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The effects of boundary conditions on the basal
glide of ice crystals in compression
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Creep experiments were conducted on ice crystals in compression to investigate the effects of
boundary conditions on a single-slip system deformed in plane strain. Friction at the platens
of the deformation apparatus introduces a bending moment which causes a variation in the
amount of lattice rotation across the specimen. This is shown to occur in mechanically
constrained crystals observed through plane polarized light. Relieving the constraints and
minimizing friction at the ice-platen contact leads to the widening of the sample near the
specimen-—platen interface and the production of ‘tails’ symmetrically disposed about the
longitudinal axis of the deformed crystals. This is interpreted to originate from a bending
moment in the opposite sense from that obtained in the constrained crystals, resulting from a
progressive increase in slip displacement towards the platens where the segments of the slip
plane become shorter. When the crystal ends were constrained but allowed to move sideways,
a simple shear regime was established in which lattice slip was concentrated in the centre of

the crystal.

1. Introduction

Plasticity describes the behaviour of a crystalline solid
as it achieves permanent deformation. It is the macro-
scopic expression of processes involving the genera-
tion and mobilization of lattice defects along slip
systems whose nature depends on the crystallographic
structure of the material [1]. This type of deformation
is evidenced by changes in length and rotation of
material lines resulting from their displacement by slip
[2]. It does not affect either volume or lattice para-
meters.

Fig. 1 illustrates the simplest case of an ideal single-
slip system subjected to a compression regime, where
slip occurs along the projection of the applied stress
onto the slip plane. A passive marker in the form of a
rectangular outline, corresponding to a given material
element, undergoes shear along planes oriented at a
given angle with respect to the compression axis. As
deformation proceeds, both sets of parallel faces will
remain so but the angle that they make with each
other will diverge increasingly from 90°. This change
in geometry occurs in no other plane than that which
comprises the load direction and the pole to the active
slip plane. It is referred to as plane strain deformation.

The material element shown in Fig. 1 to behave as a
passive marker may also be represented as a specimen
deformed in a compression apparatus. There are, how-
ever, inherent difficulties when attempting to physi-
cally reproduce this simulation. Most importantly, the
application of the load must conform to the change in
shape of the specimen. Two set-ups may be envisaged
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(Fig. 2). In the first, the upper and lower surfaces are
allowed to rotate by means of a universal joint while
the side surfaces remain parallel to the load direction
(Fig. 2b). This alternative is merely conceptual as it
would lead in practice, if at all possible, to a danger-
ously unstable condition, as both joints need to be
perfectly aligned throughout the deformation in a
plane containing the stress direction. Such a design is
more suitable for a tensional load system.

In the second set-up (Fig. 2c), the upper and lower
surfaces are maintained parallel to the platens while
shifting sideways with respect to each other to accom-
modate internal shear. In doing so, the slip planes
rotate away from the direction of compression about
an axis normal to the plane of the paper (as shown in
Fig. 1). This scheme’s major limitation is that it re-
quires perfect lubrication at the specimen—platen con-
tacts, a condition which is difficult to achieve. The
high stresses involved in the deformation of most
material require a method of keeping the lubricant
from being expelled from this interface [3]. In creep
tests, most lubricant will either evaporate or react with
the deforming material at the temperature at which
the test is being conducted [4, 5]. When friction is high
and the platens remain parallel, uniaxial compression
translates into a bending moment which, in turn, leads
to a heterogeneous internal strain distribution [6-—8]
(Fig. 24).

Ice is defined as a hydrogen-bonded assemblage of
water molecules [9]. Its most common form belongs
to the hexagonal system and has a ¢/a lattice ratio of
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Figure [ Three-dimensional representation of an ideal single-slip
system in plane strain. A rectangular block acts as a passive marker
enclosed in a series of ‘stacked’ surfaces (left). When these surfaces
are made to slip upon each other (right), the block assumes a new
shape in which all material lines initially oriented at an angle to the
slip planes will have rotated. Shear strain is 0.35.
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Figure 2 The simulation depicted in Fig. 1 will be successfully
reproduced providing the change in shape of the sample (shown in
the undeformed state in (a)) is accommodated by the platens of the
deformation apparatus in either of two ways: (1) by allowing the
rotation of the platens about an axis perpendicular to the plane of
the paper (b); or (2) by ensuring perfect lubrication at the
platen—specimen interface (c). Failure to do so will result in unequal
load distribution (as inferred from the dashed outline in (c),
representing the shape of the crystal shown in (b)) and a departure
from a uniaxial state of stress, thereby inducing plastic bending (d).
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1.628 [9, 10]. Although eleven slip systems have been
identified [11], dislocation slip occurs predominantly
on the basal (0001) plane [12, 13], reported as the
only easy glide plane in ice [14—17]. Non-basal linear
lattice defects contribute to plastic strain insofar as
they constitute a source of dislocation multiplication
on that plane [13, 18]. Burger’s vectors are ay/3
[1120], ap/3 [2110] and ao/3 [1210] which, com-
bined, lead to isotropic slip [10, 19].

Ice is well suited to the investigation of a material
dominated by single-slip in a near frictionless environ-
ment. It creeps at temperatures well within the range
at which most hydrocarbon-based lubricants are ef-
fective. The normalized stress in a given test, defined as
the ratio of the applied stress over the elastic moduli, is
significantly lower (typically by a factor of 20) on the
hardware used in the experimental set-up than it is on
the ice specimen. Furthermore, ice is transparent and
birefringent. Sections of the entire specimen may be
prepared in which the internal structure may be
readily observed through cross-polarized light [20].

This paper discusses the influence of boundary
conditions on the geometrical evolution of ice single
crystals undergoing primarily basal creep in com-
pression, with a focus on the interaction between the
anvils of the deformation apparatus and the single-slip
system of the material.

2. Materials and methods

The ice specimens used in this study were obtained by
the repetitive seeding of singly distilled deaerated
water with an ice platelet comprising one large, opti-
cally continuous crystal of known orientation [21].
The resulting sheet was cut with a band saw into
rectangular prisms which were then shaved with a
microtome blade, to sizes of 40 x 40 x 90 mm or 40
x40x 110 mm 4+ 1 mm.

Crystallographic orientation was monitored with a
universal stage [22] and a chemical etching technique,
the latter according to principles described previously
[23]. The [000 1] axis of the crystal specimens used in
this study was at an angle of 30 and 45° + 3° to the
load direction and a {1120} axis in the plane com-
prising the load direction and the [000 1] axis. Pro-
cedures for surface preparation and etching were those
of Sinha [24, 25], which allowed line defect character-
ization of the crystals after loading. All specimens were
enclosed in a thin sheet of cellophane during deforma-
tion to prevent sublimation.

The compression apparatus was of the dead-load
type, and designed so that the surface of the upper
platen remained parallel to that of the lower while
moving downward (as shown in Fig. 2¢, d). A 3-mm
thick sheet of rubber was inserted between the ice and
the platens to avoid localized stress concentration.
The stress applied on all samples was in the range
300-500 kPa at a temperature of — 2 + 0.5°C (cor-
responding to an homologous temperature of
0.993T,,, where T, is the melting point in (K)).

3. Boundary conditions
Three types of boundary conditions were investigated
(Fig. 3). The restriction mode R was designed to
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Figure 3 Three types of boundary conditions. (See text for
discussion.)

simulate high friction experiments. The upper and
lower surfaces were held at a constant width with
aluminium prismatic rods (filled squares in Fig. 3).
These were, in turn, attached to the frame of the press
with threaded steel wires (represented by arrows) so as
to prevent those surfaces from moving sideways with
respect to each other.

The non-restriction mode N, on the other hand, was
meant to reproduce uniaxial deformation experiments
in which the interface between the material and the
platens was as close to frictionless as possible. It was
found in early experiments that ice adherence to the
platens was minimal. However, to ensure that the
specimen was allowed to widen and shift freely side-
ways, a sheet of steel ball-bearings 2.3 mm in diameter,
held together in lithium grease and sandwiched be-
tween two 3-mm thick tempered steel platelets, was
inserted at both ends of the specimen. In some cases,
cither Teflon tape or lithium grease was added be-
tween the specimen’s wrapping and the steel platelet,
with similar results.

The shear mode S is a combination of the two
previous modes. Aluminium rods prevented the ends
of the specimens from widening, but they were able to
move sideways with respect to each other with the
steel platelets and ball-bearings assemblages.

Wielding of the specimen onto the surface of the
platens did not hold at the temperature at which the
experiments were conducted. However, this technique
proved effective in one test run at —12°C (T/T,

= 0.956) but it is uncertain as to how much additional
restriction it added to that already imposed by the
aluminium rods.

4. Results and interpretation

The lateral strain of six specimens, corresponding to
the variation in width over total width, was measured
at various sites across their length (Fig. 4). The results
indicate that deformation approximated plane strain.
Data scattering at the low end of the X scale is
attributed to the lateral restraint imposed near the
platens by the R and S mode boundary conditions. In
general, this promoted extension in the Y direction.
The four lowest data points on the Y scale are from
one specimen that may have been inadequately pro-
tected against sublimation during storage.
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Figure 4 Linear plot displaying the relationship between the axial
strain in the X and Y directions of ice crystals deformed under
uniaxial compression. The angle 6 for all samples is 45°. (See text for
discussion.)

4.1. Restriction mode

Bending activates a reversal in shear stress gradient on
opposite sides of the bending plane which mobilizes
dislocations of one sign into polygonization or tilt
walls [8] (Fig. 5). These reflect the internal strain
distribution expressed by the mobilization of linear
lattice defects into a low energy configuration [8, 26,
27]. It occurs concurrently with a spatial variation in
lattice orientation. Dislocations of the other sign even-
tually reach the external surfaces of the specimen,
thereby contributing to its change in shape.

All ice crystals having crept under R mode bound-
ary conditions displayed a slightly asymmetric ‘barrel
shape’ configuration and two paired sets of subgrain
boundaries symmetrically disposed about the centre
of the specimen (Fig. 6). The latter are interpreted as
tilt walls [28].

4.2. Non-restriction mode

Specimens deformed under the N mode boundary
conditions displayed a distinctly non-uniform shear
strain gradient. Widening of the crystals was signifi-
cantly higher at their ends than in the centre (Figs 7, 8).
This is particularly evident in specimens with the
(0001) plane initially oriented at 60° to the direction
of loading, where ‘tails’ developed in two opposite
corners (Fig. 7).

This feature is best interpreted as an artefact of
sample geometry. As deformation proceeds, dislo-
cations are generated and move towards one of the
specimen’s surfaces. Those on the shorter segments of
the basal plane, located closest to two of the four
corners of the specimen, should reach one of these
surfaces first. Hence, for a given amount of internal
shear, the displacement due to slip will increase to-
wards the platens in these areas (Fig. 9). In this
process, the slip planes rotate towards the upper and
lower surfaces at a rate exceeding that expected if
shear strain was uniformly distributed in the speci-
men. This is the reverse situation to that obtained
under R mode boundary conditions, where such rota-
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Figure 5 Dislocation distribution in a material specimen deforming
by single slip under compression, whose ends are constrained at the
platens (adapted from [8]). TW: tilt wall. (See text for discussion.)

Figure 6 Section, 3.5mm in thickness (viewed under cross-
polarized light), of a single crystal deformed to 10% axial strain
under R mode boundary conditions. The trace of the (000 1) plane,
initially oriented at 45° to the load axis, is represented by a full line.
Tilt walls are indicated by dashed lines and separate areas of
different illumination. Length of the scale bar: 10 mm.

tion is impeded near the platens. A bending moment of
opposite sense is thus transmitted to the specimen.

In 45° crystals, this leads to a spatial variation in the
slope of the (0001) plane which follows a course
opposite to that observed in the constrained crystals:
it is steeper in the centre and shallower near the
platens (compare Figs 6 and 8). Dislocations accumu-
late along tilt walls in the centre of the specimen and
are thus prevented from reaching one of the free
surfaces. In 60° crystals, such tilt walls are short and
confined to the corners of the specimen where the tail
develops (Fig. 10). ‘Folding in’ of the tails with increas-
ing strain in these crystals is interpreted to result from
inhomogeneous slip, as shown in Fig. 9, followed
by the local accumulation of edge dislocations of one
sign (Fig. 11).

4.3. Shear mode
By keeping the upper and lower surfaces of the crystal
from widening, slip along lattice planes intersecting
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Figure 7 Two examples of strained crystals with (0001) plane
initially oriented at 60° to the load axis, deformed under N mode
boundary conditions. Axial strain in (a) is 8% and (b) 17%. Viewed
under crossed polars. The sections are 5.5 and 10.4 mm in thickness,
respectively. Filled rectangle in (b): location of Fig. 10. Full lines
represent the trace of the (000 1) plane. Length scale bars: 10 mm.

Figure 8 Crystal with its (0001) plane initially oriented at 45° to
the Joad axis deformed to 21% axial strain under N mode boundary
conditions (viewed under crossed polars). The section is 4.5 mm in
thickness. Full lines represent the trace of the (000 1) plane. Dashed
lines are zones of change in the crystallographic orientation within
the crystal. Length of scale bar: 10 mm.

these surfaces and the resulting variation in the
amount of lattice rotation are considerably reduced,
as seen also under R mode boundary conditions. By
allowing the areas of limited slip, represented by two
triangular.zones, to shift sideways, they acted as rigid
blocks or ‘dummies’ (Fig. 12). Upon compression,
these subjected the central part of the specimen to a
simple shear regime not unlike that obtained in other
studies with a shear box or Bausch’s apparatus



Figure 9 Simulation of a single-slip system under compression,
assuming arbitrarily that the amount of slip displacement due to
shear is linearly proportional to the length of the lattice plane along
which the displacement takes place. The amount of shear in the
centre of the crystal is 0.28 and increases to an average of 0.67 near
the platens. The dark areas outline the shape of the crystal if shear
strain had been uniform (as for the case shown in Fig. 1).

[29-31]. A variation in width of the shear zone from
one run to the next is tentatively attributed to non-
homogeneous distribution of dislocations prior to
deformation. In one specimen, crystal slip was concen-
trated predominantly in very narrow zones parallel to
the (000 1) lattice plane.

The geometry of the crystals deformed with this
mode is comparable to that observed in the specimens
compressed under R mode boundary conditions (com-
pare Figs 6 and 12). However, the tilt walls do not
occur in pairs. They are not as well defined and lattice
curvature is less pronounced. This suggests the occur-
rence of a bending moment of a similar but somewhat
less intense nature than that observed under full re-
striction, resulting from the constraint of only part of
the crystal’s volume.

5. Conclusion
Friction at the interface between a strongly anisotro-
pic material element and the platens of a deformation
apparatus, through which a compressive load is trans-
mitted, is known to introduce a biaxial state of stress,
represented by a plastic bending moment. This was
observed in ice crystals machined into rectangular
prisms and whose ends were mechanically constrained
during creep tests at a high homologous temperature.
Relieving the constraints and minimizing friction at
the ice—platen interface resulted in a variation of

Figure 10 Replicated surface from an area in a curled tail of the
specimen in Fig. 7b. Dislocation etch pits are elongated parallel to
[0001] (see [28]) and indicate a rotation of about 76° in the area
shown. Two sub-grain boundaries are also displayed (represented by
deeper grooves).
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Figure 11 Model accounting for the development of a curled tail in
opposite corners of the sample displayed in Fig. 7b.
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Figure 12 Sections of crystals deformed under S mode boundary
conditions. (a) Axial strain is 9% with the (000 1) plane initially
oriented at 45° to the load axis; (b) axial strain is 13% with the
(000 1) plane initially oriented at 60° to the load axis. The thickness
of the sections is 6 and 10 mm, respectively. Length of scale bars:
10 mm.

lattice orientation opposite to that obtained in crystals
deformed in a fully constrained environment. This
reversal is interpreted to originate from a bending
moment of opposite sense, obtained from a variation
in slip displacement in areas near the platens where
segments of the lattice planes are shorter. Hence,
unless careful adjustments of the load distribution are
considered, it appears that non-homogeneous strain is
inherent to ice crystals loaded under compression,
whether or not friction is effective along the
specimen—platen interface. This behaviour contrasts
with that of other single-slip material deformed under
similar conditions [32, 33]. It could be accounted for
by higher dislocation glide velocity.

When widening at a specimen end was prevented,
these shifted sideways with respect to each other as
expected in an ideal case of single-slip plasticity. Slip
was concentrated in the centre of the crystal into a
shear zone of variable width. This represents a means
of obtaining a simple shear regime under uniaxial
compression.
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