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OBSERVATION OF BASAL DISLOCATIONS IN ICE BY 
ETCHING AND REPLICATING 

By N. K. SINHA 

(Division of Building R esearch, National Research Council, Ottawa, Ontario KIA oR6, 
Canada) 

ABSTRACT. A m ethod is described for preparing the sur-face of ice and for forming etch pits on the prismatic 
surfaces with whisker replicas tha t correspond to basal disloca tions. The technique removes the a mbiguity 
sometimes associa ted with etch pits a nd disloca tions, a nd allows direct observation of dislocation glide, 
pile-up against ba rri ers, and other features in deformed ice. 

R EsuME. Observation des disloca tions basales dans la g lace p ar repliques et figures d 'attaq lle. On d ecrit une 
methode de prepa ra tion de la surface d e la glace, de forma tion de figures d ' attaque sur les faces prism a tiques 
e t repliques en "whisker" corresponde nt a des dislocations basa les. Cette technique qui permet d e supprimer 
I'a mbiguite qu' il y a parfois en associa nt une figure d'a ttaque a une dislocation, conduit en outre a des 
observations direc tes du glissemen t d es d islocations d e l 'empilement des disloca tions sur les o bstacles et 
d 'autres phenom enes d ans la glace d eformee. 

ZUSAMMENFASSUNG. Beobachtung von basalen Versetzungen in E is dUTCh Atzen und A~dri1cke . Es wird ein 
Verfahren beschrieben fUr die Pra pa ra tion der EisoberAache und die Erzeugu ng von Atzgriibche n a uf den 
prisma tischen F lachen mit Hilfe von Whiskerabdriicken , die basalen Verse tzungen en tsprechen. Das 
Verfahren besei tigt die Unklarheit, die m anchmal mit A tzgrUbchen und V ersetzungen verbunden ist, und 
erlaubt Versetzungsgleiten, Aufsta u vor Hindernissen und a ndere Merkmale in verformtem Eis unmittelbar 
zu beobach ten . 

INTRODUCTION 

Etching techniques previously described by Muguruma (1961 ), Kuroiwa and H a milton 
(1963), Levi and others (1965), and Kuroiwa ( 1969) for the observa tion of non-basa l disloca
tions have failed to identify clearly the emergence sites of glide dislocations in the basal plane 
of ice. Such dislocations emerge on the prism pla nes of the crystal and the associa ted etch 
pits which result h ave been indistinct. They have b een observed, however, by X-ray techni
ques (Webb and H ayes, 1967; Fukuda and Higashi , 1973; J ones and Gilra, 1973) in carefully 
prepared single crystals of ice oflow dislocation density. These techniques cannot b e a pplied 
r eadily to ordina ry polycrystalIine ice because of the limitations imposed by the resolution of 
the method and by the presence of grain boundaries and varia tion in crystalIographic orienta
tions among grains. 

Previous studies of the etch pits which result from non-basal dislocations in ice were 
r eviewed by Sinha (1977) in an a ttempt to clarify the mechanism of etching and replicating. 
It seemed, however , that the etching technique would require further developmen t before it 
could be used to r eveal the presen ce of glide dislocations in the basa l plane. A m ore selective 
process was developed by varying the conditions of etching, i. e. the concentra tion of the 
e tch a nt, its thickness, temperature, a nd drying time. The earlier work concentra ted on etch 
pits on the basal pla ne resulting from the emergen ce of non-basa l dislocations. T he p resent 
report is concerned wi th using the technique for the d etection of glide dislocations on the basal 
plane and applying it to some of the micro-deformational processes in polycrysta lline ice. 

EXPERIMENTAL PROCEDURE 

The ice surface was first prepared to a mirror finish by microtoming in the following way : 
Thick sections (up to 2 cm) of the required orientations were cut with a band saw . E ach was 
mounted on a clear glass plate by freezing a few drops of water at the edge, making certain 
that no water entered the space between the glass and the specimen. This can be achieved if 
the water has been precooled to about o°C. The exposed surface of the section was then 
microtomed to a mirror finish in three stages. First, 1 500 fJ.m was microtomed off the surface, 

385 

https://doi.org/10.3189/S0022143000033554 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000033554


JOURNAL OF GLACIOLOGY 

10 fLm at a time, to remove the cutting marks introduced by the band saw. This was followed 
by removal of 500 fLm in 5 fLm layers, cleaning the microtome blade with soft tissue after every 
pass. Finally, the surface was finished by removing another 100 fLm in 1-2 fLm layers, 
ensuring that the blade was clean before each pass. The quality of the surface was examined 
visually, using both reflected light from a distant source, and an optical microscope. This 
procedure was used to prepare mirror-finished surfaces up to 8 by 12 cm2 in size. On several 
occasions both surfaces were finished in this way to provide a thin section 0.4 mm thick for 
analysis with transmitted polarized light. 

The prepared surface was then coated with a solution of Formvar (polyvinyl formal) in 
ethylene dichloride and allowed to dry under controlled conditions of humidity and tempera
ture. This was achieved by keeping the specimens in a plastic enclosure containing crushed 
ice and provided with an adjustable opening through which a gentle flow of air could pass. 
The box was transparent so that the specimen could be observed without disturbing the 
environment inside. 

Replicas were removed by peeling, melting the ice in water and allowing the film to 
float, and sublimating the ice, the method being determined by the particular experiment 
under consideration. They were carefully mounted on large glass slides with the replicated 
surfaces facing upwards and observed through an optical microscope. Selected areas were 
prepared for examination with a scanning electron microscope by vacuum deposition of a 
layer of carbon followed by a plating of gold. 

CORRESPONDENCE OF ETCH PITS TO DISLOCATIONS 

As the surface free energy is affected by the environmental conditions to which the surface 
is exposed, the method provides a control on the rate of preferential dissolution of water 
molecules from ice to the surrounding medium. By a proper choice of conditions, etching 
occurs not only at the point of emergence of dislocations on the surface but also along the 
dislocation line, resulting in replicas in the form of whiskers of uniform diameter. 

An example of a forest of basal plane dislocations intersecting the {I 120} surface is shown 
in Figure I. The whiskers were as long as 60 fLm and their diameter, after correction for the 
coatings of carbon and gold (about 2 by 0 .06 fLm), about 0.15 fLm. 

Neglecting the core energy, the diameter of the whiskers can be estimated from (Sinha, 
1977) 

Fig. I. Scanning electron micrograph of a forest of basal-plane dislocations represented by the corresponding whiskers on {I I20} 
surface. 
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where y is the surface free energy of ice with r espect to the etchant, b is the Burgers vector, 
ro is an inner cut-off radius inside which the approximation oflinear elasticity theory does not 
a pply, K is a function (T eutonico, 1970) of the elas tic constants, orientation of the dislocation 
line, a nd Burgers vector, a nd R is the average outer extent of the strain field , given by 

R = ( l j7Td)l, (2) 
where d is the average density of dislocations emerging at the surface. 

Using Kb z = 9.85 X 10- 10 J m - I for edge dislocations on the basal plane (Tyson, 1971 ), 
b = 4.523 X 10- 10 m, ro = 5b, and assuming y = 0.02 J m - Z (ice- water interface energy in 
the range - 30 to - 40°C (Hobbs, 1974)), then whisker diameter is estimated to be 0.1 [Lm 
for dislocation densities in the range 106 to 107 cm-2. The diameter for the corresponding 
screw dislocations is about 0.07 [Lm. These agree well with experimental observations, 
considering the limitations in estimating y and n eglecting core energy. It was not possible 
clearly to differentiate between the two types of dislocations, but differences in the diameter 
of whiskers have been observed in replicas. 

CHARACTERISTICS OF ETCH PITS 

Figure 2 shows the relation of the whiskers to the prepared {IO I o} surface. The replicated 
whiskers were deliberately broken in this case to show the elongated etch features at the surface 
level. Moreover, this allowed determination of the density of basal dislocations. The density of 
dislocations in laboratory-grown columnar-gra ined ice varied from (0.5-5) X 107 cm- z, 

whereas the density of non-basal defects was found to be (1-4) X 106 cm- 2 • 

The technique by which whiskers are produced has been used successfully for both basal 
and non-basal dislocations in ice and hence the ambiguity sometimes associated with the 
correspondence between etch pits a nd dislocations has been rem oved . However, it was found 
to be unnecessary to produce whiskers to determine the approxima te crystallographic orienta
tion from etch pits. The long direction of pits on surfaces normal to the basal pla ne were 
observed to b e parallel to the <000 1) axis. An example of elongated etch pits on the {1120} 
surface is shown in Figure 3 where the large pits , produced by evaporation using the Higuchi 
(1958) method , clearly give the direction of the crystallographic symmetry axis at the surface. 
These elongated etch pits have been useful for a pproximate determination of the ( 0001 ) 
direction of individual grains in horizontal cross-sections of columnar-grained ice for which 
the ( 0001 ) axis tends to be in this plane. Individual etch pits on surfaces other than the basal 
a nd prismatic surfaces are asymm etric, resulting in complex etch features. Discussion of these 
features is outside the scope of this paper. 

Fig. 2. Broken whiskers Oil { ro I o} surface alld the elongated surface-level etch features parallel to <ooor ) . 
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Fig. 3. Scanning electron micrograph of large evaporation and minute dislocation etch pits on { [J 20} suiface. Elongated 
dislocation pits are parallel to <ooor> direction. 

MOVEMENT OF BASAL DISLOCATIONS 

The etching technique has been used to study the mobility of dislocations in metals (Gilman 
and J ohnston, [C I 95 7]). Grooves or tracks have been observed to form if the dislocations move 
slowly during the etching process. The method has been used by Kuroiwa and Hamilton 
(1963) and by Levi and others (1965) to detect the mobility of non-basal dislocations in ice. 
As the etchant is a lso used for making the replica for ice, the conditions influencing etching 
rate, drying time, and the velocity of dislocations determine the characteristics of the etch 
tracks. 

The etching technique was used to study dislocation movements under low stresses (about 
o. I MN m- 2 or less) (Sinha, 1977). More particularly, the method was used in examining the 
movement or track of non-basal dislocations under uniform and non-uniform stress fields. 
Figure 4a shows results of the application of this technique in the identification of the move
ment of dislocations in the basal plane. The passage of mobile dislocations can be seen in the 

Fig. 4. a (left ) Stress-induced glide of basal dislocations revealed by the etch tracks on {II20} surface parallel to (ooor ) plane. 
b (right ) Formation of whiskers by stationary dislocations. 
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Fig. 5. T ape-like fea tures in previously diformed ice. 

form of etch tracks parallel to the traces of the (000 I) plane on the {I 120} prismatic surface. 
Figure 4a also indicates the loading sequence. Striations or elongated etch pits parallel to 
< 000 I ) were obtained before any load was applied to indicate the direction of the c-axis. Etch 
tracks due to stress were produced later, as shown by their corrugated appearance when 
observed at an oblique angle. The minimum spacing between adjacent slip tracks was 
observed to be about o. I [Lm, which could give a measure of the spacings between fine slips 
(Conrad, 1961 ) . 

There were indications that all the dislocations were not mobilized by an applied stress. 
Whiskers were also found at stationary dislocations (Fig. 4b). Other tape-like features such as 
that shown in Figure 5 were observed occasionally in deformed ice. Their thickness was 
comparable to the diameter of the whiskers, their width parallel to the <0001 ) axis. They 
can be thought of as a closely-spaced bundle of dislocations lying in different basal planes, but 
more study is needed to explain them fully. 

SLIP BANDS 

Pile-up of dislocations in slip bands is common if they are blocked in any way (Bueren, 
1960; McLean, 1957). Figure 6a illustrates a pile-up in (0001) planes in a grain of previously 
deformed polycrystalline ice. Individual dislocations are associated with whiskers; the long 
direction at the base gives the direction of the <000 I ) axis. Whiskers often obstructed the view 
when the slip planes were closely spaced and linear dislocation densities were high. Observa
tions indicate that it was sufficient for visual analysis to develop only the centrally depressed, 
elongated etch pits by careful choice of the etching conditions (Fig. 6b) . 

Individual etch pits could be identified and their spacings measured, except at the head 
of the pile-up when the linear density of dislocations in a slip plane was low (Fig. 6b). For 
high densities, the merging of adjacent etch pits prevented such identification. Moreover, a 
coarse slip band could consist oflamellae due to intensified fine slip (Conrad, 196 I) and could 
be etched as deeply as a grain boundary. An example of a row of slip planes in a grain of 
columnar-grained ice is illustrated in Figure 7 which shows the variation in the linear densities 
of dislocations in different planes, giving an indication of the non-uniformity in the resolved 
shear stress inside the grain. This also emphasizes the role of the grain boundary as a barrier 
and, particularly, the effect of shear-stress concentration produced by a change in direction 
of a grain boundary. It also shows the saw-toothed structure that can develop at the grain 
boundary as a result of stress concentration at the head of a pile-up. 
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Fig. 6. a (left ) Dislocation whiskers in parallel rows if pile-ups. b (right ) Centrally depressed etch pits in a pile-up. 

Fig. 7. Scanning electron micrograph of a cross-section of diformed S-2 ice showing a jagged grain boundary, ABCj slip bands 
having different dislocation densities j and the stress concentration e.ffect of the change in the direction of the grain boundary at 
B which generated the deeply etched slip plane. 

Fig. 8. a (left) Pile-up against internal barrier and kinking in a slip band. b (right ) General view of etchJeatures in afavourably 
oriented grain of S-2 ice. 
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Pile-up of dislocations can also take place against interior barriers (Fig. 8a). Internal 
pile-up was commonly observed even in a single slip plane, and several examples are con
tained in Figure 8b which also shows: typical examples of curvature or sharp changes of 
curvature in slip planes, cell formation , development of tilt boundaries, and pile-up against 
these boundaries. Some features could have been developed during re-arrangement in the 
distribution of dislocations during recovery. 

SUB-BOUNDA RIES 

Grains in polycrystalline ice which have been deformed under the action of moderately 
high stresses (or high strain-rates) often show a vein-like distribution of dislocations (Fig. ga) 
during the early stages of creep, in addition to pile-up and internal void formation. These 
veining patterns were observed in both basal and prismatic surfaces corresponding to non-basal 
and basal dislocations, respectively. Figure gb shows these features in the grain; the upper 
right corresponds to the basal plane, the lower right to the prismatic surface. The example 

Fig . .9. a (left ) Veining in the distribution of basal dislocations in deformed polycrystalline ice. b (right ) Opticallllicrograph of 
vein stmctllres in both basal (e .g. lower right ) and lIOn-basal (e.g. upper right ) dislocation distribution and their associations 
with the common grain boundary and triple point. Compressive load of 2.2 MN 17l- 2 was applied in the vertical direction of 
the /Jhotograph ; total strain was 3 X 10- + at - 10°C. C (centre ) Association of vein structure BD, in the grain at the upper 
left-hand corner, to the pile-up EB, in the neighbouring grain, against the common grain boundary ABC. 
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represents a small area inside a large polycrystalline ice specimen deformed under a com
pressive load of 2.2 MN m - 2 to a total strain of 3 X 10- 4 at - IOoC. 

The photograph shows some association of the veins in three neighbouring grains and the 
role of the common triple point. Etch pits forming the vein features caused by the non-basal 
dislocations were asymmetric, probably because of the obliquity of the <0001 > orientation 
with respect to the surface (Kuroiwa and Hamilton, 1963; Sin ha, 1977). As these asymmetric 
pits are large (about 30 [Lm in diameter), there is strong reason to believe that they are asso
ciated with grown-in, non-basal dislocations forming the sub-boundaries, but further con
firmation is required (Sinha, 1977). The illustration also shows slip bands in one grain near 
the top left-hand corner, and the association of bands with the triple point. Thus, both slip 
bands and veining patterns can develop simultaneously in different grains within a specimen. 
They have also been observed developing together in the same grain. 

Vein structures, also, have been observed in association with the steps in the grain boundary 
and with the pile-up of dislocations in the neighbouring grain against the common boundary 
(Fig.9c) . Application of the etching technique after a long recovery period still shows the vein 
structures, indicating that these boundaries are effective traps for dislocations. With con
tinued deformation, the veining patterns have been observed to evolve into fragmentation or 
polygonization boundaries. Such features have also been seen in other crystalline materials 
(McLean, 1957). 

DEFORMATION FEATURES UNDER LOW STRESSES 

Creep in polycrystalline ice subjected to stresses less than 1.0 MN m- 2 (or low strain-rates) 
showed extensive grain-boundary migration (Fig. lOa) and the formation of small-angle 
boundaries (Fig. rob) during the initial period of creep. The examples are from a specimen 
deformed under a load of 0.6 MN m-2 to a strain of about 2.5 X ro-3 at - IOoC. The migra
tion of grain boundaries is the result of a complex interaction in the grain-boundary region 
(Stevens, 1966; Bell and Langdon, 1969; Raj and Ashby, 1971 ; Cannon and Nix, 1973) . 
Formation of steps in the deformed grain boundaries was strongly dependent on the crystallo-

Fig. 10. a (left ) Migration of grain boundary under low stresses ; the striations indicate the ( 000 1 ) directions. b (right ) 
Formation of small-angle tilt boundaries under low stresses and their association with the deformed grain boundary. 
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graphic orientation of the neighbouring grains and the orientation of the boundary with 
respect to the applied load. There was no evidence of the formation of dislocation pile-ups, 
which were so readily formed at higher stresses or higher strain-rates. 

VARIATION OF DISLOCATION STRUCTURES WITH DEPTH AND TIME 

A great advantage in the proposed technique is its flexibility for three-dimensional 
mapping. Variation in structural detail throughout the crystal can be examined by repeated 
applications of microtoming, etching, and replicating. Figure I I illustrates this, as well as 
changes which occur with time. 

The first replica (Fig. I la) shows etch features in S-2 ice about three hours after load was 
removed. The specimen was then wrapped in a plastic film and stored at - rooG. Micro
toming and etching were repeated 16 d (Fig. lIb) and 133 d (Fig. IIC) after the test; the 
second and third photographs show these areas about 0.5 mm and 3 mm, respectively, below 
the original sectional surface. 

Striations produced by the emergence of basal dislocations at the surface indicate the 
random orientation of the ( 0001 ) axis of the various grains, as expected in horizontal planes 
in S-2 ice. The apparently isolated small grain near the centre of the first photograph is part 
.of a larger grain at the top left-hand corner, as is evident in its increase in size in the second 
photograph and the continuity in the third. This is a lso evident in the direction of striations 
in the two parts of this grain. 

The photographs show clearly that dislocations in slip planes are pinned down strongly, 
.and it is possible to detect a previous straining for a long time after removal of the load. 

Fig. If. Etching /eatures ill diformed S-2 ice at various depths and lapse of times. a (lift ) 3h after the test. b (right ) 16 d 
after and 0.5 111111 below " a". c (centre) 133 d after alld 3 mm below "a". 
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This has application in the identification of in situ strain and, possibly, the range of corres
ponding stresses or mode of loading experienced by an ice cover subjected to natural condi
tions. The illustrations also show that the density of slip lines can vary from one area to 
another in the same grain, and that the slip lines can propagate from one grain to another, 
though with a change in direction depending on the orientation of the slip planes in the 
neighbouring grains. 

CONCLUSION 

The technique of forming whisker replicas of basal dislocations has made the identification 
of line defects in ice more direct than was previously possible. Preparation of the surface by 
microtoming permits application of the technique to large areas and allows flexibility in 
repeated applications of the technique with the same crystal. Examples of those etching 
features which can be shown include glide of dislocations, formation of pile-ups against 
barriers and vein-like structures, grain-boundary migration, and the formation of small angle 
boundaries. These features demonstrate that the technique allows observation of some of the 
micro-deformational processes in ice. 

The ability to replicate minute changes in the microstructure of ice opens up further 
possibilities for the application of the technique; for example, examination of grain-boundary 
sliding, dislocation multiplications, voids, and cracks in polycrystalline ice produced during 
creep. These studies will be reported in future publications. 
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DISCUSSION 

S. J. J ONES: Have you measured, or is it possible to measure, any dislocation velocities by 
your method? 

N. K. SINHA: In principle, it should be possible to detect or measure the dislocation velocity 
by the etching action of the replicating solution, but since the tracks are about 0.25 [Lm wide, 
the resolution of optical microscopes could result in technical difficulties. 

G. NOLL: Ice crystals, which have been deformed in several tests, showed in the second test 
the same (or very similar) deformation behaviour as in the first test, if the crystal has been 
annealed for only a few hours between the tests. (Temperature of tests and annealing - 3 to 
- ro°e. ) Could you observe what happened to the dislocations created in the first test and 
especially to those piled up in front of obstacles? Are only newly-created dislocations mobile 
in a second deformation? 

SINHA: The subject is under investigation at the moment but I have not come to any definite 
conclusion. As far as the pile-ups are concerned, it was observed that the dislocations are 
strongly pinned down, and annealing at - rooe for times up to 4 months did not remove 
them, as has been shown and described in the text. 

W. B. KAMB: Regarding the dislocation tracks: were they formed by dislocations that moved 
during the etching and replicating process, or do they represent a wake of crystal damage 
behind a moving dislocation? 

SINHA: The tracks illustrated were produced by the moving dislocations under the action of 
the etchant, while the specimen was under load. 
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