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FRACTURE TOUGHNESS OF ICE:
A PRELIMINARY ACCOUNT OF SOME NEW EXPERIMENTS

By D. J. GoobmaN and D. TaBor

(Physics and Chemistry of Solids Group, Cavendish Laboratory, Madingley Road, Cambridge
CBg oHE, England)

ApstracT, This paper describes the first results from an experiment to measure the fracture toughness
of ice. Two experimental techniques have been used; fracture of pre-notched rectangular specimens in
three- and four-point bending, and from the observation of the cracks which form underneath an indenter
forced into the ice surface. In the latter test the indenter behaves like a wedge. We have observed that for
indenters with large interior angles the plastic zone beneath the indenter may itselfl behave like a wedge.
Data obtained over a range of temperatures has been compared with the little other data available. We
find a decrease of fracture toughness as the temperature is lowered, which is the reverse of that observed by
H. W. Liu and L. W. Loop.

ReEsuME. Résistance a la_fracture de la glace : aperu preliminaire de quelques nowvelles experiences. Nous décrivons
dans ce travail les premiers résultats issus d’expériences permettant Pétude de la résistance a la fracture de la
glace. Nous avons utilisé deux techniques expérimentales: d’une part la fracture d’éprouvettes entaillées,
section rectangulaire et soumise 4 la flexion a trois et quatre points. D’autre part, 'observation des fissures
se formant en dessous d’une pointe d’indentation dont on provoque I'enforcement a la surface de la glace.
Dans ce dernier cas, la pointe d'indentation se comporte comme un coin; en outre, nous avons observé que,
pour des angles d’ouverture de I'extrémité de la pointe importants, la zone plastique formée en dessous de la
pointe d’indentation, peut elle-méme jouer le réle de coin. Des données obtenues dans une large gamme de
température ont été comparées avec les quelques unes dont nous pouvions disposer. Nous trouvons une
décroissance de la résistance 2 la fracture quand la température décrois ce qui est Pinverse des observations
de H. W. Liu et L. W. Loop.

ZUSAMMENFASSUNG.  Bruchzihigkeit von Eis: ein vorliufiger Bericht iher einige newe Versuche. Dicse Arbeit
beschreibt die ersten Ergebnisse eines Versuches zur Messung der Bruchzithigkeit von Eis. Es wurden zwei
Versuchsverfahren angewendet: Bruch von vorgekerbten rechteckigen Proben durch Drei- und Vier-Punkt-
Bicgung und aus der Beobachtung von Spriingen, die unterhalb eines in die Eisoberfliche gedriickten
Priifkérpers entstehen. Bei dem zweiten Verfahren verhilt sich der Eindringpriffkérper wie ein Keil. Wir
beobachteten, dass bei grossem Spitzenwinkel des Priifkorpers die plastische Zone unterhalb des Priifkorpers
sich selbst wie ein Keil verhalten kann. Die iiber einen grossen Temperaturbereich erhaltenen Werte
wurden mit den wenigen anderen verfiigbaren Werten verglichen. Wir finden eine Abnahme der Bruch-
zahigkeit mit abnehmender Temperatur; dies ist entgegengesetzt zu der Beobachtung von H. W. Liu und
L.. W. Loop.

1. INTRODUCTION

The simplest type of fracture mechanisms occurs in “ideally brittle” solids. In these
materials there is a critical stress at which a crack becomes unstable and propagates. Griffith
(1920) showed by a simple energy argument that the crack propagation occurs when the
rate of release of elastic strain energy is equal to (or greater than) the incremental increase in
surface energy associated with the formation of new surface at the crack tip., With most real
materials which show some ductility including metals, polymers, and ice, the fracture process
involves not only the true surface energy of the solid but also creep and deformation processes
at the crack tip. The energy involved in this process may easily swamp the surface energy
term itself. Failure may not be primarily due to the propagation of a crack but to the flow
and ductile separation of the specimen into two parts. The transition from ductile failure to
failure by crack propagation is controlled by the time constant of stress relaxation at the crack
tip. At high stresses and low temperatures or high strain-rates, the time constant is too long
to prevent cracks reaching a critical size beyond which they are unstable, and propagate
through the lattice. In the experiments to measure the ‘“‘strength” of polycrystalline ice by
Hawkes and Mellor (1972) and Wu and others (1976) in uniaxial compression and tension, a
transition from ductile to brittle behaviour was observed at a strain-rate of about 10—5 to
1073 571 (the temperature was between —1 and —10°C in Wu and others’ experiment, and
—7°C in Hawkes and Mellor’s experiment).
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Hawkes and Mellor also observed different strengths for tensile and compressive failure in
the brittle region. This is to be expected because in a tensile test a single crack can lead to the
eventual failure (unless failure is by void growth when many voids join up). By contrast in a
compression test many cracks nucleate, change the local stress field, and link up in the final
catastrophic failure. To obtain a better understanding of the fracture process it is clearly
desirable to work with a system involving single crack propagation.

A number of workers have studied crack initiation in ice and have proposed various
theories based on the pile-up of dislocations (e.g. Gold, 1967). On the other hand only two
papers have discussed the propagation in ice of cracks of known geometry. Gold (1963)
formed thermal cracks by bringing together two blocks of ice at different temperatures. He
measured the depth to which cracks propagated, and the time after the blocks were brought
together for the cracks to run. He then analysed the crack propagation process in terms of the
diffusion of a thermal wave in the block, and the stresses produced by the temperature.
H. W. Liu and L. W. Loop (personal communication of unpublished data) have useda
compact tensile specimen (CTS). Here a single cracked block is pulled apart by fixtures
through holes above and below the crack, a common technique for fracture studies. They also
used a wedge-opening technique (see Fig. 1).

|
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g

Fig. 1. The test specimens used by Liu and Loop.

Most of the previous investigations of crack propagation in ice have involved relatively
large specimens, e.g. three-point and four-point bending tests, compact tensile specimens, etc.
The present paper describes some preliminary experiments in which a crack is formed and
propagated under a conical or pyramidal indenter pressed into the ice. This has the advan-
tage that many measurements can be carried out on a single specimen. A few experiments
have also been carried out in three- and four-point bending.

2. (CONCEPT OF FRACTURE TOUGHNESS

Griffith’s energy argument for the critical stress o, to make a crack of length 2¢ propagate
in an infinite solid when the stress is applied at right angles to the crack is

= (22)), (x)

e

where T is the surface energy, and E the Young’s modulus if the crack is in plane stress (in
plane strain £ is replaced by E/(1—»2)). If plastic deformation occurs at the crack tip,
Equation (1) is a lower bound to the critical stress.

Comprehensive reviews of fracture toughness can be found in Lawn and Wilshaw (1975),
Knott (1973), Kenny and Campbell (1967), Liebowitz (1969—72), and Turner (1975). Two

useful parameters have been introduced: the stress intensity factor A which is the ratio of
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true stress at the crack tip to the average applied stress, and G which is the rate at which
energy is released per unit length of crack advance. The particular stress intensity factor of
interest to us is that for a crack being pulled apart by a stress normal to the crack plane
(mode 1), and this is designated K ; its limiting value at which fracture occurs is A,c. The
stress could be applied so that the crack faces move over each other perpendicular to the
crack front (mode 2) or parallel to the crack front (mode 3). G is generally referred to as the
fracture toughness of a solid. In the perfectly brittle case G can be identified with 2T but if
plastic work is performed at the crack tip G is the sum of the plastic work and the surface
energy. The difference G 2I'is then a measure of the plastic work involved in crack propaga-
tion. For a metal such as steel 2T is about 10 ] m~2 while G is of order 40 000 ] m~2. The
quantities A" and G are related by the expressions:
in plane stress

K2
G = —E N (Qa)
and in plane strain
G = K= ey b
7/ (2b)

These parameters can be applied to situations where plastic flow occurs provided the
plastic zone is small compared with the crack length and hence with the elastic hinterland
within which the crack propagates. In the Irwin-Orowan model, the plastic zone at the crack
tip is assumed to be cylindrical with a radius r,, given by

1 1 (Ko
- o

where oy is the ideal plastic yield stress. With a material close to its melting temperature the
yield stress oy will not be a constant but will depend on the strain-rate. For this reason in all
fracture studies it is necessary to estimate the extent which significant plastic flow occurs (i.e.
the size of rp compared with 2¢).

In the present series of experiments, the strain-rates were estimated to range from 10+ to
1072571 Using earlier measurements of yield stress as a function of strain-rate at various
temperatures, it was possible to estimate gy and hence the order of magnitude of r,. This
proved to be about 0.04 mm which is much smaller than the length of the cracks studied.
Consequently it is reasonably valid to use the elastic equations (Equation (2)) to define the
stress field close to the crack tip. Clearly this assumption breaks down at very low strain-rates.

To obtain reproducible values of £ two further conditions must be met. First, the speci-
men width must be large enough so that the major part of the crack is in plane-strain condi-
tions (this is usually met if the width is greater than about 50r, (Knott, 1973)). Secondly,
the crack tip radius throughout the propagation must be so small that the perturbation of the
stress field due to the crack can be represented by a singularity at the crack tip. In metals the
value of A'¢ has been found to fall to a limiting value as the crack tip radius is reduced, and
it is usual, in a fracture test, to introduce a small sharp crack by fatigue. It is not possible to
introduce a fatigue crack into the ice specimens with the present set up, but in the three- and
four-point bending experiment a very sharp crack was formed by pushing a razor blade into a
slot formed by melting. The tests were carried out in air and it is important to realize that
environment can have a large influence on crack growth.

3. EXPERIMENTS
3.1. Specimen preparation

Specimens were grown in a water-filled tank inside a deep freeze (air temperature —10°C).
The water used was once-distilled. The rate of growth could be varied by changing the setting
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on a water-temperature thermostat connected to a heater. Bubble-free specimens roughly
130 mm ¥ 30 mm % 20 mm could be obtained after about a night and a day. The specimens
were brought to the desired shape by melting them on an aluminium block at room tempera-
ture. They were stored at —10°C, in air, in the deep freeze. They were usually used within
two days of manufacture; many were reshaped just before a test. Observations of the grain
size (which varied from 1 mm to almost single crystals) were made with a universal stage on an
optical microscope. Specimen dimensions were measured with vernier calipers to an accuracy
of 0.1 mm.
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Fig, 2. The fracture test rig set up for indentation experiments. The same loading arrangemenl was used in the three- and
Jour-point bending tests.

3.2. Loading arrangement

The fracture toughness of ice is very low; a bar of cross-section 20 mm x 20 mm can be
broken with one’s fingers. Therefore it is possible to use a small, inexpensive rig completely
contained within a small deep freeze to measure the fracture toughness. The arrangement is
shown in Figure 2.

Oil from a hand pump was driven into the ram to force the indenter into the ice block.
The ram heads can be interchanged to give various loading arrangements (three- and four-
point bending, Vickers Diamond Pyramid, or other shaped indenters). The magnitude of the
force is measured with a load cell beneath the ice block.

3.9. Three- and four-point bending test

Specimens, from the tank, were melted down to a bar shape, and then midway along one
side a slot was melted with a thin copper plate to about half the thickness of the bar. At the
end of the slot a very sharp crack was formed by pushing a razor blade into the ice. The ice
block was put into the small deep-freeze unit containing the loading rig and allowed to
equilibrate. The loading arrangement is shown in Figure 3.
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Fig. 3. The loading arrangement for the four-point bend tests. In the three-point bend test a single loading cylinder (giving line
contact) is applied on the upper surface immediately above the crack.

Some three-point bending experiments (this is the B.S.I. standard) were carried out at
—14°C for a loading time of less than 1os. Plans were also made to undertake some four-
point bending tests since this situation provides a constant bending moment in the central
section of the bar between the two upper loading cylinders: consequently, in contrast to the
three-point test, the loading ram does not have to be located exactly above the crack.

3.4. Median crack formation beneath an indenter

When a diamond Vickers indenter (Tabor, 1g70) is forced into the surface of an ice
block to produce the usual hardness indentation, median cracks form with their planes
perpendicular to the surface (see Fig. 4). These are apparently formed by the wedging action
of the indenter. When the load is removed the sub-surface tension component about the
deformed zone below the indentation nucleates and propagates another set of laterally
extending cracks. The depth of the median crack is a measure of the fracture toughness, and
can be deduced from the trace on the surface assuming that the crack is semicircular in shape.
If4) is the semi-angle of the Vickers pyramid, the fracture toughness is given (Swain and Lawn,
1976) by

P
(me)¥ tan o’ (4)

K:c i

Fig. 4. The geomeltry of the crack formed beneath a Vickers indenter when Equation ( £) applies. Frequently the crack ran to
the intersection between two faces of the indenter, and was not always in a direction perpendicular to the edge of the indentation.
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where ¢ is the crack length, and P is the load. If A is constant then P should be proportional
to ¢f. Thus a plot of P versus ¢ may be used to deduce A (see Fig. 5).

The experiments were carried out by attaching a diamond Vickers indenter or a conical
indenter to the ram and forming median cracks for different loads. These ranged in length
from 1 to 10 mm and could be measured with an accuracy of about 29%,. They were generally
formed within a single grain. Often three cracks were formed with trigonal symmetry, and
changed their direction at a grain boundary. This suggests, as others have observed (Gold,
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Fig. 5. Median crack formation in ice. Plot of normal load P (in newtons) against (crack length)® (inm?). The slope provides

a measure of Kyc.
(a) Vickers pyramidal indenter with semi-angle ¢ — 68°.

(b) Conical indenter with semi-angle 4y — 30°.
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1961), that ice has specific cleavage planes. The measurements were made at two tempera-
tures, —28°C and —20°C, and median cracks nearly always formed. Unfortunately in this
preliminary study it was not possible to monitor the growth of the crack as the load was
applied.

4. RESULTS AND DISCUSSION

In applying Equations (2) to convert the critical fracture toughness A into G a value of
Young’s modulus £ is needed. This is obtained assuming a value of 0.g1 for Poisson’s ratio v
(Hobbs, 1974) and using the data given by Dantl (1968) for the dependence of shear modulus
as a function of temperature. The resulting value is

E = 8.716 (1—o0.001 257T) GN m2, (5)

where T is the temperature in degrees Celsius.

(i) The few three-point bending tests at —13°Cl gave a fairly consistent value of K¢ of
116413 kN m~? when the starter crack was at least one third of the specimen thickness.
Using the above value of E this gives a value of the crack extension force G = 1.54-0.2 ] m=2,
Some bending tests to failure were also carried out on specimens containing no starter cracks,
Assuming that £, = 1oo kN m—3 this makes it possible to calculate the size of surface flaws.
The value came out to be about 1 wm, which seems reasonable.

(i1) The measurements with the Vickers and the conical indenters all gave reasonably
good straight lines when the load P was plotted against ¢! (where ¢ is crack length) (Fig. 5).
This is in good agreement with Equation (4). However the absolute values of the fracture
toughness K, are not satisfactory. They are obtained by dividing the slope of the P(cf)
relation by #¢ tan 6. When this is done it is found that the &', values for the Vickers indenter
(y = 68°) are one-third of the values obtained with the 60° cone (s = 30°). Some workers
using the indenter crack technique on glass have observed similar discrepancies. It has been
suggested that with the relatively blunt pyramidal indenter the effective wedge angle is not
that of the pyramid itself ( = 68°) but that of the plastic zone produced beneath the indenter.
This would have an effective angle ¢ of the order 45° and would reduce the calculated values
of K e by a factor of 2.5 so bringing them into closer agreement with the results obtained with
the sharp cone (y = 30°). Ifthis assumption is accepted the final results obtained are as shown
in Table L.

TasrLe [. FRACTURE TOUGHNESS A ¢ AND CRACK EXTENSION FORCE (

Indenter Temperature Slope Plc? K G
°C 105 N m—% kN m~* Jm=
Pyramid —38 4+0.8 70415 0.5+0.2
Pyramid — 20 t2-a.4 210440 5 2
Cone —20 811.6 240+ 50 7 49
Cone —16 =10 > 300 =10

From the experiments of Ketcham and Hobbs (1969) on contact-angle measurements and
those of Jones (1973) on the motion of a water—ice interface in a temperature gradient, the
surface energy of the ice—vapour surface can be calculated. The value is 0.12 m] m—2. If the
ice were “truly” brittle, the value of G would simply be double the ice—vapour surface energy,
i.e. 0.24 J m=2. The values of Table I are considerably more than this even at —38°C
indicating that there is an appreciable contribution to G from plastic work done at the tip of
the crack. This is more marked at higher temperatures. However even at —16°C the plastic
work term is only about 6o times the surface energy although this temperature corresponds to
0.99 of the melting temperature. A comparison with glass and steel at room temperature is
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therefore not particularly relevant. A comparison with a plastic such as P.M.M.A. is more
meaningful (see Table IT). At room temperature the surface-energy term is of order 0.1 J m—2
whereas G is of order 300 | m—2.

These results are compared with those obtained by Liu and Loop and by Gold in Table 11
and Figure 6. As mentioned previously, Liu and Loop used compact tensile specimens and
wedge-opening specimens (see Fig. 1). Their results may depend on grain size as well as on
strain-rate but their general range of values of G—of order 1-5 ] m—2—resemble those quoted

JOURNAL OF GLACIOLOGY

TasrLe II. FRACTURE TOUGHNESS VALUES OF ICE: SUMMARY

Author vig Ky G Method of test
°C kN m—* Jm—2
H. W. Livand L. W. Loop —451t0 —4 140t0 100 3 to1 Compact tension specimen (various load-
(private communication) ing rates)
—12to —4 177to222 3.6 to56 Wedge opening
—12to —4 123to149 1.7 to 2.5 Crack arrest
Gold (1963) —16.7 53 to 62 0.3 to 0.4 Thermal shock
This paper —13 116-+13 1.5+0.3 Three-point bend test
This paper, see Table 1 —38 55 to 85 0.54+0.2 Median crack (pyramid)
—20 170to2g0 6 43 Median crack (pyramid and cone)
—16 =300 =10 Median crack (cone)
For glass 20 490 3.5 —
steel 20 98 000 42 000 —
P.M.M.A. 20 -- 300 —
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Fig. 6. Crack extension force G as a function of temperature for various fest methods involving large specimens.
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in Table I. Gold’s results obtained from thermal crack experiments are generally lower,
0.3 to 0.4 J m~2. However the main difference between the results of Liu and Loop and those
quoted here lies in the dependence of G on temperature. They find that G increases as the
temperature is reduced. By contrast the results of Table T indicate a marked reduction in G
as the temperature is reduced. This would be expected if the colder ice is more “truly” brittle
and involves less plastic work during crack propagation. This conclusion does however depend
on the detailed interpretation of indentation crack measurements.

5. SUMMARY AND CONCLUSIONS

This paper provides a brief review of earlier work on the fracture toughness A and the
crack extension force G of ice, and includes a preliminary account of some new experiments
in this field. The quantity G is essentially a measure of the energy required to propagate a
crack in the solid. For a truly brittle solid the stresses generated around the tip of the crack are
given by an explicit elastic solution and G is equal to twice the surface energy of the solid. If
however plastic flow and creep occur at the crack tip, the singularity at the tip is modified.
This is the situation with ice and the process becomes more and more complicated as creep
deformation becomes more significant than change of shape by crack propagation. For ice
this critical condition is reached for strain-rate less than about 10-4s~1. For a similar reason
temperature may have a profound effect on the fracture energy.

Over the broad range o to —40°C, the value of G found from experiments using bulk
specimens ranges from about 0.5 to 5 J m 2 In these experiments G appears to increase at
lower temperatures. In experiments using crack propagation under hard indenters the value
of G ranges from about 0.5 J m 2 at —38°C to —10 ] m 2 at —16°C. Here the values of G
decrease at lower temperatures. Such a trend might be expected since creep and plastic
deformation at the crack tip ought to be less at lower temperatures.

The use of a hard indenter to study fracture toughness of ice provides a very attractive
technique. Many measurements can be made in a single small specimen so that the basic
propertics of the specimen are likely to be more uniform. Furthermore special specimen
shapes are not required provided there is a single, reasonably flat surface accessible to the
indenter. It might therefore be applicable to field studies. However the few measurements
described in this paper show that the interpretation of the data demands critical examination
in particular the influence of indenter geometry needs to be clarified. Other parameters such
as loading rates and temperature must also be considered. It is hoped to look into these
factors in the near future. In addition a direct study will be made of the propagation of the
crack as it occurs during the indentation process itself.,
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DISCUSSION

W. B. Kame: Do you have a detailed mechanical model, in terms of the creep properties of
ice, to explain the measured G values in terms of the contribution of plastic work near the
crack tip?

D. J. Goopman: No. We do not have a model although our experiments are directed towards
the understanding of microscopic mechanisms of fracture. We would expect fracture
mechanisms identified in other materials to be observed in ice.

Kaume: In your experiments do you see any effects of the basal cleavage of ice?

Goopman: In the paper we mention that cracks under the indenter did form along specific
crystallographic planes. The size of the medium crack was always smaller than the grain size.

A. Hicasar: What was the strain-rate of your fracture experiments? Fracture toughness
may be dependent upon the strain-rate. To build a model, evaluation of plastic surface work
based on modes of generation of dislocations will be essential. As T reported yesterday,
dislocation distribution is denser behind a crack tip than at its front.

GoopMaN: The strain-rate depends on the distance from the crack tip. The loading time in
most of the experiments was 10s. In reply to your second remark, I thoroughly agree that
it is essential to understand creep before tackling fracture. There is no doubt that creep plays
an important part in controlling processes at the crack tip. However our experiments do
not show the same large temperature dependence as creep. Careful study of crack surfaces
should help to understand what happens as the crack propagates. It will then be clear
whether cracks cross grains or occur at grain boundarics.

J. W. GLeN: In the wartime experiments to see if an iceberg could be used as an aircraft
carrier, I believe they found that the results of firing a torpedo at an iceberg were very un-
predictable—sometimes it shattered and sometimes little happened. This suggests a varia-
bility in fracture toughness that was not predictable—perhaps your experiments may throw
light on this, or perhaps they themselves may show great scatter. Have you any comments ?

GoonMaN: Fracture experiments always show a wide scatter, and ours are no exception. This
demonstrates the many parameters on which the fracture toughness depends. T suspect the
torpedo sampled the extent of pre-existing flaws in the iceberg.
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