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Nucleation mechanisms occurring during dynamic
recrystallization play a crucial role in the evolution
of microstructures and textures during high
temperature deformation. In polycrystalline ice,
the strong viscoplastic anisotropy induces high strain
heterogeneities between grains which control the
recrystallization mechanisms. Here, we study the
nucleation mechanisms occurring during creep tests
performed on polycrystalline columnar ice at high
temperature and stress (T = −5◦C; σ = 0.5 MPa) by
post-mortem analyses of deformation microstructures
using cryogenic electron backscatter diffraction.
The columnar geometry of the samples enables
discrimination of the nuclei from the initial grains.
Various nucleation mechanisms are deduced
from the analysis of the nuclei relations with the
dislocation sub-structures within grains and at
grain boundaries. Tilt sub-grain boundaries and
kink bands are the main structures responsible
for development of polygonization and mosaic
sub-structures. Nucleation by bulging at serrated
grain boundaries is also an efficient nucleation
mechanism near the grain boundaries where strain
incompatibilities are high. Observation of nuclei with
orientations not related to the ‘parent’ ones suggests
the possibility of ‘spontaneous’ nucleation driven by
the relaxation of the dislocation-related internal stress
field. The complexity of the nucleation mechanisms
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observed here emphasizes the impact of stress and strain heterogeneities on dynamic
recrystallization mechanisms.

This article is part of the themed issue ‘Microdynamics of ice’.

1. Introduction
Understanding ice deformation behaviour is a key point for ice flow modelling and interpretation
of climatic signals extracted from ice cores. Ice has a hexagonal crystallographic structure, where
the [0001] direction is called the optical axis or c-axis. Deformation in ice occurs mainly by
dislocation glide in the basal plane, that is, in the plane normal to the c-axis, conferring a strong
viscoplastic anisotropy to the crystal [1,2]. The strong strain heterogeneity that ensues from this
anisotropy results in activation of dynamic recrystallization even at very low strains (less than or
equal to 1% in laboratory conditions) [3]. Dynamic recrystallization processes in ice are similar to
those observed in rocks and metals [4,5].

During deformation within an ice sheet, various recrystallization processes occur [6]. They
modify the ice texture and microstructure [7,8], and therefore affect the flow behaviour [9–11].
From texture analyses along deep ice cores, it is suggested that continuous (or rotation)
dynamic recrystallization (continuous DRX) predominates at intermediate depths [12,13],
whereas discontinuous (or migration) dynamic recrystallization (discontinuous DRX) prevails
at deeper depths, close to the base of the ice sheet where deviatoric stress and temperature are
higher [6,12,14]. These two dynamic recrystallization regimes produce different microstructures
and distribution of crystallographic orientations (textures). When continuous DRX is dominant,
ice subjected to a very low vertical compressive stress (which is the most common stress field
along ice cores drilled at geological domes, except close to the bedrock) develops a texture
characterized by c-axes forming a single maximum aligned with the compression direction. This
texture evolution is well explained by the rotation of basal planes driven by dislocation glide and
is probably only slowed down by continuous DRX mechanisms [7,15,16]. When discontinuous
DRX is the dominant mechanism, the texture evolves toward an arrangement of c-axes within
small circles oriented at about 35◦ from the compression axis [6,8,17]. The latter texture is
also obtained in laboratory compressive creep experiments performed at higher homologous
temperatures, but under deviatoric stresses 3–10 times larger than expected in an ice sheet [18,19].

Both recrystallization regimes are driven by a redistribution of stored strain energy, associated
with the dislocations via grain boundary migration and nucleation of strain free grains.
The exact mechanisms responsible for the development of a given texture, in particular
during discontinuous DRX, are still questioned. In particular, the interaction between local
heterogeneities in the strain field, DRX mechanisms and the role of nucleation in texture
development, under laboratory conditions or in ice sheets are still poorly constrained.

Development of strain heterogeneities in ice has been characterized at an intragranular
scale (and relatively high resolution) by Grennerat et al. [20]. They showed that strain
tends to concentrate close to grain boundaries and sub-grain boundaries (SGBs) in relation
to the stress field heterogeneities [21,22]. Recent strain field measurements performed at a
triple junction where nucleation occurred [3] showed that DRX mechanisms initiate where
strain incompatibilities between neighbouring grains are strong and that the change in the
microstructure tends to relax the incompatibilities. Duval et al. [23] proposed a strong connection
between nucleation and local internal stress field resulting from dislocation arrangements. The
role of dislocation accumulation and arrangement under heterogeneous strain fields appears to
be crucial for DRX processes.

Dislocations responsible for plastic deformation in ice have their Burgers vector dominantly
along one of the 〈a〉 (〈11̄20〉) axis and glide in the basal plane [2,24]. Very short segments of
non-basal 〈a〉 dislocations were observed by X-ray diffraction [25–27]. Being rare, non-basal
dislocations are usually assumed not to significantly contribute to the deformation, but they are
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supposed to participate in the generation of basal dislocations [28]. Recent analysis of electron
backscatter diffraction (EBSD) data on ice [22,29] showed that non-basal 〈c〉 or 〈c + a〉 dislocations
contribute to some of the observed SGB structures.

The most common sub-structures in both naturally and experimentally deformed ice
polycrystals are tilt SGBs or kink bands composed of basal edge dislocations [22,30,31]. Kink
bands are characterized by a combination of two opposite tilt SGBs [32,33]. They may be viewed
as equivalent to twinning that frequently occurs in hexagonal or trigonal materials such as
magnesium [34,35], titanium [36] or calcite [37] because both structures can accommodate local
shear in a ‘hard slip’ direction [3,22,38]. These SGBs and kink bands modify the texture and
microstructure in a similar way as observed during continuous DRX in metals [39,40] and
rocks [41–43].

Strain heterogeneity also results in strain induced grain boundary migration (SIBM), which
results in serrated (or interlobate) grain boundaries, commonly observed in ice and also metals
and rocks [41,44–47]. Grain boundary bulging resulting from SIBM has often been suggested as a
likely nucleation mechanism in ice [6,19,31,48].

In this study, we discuss nucleation mechanisms in ice based on post-mortem observations of
microstructures on columnar ice polycrystals deformed in the laboratory. Tests were performed
under creep at high temperature and relatively high deviatoric compressive stresses (T ≈ −7◦C
and σ = 0.5 MPa). The polycrystalline columnar ice microstructure with large grains (1–2 cm
diameter) enables relatively high resolution observations for ice (down to 5 µm) of nuclei, sub-
grain and grain boundary structures by cryogenic EBSD (cryo-EBSD), which provides the full
crystallographic orientation of grains. In addition, this study tries to unravel the likely nature
of the dislocations involved in these structures, aiming to improve our understanding of the
connection between strain heterogeneities, nucleation mechanisms and textures.

We keep in mind, as highlighted by Humphreys & Hatherly [49], that when observing
nucleation, one is in fact studying nucleation and the early stage of growth because nucleation is
a part of recrystallization process which is well below the resolution limit of instruments used for
this investigation.

2. Experimental set-up

(a) Creep tests on polycrystalline columnar ice
Creep tests were performed in uniaxial compression in a cold room at −7◦C (±0.5◦C). A constant
stress of 0.5 MPa was applied through a constant load along the vertical y-axis. Under these
conditions, a minimum strain rate of about 3 × 10−7 s−1 is reached at 1% strain, after about 3 h.
Teflon sheets were placed between the sample and the pistons in order to minimize friction
at the contact surfaces, which could induce shear. As the macroscopic strain reached less than
3%, we neglected the evolution of the surface in contact with the load. Tests were stopped
at low macroscopic strains (around 3%) to focus on the initial stages of recrystallization, in
particular nucleation.

The samples were made of columnar polycrystalline ice of type S2 [50]. The columns are nearly
parallel to each other and the initial orientation of the c-axis of the grains is within ±15◦ from
the plane perpendicular to the columns. Samples were machined in the laboratory with high
geometrical accuracy to a parallelepiped shape of dimensions close to 85 × 85 × 15 mm3, with
the shortest direction being parallel to the columns of the grains. The microstructure of a non-
deformed sample, in the plane perpendicular to the columns, is shown in figure 1. The typical
size of the grains in this plane is about 1–2 cm, and each sample is composed of about 80 grains.
Texture analysis techniques used here are mostly destructive (see §2b) but the 2.5-dimensional
geometry of the sample provided by the columnar microstructure enables one to compare pre-
and post-deformation textures and microstructures by preparing sub-parallel samples along the
plane perpendicular to the column axes. The columnar geometry also allows discriminating
without ambiguity new recrystallized small grains from large parent grains (figure 1).
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Figure 1. Pre- (a,c) and post- (b,d) deformation texture analyses from [0001] c-axis measurements performed with the AITA
(20µm step size), with the associated pole figure for [0001] axis for both sample no. 1 (a,b) and no. 2 (c,d). The colourwheel
related to c-axis orientations is shown at the bottom right of the undeformedmicrostructures. Selected areas for EBSD analyses
are shown within white rectangles on the deformed microstructures. The white pixels in post-deformation microstructures are
non-indexed. (Online version in colour.)

For a more detailed description of the creep test conditions and sample fabrication the reader
can refer to [3,20].

(b) Texture and microstructure analyses
The automatic ice texture analyzer (AITA) [51] provides measurements of the orientation of
the optical c-axis over large areas with a spatial step size varying between 50 and 5 µm (we
use 20 µm here) and an angular resolution of about 3◦ [52]. The c-axis measurement is more
sensitive to the colatitude angle, this explains the radial dispersion visible on the pole figure for
the undeformed sample, which provides the range of accuracy. Measurements are performed on
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a thin section (0.3 mm thick) of the full sample area (85 × 85 mm2) extracted before the test and
on a section cut on the sample surface just after the test, as close as possible to the previous
one [20] (figure 1). The distance between the two thin sections is estimated to be around 5 mm.
Owing to the columnar shape of the grains and their large diameter, we expect limited bias from
two-dimensional sectioning.

Cryo-EBSD analyses are performed over small areas of interest (2 × 1 cm2) selected based on
the AITA observations. We used the crystal probe scanning electron microscope of Geosciences
Montpellier (CNRS, Université Montpellier 2) mounted with a GATAN cold stage module as
described in [19]. The full lattice orientation is obtained with a step size between 50 and 0.1 µm
and an angular resolution of 0.7◦ [53]. Appropriate adjustment of the vacuum and temperature
(1 Pa and −100◦C) to reduce sublimation was made following Weikusat et al. [54] and allowed
EBSD mapping of the entire selected areas (2 × 1 cm2) with indexation rates higher than 85%.
Samples for EBSD analyses were extracted as close as possible to the sample surface, at about
6 mm behind the thin section analysed with the AITA. Microstructures derived from the two
orientation mapping techniques compare remarkably well (figure 1).

Analyses of post-deformation texture by the AITA were performed at −15◦C immediately
at the end of the tests. Samples were later maintained at −40◦C, transported at −18◦C (a few
hours) and prepared at −60◦C prior to EBSD observations to limit the effect of post-dynamic
recrystallization or annealing.

(c) Characterization tools for the interpretation of EBSD data
EBSD data treatment was performed using the MTEX open source Matlab toolbox
(http://mtex-toolbox.github.io/) [55]. Definitions of some parameters implemented in MTEX
and used for the study are given in this section.

Grain segmentation was done with a transition angle from sub-grain boundary to grain
boundary fixed at 7◦. The relevance of this value is discussed in the electronic supplementary
material by comparing the measured grain boundary energy [56,57] with theoretical SGB energy
using the Read and Shockley model [58].

Mis2mean computes for each pixel the misorientation, i.e. the minimum rotation angle,
between the pixel orientation and the mean orientation of the grain. Maps of the mis2mean values
are used to illustrate intragranular misorientations associated with SGBs.

GOS, the grain orientation spread, is the mean value of mis2mean within a grain. The GOS
value provides a scalar magnitude of the global misorientation inside the grain.

KAM, the kernel average misorientation, is a measurement of the local misorientation. It is
calculated as the average misorientation angle between a pixel and its neighbours. In this study,
12 neighbouring pixels are used for the calculation (second order KAM). Maps of the KAM are
used to highlight areas of abrupt changes in orientation, such as SGBs.

Misorientation profiles are used to characterize sub-structures such as SGBs and kink bands.
Two types of misorientation profiles were calculated. The first type plots the misorientation
between a pixel along a selected profile, and the first pixel in the profile (red line). The second
type plots the misorientation between two adjacent pixels along the profile (blue line). When
relevant, a pole figure showing the rotation axis of the misorientation accommodated by a SGB
that crosscuts the profile is also displayed.

The misorientation axis is extracted by measuring the change in crystal orientation across
a SGB, following the technique suggested in [59]. As we force the misorientation angle to
be positive, two rotations in opposite sense will have the same misorientation angle but
misorientation axes pointing in opposite directions, hence in opposite hemispheres. The rotation
axis is therefore represented in the hemisphere in which it is pointing.

In order to interpret the nature of the SGB (tilt or twist), the orientation of the SGB plane is
also required. This information cannot be extracted from the EBSD data, which only provides the
trace of this plane on the sample surface. The assumption made to define the SGB plane needs to
be justified in each case [22,30].

http://mtex-toolbox.github.io/
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3. Nucleation processes
Pre- and post-deformation textures and microstructures obtained using the AITA are shown
in figure 1 together with pole figures displaying the orientations of the c-axes. Owing to the
initial centimetre size columnar microstructure, we are able to discriminate small grains at grain
boundaries and triple junctions as being nuclei formed by DRX. Many dislocation sub-structures,
forming SGBs are observed, and grain boundaries are highly serrated.

The texture is not significantly modified relative to the starting material because the
orientations of the large initial grains still dominate the final texture. Texture in the deformed
samples is more dispersed due to onset of nucleation and development of intragranular
misorientations.

Specific areas were selected on the deformed samples based on the AITA images and analysed
by EBSD (white rectangles in figure 1). EBSD analyses enable one to characterize local features
from the full crystallographic orientations, and at relatively high resolution (20–5 µm) relative
to the grain size. These features are presented below based on the nucleation mechanism we
assumed they record, namely polygonization by SGB formation or nucleation at grain boundaries
and triple junctions.

(a) Polygonization
Polygonization involves the formation of SGBs that can further evolve with strain into new grain
boundaries and create new grains. In the configuration of post-mortem observations, we only
observe SGBs and cannot predict their evolution into new grain boundaries. We observe different
types of SGBs that we characterize by using the tools described in §2c from cryo-EBSD data.

(i) Tilt sub-grain boundaries and kink band structures

Tilt SGBs are the most commonly observed sub-structures in our experiments or in previous
studies [21,29,30]. They are composed of edge dislocations [60]. Some well-defined tilt SGBs are
illustrated in part 1 of the electronic supplementary material. They appear either as individual
structures crossing the entire grain, or as multiple tilt SGBs that bend grains up to high
misorientations (up to 8◦ in the given example).

A kink band is a special arrangement of two parallel tilt SGBs with opposite misorientation
axis directions, each tilt SGB inducing the same absolute angle of misorientation. Hence, at both
sides of the kink band the crystal orientation is nearly identical. Many kink bands are observed
in our samples. A few are described here. A large kink band is shown in figure 2, crosscutting
grain P6. The KAM representation used in this figure highlights the regions of abrupt changes
in orientation. The tilt nature of the two SGBs forming the kink band is determined by using the
misorientation axis analysis described in §2c.

The pole figure (figure 2) shows that the misorientation axes are parallel to a 〈a〉 axis for the
right SGB and to a 〈m〉 axis for the left one. Both rotation axes are in the basal plane. Such tilt
SGBs were characterized in [22]. They are interpreted as tilt walls based on the assumption that
the sub-grain wall is almost perpendicular to the sample surface. Although this assumption is
reasonable given the columnar geometry of the samples, only three-dimensional measurements
could confirm it. Based on this assumption, the 〈c〉 axis lies within the SGB plane, hence these
SGBs are tilt SGBs essentially made of basal edge dislocations with 〈a〉 Burgers vectors.

The misorientation profile (figure 2b) shows that both tilt SGBs accommodate a total
misorientation close to 3◦. However, in both SGBs, the misorientation between two adjacent pixels
is never higher than 1◦ (cf. the blue curve in figure 2b). The change in orientation across the two
tilt SGBs that form this kink band is not a sharp step but a progressive misorientation. Such a
‘smooth’ misorientation gradient is rarely observed in tilt SGBs. Most tilt SGBs analysed in this
study show sharp misorientation gradients.

Kink band arrangements are often observed to crosscut the entire grain, but some of them,
which initiate close to a grain boundary, tend to vanish in the grain interior. An illustration is
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Figure 2. (a) KAM representation of an EBSDmap (20µm step size). The grain boundaries are plotted in black (misorientation
angle higher than 7◦). (b) Misorientation angle analysis along profile (b); the red line shows the cumulativemisorientation and
the blue line the misorientation between neighbouring pixels, associated pole figures for the right and left tilt SGB pointing in
different hemispheres. (c) Misorientation angle evolution along various profiles across grain P7, at increasing distances from the
grain boundary. Profiles are extracted perpendicularly to the c-axis direction, in order to show the sub-structure evolution as a
function of the distance to the grain boundary. (Online version in colour.)
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given in figure 2, where several misorientation profiles are extracted along parallel lines taken at
increasing distances from the grain boundary between grains P6 and P7. The red profile plotted
in figure 2c (labelled ‘0.0 mm’) corresponds to the profile closest to the grain boundary. The black
profile is the furthest away from the boundary. While many kink band structures, of various
widths, are present close to the grain boundary, only a few remain 4 mm away from the grain
boundary. For instance, the kink band visible at about 1.7 to 1.8 mm along the red profile is no
longer detected in the grain interior and does not appear on the black profile. In addition, the
complex sub-structure that appears between about 0.5 and 1.4 mm along the red profile tends to
concentrate, or organize itself, in the shape of a wide kink band visible along the black profile
(and visible in the KAM representation of figure 2). These observations show that close to grain
boundaries more kink bands and tilt SGBs are produced, probably due to strain incompatibilities
between neighbouring grains with very different orientations.

(ii) Mosaic sub-structures

Both tilt SGB and kink band structures observed here are assumed to be made of a simple
configuration of basal edge dislocations, similar to previous descriptions in [30]. KAM
representations of EBSD data also highlight areas with more complex sub-structures, including
curved SGBs, often close to grain boundaries and triple junctions.

A typical SGB structure of this type appears in grain P8 (figure 3), where SGBs split a parent
grain in three sub-grains. These three SGBs are coherent with tilt SGBs, following the reasoning
of §3a(i). The three misorientation axes are between 〈a〉 and 〈m〉 axes (figure 3b). Interestingly, the
misorientation axis resulting from the combination of SGB P8-S1 and SGB P8-S2 (grey square,
figure 3b) is similar to the one created by SGB P8-S3. The resulting misorientation angle is slightly
different, the combination of SGB P8-S1 and SGB P8-S2 resulting in a rotation of 8.4◦ while
SGB P8-S3 creates a rotation of 9.4◦. This difference is explained by an additional progressive
misorientation gradient, which can be observed along a profile following SGBs P8-S1 and P8-S3
(figure 3a).

(b) Nucleation at triple junctions and along grain boundaries
(i) Serrated grain boundaries and nucleation by bulging

EBSD maps obtained at 5 µm steps show that most grain boundaries are highly serrated after
the 3% strain reached at the end of the compressive creep test (figure 4). These serrated grain
boundaries result from grain boundary migration driven by local variations in dislocation
density between two neighbouring grains [49,61]. In the vicinity of serrated grain boundaries,
the grains often display strongly misoriented domains (up to 5◦, figure 4) where SGBs form
complex structures. In the following, we will analyse some of these sub-structures. The mis2mean
representation is chosen in order to highlight the sub-grains rather than their boundaries.

Figure 4 shows a typical serrated grain boundary structure where various SGBs appear at
the edges of the bulged part of the grain boundary. Analysis of SGBs P10-S1, P10-S2 and P9-S1
(figure 4) illustrates the complexity of the dislocation sub-structure in such domains.

The misorientation axes are between 〈a〉 and 〈m〉 directions in the basal plane for the three
SGBs P10-S1, P10-S2 and P9-S1. All these SGBs have a typical tilt boundary geometry with
the misorientation axis in the boundary plane. In the case of P10-S2, the boundary wall is
perpendicular to the c-axis. By making the hypothesis that the SGB plane is perpendicular to
the plane of the section, this SGB can be interpreted as composed by non-basal 〈c〉 dislocations,
such as hypothesized in [22,29].

In order to create new grains from bulging, one needs these SGBs to turn into grain boundaries
and separate the bulged area from the parent grain. Once again, post-mortem analyses such as
those performed here can only provide indirect observations of such a mechanism. Some nuclei,
assumed to have formed by this process along a serrated grain boundary are shown in figure 5.
In this figure, the mis2mean representation indicates a high density of dislocation sub-structures
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Figure 3. (a) Second order KAM of an EBSD map showing mosaic sub-structure (20µm step size). The profile shows the
cumulative misorientation along the dashed line relative to labelled point 0. The grain boundaries are plotted in black
(misorientation angle higher than 7◦). (b) Pole figures for each SGB. The total misorientation accommodated by the SGB is
indicated at the bottom right of the pole figure. On the SGB P8-S3 pole figure, the misorientation axis resulting from the
combination of the misorientations of SGBs P8-S1 and P8-S2 is plotted as a grey square. (Online version in colour.)

within the parent grain P12 which results in a high GOS for this grain. On the contrary, the GOS
of the small grains n1 and n2 is low and very low mis2mean values are measured in these grains.
Based on the smooth shape of grain boundaries between grain n1 and grain P12, and between
grain n2 and grain P12, we assume the two small grains to have grown at the expense of grain P12.
This interpretation is substantiated by the fact that the mis2mean map shows more sub-structures
in the vicinity of the small grains within grain P12 than within grain P11.

The pole figure shown in figure 5 represents the orientation of each grain of the figure, with
symbols proportional to the grain size. The orientations of the small grains n1 and n2 are close to
the orientation of grain P11, while the orientation of the small grain r1 is close to grain P12. Grain
r1 is also characterized by a high GOS value and has a relatively serrated grain boundary. Based
on these observations, we hypothesize that n1 and n2 are new grains formed by bulging of the
grain boundary between P11 and growing at the expense of P12, while grain r1 could well be a
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angle higher than 7◦). (a) Mis2mean representation. (b) GOSmagnitudemap colour-coding. (c) c-Axis 〈0001〉 pole figure using
the GOS colourcode and a maker size proportional to the grain size. (Online version in colour.)

small part of grain P12 isolated by the nucleation and growth of n1 and n2. We may call grain r1
a remnant of grain P12.

Nucleation by bulging creates new grains with low dislocation density and orientation close
to the parent grain orientation. This is illustrated in figure 6, which shows clusters of small grains
all over the grain boundaries. The pole figure in figure 6b shows the grain orientations with a
colourscale related to the GOS value of the grain. The size of the symbol is proportional to the
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size of the grain allowing one to distinguish small (possible nuclei) from large grains (parents).
It appears that all new grains cluster around an orientation very close to the orientation of one
of the large grains in the domain. The larger misorientation measured between a nucleus and its
parent grain is about 30◦ (relative to grains P14 and P15). Although most of these new grains have
low GOS values, some show higher GOS values suggesting that they either represent new grains
that started to deform during the test or are residues from parent grains isolated by nuclei growth
(as could be the case of r1 in figure 5).

Figure 6c focuses on the small grains along the grain boundary between grains P15 and P16
(P15/P16). The grains are colour-coded depending on the parent from which they are supposed
to originate (P15 or P16) based on their orientation. The representation of the grain boundaries
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(Online version in colour.)

is a function of the misorientation. Grain boundaries with misorientations between 7◦ and 20◦
are shown in black and those between 20◦ and 50◦, in red. Grain boundaries with misorientation
angle between 50◦ and 90◦ (i.e. close to the initial grain boundary P15/P16 misorientation 70◦ ±
20◦) are depicted in blue. The grain boundaries with low angle or similar to the initial P15/P16
misorientation are those expected to have formed by bulging. The intermediate grain boundary
misorientation (red) might result from bulging of an ‘old’ nuclei.

It is interesting to note that the dispersion of the orientation of the c-axis of the nuclei around
grain P15 is larger than the one of the nuclei around grain P16 (figure 6b). Moreover, the nuclei
emanating from P16 seem to present higher GOS values than the ones from P15, as for instance
grain r2 which could very likely be a remnant of grain P16. These observations indicate that the
nuclei likely grew from grain P15 into grain P16 at this location along the boundary.

In summary, bulging seems to be an efficient nucleation mechanism in this study (figure 1). It
creates necklace structures along the original grain boundaries.

(ii) Nucleation with no orientation relation with parent grains

A few locations in the samples analysed in this study suggest the occurrence of a nucleation
mechanism that induces no orientation relation between the nucleus and the parent grains. This
type of nucleation was hypothesized by Duval et al. [23] to result from a ‘spontaneous’ nucleation
mechanism with neither critical radius nor saddle point energy constraint.

One of these locations is represented in figure 7a. In order to highlight the orientation data,
grains within this area are colour-coded as a function of their orientation. Grey is used for grains
initially present in the undeformed microstructure (parent grains). Small grains with orientations
close to one of the parent grains are coloured in black. They are interpreted as resulting from
bulging, as described in §3b(i). The remaining small grains are coloured based on their orientation,
as in the pole figure (figure 7a). They show orientations that differ significantly from the parent
grain orientation (table in figure 7a). For instance, the blue grain is misoriented by 62.0◦ from the
closest possible parent grain, while the maximum misorientation angle in a hexagonal system
is 93.8◦.

Twinning, which would result in coincidence site lattice (CSL) orientation relations, was
excluded based on the relations of orientation (figure 7b). Indeed, from theoretical CSL in ice
estimated by Gonzalez Kriegel et al. [62], the misorientation between a nucleus and the parents
that gets the closest to a CSL (Σ9 CSL [62]) corresponds to a rotation axis that stands at about 10◦
from the Σ9 CSL configuration expected for ice.
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Could orientation relations exist in the third dimension which is not resolved by our EBSD
surface observations? This cannot be totally excluded, but it is very unlikely considering the
columnar shape and the large initial grain size. Nevertheless, the nucleation destroys the 2.5-
dimensional symmetry of the original microstructure, and the small blue grains could well be part
of one single larger grain (resulting from nucleation and growth) cut by the surfacing procedure.

4. Discussion
Ice deformation is mainly accommodated by dislocation glide along the basal plane. Owing to
the difficulty of propagation of non-basal dislocations, ice single crystals have strong anisotropic
mechanical properties [1]. This strong anisotropy leads to heterogeneous strain fields during
deformation of ice polycrystals [20]. Locally, at an intra-granular scale or within deformation
bands, the strain can be more than ten times higher than the macroscopic strain [3,20]. Close
to grain boundaries, where strain incompatibility is stronger, strain localization is a precursor
to recrystallization mechanisms [3], as a response to stress heterogeneity [21,22]. The role of
recrystallization mechanisms is to reduce these heterogeneities through grain nucleation, SGB
formation and grain boundary migration, by creating a more strain compatible microstructure [3].

Kink bands are common sub-structures in ice, as described in [32,63]. Piazolo et al. [22] have
recently shown that they accommodate strong local stresses resulting from strain incompatibility
and compensate the difficulty of non-basal dislocation glide. The kink interior can be rotated by a
few degrees relative to the surrounding grain (figure 2), favouring the glide of basal dislocations.
The local deformation accommodated by a kink band may be important, as recently evaluated by
digital image correlation on ice [3].

This study details many examples of kink band structures (figure 2). It shows, for the first
time, that the tilt SGBs forming the kink bands do not necessarily take the shape of a sharp
wall. Although rare, progressive misorientations may also occur. Multiple layers of basal edge
dislocations parallel to the tilt SGBs are needed to create such a structure. Some kink bands
crosscut the entire grain and create new path to accommodate the deformation imposed by the
local stress field. Kink band sub-structures are however more numerous close to grain boundaries
than within the grain (figure 2c). This is consistent with the fact that the strain incompatibilities
are stronger close to grain boundaries. When going deeper into the grains, the sub-structures
therefore tend to arrange in simpler shapes with reduced stored energy.

Isolated tilt SGBs and multiple tilt SGBs that result in progressive bending of the crystal lattice
(electronic supplementary material), or more complex mosaic sub-structures formed by multiple
tilt SGBs (grain P8, figure 3) are also frequently observed in our samples. All these sub-structures
may be formed by basal edge dislocations such as already hypothesized in [29,30].

Development of SGBs as observed in this study (tilt SGB, kink band, etc.) creates distinct sub-
grains that can be misoriented by a few degrees (figure 3 for instance). The arbitrary value of 7◦
assigned here to distinguish between SGB and grain boundary is based on empirical observations
of various authors (see for instance [41]), but not supported by any energy calculation, as shown in
part 2 of the electronic supplementary material. SGBs observed in this study or in natural ice cores
[29,31] do not organize in a type of checkerboard as in halite [64,65], quartz [66] or in magnesium
[67,68]. Most often, the SGBs crosscut the entire grain and separate large parts of grains into
well-defined sub-grains that further behave as individual grains [3]. These mechanisms can be
interpreted as continuous DRX because they end up creating distinct grains.

Grain boundary bulging has been proposed as an efficient recrystallization mechanism for ice
in previous studies, based on observation of ice core samples [31] or laboratory experiments [19].
For the first time, this study uses original cryo-EBSD observations at relatively high resolution
to provide a description of the different steps of nucleation by bulging, from the serrated grain
boundary to the new small grain (figures 4–6).

Observed grain boundary serrations result from SIBM [49,69] and this heterogeneous
migration is associated with complex crystal sub-structures close to the grain boundary (figure 4).
These sub-structures are shown here to be mostly tilt SGBs with basal 〈a〉 edge dislocations but
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a non-negligible proportion of them contains non-basal 〈c〉 dislocations (figure 4) that appear
necessary to complete the sub-grains. Although the role of such energetically unfavourable
dislocations [2] in forming dislocation sub-structures has already been evoked by Weikusat
et al. [29] and Piazolo et al. [22], they appear, here, to be very common close to serrated grain
boundaries. As such SGBs containing non-basal dislocations are expected to be energetically
costly in ice, they might require high levels of local stresses such as can be expected close to
grain boundaries and triple junctions [20,22].

From our observations, it is very likely that these complex SGBs will actively contribute to the
isolation of the nuclei with increasing strain (nuclei n1 and n2, figure 5). Nuclei created by bulging
have a low dislocation density and seem to grow in the direction where the dislocation density is
higher. Their nucleation that occurs along old grain boundaries may result in the development of
a necklace of small grains at grain boundaries (figure 6) as frequently observed in metals [70] or
in minerals [71].

Bulging nucleation is observed in metals such as magnesium [46,72,73], copper [44,74] and
in rocks [47,69,75], where it is supposed to be responsible for a drastic grain size decrease
during discontinuous DRX. In the specific conditions of our experiments (high temperature, high
deviatoric stress), grain boundary migration is supposed to dominate the grain microstructure
evolution [19], and we therefore expect new strain free grains to grow rapidly.

Polygonization associated with tilt SGBs or kink bands, or nucleation by bulging are expected
to create new grains with orientations close to the ones of parent grains [49,76]. Small grains
with an orientation that did not exist in the initial microstructure are also observed in this study
(figure 7). These new small grains, observed in figure 7, present high angle grain boundaries with
no CSL relationship with the neighbouring grains. Similar observations were performed in metals
under conditions where discontinuous DRX is expected to dominate [77–79].

Along deep ice cores, where the texture is close to a single maximum aligned with the vertical
axis (compression direction), some isolated grains are observed whose orientations clearly stand
out of the dominant orientation cluster at the given depth [15,16]. Discontinuous DRX has been
suggested as an explanation for these isolated orientations but no physical mechanism was
evoked [4].

The model suggested by Duval et al. [23] could provide a likely explanation for the formation
of such nuclei. This model proposes that the relaxation, during embryo formation, of long-range
internal stresses stored in dislocation pile-ups at grain boundaries provides an additional driving
force that drastically decreases both the nucleation critical radius and the saddle point energy. In
these conditions, nucleation can occur without the necessity to reach a critical nucleus size [80],
nor any thermal activation. This is why is it referred to as ‘spontaneous’ nucleation. The critical
strain necessary to establish the long-range internal stress field is probably achieved thanks to the
strong localization of deformation in ice, due to incompatibilities between grains. Although this
model does not constrain the nucleus orientation, it may explain new orientations that appear
with no relation to the parent grains.

Dynamic recrystallization in ice involves complex crystal restructuring through various forms
of nucleation. As shown during a previous study [3], these mechanisms are a response to the
incompatibility of deformation between grains and create new microstructures more compatible
in regard to the local stress. Nucleation mechanisms observed during laboratory experiments
(for instance here T = −7◦C and σ = 0.5 MPa) can take various forms within a single sample,
indicating concomitant activation of both continuous DRX and discontinuous DRX. The local
strain and stress fields very likely control which mechanism predominates, which one is the
most efficient to relax the local incompatibilities. The macroscopic stress and strain conditions
impose nevertheless the global textures that form in conditions of DRX in ice [18,19,81,82]. We can
therefore expect nucleation mechanisms to provide the evolution of the microstructure required to
achieve a macroscopically favourable state of stress. Macroscopic deformation bands as observed
in [20] might be favourable sites of nucleation.

While laboratory conditions (ε̇ ∼ 10−7 s−1) are far from the deformation conditions
encountered in natural ice sheets (ε̇ ∼ 10−12 s−1), the extraordinarily strong viscoplastic
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anisotropy of ice [1] and the complex substructures visible in natural samples [31] even at high
depths in the firn [83] suggest that strain heterogeneities can be strong in natural conditions too.
As strain rate in ice sheets is several orders of magnitude lower than in laboratory conditions,
we expect grain boundary migration to have a stronger relative impact on the relaxation of
local stresses during deformation. This is coherent with the observed grain shapes, which are
less serrated in natural samples [31]. However, the local stresses are probably still high enough
to create SGBs with basal edge dislocations but also SGBs with non-basal dislocations [29]. Yet,
discontinuous DRX cannot be considered as the dominant mechanism at all depths in an ice sheet.
First of all, and mostly, because observed textures along the first two-thirds of most of the cores
present a single maximum [7,8,15,16] that strongly differs from the ‘small circles’-type textures
observed in all creep experiments in DRX conditions [18,19,82], while in the bottom part of ice
cores the textures become similar to the experimental ones [6,8,17]. The increase in temperature
with depth along ice cores is likely to modify the balance between grain boundary migration rate
and storage of strain energy through dislocation accumulation. The shear component of stress also
increases with depth in an ice sheet [11,84,85]. This could induce higher strain heterogeneities and
hence more effective recrystallization. At these lower depths grain sizes can also be very large, in
agreement with an efficient grain boundary migration.

Evaluating the mechanisms of nucleation in the laboratory and at a relatively high resolution
is therefore likely to benefit to the understanding of DRX mechanisms as occurring along ice
cores. High resolution observations of ice samples extracted from ice core, such as performed by
Weikusat et al. [31], could be valuable to perform comparisons. Nevertheless, as many bubbles are
trapped in ice, and compressed in their natural environment, their relaxation with ice extraction
can lead to severe local deformation at the intragranular scale that will very likely pollute EBSD
observations of local dislocation sub-structures.

5. Conclusion
In this study, cryo-EBSD observations on columnar ice deformed at high temperature provide
a detailed overview of the nucleation processes occurring during DRX of ice and of the likely
associated dislocation arrangements.

Nucleation mechanisms in a strong anisotropic material such as ice are mainly controlled
by the local strain and stress conditions. These conditions are strongly heterogeneous and
high local strains can be reached at any macroscopic strain level [3,20]. Nucleation and grain
boundary migration are efficient mechanisms to accommodate the intra- and intergranular stress
incompatibilities by creating a new microstructure more adapted to the local stress field. This
study highlights the range of nucleation mechanisms that can act to modify the microstructure,
as a function of the local and macroscopic constraints.

Most commonly, dislocations organize to form tilt SGBs and kink bands which accommodate
significant strain [3] at places where local stress is heterogeneous [22]. Although no ‘in situ’
observations are available, it is very likely from the present observations that these dislocation
sub-structures can be considered as precursors to a polygonization type of nucleation.

For the first time, bulging nucleation is characterized in detail. SGBs are shown to play a
major role in this nucleation associated with strain induced grain boundary migration. Indeed,
strongly misoriented areas concentrate close to serrated grain boundaries. These areas contain
classical tilt bands made of basal dislocations, but also of non-basal dislocations. These sub-
structures, which must be driven by high local stress concentrations, are very likely to be
responsible for evolution of the bulging nuclei into new grains that are observed in this study,
although only in situ experiments could undoubtedly provide the proof. Local and heterogeneous
grain boundary migration, exemplified by serrated grain boundaries, enables microstructure
restructuration adapted to the local fields. But our observations demonstrate that the classical
scheme of ‘strain free’ grains that would grow against ‘highly strained’ grains is far too simplistic
in a frame of heterogeneous strain field such as measured in ice.
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‘Spontaneous’ nucleation was also deduced from observation of necklaces of small grains at
grain boundaries and triple junctions with no orientation relation with parent grain. Although
indirect, this observation is the first one that could validate the model of Duval et al. [23] of a
‘spontaneous’ nucleation resulting from the impact of dislocation induced internal stress field.
Such a mechanism could be evoked to explain abrupt changes in texture along ice cores, from
strong single maximum to dispersed texture as observed by Montagnat et al. [16] for instance.

The detailed and unique observations performed in this work challenge the classical
separation between ‘continuous’ and ‘discontinuous’ DRX in the case of a material with a strong
viscoplastic anisotropy deformed at high temperature, because nucleation mechanisms associated
with both regimes are observed simultaneously. The extrapolation of these observations to
the dominant recrystallization mechanisms in ice sheet conditions and their impact on texture
development is still challenging, but the role of strain and stress heterogeneities is likely to be
important, even at low strain rates.
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