d its v a l u e is e s t i m a t e d to b e i n t h e 

r a n g e £ / 8 o < atb < Ej&tr. T h e v a l u e of E for ice a t 77 K e x t r a p o l a t e d f rom D a n t l ' s (1968) 

va lues of t h e e las t ic cons t an t s is 10 120 M N m - 2 . If w e use .E/40 = 2 5 3 M N m ~ 2 as a 

r e a s o n a b l e e s t i m a t e of t he theo re t i ca l f rac ture s t r e n g t h i n u n i a x i a l c o m p r e s s i o n , w e o b t a i n 

t he va lues s h o w n in T a b l e I I for a jam w h i c h h a v e a m e a n v a l u e of 0 . 2 8 ^ 0 . 1 1 . 

TABLE II . MAXIMUM FRACTURE STRESS AT 77 K 

Maximum fracture Ratio of experimental 
Ice type stress to theoretical strength 

MN m~' 

Pure ice single crystals 77.5 0.31 
Pure ice polycrystals 40.1 0.16 
HF-doped single crystals 96.2 0.38 
St Lawrence river ice 68.3 0.27 

m e a n o . s S i o . n 

F o r b o t h t h e p u r e a n d d o p e d s ingle crysta ls we found n o d e p e n d e n c e of f r ac tu re stress on 

s t r a i n - r a t e , w i t h i n t he r a n g e i o ~ s to i o ~ 3 s~'. I n t h e p u r e , r a n d o m po lyc rys t a l s t h e f r a c t u r e 

stress i n c r e a s e d s l ight ly w i t h s t r a i n - r a t e , as s h o w n in F i g u r e 4. 
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Fig. 4. Fracture stress plotted against strain-rate for polycrystailint ice at 77 K. 
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Fig. 5. Fracture stress platted against strain-rate/or St Lawrence river ice. 

In natural ice the fracture strength was found to decrease with increasing strain-rate as 
shown in Figure 5. A similar result was obtained by Korzhavin (1962) in fresh-water lake ice 
tested near its melting point. He fitted his data to an empirical relationship: 

where die value of A was equal to 0.3 MN m - 1 s - 0 J 3 at — 3 0 C and 0.24 MN m - 1 s~°-33 at o° C. 
The slope of the straight line on our log-log plot of of against £ shown in Figure 5 was —0.23 
and therefore at for natural ice from St. Lawrence river was found to follow an equation, 

Of = Ai-*>-" 

where die value of A was 3.1 MN m - 1 s~°13. 
The reason for this difference between the behaviour of the natural ice and the artificial 

ice is obscure but could be due to the dissolved impurities and the air bubbles entrapped 
during the formation of the natural ice. 
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(c) Cracks 

The first crack appeared in the very early stages of deformation in the stress range 0.1-0.5 
MN m- 2 , as indicated in Figure a, and was found to start at the top end cap and to extend 
from one end cap to another along a plane parallel to the axis. Figure 6 shows the first crack 
in a specimen which was taken out immediately after the crack formed. The formation of the 
first crack, which was accompanied by the emission of acoustic waves, was indicated by the 
clicking noise heard during deformation, and a corresponding drop in the load-elongation 

Fig. 6. The appearance of the first crack in a specimen. 

Fig. 7. A sample unleaded just prior to failure shaming the distribution of Cracks. 
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curve. After the first crack was formed, the material was able to withstand a further increase 
in stress until failure. When the specimen neared failure, cracking activity increased con
siderably. The cracks did not follow any particular pattern or crystallographic plane. 
Figure 7 shows a specimen taken from the dewar after being loaded to a very high stress value 
and unloaded just prior to failure. At failure the specimen suddenly fractured with a loud 
explosion and disintegrated, forming a powder and leaving only two conical end fragments 
on the two end caps (Fig. 8). 

Fig. 8. Showing the end pieces of a sample after an explosive failure. 

The modes of failure observed in ice were: 

(a) axial cleavage, or vertical splitting, in which one or more major cracks split the sample 
along the loading direction; and, 

(b) caiaclasis, or general internal crumbling, by formation of multiple cracks in the 
direction of the applied load followed by specimen collapse, leaving conical end frag
ments together with long slivers along the periphery. 

5. DISCUSSION 

The similarity between the shape of the stress-strain curves for ice at 77 K and rocks at 
room temperature is striking, and their homologous temperatures are similar, 0.2-0.31,,,. 
The explanation of the initial curvature of the stress-strain curves for rocks is attributed to 
progressive closure of cracks and pores under stress (Brace, 1965; Walsh, 1965[a], [b], [c]; 
Walsh and Brace ig66[a], [b]). 

In our ice samples there were no pre-existing cracks or pores, as far as we could tell. The 
polycrystalline ice had some minute air bubbles but the single crystals did not, yet there was 
no significant difference between the initial curved parts of the stress-strain curves for the 
single crystals and polycrystals. Thus, the initial curvature is not due to closure of entrapped 
air bubbles or to grain-boundary slip. However, it is possible that immersion of the sample 
in liquid nitrogen caused the opening up of mi croc racks, although none were visible to the 
eye, and that it is these cracks which are closing up under the initial stress. The first cracks 
large enough to be visible to the naked eye were formed in the initial non-linear part of the 
stress-strain curve and so it is possible that at even lower stresses microcracks were being 
formed and then healed. 

The linear behaviour at higher stresses is taken, in rocks, to represent elastic straining of 
the constituent grains and we believe the same to be true for ice because the tangent modulus 
in this region agrees well with the elastic modulus value obtained from sound-velocity experi
ments. The decrease in the slope of the stress-strain curve at stresses approaching the uniaxial 
strength of the ice, or of rock, is due to the formation of many cracks which eventually cause 
the specimen to collapse. The fact that ice behaves in the same way as rocks at 0.2 Tm is an 
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encouragement to geologists who wish to model the behaviour of rocks at high temperatures, 
as found in the Earth's mantle, by using the results of high-temperature ice deformation 
studies, most of which have been made at T > o.gTm-

As we have shown, the fracture stresses at 77 K were of the order of o.30-th- For comparison 
with other materials, Table III shows values of fracture stresses quoted by Stokes (1972). 
Our present ice values are as high as most of the values in Table I I I , with the exception of 
alumina and silicon "whiskers" (which presumably have very low or zero dislocation densities) 
and chemically polished silicon. 

TABLE III. COMPARISON OF THE STRENGTH OF ICE 

Material 
Silicon, chemically polished 
Silicon, whiskers 
Germanium, whiskers 
Tilaniiim carbide 
Boron fibres 
Alumina bulk 
Alumina whiskers 
lee at 77 K (present work) 

HF doping of single crystals had almost no effect on the stress-strain curves at 77 K. At 
higher temperatures, around 200 K, HF doping softens single crystals of ice markedly (Jones 
and Glen, ig69[a]), by enabling dislocations to move faster. At 77 K, thermal energy is not 
sufficient to activate motion of dislocations, although they could be stress-activated. Hence it 
is not surprising that there is no effect of the HF doping. One of the HF-doped samples 
showed the largest fracture stress of all the specimens but, because of the variation in the 
fracture-stress results, this is not statistically significant. 

At high temperatures (260 K) ice deforms plastically at these strain-rates after an initial 
elastic region and a yield drop. At 77 K, ice is clearly brittle at these strain-rates. In principle, 
however, ice would probably be ductile at 77 K at sufficiently low strain-rates, although in 
practice these strain-rates are unobtainable, being of the order of io~»a _ l . Strictly the terms 
"brittle" and "ductile" should be used to characterize the process rather than the material 
(Bieniawski, 1967). Handin (1966) has suggested that descriptive terms might be defined on 
the basis of the total strain which occurs before the peak stress is reached. These are: 

Very brittle < 1 % strain up to peak stress 
Brittle I - 5% strain up to peak stress 
Moderately brittle 2- 8% strain up to peak stress 
Moderately ductile 5-10% strain up to peak stress 
Ductile >JO% strain up to peak stress 

On this basis, ice at 77 K is "brittle" to "very brittle". 
The stress required for the onset of brittle cleavage can be calculated from the criterion for 

transition from ductile to brittle fracture given by Petch (1968). 

_ l ^ Z 
° ktdS 

where y is the surface energy, d is the grain diameter, /i is the shear modulus, and k\ is a con
stant governing the grain-size dependence of fracture stress 

<* = a0+k,d-* 
where o0 is a constant related to the frictional force acting on the moving dislocations. Equa
tion (1) shows that for a single crystal the stress for the onset of cleavage could be very small 

(•) 
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compared to that for a polycrystal. Since ice has only one primary slip system we can apply 
the mechanism proposed by Stroh (1957). According to his model, kt is given by 

where b is the Burger's vector of the relevant dislocation and v is Poisson's ratio. Using the 
values n = 3.77 x io} MN m- 2 , b = 4.5 x 10"10 m and v = 0.34 we obtain for ice at 77 K 

Af = 4 x io_ 1 MN m^'. 
Using this value of £1 in Equation (1), together with d — 20 mm (the diameter of a specimen) 
and y = 10-7 MN m - ' suggested by Gold (unpublished), we obtain 

o = 0.3 MNm _ z . 
Our experimentally observed values of stress for the formation of the first cleavage cracks 
were in the range 0.1-0.5 MN m- 2, which is in good agreement with the above theoretical 
value for the onset of brittle cleavage. 

There is little previous work on the brittle behaviour of ice with which to compare our 
results, and none at low temperatures. Gold (1972) has made a comprehensive study of 
cracks in ice and Carter (unpublished) and R. O. Ramseier (personal communication) have 
measured failure stresses at temperatures above —400 C Their data is shown in Figure g 

junction of Itmptraturt. P, prestnt work; R, personal communication j 1 R. 0. Ramseur; 
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together with ours at 77 K. Because of the large temperature difference between the measure
ments, and the scatter in the data, it is difficult to draw comparisons but there is a definite 
trend towards higher stresses at lower temperatures. 

6. CONCLUSIONS 

At 77 K, ice is normally brittle and behaves in a similar manner to rocks at 0 , 2 - 0 . 3 ^ . 
The failure stresses are high and approach 0.3 of the theoretical strength. HF doping has no 
effect at this temperature. 
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