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Abstract

To investigate microstructure in ice deformed under simple shear conditions experiments
were performed with artificial polycrystalline ice and natural ice samples form Vatnajokull
glacier in Iceland. A new deformation apparatus was tested and results from deformation
were compared to literature to validate the method. Boundary conditions for deformation
were varied. Experiments were performed at -5°C and -10°C and three strain rates were
applied (2.5x107 1/s, 1.25x10°® 1/s, 2.5x10® 1/s). It is shown that the natural samples,
which contain only 2-3 grains, provide a close-up image on specific situation. This gives the
opportunity to study them in detail.

A special focus is set on the behaviour of grain boundaries during deformation. A preferred
arrangement with at least one side of the boundary close to a prism face is seen. While in
warm or slow deformations a tendency to favour boundaries with a combination of {1122}
and {1012} faces. The type of crystall face and their orientation towards deformation
direction befor deformation has an major influence on the development during
deformation.

Brittle fractures were observed in the samples, which immediately filled with small new
grains. This was only observed in samples deformed at -10°C but no dependency to strain
rate was oberved.



1. Introduktion

Thinking about ice can be very diverse, from tasty ice cream in the summer to huge
amounts of snow during wintertime. But lately the quick reduction of cryospheric regions
on earth get more and more attention, especially as it is consequence of the changing
climate and will have a major impact for the future (Hock et al., 2019; Meredith et al.,
2019). The huge ice sheets also function as climate archives and provide insights through
records taken from deep ice cores (review of Faria et al., 2014) gives a nice overview on
the topic). An important assumption for climate reconstruction with data from deep ice
cores is that all the layers are stratigraphically correct, which is why they these cores are
taken from central areas of glaciers. But this must not be true as suggested from for
example Waddington et al. (2001), Wolovick et al. (2014) and Bons et al. (2016) . A good
understanding of structures in micro and macro scale forming during the movement
within an ice sheet as well as understanding how the mechanisms work is therefore
beneficial.

The natural occurring forms of frozen water have quite a variety of appearances. From
snowflakes transitioning over firn to ice, or frozen lakes and sea ice. Due to the different
settings of formation, and therefore different history, the microstructures look different,
as they combine a history depending on temperature, strain, strain rate and impurities
(Petrenko & Whitworth, 2002; Schulson & Duval, 2009; Cuffey & Paterson, 2010).
Although all these forms crystallize as ice Ih in a hexagonal crystal system, which is the on
earth most common crystal form, their appearance shows a wide variety. Depending on
an existing temperature gradient during freezing the ice can form elongated grains with a
favored growth direction along the gradient. Temperature ranges have a major impact on
the growing pattern on ice, as the kinetic favored crystal face is directly liked to certain
temperature ranges (Nishinaga, 2015). This leads to for example columnar ice crystals
with most of the <c>-axis being perpendicular to the temperature gradient (Grennerat et
al., 2012).

Also, the abundance of solutes during freezing has an impact. For example, the amount
of salt in the water changes the freezing behavior, not only by decreasing the freezing
temperature. The salt does not fit well into the crystal lattice of ice. Therefore, the
remaining water relatively enriches in salt while the ice freezes. This brine can be trapped
as an inclusion in the ice or sink deeper into the water reservoir producing a layer of very
cold and salty water. Leading to a higher amount of dislocations during formation, which
is why solutes influence deformation behavior of ice (Alley et al., 1986; Alley et al., 1986;
Paterson, 1991; Alley & Woods, 1996; Thorsteinsson et al., 1999; Durand et al., 2006;
Cyprych et al., 2016). Impurities in form of solid particles or bubbles also change the
behavior compared to pure ice.



The most common form of ice, the hexagonal crystal system covers most of the
temperature/pressure habitats on earth with its stability field. Although it is only one of
the possibilities for ice to crystallize (Petrenko & Whitworth, 2002; Cuffey & Paterson,
2010). Figure 1.1 shows the variety of lattice forms ice can form under right conditions.
The natural occurring ice |h plots in the blue area in lower left corner of the diagram. The
only other natural possible form of ice on earth is cubic which only forms under special
circumstances as described for example by (Whalley, 1983; Murray et al., 2005; Thirmer
& Nie, 2013).
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Figure 1.1: Phase diagram of water, including different crystal forms of ice. The natural on earth
occurring hexagonal ice Ih is marked in blue (after Cheftel et al., 2000).



The crystal lattice of ice is similar to quartz which also features the hexagonal crystal

system. While the distribution in quartz is because of the sp? hybridized silica giving an

equal angle of 109.5° between the four bonding directions, for ice it is not as easy.

Looking at a single water molecule the oxygen has two bonds with one hydrogen

respectively and two free electron pairs. Following the VSEPR (Valence Shell Electron Pair

Repulse) model the free electron pairs need more space leading to a slightly smaller angle

between the two H-O bonds of 104.5°. Still water molecules arrange in a crystal lattice
with oxygen tetrahedrally surrounded by the other oxygens (Bernal & Fowler, 1933;
Binnewies et al., 2016). This variation in angle and the resulting changes in the lattice

might be a reason why not all crystal faces of quartz appear in an ice crystal.

As many crystal faces and slip systems from quartz are also abundant in ice (see Figure
1.2) it is an ideal analogue material for quartz rich crustal rocks. Giving the opportunity to
perform in situ experiments and observe microstructures (Wilson et al., 2014).

QUARTZ ICE
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Figure 1.2: Comparison of planes and glide directions of quartz and ice (Wilson et al., 2014).

But still there are differences between the two crystal lattices. The c/a axis ratio of quartz
(1.109, Kimizuka et al., 2007) and ice (1.628, Petrenko & Whitworth, 2002) differs leading
to slightly different angles of the crystal faces to the <c>-axis. It is known that the length

of the crystallographic axis changes with temperature, but the c/a ratio remains constant



(Petrenko & Whitworth, 2002) and was therefore used for the calculation of the angles
between crystal faces and crystallographic <c>-axis.

A focus in this current study will be set on the behavior of the grain boundaries.
Therefore, a brief introduction to crystal faces and grain boundaries will be given in the
following.

The water molecules in the ice lh crystal follow the Bernal-Fowler rules, also referred to
as the ‘ice rules’ (Bernal & Fowler, 1933). They say near to each oxygen two hydrogen
atoms need to be located and only one hydrogen lies on each O-0 bond. Following these
rules, the arrangement of the molecules builds up a disordered structure in relation to
the orientation of the water towards each other in respect to the spatial distribution of
the hydrogen bonds to the hydrogen bridges. The disorder leads to a large amount of
remaining zero-point entropy (3.41J °C* mol%; Pauling, 1935; Schulson & Duval, 2009)
depending on the individual distribution (Ramirez et al., 1999; Nishinaga, 2015). Whit this
in mind and the fact that each crystal face features a certain arrangement of the oxygen
atoms (Figure 1.3) leads to the idea that different crystal faces feature different stability
levels based on energetic sinks on different levels. Measurements of the neutron
refraction for the basal and the prismatic face for deuterated ice by Li et al. (1994) show
the difference for the electron density on the two faces. Differences in the energy levels
need to very small, as measurements of the surface energy of ice to ice interfaces show
an energy of 0.065+0.003 J m™2 independent of the measured combination of crystal faces
(Ketcham & Hobbs, 1969). This effect of an irregular electron density pattern on crystal
surfaces is also studied with analogue materials referred to as ‘spin ice’ used in
experimental studies (Ramirez et al., 1999; Fennell et al., 2009; Morris et al., 2009).
Materials with this specific feature were first discovered in 1997 by Harris et al., 1997)
and a review on the topic summarizing the huge amount of publications is given by
Bramwell & Harris, 2020.

This arrangement of oxygen atoms also has an impact on growth kinetics for the different
faces and is connected to temperature (Nada et al., 2004; Nada & Furukawa, 2005). By
using this, ice samples with specific orientations can be made, as for example columnar
shapes with preferred growth in direction of the a-axis by applying a temperature
gradient within the range for growth in this specific direction (Grennerat et al., 2012). The
combination of growth kinetics and higher abundances of certain crystal faces in a crystal
lead to a statistical higher abundance of prism faces compared to others. The hexagonal
crystal system contains for example six prism faces but only two basal planes (see Figure
1.3).
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Figure 1.3: Upper left: Orientation of crystal faces in the hexagonal system. Upper right:
Arrangement of the oxygen atoms within the rings containing six atoms. Example for the
placement in the basal plane with alternating oxygens in the upper and lower subplane. And a
sketch of the 3D arrangement for the lattice. Lower left: Positioning of oxygen atoms on basal,
prismatic and {1 1 -2 0} crystal faces. Black indicates atoms in the upper subplane and white in the
lower subplane. Lower right: Neutron scattering pattern for the basal and prismatic face for
deuterated ice from experimental measurement (darker gray) and from simulations using the
Bernel-Fowler rule (after: Li et al., 1994; Nada & Furukawa, 2005, Cuffey & Paterson, 2010; Faria
et al., 2014).

Looking on a polycrystalline aggregate of ice grain the boundaries become more
prominent due to their higher abundance. These are planes of misorientation in the
lattice. Depending on the angle of misorientation between two grains it is distinguished
between a subgrain boundary (SGB) and a grain boundary (GB). As the misorientation
angle can change continuously there is no clear point on which a subgrain boundary is
determined a grain boundary. For polar ice no higher misorientation angles as 5° have
been found for subgrain boundaries (Weikusat et al., 2011). Also subgrain boundaries can
show a variety of diverse types (Weikusat et al., 2011; Weikusat et al., 2017). The
positioning and occurrence of subgrain boundaries influence grain boundary migration
mechanisms, as a migration tends to follow a path of high misorientation densities which
includes subgrain boundaries (Steinbach et al., 2017).

With the knowledge of how the crystal lattice is built and how aggregates of several
crystals are connected now mechanisms happening during deformation are discussed.
The activation of different slip systems in the lattice depends on the resolved shear
stresses and happen in ice mainly on the basal plane (Weertman, 1983; Wilson et al.,
2014). As the activation energy for basal slip is 60 to 100 times smaller than for any other
system (Wakahama, 1967; Duval et al., 1983; Ashby & Duval, 1985) a non-basal slip is
generally not significant (Duval et al., 1983). Although Chauve et al. (2017) found
evidence for a possibly bigger amount of non-basal slip than expected. Moving
dislocations and the resulting rearrangement in the crystal lattice lead to effects changing
the <c>-axis orientation leading to formation of kink bands and subgrain boundaries. Also
changes regarding the grain shape and boundary movement are related to dislocation
movement or diffusive effects (Petrenko & Whitworth, 2002). The number of dislocations
increases rapidly with application of stress (Montagnat & Duval, 2004). New dislocations
can be generated due to shear along discrete atomic planes in one crystal or due to slip
along grain boundaries leading to a focused stress at the boundary of a neighboring grain
(Hooke, 2020)(Figure 1.4 A). Another possibility to generate new dislocations is a Frank-
Read source, which consists of a dislocation positioned between two points where the
dislocations position is fixed. Applied stress leads to a bowed dislocation until it meets
itself again. As the dislocation at this point are direct opposites, they locally annihilate



themselves. This leads to a dislocation in a ring around the original source and a second
new dislocation between the originally fixed points (Cottrell, 1953; Weertman, 1955;
Hooke, 2020) (Figure 1.4 B).

meeting —
\ point

Grain-boundary

slip

Figure 1.4: (A) Generation of dislocations due to slip along grain boundaries leading to a focused
stress at the boundary of a neighboring grain. (B) Generation of dislocations at a Frank-Read
source. Lines in the left picture represent progressively further bowed dislocation until they meet.
Right picture shows dislocation ring around the new dislocation at the fixed points. (from Hooke,
2020).

During deformation different mechanisms can occur, leading to increasing or decreasing
grain sizes and changes in shape and grain boundary traces. Recrystallization processes
occurring during deformation are referred to as dynamic recrystallization. This combines
processes such as polygonization, migration recrystallization and nucleation. Further
possible mechanisms are grain boundary migration (occasionally goes along with grain
growth), grain boundary rotation or grain boundary sliding (in general only for very small
grain sizes) (Bresser et al; Doherty et al., 1998; Bresser et al., 2001; Petrenko &
Whitworth, 2002; Cuffey & Paterson, 2010; Faria et al., 2014; Chauve et al., 2015).

Many studies on natural ice cores have been done throughout the years (La Chapelle et
al; Vallon et al., 1976; Fisher & Koerner, 1986; Lipenkov et al., 1989; Alley & Woods, 1996;
Jun et al., 1998; Weikusat et al., 2009; Faria et al., 2014; Eichler et al., 2017; Steinbach et
al., 2017; Weikusat et al., 2017; Haseloff et al., 2019). To understand the mechanisms
leading to the found microstructures many laboratory deformation experiments were
done with variation of temperature and strain rate (e.g. Bouchez & Duval, 1982; Jacka,
1984; Cole, 1987; Wilson & Zhang, 1994; Goldsby & Kohlstedt, 2001; Wilson et al., 2003;
Wilson & Peternell, 2012; Piazolo et al., 2013; Peternell & Wilson, 2016; Craw et al., 2018;
Prior et al., 2018; Journaux et al., 2019; Peternell et al., 2019; Qi et al., 2019; Fan et al.,
2020). Different techniques to induce the deformation were used. For 3D experiments
deforming small ice cores deformation can be induced ether trough torsion by rotation of
the sample core around the long axis (Journaux et al., 2019) or compression due to
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pistons cut with a specified angle towards movement direction (Qi et al., 2019). A big
disadvantage of these kinds of experiments is that only the situation before or after a
deformation can be directly observed. Therefore, thin sections need to be cut for each
observed step individually. To prevent unwanted annealing processes in the deformed
sample during the time until sections are cut, they need to be stored very cold
immediately. Also, material from start and end are not the same core. This on the other
hand is an advantage of 2D deformation experiments, as thin sections are deformed and
observed during deformation. Giving the opportunity to observe the microstructures in
situ. As the thin section sample is placed between glass plates for this kind of deformation
experiments, the influence of the glass needs to be considered, as it can restrict
movements in certain directions (Peternell et al., 2019). Depending on the orientation of
the grain the main slip happening on the basal plane is glass dependent or not (Figure
1.5).

Figure 1.5: Influence of
the glass plate on the
movement possibilities for

A upper glass plate slip on the basal plane.
= . (after Peternell et al.,
basal ) 2019).
p|ane latitude

lower glass plate

Glass plate independent sli
C D

latitude=90°

slip direction

crystallographic c-axis crystallographic a-axes

11



Slip parallel to the glass is not dependent. The restriction from the glass can induce
prismatic slip and/or kinking (Wilson & Zhang, 1994; Peternell et al., 2019). During
experiments for this thesis the ice samples do not have direct contact with the glass, as
they are placed in between layers of silicon oil. Even though the oil is softer than the
glass, the phase boundary still has the same effect as the glass.

Results from 2D experiments show same results in terms of grain size evolution, fabric
development and observed microstructures (see references for experimental studies in
2D and 3D listed above). Three phases of creep during deformation are distinguished. The
initial primary creep is dominated by grain boundary migration during hardening. The
second phase (secondary creep) is marked by dynamic recrystallization up to reaching a
steady-state creep (tertiary creep) where grain size increasing and decreasing effects are
in balance (Schulson & Duval, 2009; Wilson et al., 2014). Figure 1.6 shows the strain rate
variation with strain for constant applied stress.

5 I 1 I 1 I L] I 1 1 1 I 1 | LI l
- & Dynamic .
©  F 0. recrystallization Tertiary creep o
w ﬁj | l | I
1) S
© (X
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- €min =
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0.01 0.1
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Figure 1.6: Phases of creep for a constant applied stress. Work hardening during primary creep,
dynamic recrystallization during secondary creep and steady-state for tertiary creep (from Hooke,
2020) Copyright: International Glaciological Society).

Boundary conditions like strain rate, temperature can shift the time needed to reach the
different creep phases. Also, a second phase can influence the behavior during
deformation. Second phase articles disturb the crystal lattice, as they don’t fit in and
disturb migration of boundaries (pinning effect). This leads to faster deformation as some
pathways are disturbed (Weertman, 1968; Middleton et al., 2017; Wilson et al., 2018;
Saruya et al., 2019).
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The aim of this study is to show if the method used is valid to induce simple shear
deformation in situ, and a special focus is set on the behavior of the grain boundaries to
see if a dependence the boundary conditions, such as temperature, strain or strainrate,
can be drawn.

2. Methods

The following sections gives an overview of the used material and methods/software. The
preparation of the ice used, artificial as well as natural samples, is described. The
deformation apparatus is explained and the functioning of the fabric analyzer as
measuring instrument is shown. And the used software for the later analysis is listed and
briefly mentioned what it is used for.

2.1 Sample preparation

Deformations were performed on artificial and natural ice samples. The preparation of
the artificial ice samples takes two days plus an annealing time of several weeks. The
necessary steps will be explained in the following. Picking a suitable section from the
natural samples is much faster and the procedure will be explained afterwards.

Artificial, polycrystalline ice

The artificial, polycrystalline ice samples were produced following the procedure for
standard ice (Stern et al., 1997; Prior et al., 2015) with slight modifications. Sieved ice
grains, made from precooked distilled water, with grain sizes of 300-500um and 0.5-1mm
were packed into a cylindric mold. For each mold, an equal amount of ice grains (30g) was
used. Figure2.1 shows a schematic sketch of the molds. The sample preparation press
features four identical molds attached to an aluminum base plate. The molds have an
inner cylinder made of polymer material, it is closed on the bottom by an aluminum plug
with small holes and on the top by a hollow stamp. This system is connected to a water
tank filled with pre-cooked distilled water from the bottom and a vacuum pump from the
top. All connecting tubes are split equally in length and diameter to connect all four
molds and are joined in the same way after passing the molds. The outer cylinder consists
of a polymer material and serves as an isolation.

The sample preparation press is pre-cooled to -25°C and filled with the seeding grains.
The whole system is connected and rests in an ice-water-bath for about 10-12 hours.
During this time the press, seeding grains and distilled water in the tank equilibrate at a
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temperature of 0°C. The system is then evacuated for several minutes and then flooded
with the distilled water filling the cylinders and therefore the pores in between the
seeding grains from bottom to top. The sample press then is disconnected from the water
tank and vacuum pump. Closed at the ends of the tubes to prevent contamination. And
set to rest at -25°C on a cold metallic surface for at least 12 hours. As the sides of the
mold are isolated by the outer cylinder the mixture of seeding grains and water in the
mold will freeze from the bottom to the top. The ice cores are extracted from the mold,
vacuum packed in foil and laid to rest in an annealing bath at -3°C for at least 2-3 weeks.

—
water out

stamp (hollow)

moldcylinder

isolation cylinde

plug with holes

& base plate
| +— waterin

Figure 2.1: Left: schematic sketch of a mold from the sample preparation press. Right: assembled
sample preparation press resting in the ice-water-bath with the four identical molds connected to
the water reservoir on the right.

In this time the grains will grow and even out their grain boundaries leading to samples
with equally distributed grain size, straight grain boundaries and a randomly distributed
<c>-axis orientation.

Natural ice

Natural ice samples used originate from Vatnajokull glacier in Iceland (2.2). As the
samples feature large grain sizes, which leads to only a few grains visible in each sample
(Figure 2.2 right), an observation of the possible areas to take samples were made with
polarization paper. With this method the orientation of the grain boundary trace towards
deformation direction can be chosen. Suitable areas were chosen with possibly low
content of bubbles and impurities.

14



Figure 2.2: Ice sample form Vatnajékull glacier in Iceland. Black areas have a higher particle
content. Right: Thin section from natural ice (top) sample with two grains partly seen and bubbles
of several millimeters, compared to a thin section of an artificial polycrystalline ice sample
(bottom).

2.2 Thin sections

The artificial ice cores (produced as described in section 2.1) are cut along the long axis of
the core with a band saw in pieces of 30x40mm with variable height. Most likely between
8-10mm. Samples from the natural ice were cut in the same size. The samples were
attached to a glass plate by using distilled water as glue (Figure 2.3 top left). The upper
side was then cut with a microtome until a completely even surface was achieved. This is
necessary to attach the section surface over the whole area with the glass.

15



At this point different options of proceeding were tested. The best results in the later
deformation were archived by attaching pieces of fiber at the shorter sides of the section
(Figure 2.3 top right).

Figure 2.3: Top: Ice samples glued to glass with distilled water (left) as preparation to even one
side of the sample. Sample with attached fiber (right). Bottom: Microtome to cut thin sections with
sample.

Therefore, two pieces of fiber were cut diagonal to the mesh direction with a size of 4x3
cm soaked in distilled water and frozen in position between 2 glass plates while pressure

16



from above was applied. This results in the two pieces of fiber being frozen flat on the
glass. By slightly warming one of the two glass plates they could be disattached with the
fiber still sticking to one of the glasses. Excess water around the fiber was cut away with a
handheld microtome blade and the glass afterwards cleaned with acetone. This step
needs to be prepared before evening out the surface of the sample section. As the fresh
cut surface of the ice samples can undergo fast changes due to sublimation depending on
the temperature or frosting effects depending on the water saturation in the surrounding
air, the time the section is not covered needs to be minimized (Prior et al., 2015).

The prepared ice sample was set in position on top of the fiber pieces and pressure was
applied while the bottom glass with the fiber was warmed form underneath to melt the
fiber into the sample and at the same time attach the full surface of the sample to the
glass area between the fibers. Afterwards the sample was again cut with a microtome
until it reached a thickness of about 250um.

The thin section is then floated onto a layer of silicon oil (AK 50000 of AK 25000) by
warming the transferring glass plate from underneath and carefully pushing the sample.
The section then was covered with a second layer of silicon oil. A second glass plate was
placed on top, so we get a sandwich with glass on the bottom, silicon oil, ice, silicon oil
and glass on top.

The microtome used (Figure 2.3 bottom) makes it easy to archive an even surface with an
equal thickness for the whole thin section. The sample is placed on a slider and hold in
place due to an applied vacuum from underneath. By moving the slider back and forth
thin slices are cut every time. The thickness of the slices can be varied. Although the final
touches for the thin sections sometimes had to be done with a handheld microtome, as
the fiber can be cut easily otherwise.

2.3 Simple shear apparatus

With the simple shear deformation apparatus shown in Figure 2.4 a theoretically
maximum shear strain of about 2.8 is achievable. This was calculated with the maximum
possible distance the two clamps can move relative to each other. The archived shear
strains in this study are way lower for different reasons discussed later.
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-«

glass
(for sample placement)

—>

slider

stress gauge

Figure 2.4: Schematic sketch of the deformation apparatus, bird’s eye view. Showing the two
sliders and with indication of their movement direction, the stress gauge and area for the sample
placement. The cuts of the two threaded rods are opposed leading to a movement of the sliders in
opposite directions even though the rotation directions of the threaded rods are the same. The
relative movement of the sliders leads to a sinistral shear sense.

The shear strain y is defined by the relative movement of two points on opposite sides of
the sheared zone. Therefore, it is calculated as y = tan(y) = %, with G is the opposite

and A the adjacent of the opening angle y (Figure 2.5) (Wilson & Zhang, 1994; Fossen,
2016).

To create a shear deformation the two slides are attached on a threaded rod with
opposing cuts for each side. Leading to a movement in opposite directions of the slides
while the threaded rods are rotating in the same direction.

The movement is provided through a connecting part with a motor (Faulhaber spur
gearheads series 15/5) which can be controlled and observed for constant speed. Two
different motors from of the same model with different reduction ratio were used,
126741:1 for the slowest deformation and 19813:1 for all other deformations.
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Figure 2.5: Undeformed
sample (top) and sheared
sample (bottom) with
indication of the maximum
shortening and maximum
elongation axis and the
resulting strain ellipse. Shear
strain is calculated with y =
tan(3y) (after Wilson & Zhang,
MFEA _— 1994)).

MFSA: maximum finite shortening axis

MFEA: maximum finite clogation axis

Initial tests with fiber attached on both sides of the thin section, clamped to the sliders
were done. The flexibility of the fiber lead to a rotation of the section as the fiber waved
in the free space between slider and glass (see Figure 2.6). To avoid this effect another
test was done with copper blades with a thickness of 0.5mm, so the blades were thicker
than the sample. Two blades on opposing sides of the sample were cut with step like
pattern with an overall angle of 45° to push the thin section to induce the shear
deformation. A second pair of blades was placed on the other side of the sections to
prevent rotation of the ice (see Figure 2.7). But the section slipped underneath the blade
and did not deform. This could be prevented by pushing the two glass plates together so
that there is no space between copper blades and glass, but the silicon oil does make this
hard to manage. Another option would be to increase the thickness of the copper blades
but would lead to thicker layers of silicon oil needed. This would probably be a problem
as the ice has too much room to move up and down in the oil and is most likely to fold
within itself or break.

The finally used technique includes the fiber wings and two additional copper blades
underneath and above the fiber in the space between clamp and glass to minimize the
bending of the fiber but still giving the silicon oil room to move. Two pieces of copper on
both ends of the glass keep the top glass in position in respect to height. The
deformations still show a small amount of rotation, but most movement is due to shear
deformation.

19



Figure 2.6: Bend fiber in the free space

between glass and slider after movement
of the sliders.

slider

bended fiber

Figure 2.7: (A) Attempt to induce deformation with diagonal cut blades and (B) with attached
fabric.
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Calibration of deformation speed

To determine the needed rotation rate for the motor for specific shear strain rates several
tests have been run to calibrate the system and determine an equation. Therefore, the
press was moved with different motors and different rotation rates. The distance after
several times was measured. This leads to the following equation to calculate the needed
motor speed as rpm (=rounds per minute):

Motor*42x60*velocity
2

rpm =

Hereby ‘Motor’ is a specific number depending on the translation of the gears from the
motor, the number 42 refers to the number of cuts in the gears within the translation
component which connects motor and deformation apparatus. The 60 is a determined
constant for proportionality, speed equals the velocity for the deformation which is linked
to the shear strain rate with v = y * d (Staroszczyk, 2019). Hereby v is the velocity, y the
shear strain rate and d the thickness of the sheared zone. The velocity is taken for both
clamps moving away relative to each other as this is equal to only one side moving with
double the speed. Everything is divided by two because the rotation is transferred into
movement over two threaded rods.

Calibration of stress measurement

A calibration for the stress measurement has not been done yet. But even with
calibration measured the correction would still be a relative amount as the distribution of
the silicon oil in the deformation apparatus changes the internal stresses that need to be
corrected. The exact distribution of the oil can differ for the experiments and can
therefore not be imitated perfectly.

Stress gauge

The s-shaped mini stress gouge by interfaceforce (manufacturer) is placed on the bottom
slider as can be seen in Figure 2.4. The measured stress is the total amount and must not
be multiplied by two for the second slider, as the force measured on the one side
represents the whole system. The gauge is connected to an interface outside the cold
room and continuously captures data in selectable time intervals.

2.4 Fabric Analyzer G60

To capture the pictures during the deformation a fabric analyzer G60 was used. This is an
automated polarizing light microscope and can be used to determine the <c>-axis
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orientation for each measured pixel in the observed area with a maximum spatial
resolution of 5um/pixel (Wilson et al., 2007; Peternell et al., 2009; Peternell et al., 2010;
Wilson & Peternell, 2011). Therefore, images with light sources from nine different
positions are measured and for each position the polarizers are rotated giving stacks of 18
images for each light position. The <c>-axis orientation is derived by overlapping these
images. Each stack with 18 pictures from one light position gives a plane containing the
<c>-axis, combining these planes the intersection point gives the orientation (Figure 2.8).
The quality of these intersections is represented by the geometrical quality (gq) index by
a number between 0 (very poor) and 100 (very good). The automatization of the
measuring of a specified area in determined time intervals offers the option to observe in
situ experiments over a large time in regular time steps.

LED7

T =20005005668

2P

successful determmahon unsuccessful determination
of c-axis on grain boundary

Figure 2.8: Left: Photography of the fabric analyzer G60. Right top: Determination of orientations
by overlapping planes from the different light origins. Depending on how good these planes
intersect the <c>-axis orientation was successful or not (Wilson et al., 2007)). Right bottom: Types
of pictures taken. ppl=plain polarized light, orientation=<c>-axis orientation,
retardation=maximum birefringence, lambda=with gypsum plate, xpl=cross polarized light,
gg=geometrical quality, rq=retardation quality, trend=<c>-axis orientation trend.

For this thesis eight picture types were saved for each time step during deformation. Plain
polarized light (ppl) picture, cross polarized light (xpl) picture, lambda (with gypsum
plate), orientation (<c>-axis orientation), trend (<c>-axis trend independent of dip
direction) and quality information for geometrical (refers to orientation) and retardation
were gathered with a resolution of 10um per pixel and for one of the experiments with
S5um per pixel (experiment -10_02). The measured area for each timestep for all
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experiments varies throughout the experiments from the smallest with 2x2 tiles to the
largest with 4x4 tiles. Each tile equals an area of 1000x1000 pixels.

The data is saved in a .cis data format and each pixel contains a specific value for each
measured parameter.

2.5 FAME Software

FAME (Fabric Analyser based Microstructure Evaluation) is a MATLAB® software to
process fabric analyser data. It allows the calculation of several deformation steps as a
whole experiment and therefore calculating time/strain dependent statistical data
(Hammes & Peternell, 2016). The software is an evolved version of a set of individual
MATLAB® scripts (Peternell et al., 2014).

4 FAME 3.0 -
FAME 3.0 no. of image(s): SR Tt
1 resolution (pm/pixel)
loading data size of image(s): FAGO 10
O 2d deformation experiment 4000x2000
new project open project analyse data
basic input parameters 2d deformation step growth
ath: -
P testing step growth testing
H:\simple shearsimpleshear_exp_-05_03\FAMEW0187
@ gaam fiter: 0 () grow grains
reduce data o (®) step growth
- raw data Images
@ rggm fitter: 0 steps: | 7
" y threshold
area selection polygon selection @
() nm fiter criteria: | 10
ERCadustinly| sz O FMC algorithm
@ opaque grain fitter
angle grain criteria: | 7 gag default parameters analyse
O show grain map
data output
PACT [ | statistics FLETE
load close
@2017 D.M. Hammes, M. Peternell; Johannes Gutenberg Universitdt Mainz/Germany

Figure 2.9 Graphical user interface of the FAME software. The interface is partitioned in loading,
analyzing and output of the processed data recorded from fabric analyser.

The graphical user interface (GUI) of the software reflects the parting of the software into
three main sections, loading, analyzing and data output (Figure 2.9).

The first step is to load the fabric analyser data. Different options are available depending
if a single analysis or a whole experiment should be analyzed. The option to reduce the
data can help to reduce the calculation time but needs to be used carefully as a too great
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reduction might lead to false results and must therefore be tested carefully (Peternell et
al., 2014). The area for analysis can be determined by ether selecting a polygon by clicking
on an image or loading a .txt file with the coordinates of the edges divided by tab. Giving
the opportunity to easily calculate individual statistics for different areas, e.g.
higher/lower strained areas.

After converting the pixel related data from the fabric analyzer (.cis) to a MATLAB®
compatible format with the before chosen data reduction and selected polygon the
testing option provides an environment to Figure out the optimal parameters to create
the best fitting grain map for the later analysis. The measured orientation data is the main
source to detect individual grains (Figure 2.10). The four parameters which can be varied
fulfill specific functions. The two quality parameters gggm filter (geometric quality) and
rggm filter (retardation quality) can be used to eliminate data points with not
trustworthy measurements and therefore reduce fuzzy little dots than could mistakenly
be detected as grains even though they are just pixels with lesser image quality. The
minimum radius gives a value for how big a detected “grain” needs to be to be taken
seriously. Giving a minimum number of pixels to be counted as a grain. This value should
always be taken with the resolution in mind, grains with less than 5 pixels should be
avoided. The angle grain criterium is the only variable changing during the experiment. It
gives a buffer for the misorientation between to pixels so that they are still detected as
the same grain.

SO
s

VX

(N Y|

Figure 2.10: Grainmap created by FAME (right) based on the orientation measurements of the <c>-
axis (left). Grainmap wit determined with fitted parameters and after step growth function. White
lines represent path of grain boundaries.
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With these parameters as many as possible grains should be detected at the right position
and shape. To fill the empty areas between grains the grain growth function is provided.
For each growth step all grains gain a row of pixels to their area along the whole
boundary until they reach another grain. This function also provides a testing option
(Hammes & Peternell, 2016). Analysis of the data is based on the grainmap.

After analyzing the data, the software provides different statistic calculation options. For
this thesis statistics for mean grain size, grain shape, area fraction, <c>-axis orientation,
the ternary path, grain size histogram and hard/soft maps were calculated.

The hard/soft criteria used for these maps provides a quantitative value for the
orientation describing their likelihood to be easy or hard to deform. It is a value between
0 and 1 depending on the angle to the deformation direction representing the quality of
the grain to be in an easy or hard glide position (Wilson & Zhang, 1994). The calculation is
based on the Schmid factor. The analysis as well as the statistics can be performed for
single deformation steps or automated for the whole deformation experiment.

2.6 FAGO tool

The FAGO (Fabric Analyser Grain boundary recOnstruction; Hammes & Peternell, 2018)
tool is part of the FAME software and was used to determine the orientation of grain
boundaries. The software uses the retardation images taken by the fabric analyser for the
determination. A graphical user interface helps to pic the grain boundaries for analysis
choosing the desired boundary on the calculated grainmap of the area. Different options
are available, a single or a multigrain analysis. For this study only single grain analysis was
used and in addition each grain was divided into sections depending on the shared grain
boundary to one neighboring grain. An image of the GUI of FAGO is shown in Figure 2.11.
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4] FAGO - x

user information

O plot data

O analyse full grain boundary of grain

() muttiple grains analyse

@ analyse part of grain boundary

sample thickness (pm): | 250

select grain
select part parameter:
el: 10
profile length: | q5p a2 10
@ auto profile length e3: 5
close ed: 4

Figure 2.11: Graphic user interface for the in FAME implemented toll FAGO to investigate
orientations of grain boundaries from fabric analyser data.

Azimuth

The angle for the azimuth of the grain boundaries is determined from the grain map.
Pixels which align to a straight line within a set threshold are joint into a segment. For
each segment dip and inclination direction are calculated. The angle of these segmented
lines to the north direction gives the angle for the azimuth

sample thickness

1
r

transition region

Figure 2.12: (A) Retardation image with transition zone visible in white. (B) Sketch on angular
relation between thin section surface and grain boundary determining the size of the transition
zone (from Hammes & Peternell, 2018).
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Dip angle

To determine the dip angle a profile is calculated from the retardation image for each
segment. Along the profile retardation changes from one grain over the transition zone to
another grain. This change in color in the retardation image is used to detect the two
grains and the size of the transition zone. With the known thickness of the thin section
and size of the transition zone the dip angle is calculated (Figure 2.12 B).

The difference between these plateaus can be either big or small, depending on the
retardation image color difference. Some empiric parameters el to e4 were determined
(not by me) to decide which decision path is be taken depending on the plateau
difference and color variation within the plateau (Figure 2.13).

<A,o/at>e7 «stdplat
7 false
& I ——
|\] A \/\N\—v |
X

|
p1=Aplat/e2 thresh=stdplat ! '
: WW:
true fa/se parameter. quantiative parameter of profile
parameter. empirical parameter
parameter. calculated parameter
thresh=Ap/at/e4 thfeSh=P7 —» Workflow direction
Blr*****“"*‘l Cf__________j\ [ ] calculation
;W\,v\’wwi i 'X i N ﬂC> decision
i : | ) I~ \__I exaggerated example profile

_____________________________

Figure 2.13: Decision path for empirical threshold parameter during grain boundary calculations
(from Hammes & Peternell, 2018)).

If the difference of the maximum and minimum measurement of the plateau is smaller
than a specified multiplier of the standard deviation the threshold is set equal to the
standard derivation. If it is bigger the plateau difference is divided by an empirical
parameter e2 and compared to another empirical parameter e3. If the divided difference
is smaller than e3 the threshold is set equal to the plateau difference divided by another
empirical parameter e4, if it is bigger the threshold is set as plateau difference divided by
e2. This covers the tree possible cases shown in Figure 2.13, which are a small difference
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in niveau of the two grains (B) a big difference of niveau (C) and a noisy niveau of the
grains (Hammes & Peternell, 2018).

Inclination direction

By varying the light origin direction, the size of the transition zone changes. Small angles

between light direction and grain boundary lead to smaller transition zones (AL’) and big

angles between light direction and grain boundary lead to bigger transition zones (AL), as
can be seen in Figure 2.14. Therefore, the inclination direction is towards the light origin

producing bigger transition zones.

Figure 2.14: Determination of inclination direction by change of origination of light source and
resulting difference in size of the transition zone (from Hammes & Peternell, 2018)).

The selected grain boundary section is then parted into segments with a similar azimuth
and same inclination direction.

28



2.7 Investigator software

The investigator software is a tool to read the .cis data files produced by the fabric
analyzer and provides an graphical user interface (Figure 2.15) to read the pixel
information by clicking on a spot in the picture. The data is shown in a stereonet on the
right side and with the slide ‘Investigation Data’ the information for this pixel is given.
This includes the position of the data point, quality values and the orientation with
azimuth and latitude. Note that the zero for x- and y- axis is on the bottom left while the
zero point for all calculations with Matlab® (including data from FAME) the starting point
is on the upper left end. This needs to be considered when using the position information
taken from the Investigator software for calculations in Matlab®.

M Crystal Imaging System  Investigator G50 v5.11 = X

File Save Process Output

=] @ . Sl R save
geometric quality R @imble shear‘éimpfeshem_exp_bﬁ:ﬁé\émé\ﬁ 187
~ . azimuth | 151,1°
ppol 0 ice colatitude |83,1°
retardation quality | 97%

e T retardation | 254nm
=S * $ S nm quality 91%
s N mineral ice

retardation quality
trend

trend flat
xpol 0
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*e
v areas 1 Oso \\., b /
\ . /
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gso N I
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intensity
quality K . /
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N S [ 1 = 44 points
dear | points | tone
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Figure 2.15: GUI of the investigator software with a loaded .cis file set, which contains all taken
pictures from the fabric analyser listed on the left. The image and the stereonet with plots of the
picked points.

2.8 Further GB analysis

The segments measured with FAGO have been connected to the orientation of the two
adjacent grains by using the Investigator software. Therefore the two points, one on the
side of the “host” and one on the side of the “neighbor” grain, for each part of the grain
boundary were picked and added to the data set from FAGO by using a MATLAB script.
Host and neighbor grain in this case is related to the grain picked in FAGO (host) and the
grain next to it (neighbor) sharing the same boundary. The orientation was taken from a

29




central point of the boundary part possibly close to the boundary. With this information
connected, a relation between the <c>-axis angle to the grain boundaries was
determined. This gives an indication which crystal face is forming the boundary on each
side. The distribution of the frequency for the occurring angles between the <c>-axis and
the grain boundary pole was then normalized to the total number of data points and
corrected with the normal distribution (histogram plots, Figure 2.16). This is necessary as
the natural occurrence of, for example a prism plane is higher than for a basal plane.
Therefore the frequency of the crystal faces for the normal distribution is described with
1.1111%*sin(a), while a is the angle between the <c>-axis and the pole of the grain
boundary, and the factor 1.1111 was empirically determined for quartz (Kruhl &
Peternell, 2002) and assumed to be similar for ice. This correction was done for the
histogram plots as well as for the triangle plots (Figure 2.17) The triangle plots show a
density distribution of the angular relations for both sides of the grain boundary

combined.
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Figure 2.16: (A) Distribution of occurring angles between grain <c>-axis and grain boundary pole
as percentage of the total data points per experiment with bins of 1°. Black line represents the
uniform distribution of abundances of different angles for a quartz crystal defined by
1.111%*sin(angle grain boundary pole to <c>-axis) while the sinus needed to transfere from a 3D to
a 2D uniform distribution. The factor 1.111 is a best fit variable determined for quarz Kruhl &
Peternell, 2002), the value is expected to be similar for ice. (B) Distribution after sustraction of the
uniform distribution.
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angle gb pol to grain <c>-axis
angle gb pol to grain <c>-axis

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 5 60 70 8 90
angle gb pol to grain <c>-axis angle gb pol to grain <c>-axis

Figure 2.17: Triangle density plot indicating the angular relation between <c>-axes of both
neighboring grains towards the pole of the grain boundary between these two grains. Without
subtraction of the uniform distribution (right) and with subtraction of the uniform distribution

(left).

Fitting plot with the histfit function of MATLAB® with a kernel distribution method were
made for the histogram plots and maxima determined.

With the use of MATLAB® more angular relations were calculated such as the angle of the
bisector of the two <c>-axis to the main stress direction. All given azimuth orientation is
in respect to ‘north’ being on the top and latitude is oriented from observed layer dipping
down.

As the c/a-ratio for ice differs from quartz the angles for the crystal faces pole to the <c>-
axis differ from the ones used by Kruhl & Peternell (2002) for quartz. To calculate the
equivalent angles for ice the Miller indices for every crystal face, which refer to a
hexagonal coordinate system, were transformed to a cartesian coordinate system and
angles were determined with vector calculations.
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3. Results

Experiments have been performed with two different temperatures (-5 and -10°C), three
different strain rates (2.5x107, 1.25x107, 2.5x10° 1/s) with polycrystalline artificial and
single boundary containing natural ice samples. All section had a thickness of 250um
+20um. Measurements were done every 30 min with a resolution of 10 um/pixel, except
for -10_02 every 60 min with a resolution of 5 um/pixel.

A statistical analysis of the orientation relations for <c>-axis, grain boundaries and stress
field were made before and after deformation as well as after annealing (if available).

The following chapter will give an overview on the results of these experiments.

The temperature throughout all deformation experiments has been stable (the graphs
showing the temperature evolution are attached in the appendix). Graphs showing the
observed and analyzed area fraction show a relative constant analyzed area (graphs in the
appendix), note that the fraction is calculated for the whole captured image while the
analyzed area is way smaller in some experiments. This leads to a small number in area
fraction but stays stable throughout the experiment. This shows that the analysis is
performed on the same total area throughout all timesteps of the deformation.
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Table 3-1: Boundary conditions and parameters for analysis for all analyzed shear deformation
experiments. Colors indicate the three strains rates relative slow (1.25x107 1/s) green,
intermediate (1.25x10° 1/s) dark blue and relative fast (2.5x10° 1/s) light blue.

sample
name

Table 3-1 provides an overview on all evaluated experiments with the reached shear
strains, strain rates, temperatures, annealing time (if measured), type of ice (natural:

strain 0.39 0.76 0.72 0.56 0.38 0.45 0.36 0.62

Strainrate

[1/s] 1.25x107 | 1.25x10° |1.25x10®| 2.5x10° | 2.5x10° | 2.5x10° |2.5x10°|2.5x10°®

temperatu

re -10°C -10°C -5°C -10°C -5°C -10°C -5°C -10°C

deformati

on 311h 69.5h 115h 71h 43.5h 19.5h 93 h 42 h

annealing no 13.5h 69h 71.5h 25.5h no 69h no

type of ice poly natural natural natural natural poly poly poly

measuring

frequency | 60 min 30 min 30 min 30 min 30 min 30 min | 30 min | 30 min
parameters FAME

gq 0 5 45 10 0 0 0 0

rg 0 5 45 10 0 0 0 1

rad min 61.34 115 150 100 80 77 52 38.5

angle start 2.27 3.85 3.53 5.4 2.467 2.33 2.81 2.01

angle end

of

deformati

on 2.02 2.66 2.7 2.04 2.6667 3.35 2.889 2.9

angle end

of

annealing - 2.26 2.1 2.15 2 - 2.889 -

stepgrowt

h 13 10 12 15 10 12 7 20

threshold 10 8 8 8 8 10 10 10

icelandic; artificial: polycrystalline), number of grain boundary segments measured and

the parameters used for analysis in FAME. Note the natural samples are indicated in their

names with “IL”, which relates to their origin Iceland.

Samples have been deformed until the ice section started to rip apart in itself or the fiber

was pulled out of the section, leading to different final shear strains between 0.38 and

0.76. All polycrystalline samples were cut from the prepared ice cores along the long axis

and from the center of the ice cores. The pressure applied during preparation of the ice
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cores therefore is for all sample oriented the same towards the later direction of

deformation. The natural samples are considered clean even though they may contain

minor impurities in some areas. Air bubbles in the samples were not fully avoidable,

although areas with possibly low bubble content were chosen. Sample -10_2 has been

deformed using a higher viscous silicon oil compared to the other deformation

experiments. As this experiment had a much slower strain rate the higher viscosity is

expected to not influence the comparability. Two gears in the connecting part between

motor and deformation apparatus had to be exchanged once in-between experiments.

The number of cuts in these gears changed from 42 to 43, the resulting change in the

transferred motor speed is smaller than the error of the control panels adjustment.

Table 3-2: Overview on differences during deformation for all experiments in respect to occurrence
of rotation, added blades, used silicon oil, reason to stop deformation and brief description of

features in the samples.

Silicon

Sample |Rotation | Blades oil

Reason
to stop

Comment

AK 50
000

Fiber not under tension from start
-> starting point set after visible
signs of deformation (kinks)

Image loss/ interruption of
deformation = due to broken
electrical socket

Polycrystalline pattern with straight
boundaries and 120° triple points
Curved and irregular grain
boundaries, kink bands and uneven
shaped grains after deformation
Sample thickness increases towards
top and bottom - increases error
for grain boundary determination

AK 20
000

(on

Several
holes
along
grain

oundary

Single triple point

Shift of camera position to keep
track of the observed grain
boundaries

Short annealing time (13.5h)
New grains along former grain
boundaries and holes

Slight bending of kinks at top and
bottom in the right grain
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Sample | Rotation

Blades Sllu?on Reason Comment
oil to stop
Single elliptical grain (5x9mm) in
matrix
Crack Camera shift to keep track of grain
from Massively lobated grain boundary
] X AK 20 right to after deformation
000 left side - Kink bands
of the - Subgrain boundaries
section After annealing divided into several
grains, matrix as well as former
grain
Shallow dipping grain boundaries
Ripping . PP g.g I ! I
on both Subgrain formation to new grains
- small new grains along former
AK 20 upper . .
- X grain boundary and subgrains
000 edges of g
the Initial shear fractures (not opened)
After annealing almost all subgrains
sample .
are gone and new grains formed
Three air bubbles (enter size) 2
shape also deforms
Crack does not start at bubbles
AK 20 Cracks AII. gra|n§ have similar c-axis
- X 000 open too orientation
wide Two sets of kink bands
(perpendicular to each other) 2>
cracks open along grain boundary
after development
Polycrystalline with bigger grains in
Rippin central area
in centril Grain boundaries mostly straight,
_ y AK 20 area 150 triple points not achieved for
000 after a o
shear shear fracture and initial state of
f second fracture
racture

Irregular grain boundaries and
kinkbands after deformation
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Sample | Rotation | Blades

Silicon
oil

Reason
to stop

Comment

AK 20
000

Ripped
appart

Bubbles

Bigger grains at the beginning on
the left side (relicts from annealing)
- move out of site during
deformation (at 0.11 strain)

After deformation: irregular and
uneven shaped grain boundaries,
kinks (especially bottom right
corner), irregular shaped grains
After annealing kinks on bottom
right still more dominant than in
other regions

After annealing: straightening of
grain boundaries, regain 120° triple
points = but not really hexagonal
grains (middle left some tendencies
to)

AK 20
000

Ripped at

upper
left edge

Slightly thicker than other samples
(still close to 250um)

“dirty” - small particles and very
small air bubbles, preferably along
grain boundaries. Some outline
older grain boundaries from before
annealing during preparation

Grain boundary analysis in red area
Left and right end bigger grains,
center smaller - relict from
annealing

Somme seemingly grain boundaries
are alignment of particles and
bubbles along former boundaries

Images in the following section show the analyzed area of the thin sections before and

after deformation as well as after annealing. Table 3-2 lists all main general observations,

information on the used silicon oil, added blades, occurrence of rotation and the reason

the deformation was stopped. For experiments that show rotation of the section (-10_02,
IL_-10_02, -5_03, see table 3-2), due to ether the fiber pulled out of the slider or the ice,
this rotation is subtracted from the angle used for calculation of the shear strain.
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Note that the sections were able to move above or underneath the focus plane during the
deformation as it was floating in between the two layers of silicon oil. Therefore, the
images sometimes get slightly out of focus with time.

Except for the slow deformed sample -10_02 (cold, slow) all experiments were deformed
with fiber attached on the top and bottom as described in part 2.3 and with the less
viscous silicon oil AK 20 000 (table 3-2). For the slow deformed sample, the higher
viscous silicon oil AK 50 000 was used, and no additional blades were added. The missing
blades lead to a slight rotation of the section due to bending of the fiber (see section 2.3).
The fabric was not under tension from the moment the sliders began to move, therefore
the starting point for the deformation was manually chosen with the first initial signs of
deformation visible in the section (e.g. kink bands, outside the analyzed area). During the
observation, a few images were lost and a short interruption in deformation occurred due
to a broken electrical socket. Exact moment and duration of the interruption is unknown,
as the broken socket was not detected immediately. Time frame lies in between 122 h
and 136 h of deformation time. The equally polycrystalline pattern of grains with mostly
straight grain boundaries and an angle of 120° at the triple points in the starting material
(Figure 3.1 A) changes to curved and irregular grain boundaries, kinks and unevenly
shaped grains (Figure 3.1 B). Towards the top and bottom end of the sample the thickness
slightly increases, the analyzed area in the center in not effected from that. Changes in
thickness throughout the sample can increase the chance of breaking the sample. In
addition, a constant thickness is favorable for grain boundary measurements, as the error
for dip angles remains constant in this case.

Figure 3.1: Lambda images from experiment -10_02 before (A) and after deformation (B). Yellow
arrow: kink bands. Red arrow: lobated grain boundaries. Scale bar equals 1mm.

37



The thickness of sample -10_08 (cold, fast) lies at the lower end of the thickness range.
This leads to a difference in interference colors compared to the other samples. Areas
increasing in thickness during deformation (upper left region and inside the shear
fracture, Figure 3.2 B) show similar interference colors to the other samples. The
polycrystalline pattern in the starting material shows straight grain boundaries, but the
120° triple points are not achieved for all (Figure 3.2 A). A brittle fracture occurred in the
central part of the section and another initiation to a fracture is visible in the lower right
part. The occurrence of the brittle fracture and the following ripping in the central area
mark the end of the deformation. The brittle fracture is immediately filled with small
grains. Formerly straight grain boundaries are irregular after the deformation and kink
bands are visible in the whole area of the thin section (Figure 3.2 B blue arrows).

Figure 3.2: Lambda images from experiment -10_08 before (A) and after deformation (B). Dark
green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red arrow: lobated grain boundaries.

Dark blue arrow: shear fractures. White triangle: holes in the section. Scale bar equals 1Imm.

For sample -5_03 (warm, fast) the upper left region of the thin section was analyzed. The
bigger grains on the left (Figure 3.3 A) do not affect the statistics, these are relicts from
the annealing during sample preparation. For analysis with FAME only inner grains were
picked. Inner grains mean only grains which are completely inside the analyzed area and
do not intersect with the outline of the polygon chosen. Also, they move outside the
observed are at a strain of 0.11. The kink bands appearing during deformation are
especially well developed around the bubble in the bottom right corner (Figure 3.3 B) and
stay more visible there after annealing compared to other areas of the sample (Figure 3.3
C). Also, other signs of deformation are visible in Figure 3.3 B such as lobated grain
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boundaries and uneven shaped grains. During annealing the grain boundaries straighten
again and most of the triple points regain the 120° angle. Still the pattern does not
recover fully to a pattern like it was before deformation (Figure 3.3 A).

Figure 3.3: Lambda images from experiment -5_03 before (A) and after deformation (B) and after
69h of annealing (C). Dark green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red arrow:

lobated grain boundaries. White triangle: holes in the section. Scale bar equals 1Imm.

Sample -10_06 (cold, fast, ‘dirty’) is described as dirty due to the small number of
particles and tiny air bubbles in the sample. The amount is smaller than the particle
content in natural glaciers where typical mass fractions of rock particles are between 10
to 108 (Cuffey & Paterson, 2010). They mostly align along former grain boundaries in the
undeformed sample (Figure 3.4 A pink arrows), and therefore can be misleading. During
the annealing process while preparing the artificial ice cores grains grew but
particles/bubbles kept their position. FAME analysis was done for the whole area shown
in Figure 3.4 A and B. For the grain boundary analysis after the deformation only
boundaries inside the red marked area were determined (Figure 3.4 B). This part of the
section is the most sheared area.
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Figure 3.4: Lambda images from experiment -10_06 before (A) and after deformation (B). Dark
green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red arrow: lobated grain boundaries.
Pink arrow: particles. White triangle: holes in the section. Scale bar equals 1mm.

Sample IL_-10_01 (cold, fast) shows some shallow dipping grain boundaries at the bottom
left side, visible as light gray to white areas in the lambda images (Figure 3.5 A). The single
grain from the beginning is divided into several subgrains at the end of the deformation
(Figure 3.5 B) and many small new grains have formed along the former boundary and the
subgrain boundaries. After annealing almost all subgrain boundaries are gone and new
grains have developed (Figure 3.5 C).
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Figure 3.5: Lambda images from experiment IL_-10 01 before (A) and after deformation (B) and

after 71.5h of annealing (C). Dark green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red
arrow: lobated grain boundaries. Pink arrow: particles. Dark blue arrow: shear fractures.

Turquoise arrow: subgrain boundary. White arrow: shallow dipping grain boundary. White
triangle: holes in the section. Scale bar equals 2mm.

Sample IL_-10_02 (cold, intermediate) contains three grains with a triple point at the
central bottom part (Figure 3.6 A). During deformation, the observed boundary was about
to move out of the scanned area. Therefore, the observed area was adjusted and
increased at a strain of 0.49 and a larger area was measured for each following time step.
New grains developed during deformation all along the original grain boundaries and
around the holes (Figure 3.6 B, red circles). The annealing time of 13.5 h is the shortest
within the natural samples. Therefore, grains had less time to grow during that time
compared to the other samples.

41



Figure 3.6: Lambda images from experiment IL_-10_02 before (A) and after deformation (B) and
after 13.5h of annealing (C). Dark green arrow: bubbles in silicon oil. Yellow arrow: kink bands.
White triangle: holes in the section. Red circles: new grains on old boundary. Scale bar equals
2mm.

Sample IL_-5_03 (warm, fast) features three grains, none of them are completely
captured in the section. Along the grain boundaries are three air bubbles in different sizes
from 1-4mm (Figure 3.7 A). Throughout deformation two sets of kinkbands form (Figure
3.7 B, also in). The first set is equal to the ones in other samples and are due to the glide
on the basal plane which is restricted by glass/silicon oil on two sides (see Wilson et al.,
1986; Peternell et al., 2019) supplementary). The second set can be seen on the lower
right side of the section (Figure 3.7 C, yellow arrow) with a trace approximately
perpendicular to the first set of kink bands. The fractures opened after the development
of the second set of kink bands along the former grain boundaries. The shape of the
bubbles is deformed too. The crack on the lower right part after deformation (Figure 3.7
C) reaches the bubble throughout deformation but does not start there. All three grains
have a similar <c>-axis orientation in the beginning.
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Figure 3.7: Lambda images from experiment IL_-5_03 before (A) and after deformation (B) and

after 25.5h of annealing (C). Dark green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red
arrow: lobated grain boundaries. White triangle: holes in the section. Scale bar equals 2mm.

Sample IL_-5_01 (warm, intermediate) consists of a single smaller grain embedded in a
matrix consisting of one large grain (Figure 3.8 A). The actual size of the surrounding grain
is bigger than the thin section size, the smaller grain has an elliptical shape and a size of
about 5x9mm. The position of the camera had to be shifted throughout the deformation
to keep the small grain in the center of attention at a strain of 0.26. The boundaries
change to an irregular shape during deformation (fig 3.8 B) and straightened again during
annealing (fig 3.8 C). Kink bands are visible after deformation and stay visible during the
69 hours of annealing. The original small grain is still detectable after deformation, after
annealing the small grain and the matrix split in several individual grains.
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Figure 3.8: Lambda images from experiment IL_-5_01 before (A) and after deformation (B) and
after 69h of annealing (C). Dark green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red
arrow: lobated grain boundaries. Turquoise arrow: subgrain boundary. White triangle: holes in the
section. Scale bar equals 2mm.

3.1 Grain size

The mean grain size evolution throughout the experiments measured as equal area
diameter are shown in Figure 3.9. Note that the total strain in the different experiments is
not the same, the values for each experiment are listed in table 3-1. For experiments
were annealing was measured the graphs are marked in green for the time of annealing.
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Figure 3.9: The Figure shows the mean grain size evolution in um (y-axes) against the shear
strain/annealing time (x-axis). On the left the results for the polycrystalline samples are shown and
on the right for the natural ice samples. Blue numbers indicate shear strain at the end of
deformation and green numbers show the time of annealing. Note that the slower experiments for
the natural ice samples is about one magnitude faster compared to the artificial samples.
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“Fast” experiments

The grain size evolution in the sample -10_08 shows a negative trend throughout the
whole experiment with minor variations. With a starting mean grain size of about
1040um it decreases to about 730um at the end of the experiment with a shear strain of
0.45.

The sample deformed at the same strain rate of 2.5x10°° 1/s but at -5°C (-5_03) starts
with a mean grain size of about 480um slightly increases to 500um up to a strain of 0.2
before grains are growing faster to a mean size of 740um at the end of the experiment
with a shear strain of 0.38. During the annealing afterwards the grain size is slightly
increasing.

The “dirty” sample -10_06 shows a decrease in grain size starting at a strain of 0.1. The
initial increase visible in the graph is an artificial effect occurring during grain detection.
As for sample IL_-5_03 a compromise was made to get the overall best results.

The natural ice sample IL-10_01 starts with a mean grain size of 2750um, note that only
parts of grains are visible and the real grain sizes in the original material are much
greater. During deformation, the grain size decreases continuously to 1000um at the end
with a shear strain of 0.56. During the following annealing time, the grain size slightly
increases.

Deformation performed with the same strain rate but at -5°C (IL_-5_03) starts at 3000um
and increases up to 5000um at a strain of 0.12 followed by a strong decrease until strain
of 0.29 to a size of 1000um. The initial increase in grain size is an artificial effect of the
analysis, as during the grain labeling process small grains are detected which do not exist
in reality. This effect could be minimized by increasing the minimum grain size for the
analysis, but the smaller grains growing during the later phase of the deformation would
then not be detected. After the initial phase which should be more or less stable (it is not
due to the artificial effect during the grain detection). After the decrease in grain size it
stays stable until the deformation is stopped at a strain of 0.38. During annealing the
grain size slightly increases. The decrease in size is mostly initiated through the growth of
new grains along the grain boundaries.

“slow/intermediate” experiments

Both natural samples deformed at the slower strain rate (1.25x10°® 1/s) show an initial
stable phase up to 0.2 shear strain at -5°C and 0.4 at -10°C, followed by an decrease in
grain size to around 2000um. The reached mean grain size after deformation is similar for
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both even though their reached final shear strains are very different with 0.76 for the
slower (IL_-10_02) and 0.36 for the faster (IL_-5_03) deformation.

For the polycrystalline samples only one deformation with a slower strain rate was done
(-10_02). The mean grain size before deformation lays at 750um and stays stable in the
range from 740-760um up to a shear strain of 0.05. Followed by an increase up to 790um
at a shear strain of 0.1 and decreases again to 760um until a shear strain of 0.15. To
finally increase until the end of the experiment to reach a mean grain size of about 830-
850um at a final shear strain of 0.39. The initiation of the grain size decrease between 0.1
and 0.15 matches the time when the electrical plug broke and the deformation was
stopped for a while.

The slower deformed samples tend to higher grain sizes compared to the faster ones. As
not all samples were deformed until they reached a stable mean grain size caution is
needed for comparison.

3.2 Fabric (<c>-axis orientation)

Orientations were measured with the top of the page representing a ‘north’ direction.
The density plots (Figure 3.10 and 3.11) showing the crystallographic-preferred
orientation (CPO) have color coding from white (low density) over blue, green, yellow to
red (high density). For each plot, the minimum and maximum density value is displayed,
and the color bar is set to be between 0 (white) to maximum density (red). These plots
give information on the distribution before and after deformation and after annealing
when measured.

To follow the pattern development throughout the deformation a ternary path diagram is
shown in Figure 3.12. The corners of the ternary diagram indicate different patterns for
the <c>-axis orientation, and the position of the data point represents the amount on
how strong this pattern is represented in the distribution for each step. These patterns
are point (P), girdle (G) and random (R). The diagrams (Figure 3.12) show the path from
the starting pattern (black circle) during deformation (black lines) and annealing (red
lines) to the end of the experiment (red triangle). Changes in pattern can be observed
throughout deformation progress.

A more visual impression on the <c>-axis orientation is given by the hard/soft images
(images in chapter 3.2.3). Here the colors indicate the orientation in terms of an easy
glide position in relation to the deformation direction. Images for all experiments before
deformation, after deformation, and after annealing are attached in the appendix.
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3.2.1 Density plots

All polycrystalline samples (Figure 3.10) show a random distribution of the <c>-axis
orientation before the deformation. All maximum density values are small.

After deformation all the artificial samples develop a trend towards 45° to the
deformation direction. Only the “dirty” sample -10_06 shows a greater angle compared to
the others. This trend can be seen even though shear strains are low, between 0.36 for -
5_03 to 0.62 for -10_06. Also, for -10_08 the effect is less strongly developed even though
it has a shear strain of 0.45 and therefore was more deformed than -10_02 and -5_03.

For the natural ice samples (Figure 3.11), a seemingly strong fabric weakens and shows a
slight trend towards an 45° angle to the deformation direction. Keep in mind that in these
sections only 2-3 grains exist in the beginning and therefore the strong maxima at certain
orientations can be misleading.
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Figure 3.10: Density plots for the c axis orientation for the polycrystalline ice samples before and
after deformation and for -5_03 also after annealing. Shear sense is indicated by arrows in the
upper left corner. Blue numbers: final shear strain. Green number: annealing time.
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3.2.2 Ternary path plots

All artificial samples (Figure 3.12) start in with a mostly random fabric and tend to evolve
towards a more point pattern. Sample -10_02 (-10°C, slow) and -5_03 (-5°C, fast) both
have an initial trend towards a girdle distribution before they turn towards a more point
fabric.

The natural samples (Figure 3.12) all start in the point fabric corner, as they represent
thin sections with few grains all measured orientations are in the same direction. IL_-5_03
(-5°C, fast) and IL_-10_02 (-10°C, intermediate) show almost no change in fabric pattern
during deformation. The other two natural samples IL_-10_01 (-10°C, fast) and IL_-5_01 (-
5°C, intermediate) show a path away from the point distribution towards a girdle
distribution.

51



A
2.5x101-6 1/s (fast) (],},ztix,::edﬁ:ef)s

P GP\_’ @

~
&)
W
.
Q
=
© R R
5
i - -
P o\,‘ G|p e G
S
=
-
.
R R
P G
9]
w

Artificial, polycrystalline ice
8

-10C

R R

R
N
2.5x10A-6 1/5 (fast) 25%10A-7 1/s (slow) | 2°X10 d.l6rt:l£s (fast)

Figure 3.12: Ternary path for the <c>-axis distribution pattern showing the changes during
deformation and annealing. The two rows on the top show the pathways for the natural ice
samples with two temperatures and two strain rates (fast: 2.5x10°®, intermediate: 1.25x10° 1/s).
The two rows on the bottom show the data for the artificial ice samples at -10 °C and -5°C with the
fast (2.5x10° 1/s) and slow (2.5x107 1/s) strain rate as well as the “dirty” sample. Black: during
deformation. Red: during annealing.
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3.2.3 Hard/soft and orientation images

The har/soft images represent an easy way to see if the material is in favorable position to deform
in respect to the orientation of the crystal lattice towards the deformation direction. Dislocation
movement, which is a main factor for deformation, is energetically favored along the basal plane
compared to any other direction in the lattice. A favorable position therefore would be an
orientation in which the resolved shear stress goes along the basal plane.

The images presented here follow a color coding from blue (soft grains) over green, yellow,
orange, red to black (hard grains). The color represents an index between 0 and 1 calculated
based on the Schmidt’s factor. This graphical presentation provides a tool to easily detect a
general weakening/hardening in the sample or formation of weak or hard areas.

The random orientation of the <c>-axis of sample -5_03 can be seen in the density plot
(Figure 3.10) and ternary diagram (Figure 3.12) and is also equally distributed throughout
the thin section. No clusters of hard or soft grains are visible (see Figure 3.13). After
deformation, the majority of grains are in a soft position with few hard grains in the
central area. During annealing time grains in a hard position grow more than grains in soft
position. For example, in the bottom center of the section a small hard grain is visible
which grows during annealing to a multiple of its original size (Figure 3.13 B and C).
Patches of hard and soft grains show a weak pattern of alignment along the axis of
maximum extension.
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Figure 3.13: Sample -5_03 (fast). Arrows indicate shear sense. Top row: Indications of grains in
easy and hard glide position depending on the orientation of the <c>-axis towards the deformation
direction. Color ranges from blue (soft) over green, yellow, orange red to black (hard). The round
red/black area on the bottom right is a hole and not a grain. Bottom row: <c>-axis orientation
before deformation (A), after deformation (B) and after annealing time (C) representing the
orientations based on which the hard/soft criteria for the top row pictures were calculated.

As can be seen in the density plots (Figure 3.10) and ternary diagram (Figure 3.12),
sample -10_02 (Figure 3.14) features a random <c>-axis orientation overall in the starting
material. The distribution of orientations throughout the sample is not fully random as it
contains patches with intermediate grains, in relation to their hard/soft criteria, especially
on the left side. And several patches of soft grains. After deformation, the area fraction of
soft grains has increased by spreading from the original patches. A weak developed
elongation of the hard and soft patches towards the maximum extension direction can be
seen.
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Individual grains are separated into several sections with hard and soft areas. Sectioning

is mostly north south oriented.

Figure 3.14: Sample -10_02 (slow). Arrows indicate shear sense. Top row shows visualization of the
hard/soft criteria with a color bar from blue (soft, easy glide) over green, yellow, orange, red to
black (hard, hard glide) before (A) and after (B) deformation. Calculation of the criteria is based on
the orientation of the <c>-axis towards deformation direction. <c>-axis orientation of the area is

shown in the bottom row.

Sample -10_06 (Figure 3.15) features an overall random distribution of the <c>-axis
orientation in terms of equal occurrence of all directions and special distribution in the
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sample. An influence of the small amount of particle content is not visible in the starting

material.

After deformation areas with hard grains are dominant in the most sheared area with
small soft grains in between. Patches are weakly elongated towards the maximum

extension direction.

Figure 3.15: Sample -10_06 (fast, “dirty”). Arrows indicate shear sense. Top row shows
visualization of the hard/soft criteria with a color bar from blue (soft, easy glide) over green,
yellow, orange, red to black (hard, hard glide) before (A) and after (B) deformation. Calculation of
the criteria is based on the orientation of the <c>-axis towards deformation direction. <c>-axis
orientation of the area is shown in the bottom row. Red outline marks analyzed area.
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The starting material of sample -10_08 (Figure 3.16 A) shows a random distribution of
<c>-axis orientation but the special distribution is not fully random. In the upper part of
the section is an area with bigger soft grains surrounding few hard grains. Areas with new
grains grown during deformation are preferably soft (Figure 3.16 B). Patches of hard and
soft grains are elongated along the maximum extension direction. Small new grains grown
in the brittle fractures are preferably soft.

Figure 3.16: Sample -10_08 (fast). Arrows indicate shear sense. Top row shows visualization of the

hard/soft criteria with a color bar from blue (soft, easy glide) over green, yellow, orange, red to
black (hard, hard glide) before (A) and after (B) deformation. Calculation of the criteria is based on
the orientation of the <c>-axis towards deformation direction. <c>-axis orientation of the area is
shown in the bottom row. Red outline marks analyzed area.
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The starting conditions of sample IL_-5_01 are a single hard grain embedded within a
bigger grain with an intermediate orientation in relation to the hard/soft criteria (Figure
3.17). The smaller grain weakens during deformation but is still in a hard glide position.
The surrounding big grain segregates in softer zones mainly in the upper part of the
section with an elongation of about 5° towards west from the north south direction. New
grains grown during annealing in the area of the old big grain tend to have a steep dipping
<c>-axis and are mainly harder than the original surrounding grain.

2mm _ soft hard
el O |

r
-

Figure 3.17: Sample IL_-5_01 (intermediate). Arrows indicate shear sense. Top row shows
visualization of the hard/soft criteria with a color bar from blue (soft, easy glide) over green,
yellow, orange, red to black (hard, hard glide) before (A) and after (B) deformation as well as after
annealing (C). Calculation of the criteria is based on the orientation of the <c>-axis towards
deformation direction. <c>-axis orientation of the area is shown in the bottom row.

The three grains in the section of sample IL_-5_03 start with similar orientations of the
<c>-axis with two grains in a soft position and one in an intermediate position (Figure 3.18
A). During deformation elongated areas develop with elongation towards the maximum
extension direction. The developed areas tend to be harder than the original grain (Figure
3.18 B). The borders can be sharp but still are not necessary a grain boundary. New grown
small grains tend to have an orientation with a softer criterion.
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2mm_soft

Figure 3.18: Sample IL_-5 03 (fast). Arrows indicate shear sense. Top row shows visualization of
the hard/soft criteria with a color bar from blue (soft, easy glide) over green, yellow, orange, red
to black (hard, hard glide) ) before (A) and after (B) deformation as well as after annealing (C).
Calculation of the criteria is based on the orientation of the <c>-axis towards deformation
direction. <c>-axis orientation of the area is shown in the bottom row. Red outline marks analyzed
area.

The starting conditions in IL_-10_01 are an intermediate to hard grain imbedded in a hard
surrounding grain (Figure 3.19). New grains grown along grain and subgrain boundaries
during deformation are mainly soft leading to elongated areas of t small soft grains
between areas of intermediate to hard grains (Figure 3.19 B). During annealing soft grains
grow bigger mainly on areas were the original grain boundary was (Figure 3.19 C).
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Figure 3.19: Sample IL_-10 01 (fast). Arrows indicate shear sense. Top row shows visualization of

the hard/soft criteria with a color bar from blue (soft, easy glide) over green, yellow, orange, red
to black (hard, hard glide) before (A) and after (B) deformation as well as after annealing (C).
Calculation of the criteria is based on the orientation of the <c>-axis towards deformation
direction. <c>-axis orientation of the area is shown in the bottom row. Red outline marks analyzed
area.

The two intermediate to hard grains in the starting material of sample IL_-10_02 (Figure
3.20 A) rotate during deformation resulting in big areas in a soft position (Figure 3.20 B).
Still there are patches of hard areas diagonally throughout the section with a stripy
pattern related to the developed kinkbands.
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Figure 3.20: Sample IL_-10_02 (intermediate). Arrows indicate shear sense. Top row shows
visualization of the hard/soft criteria with a color bar from blue (soft, easy glide) over green,
yellow, orange, red to black (hard, hard glide) before (A) and after (B) deformation as well as after
annealing (C). Calculation of the criteria is based on the orientation of the <c>-axis towards
deformation direction. <c>-axis orientation of the area is shown in the bottom row. Red outline

marks analyzed area.

3.3 Shape-preferred orientation (SPO)

The shape-preferred orientation provides information on the elongation direction of the
grain shapes. The evolution of the SPO for all experiments is shown in Figure 3.21.
Annealing is marked in green. The data points in the diagrams represent a mean
orientation of the grain elongation for each deformation step. The angle represents the
main elongation direction of the grain shape starting with north as 0° and opening
clockwise. For these plots (Figure 3.21) FAME software calculates an ellipse for each grain
to determine the elongation orientation for each grain and then plots a mean value over
all grains in the section for each time step. If there is no strong preference in shape
elongation towards a specific direction the mean values will scatter a lot.
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Figure 3.21: Shape-preferred orientation throughout deformation for the artificial ice samples
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clockwise from the north direction. Blue numbers indicate shear strain after deformation and

green numbers time of annealing.
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All experiments develop towards an elongation of the grains within an angle range of 80-
140° in respect to the ‘north’ direction opening clockwise. A weak preferred orientation is
represented by a wide scattering of the data points as small changes in grain detection
between the individual deformation steps easily change it. In contrary, the better the
grain detection works throughout the individual steps the closer the data points are
together. Therefore, the overall trend is the relevant information coming from these
diagrams.

The faster deformed natural samples (IL_-10_01 and IL_-5_03) both have a small variation
in relation to neighboring data points. While the colder samples show a shift in shape-
preferred orientation from 90° to 130° the warmer one sticks with the starting orientation
with no significant change. The slower deformed natural samples (IL_-10_02 and IL_-
5_01) start with a wider scattered preferred orientation. The colder sample shows a weak
trend from about 160° towards 120°. The warmer one stars with a mean around 90° and
shifts towards 120° at the end of deformation but goes back to around 90° after the
annealing process.

All artificial samples deformed at -10°C have a tendency towards 120° after deformation.
The one deformed at -5°C has a wide scattering towards the end of the deformation
representing the fact that there is no clear elongation direction of the grains.
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3.4 Grain boundaries

The calculated angles between grain <c>-axis and pole of the crystal face, listed in table 3-
3, are used to link the measured angles to specific oriented planes within the crystal
lattice. For every orientation only one representative is displayed. There exist six prism
planes with different Miller indices, but they all have the same angle to the <c>-axis. As it
is not distinguished between these faces only one representative is chosen for simplicity.

Table 3-3: Calculated angles between <c>-axis and pole of crystal faces. Miller indices for crystal
face orientations occurring in ice taken from Hondoh, 2000; Faria et al., 2014; Wilson et al., 2014).

angle <c>-axis to face
crystal face pole

(0001) basal plane 0
{1122} secondary pyramidal 19.33
{1012} 28
{0111}  (-) rhomb 41
{1011}  pyramidal 44.16
{1121} trig dipyramidal 46.8
{1011}  (+) rhomb 48.6
{2111} trig dipyramidal 64.5
{1010}  prism plane 90

3.4.1 Grain boundary relationship to both neighboring grains

The grain boundaries are presented as the angle of their pole to the <c>-axis of the two
neighboring grains. The bigger angle is plotted on the x axis and the smaller on the y axis
leading to a triangular shaped diagram. The diagonal line represents the options when
both grains share the same angle and therefore, the same type of crystal face as a
boundary. The plots are corrected to take the normal distribution of the possible angles
into account as described in section 2.8. Note that the scale of the color bar is not
normalized throughout different experiments and therefore changes. For experiments
where maxima differ a lot throughout the experiments the color bar is not equal for all
plots, this is the case for IL_-10_02 and IL_-5_03.

64



before deformation after deformation after annealing

strain: 0.39

(slow)

-10_02

strain: 0.

(fast)

-10_08

0 10 20 30 4 50 60 70 8 9

strain: 0.

(fast)

"dil'ty"

-10_06

0 1 20 30 40 S5 6 70 8 9

(fast)

-05_03

0 10 20 30 40 5 6 70 8 9 0 10 20 30 4 5 60 70 8 9

Figure 3.22: Triangle density plots representing the angular relation of the <c>-axis to the grain
boundarie pole for both neighbouring grains for the artificial, polycrystalline ice samples.
Distribution is shown before and after deformation as well as after annealing for -5_03. The
reached shear strains are displayed within the images after deformation.

The triangle plots if Figure 3.22 show the distribution of the angle combinations for the
<c>-axis of both neighbouring grains to the pole of the <c>-axis for the deformation
experiments with artificial ice samples before and after deformation as well as after
annealing for experiment -5_03. Reached shear stresses for each experiment are
displayed next to the plot represeinting the distribution after deformation.
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For all experiments with artificial ice samples a general trend to a wider distribution over
different angle combinations can be seen after deformation (Figure 3.22). In all cases at
least one of the angles is close to 90°, this trend is much weaker in -5_03 deformed at -
5°C. During annealing time the expected preference for angles close to 90° is not seen as
the maximum moves closer to smaller angles for both neighbors. Rangein from 15-40° on
one side and 30-60° on the other side. Note an angle of 90° in this case represents prism

and halfprism faces.

Note for -10_02 (slow) the starting point for the experiment was determined by first
appearance of visible kinkbands. Therefore the initial distribution might already show
some changes to the actual starting material. In addition this experiment was first started
with the motor running in the wrong direction leading to a small amount of dextral shear
strain before the later analyzed experiment with the wanted sinistral shear sense was
started. This might have slightly changed the initial pattern.

The starting pattern of -10_06 (“dirty”) already shows a wider distribution compared to
the other artificial samples. After deformation the trend to have a 90° to at least one
neighbour is less strong developed.
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Figure 3.23: Triangle density plots for the angles of the pole of the grain boundaries to the c axes
of the grains on both sides for the natural ice samples. Data before and after deformation as well
es after annealing is shown. The small inlets show the data for newly grown grain boundaries
while the bigger Figures show the bulk behavior.

As there are fewer grains in the natural ice samples compared to the artificial samples,
the number of segments is smaller, especially in the starting material. Ranging from 352
segmentsinIL_-5_01 to 941 segments in IL_-10_01. The number of segments may be
smaller than the minimum of about 1500 segments to be statistically significant, which
has been tested empirically (by myself), therefore all measurable boundaries in the
sections were measured. Test for significance was done with experiment -10_08 by
measuring grain boundaries random distributed over the thin section and comparing the
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outcoming triangle plots. As a minimum number of segments needed to see no relevant
changes in the triangle-density plots a threshold of 1500 was set. This is 200 segments
above the point no changes were seen anymore.

The unstressed samples in Figure 3.23 (left row) show only one or two combinations of
crystal faces represented by single maxima in the area of specific combinations of angles
connected to certain crystal faces. IL_-10_01 shows tendency from a two-point
distribution to a single-point distribution throughout deformation and the pattern
weakens during annealing. Even though reached shear strain in IL_-10_02 was higher the
patterns before and after deformation show less change in comparison. Only the strength
of the maximum weakens but no significant change in position. The comparable
experiment at -5°C with the same strain rate and similar reached shear stress (IL_-5_01)
shows a similarly strong weakening of the maximum and additionally a visible change in
position. Note that the main difference for both experiments in addition to the
temperature is the starting position in respect of the crystal faces represented at the
grain boundary.

3.4.2 Single grain boundaries vs. polycrystalline systems

The individual starting condition, with respect to the angle between the boundary pole
and the <c>-axes of both grains, represented in the natural samples are compared with
grains with equivalent conditions in the artificial samples and plotted in triangle-density
plots equal to the ones above including the correction for the mean distribution
abundance of the different possible angles (Figure 3.24 and 3.25). To determine the
validity of the use of the natural samples as representatives for specific situations that
can be found as one of many in polycrystalline samples as well. Therefore, the starting
situation was determined in the natural samples. The same combinations within a small
range of variety were filtered from the polycrystalline sample -10_08. Only boundaries
that could be followed throughout the deformation were taken into account for
comparison of the behavior of these specific angle combinations within the
polycrystalline system. This leads to very few data points (<50) and is therefore only an
indication showing a trend. Between 40-50° several angles related to certain crystal faces
are close together. All of them are followed and compared with the equivalent angle
combinations ins ample -10_08.

Note not all combinations found in the natural samples are compared as in some cases
the few boundaries which were found in sample -10_08 at the beginning could not be
followed until the end of deformation. Either they were outside the observed area or
completely overgrown by other grains after deformation.
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Figure 3.24: Bulk distribution of the grain boundary angle distribution in sample IL_-10_01 before
and after deformation (top). Individual peak points from IL_-10_01 selected from sample -10_08
(bottom) for boundaries which could be followed throughout the deformation.

In Figure 3.24 the possibilities in sample IL_-10_01 are split into the individual
combinations. In all cases one of the crystal faces is represented by a prism or half prism
plane (both 90°) combined with {2111} representing the upper maximum in IL_-10_01
and {0111},{1121} or {1011} representing the possibilities of the lower maxima in IL_-
10_01 as three possible crystal faces are close together in this area. Note strain rate is the
same for both deformations and the reached shear strain is within a comparable range
with 0.45 and 0.56.

The combination with {2111} in the filtered data from -10_08 shows little change
throughout deformation except for a few points in the range of about 20° angles for both
neighboring grains. Two of the positions in the range between 40° to 50° given by {0111}
and {1121} spread over a wide range of angles on one side of the boundary but stay with
high angles on the other side. The behavior of the angles represented by a the {1011}
face is similar as one side remains close to 90° and the other shows a wider variety, but in
this case two main spots are present. A weak maximum at around 30° and a stronger one
between 80° and 90°.
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Figure 3.25: Bulk distribution of the grain boundarie angle distribution in sample IL_-10_02 before
and after deformation (top). Comparabale points selected from sample -10_08 for boundaries
which could be followed throughout the deformation (bottom).

A second comparison was made with the situation in IL_-10_02 represented by a
combination of the {1122} and {1012} crystal faces (Figure 3.25). In this case only one
distinct situation was present in the natural sample and therefore only one situation was
filtered from tha data from sample -10_08. Both show a similar pattern after the
deformation with the maximum approximately at the same spot as before the
deformation with aditional data points ranging towards higher anlges. A second weak
maximum appears for the compared boundaries in -10_08 with both sides close to an
angle of 20° (representing the secondary pyramidal crystal face {1122}). Note the
deformation temparature is the same for both experiments but the strain rate is double
in the artificial sample compared to the natural. Also shear strain in the natural sample is
higher (0.76) than in the artificial (0.45).
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3.4.3 Grain boundary relation to one neighbour / crystal faces
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Figure 3.26: Example from IL_-5 01 afdef showing the distribution of angles beween the grain
boundary pole and grain <c>-axis. Left: Distribution of angles between grain boundary pole and
<c>-axis from the measured segments with bins of 1°. Positions for distinct crystal faces are
indicated with arows, note only one Miller Indice describing a face with this angle is indicated. The
solid line represents the uniform distribution for the total abundance of the different angles. The
uniform distribution is defined as 1.111*sin(angle grain boundary pole to <c>-axis), while the sinus
needed to transfere from a 3D to a 2D uniform distribution. The factor 1.111 is a best fit variable
determined for quarz Kruhl & Peternell, 2002), the value is expected to be similar for ice. Middle:
Distribution of angles between grain boundary pole and <c>-axis with bins of 1° after substraction
of the uniform distribution. Right: Distribution after substraction of the uniform distribution with
bins of 3° and a fitted plot curve with derived with the kernel fitting method.

A distribution of the angle between <c>-axis of the grain and pole of the grain boundary
with steps of 1° is shown in Figure 3.26 on the left. The solid line represents the uniform
distribution and is substracted leading to the secons plot in Figure 3.26 (middle) as
described in section 2.8. To claryfie the picture, bins with a width of 3° were join a fitting
curve added (Figure 3.26, right). All histogram plots are attached in the appendix.

The experiments can be distinguished into 3 groups related to the reached shear stains.
Low shear strain up to 0.39 (green/blue colors), intermediate shear strains >0.39 and up
to 0.62 (black/gray colors) and high shear strains between 0.72 and 0.76 (orange colors).
Note the “dirty” experiment lies in the intermediate filed and is shown in brown and high
shear strains only referes to the highes reached ones in the performed experiments. This
color code is continuous for all following plots.

The position of the maxima of the fitted plots before and after deformation as well as
after annealing are displayed in Figure 3.27. Every maxima is related to a specific
orientation fitting colse to the orientation of certain crystal faces (see table 3-3).
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Figure 3.27: The relative abundance of angles between <c>-axis and grain boundary pole for each
maximum of the fitted plots.

Highest frequencies are only reached before deformation, a general trend towards more
and weaker maxima after deformation can be observed.

A mean value for occurring angles between <c>-axis and grain boundary pole was
determined to observe general changes during the deformation (Figure 3.28). Solid and
dashes lines indicate the strain rates, color of the lines the deformation temperature and
symbols represent the mean angles before and after deformation and after annealing if
available. The mean for all experiments tends towards angles between 45-55°. No trend
in respect of temperature, strain rate or strain is detected.
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Figure 3.28: Frequency of the mean angles between grain boundary pole and ice <c>-axis for all
experiments before and after deformation and after annealing if available. Lines connect data
point from one experiment indicating strain rate and deformation temperature by pattern and
color.

3.4.4 GBdip angles

Dip angles of the grain boundaries have been determined before and after deformation
and are shown in Figure 3.29 as a cumulative plot. In the starting material dip angles are
mainly steep with around 90% being above 70°, only IL_-10_01 shows much shallower dip
angles in the beginning with only 75% of the angles above 70°. The situation after
deformation is relative uniform for all experiments and shows around 80% of the angles
being above 70°. A shift towards shallower dip angles can be observed.
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Figure 3.29: Cumulative plot of dip angles of grain boundaries before (left) and after (right)
deformation. Dipping relative to the plane of observation equal to thin section plane and going
downwards. Legend is sorted by increasing shear strain from top to bottom. Solid lines represent
strain rates of 2.5x10%1/s, dashed lines refer to slower strain rates of 1.25x10°1/s and 2.5x1071/s
for sample -10_02.

3.5 Shear fractures and step-like grain boundary traces

Some experiments feature some special observations such as brittle fractures or grain
boundaries in a stepping pattern. Both features can be seen in sample -10_08. Figure 3.30
where the retardation images are shown on the left and for comparison the lambda
images at the same shear strains are displayed next to it. While the initiation of the
fracture is barely visible in the lambda image it can be clearly seen in the retardation
image. The change in color indicates a thickening at this specific point in the thin section
which can be explained by folding of the section above and below the observed image
plane finally leading to a fracture. The fracture spreads with an 45° angle to the
deformation direction while the tips slightly bend towards the boundaries of the initiated
sheared area. A second initiation point develops close to the first one (Figure 3.30 second
picture) and they join before the fracture opens. As soon as the fracture opened small
grains start growing in the area. Three more occur parallel to the first set.

Grain boundaries shaped like steps occur in the same sample but can only be seen within
small range of the orientation of the grain boundary, between 68-72°. These patterns can
also be detected in other experiments at boundaries with similar strike directions (e.g.

IL -5_01, IL_-10_01). Not all boundaries oriented in that way show this pattern, another
factor needs to be relevant for the possibility of developing this feature.
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Figure 3.30:
Retardation image
(left) and lambda
image (right) of
sample -10 _08 at
shear strains of
0.13,0.16,0.22,
0.33, 0.39 from
top to bottom. The
development of
the brittle fractur
and the refill with
smaller grains as
well as the step
like shaped grain
boundaries are
displayed at
different shear
strains. The scale
for all pictures is
the same, only the
shown area
changes.



4. Discussion

To compare the experiments the different parameters are discussed separately and
connections between them are drawn. Three of the polycrystalline samples are linked
with the same strain rate and vary in temperature (-05_03) or contain a small amount of a
second phase (-10_06). The additional polycrystalline sample was deformed with a strain
rate one magnitude smaller (-10_02) but with a slightly different technique for the
attachment of the fiber.

The natural ice samples are either linked with the same strain rate (IL_-10_01 to IL_-5_03;
IL_-10_02 to IL_-5_01) or the same temperature (as seen in the sample name). The two
fast-deformed natural samples experienced the same strain rate as the fast
polycrystalline samples.

The deformation apparatus used does not require any pure shear component as in many
other experimental setups. Such as 2D experiments with blades pushing from the sides.
Or in the 3D case where ice samples are pushed with diagonal cur pistons or sheared in
torsion. A variety of possibilities to induce shear deformation are described in many
studies. For all of them the findings on the behavior microstructures are conform. To
validate the method used in this study the results are compared to a selection of other
studies.

4.1 General observations

General observations like lobated grain boundaries, kinks and sub-grain structures were
observed in all experiments. All of them indicate deformation and are described in other
studies using simple shear deformation (e.g. Wilson & Zhang, 1994; Qi et al., 2019; Fan et
al., 2020).

A connection between temperature and manifestation of lobated grain boundaries is
described for example by Qi et al. (2019) or Fan et al. (2020). Higher temperatures lead to
more and more strongly lobated grain boundaries due to the higher mobility rate of the
grain boundaries (Nasello et al., 2005). This behavior is also described in Wilson & Zhang,
1994) and explained by extensive grain-boundary migration in addition to the
intracrystalline slip. This bulging of the boundaries follows high dislocation densities
(Wusatowska-Sarnek et al., 2002; Steinbach et al., 2017).

The temperature relation for lobated grain boundaries can also be seen in the
experiments from this study. For the natural ice samples as well as for the polycrystalline
samples. Grain boundaries in the warm experiments (-5_03,IL_05 01 and IL_-5_03,
Figure 3.1) tend to migrate and form lobate boundaries while in the cold experiments (-
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10 _06,-10_08, IL_-10_01, IL_-10_02, Figure 3.1) this mechanism is less dominant. There,
a higher number of smaller grains develop, especially along the former grain boundaries,
instead of grain boundary migration. The cold and slow deformed sample -10_02 also
shows more lobated grain boundaries instead of small newly grown grains, indicating that
the lobation of the boundaries is a function of strain rate in addition to temperature.

Deformation features in grains such as kinks and sub-grain formation are seen best in the
natural samples (Figure 3.1). Here dislocations cannot ‘escape’ towards a grain boundary
as easy as in smaller grains. This leads to a cumulation of dislocations forming a plane in
the lattice with a high dislocation density, which is referred to a subgrain boundary. A
dependence on the <c>-axes orientation for formation of these features can be observed
in the polycrystalline samples. Depending on their <c>-axis orientation kinks and sub-
grains develop earlier or later during deformation. The two sets of kink bands seen in the
samples represent two different mechanisms. The first set, which can be seen in all
experiments is due to the dislocation movement in the basal plane leading to a shift of
these planes relative to each other. The kinks we see there are always perpendicular to
the grain c-axis. The second set forms with increasing shear deformation due to buckling
of the planes and occurs in grains oblique to the main shortening direction (Wilson et al.,
1986; Wang et al., 2019).

Both features, lobated grain boundaries and kink bands, are also described for
experiments done by e.g. Wilson & Zhang (1994) or Qi et al. (2019) in 3D experiments.

4.1.1 Grain size

The final grain size is expected to depend only on the strain rate (Passchier & Trouw,
2014). Following this all fast experiments (-10_08, -5_03, IL-10_01, IL_-5_03) should reach
the same final grain size. Both fast deformed natural samples end at the same mean grain
size, sample IL_-5_03 even reaches a stable grain size at a shear strain of around 0.29
(final shear strain 0.38). The natural sample deformed fast at -10° (IL_-10_01) did not
reach a stable grain size at the end of deformation but reached a higher final shear strain
(0.56). This is due to the lower mobility rate of the dislocations at colder temperatures
(Duval et al., 1983; Noguchi et al., 2016) leading to a longer response time to reach the
same state as the warmer deformed sample. In the polycrystalline fast deformed samples
final grain sizes are smaller, but in both cases (-10_08, -5_03) no stable grain size was
reached at the end of the deformation. It is therefore expected that grains in -5_03 would
grow further during continuation of the deformation. The decrease in grain size for
sample -10_08 can be explained by the shear fractures that appear in an early stage of
deformation an immediately are filled with small grains. The “dirty” sample needs to be
seen separately because particles/small air bubbles decrease the growth rate of the
grains resulting in smaller grain sizes. This observation fits with modeled data from
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Roessiger et al. (2014) that shows the limiting effects for boundary migration. Also strain
localization along particles/bubbles increases fabric changes locally (Steinbach et al.,
2016) leading to visible shear bands, which can be seen in Figure 3.4 B inside the red
marked area. Even though the amount of impurities in this sample is much smaller than
the natural mass fraction of 10-6-10-8 (Cuffey & Paterson, 2010) effects are clear to see.

The initial stable phase for the mean grain sizes can be seen in all experiments (Figure 3.2)
except for -10_08. This stable phase is longer in the in slower deformed samples and even
more prominent to see in the natural samples. This longer response time before
mechanisms start to change the mean grain size is due to the minimum amount of energy
needed to activate deformation.

The mean grain size decrease of 40um in sample -10_02 between strains of 0.1 and 0.15
aligns with the time the electrical socket broke and therefore the sliders did not move.
While the sliders stopped, an initiation of annealing would be expected, but for this time
only few images are available. The missing timesteps were filled with copies of the images
before and after the lost ones. By comparing the images before and after the image loss
(appendix), no significant changes are visible. Therefore, the decrease must be a result of
the adjustment of the captured area after the restart bringing the smaller grains into the
field of view.

4.1.2 Fabric

The polycrystalline samples all show a random <c>-axis distribution in the beginning and a
clear change towards an angle of about 45° from the deformation direction. This pattern
is clearly seen even though only relatively small shear strains were achieved. Similar
results can be seen in experiments with layered ice samples by Wilson et al. (2003)
leading to a dominant maximum about 5° from the pole of the bulk shear plane and a
second maximum at 45°. This change in fabric in managed by a dynamic recrystallization
process. Driven by the initiation of a second slip system along the pyramidal planes with
increasing stress (Wilson et al., 2003).

Both orientations can be found in the experiments run for this study (Figure 3.17 and 3.4),
even though comparable shear strains of at least 0.7 were only reached for two
deformations (IL_-5_01 and IL_-10_02). But the maximum at 45° dominates throughout
the experiments, only -10_06 and IL_-5_03 show a maximum close to 5° from north.

The natural ice samples show two or three main spots at the beginning representing the
few visible grains (Figure 3.11). This dominant feature weakens during deformation and
all samples show a change in CPO to one of the expected maxima orientations. And
therefore, orienting the grains preferably in an easier to deform position.
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Same findings in relation to the position of <c>-axis orientation maxima are for example
described in Bouchez & Duval (1982), Llorens et al. (2016), Journaux et al. (2019) or Qi et
al. (2019). A list of further studies for comparison is provided in Qi et al. (2019).

Strength of the developed CPO is decreasing with temperature. This can be clearly seen
by comparing -10_08 to -5_03 (Figure 3.17). Even though shear strain in -10_08 is a little
higher than in -5_03 the maxima are clearer developed. The same observation is
described in Qi et al. (2019). The pattern is preserved during annealing time but gets
more diffuse. This is the same behavior as described in Journaux et al. (2019).

4.1.3 Ternary path

The ternary path diagrams (Figure 3.12) show the main pattern of the <c>-axis orientation
distribution. For the Polycrystalline samples it shows a random distribution at the
beginning and changes to a more girdle and late point structure during deformation. This
gives a clear indication that the <c>-axis orientation is aligning towards a preferred
pattern.

Similar development is predicted in models by Llorens et al. (2016). They expect with a
trend towards a mixed girdle/point pattern and with higher strains a strong development
towards a point distribution. This evolution is related to the dynamic recrystallisation
processes involved in the change of CPO.

As the natural samples contain only a small amount of grains and therefore have a clear
oriented preference in their <c>-axis orientation they already start with a strong point
pattern. As the pattern referring to a point, gridle or random distribution describes a
polycrystalline system the findings are not applicable in this case. Trends in the evolution
of the pattern for the natural samples therefore are directly linked to the <c>-axis
orientation of new grown grains.

For experiments IL_-10_02 and IL_-5_03 almost no changes are seen. In both cases the
grains start with shallow dipping <c>-axis and no big changes are needed as they reach a
favored orientation. Also, only few grains grow during deformation, all of them along the
former grain boundaries. The other two experiments (IL_-10_01 and IL_-5_01) with
natural ice start with steep dipping <c>-axis in the grains and have a much bigger amount
of new grains by splitting the big start grains.

4.1.4 Shape-preferred orientation (SPO)

The weak developed Shape-preferred orientation that is seen in sample -5_03 (Figure
3.14) is also described by Qi et al. (2019) for samples deformed at -5°C with shear strain
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rates of 7.98x10 to 17.8x107 1/s. While Journaux et al. (2019) describes a strong
elongated grain-shape fabric towards the extension direction for deformation experiment
at -7°C with shear strain rates between 1.6x107 to 2.1x10°® 1/s. Shear strain rates for the
here presented study are faster and deformation temperature is colder (-10°C), still the
development of an SPO in the colder samples is slightly stronger with a tendency towards
120°. Both studies reached comparable shear strain rates to this study. A stronger SPO
developed in the dirty sample -10_06 due to the shear bands (Figure 3.4 B, red marked
area).

The wide scattering of the data points for sample -5_03 (Figure 3.14) shows that no clear
SPO developed during deformation. This pattern occurs as the grain detection from FAME
software can vary a few pixels between the timesteps, as it determines grains by their
<c>-axes measurement for each pixel. Therefore, the exact shape of the detected grain
can vary in each direction within 1-2 pixels. For grains with no or weak SPO this variation
leads to a change in the elongation direction of the ellipse fitted by FAME, as these
ellipses are close to a circle. With no clear preference in elongation the calculated mean
shows a wide distribution.

Natural samples contain only 2-3 grains in the beginning and the visible area of the grain
often is elongated along a specific direction. New grains impact the development of the
SPO as the mean is calculated by taking one orientation per grain. For IL_-10_01 many
subgrain boundaries formed parallel to the main extension direction leading to elongated
grains at the end of deformation. In sample IL_-5_03 elongated grains develop along the
former grain boundaries also subgrain boundaries develop. Both natural samples
deformed with an intermediate strain rate (IL_-10_02, IL_-5_01) show a wider scattering
between data points for neighboring timesteps. This is due to the growth of small grains
with no SPO along the former grain boundaries in IL_-10_02. The strong lobated grain
boundary in IL_-5_01 in addition to new grains with no clear trend in SPO lead to a less
dominant trend throughout deformation.

4.2 Grain boundaries

To discuss the behavior of grain boundaries during deformation the angular relations
between <c>-axis and grains boundary are discussed individually and as combination of
the angular relation for both neighboring grains to the grain boundary pole. As the planes
are described by the normal vector of the plane it is more comfortable to use the angle to
the grain boundary pole for descriptions. All angles used for further description are
between grain <c>-axis and grain boundary pole if not mentioned otherwise.
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4.2.1 Single grain boundaries (natural ice) vs. polycrystalline systems

The natural ice samples contain only few grain boundaries. They can therefore be
described as a specific combinations of boundary conditions which could be found along
with others in the polycrystalline ice. To follow this idea the specific combinations of
angles between <c>-axis and grain boundary pole found in IL_-10 01 and IL_-10_02 were
determined and same angle relations were picked from sample -10_08 to compare the
behavior in a polycrystalline system. For IL_-10_01 two areas are given by a first maxima
in the triangle density plots with angles between 80-90° on one side and 62-66° on the
other and a second maxima with 80-90° on one side and angles between 40-50° on the
other side of the boundary (Figure 3.24). In the range between 40-50° four possible
crystal faces can be found but only three of them were possible to trace in the sample -
10_08 for comparison. These three faces are {0111},{1121} and {1011} with angles
between grain <c>-axis and grain boundary pole of 41°, 46.8° and 48.6°. Individual
segments connected to the two maxima in IL_-10_01 could not be followed separately
throughout the deformation. Therefore, the selected segments from -10_08 are
compared as a bulk behavior from all picked segments to the bulk behavior of IL_-10_01.
A comparison with all selected segments in -10_08 for both maxima areas from IL_-10_01
is shown in Figure 3.17. In both cases it seems to be preferable to have at least one of the
angles close to 90° while the other angle is distributed over the whole possible range.
Looking in detail at the behavior for each angle combination selected in -10_08 (Figure
3.18), the combination {1011} — {1010} (48.6° to 90°) shows the most difference to the
bulk behavior of IL_-10_01. Without segments selected by this angle combination, the
bulk behavior for the angle combinations picked from -10_08 shows a comparable
pattern after deformation (Figure 4.1).

As the three chosen angle combinations in the range between 40-50° for one side of the
grain boundary were dependent on the position of the maxima in the starting distribution
of IL_-10_01, the possibility that one of these options is less strong in the natural sample
must be taken into account. Also segments in IL_-10_01 that were not within the angle
range that used to select the boundaries from -10_08 were not sorted out. Because these
areas could not be followed during deformation with enough certainty. Therefore, it can
be assumed that the bulk behavior of the angle combinations determined by IL_-10_01 is
the same for comparable situations in a polycrystalline sample.
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Figure 4.1: Comparison of the bulk behavior of angle combinations between grain <c>-axis and
grain boundary pole for IL_-10_01 (bottom) with all selected segments within the comparable
range from -10_08 (top).
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Figure 4.2: Bulk behavior of angle combinations between grain <c>-axis and grain boundary pole
for selected segments from -10_08 without {1011} — {1010} combination.

83



The comparison between IL_-10_02 and the suitable grain boundary segments from -
10_08 contains one angle combination suitable for the crystal faces {1122} and {1012}
related to angles 19.3° and 28° between grain <c>-axis and grain boundary pole. For
comparison, segments with angles in the range of 15-25° for one side and 25-31° for the
other side of the grain boundary were selected from -10_08. Comparing the behaviour of
the angular relations in IL_-10_02 and the selected segments from -10_08, the plots look
similar (see Figure 3.18). The similar behaviour of the grain boundaries indicates, like for
the comparison from IL_-10_01 with -10_08, that the natural samples can be seen as
‘close-up pictures’ showing specific starting situations and same behaviour during
deforamtion as in poleycrystaline systems. In contrast to IL_-10_01 only one angle
combination is present in IL_-10_02. Therefore the amount and range of segments
outside the picked angle ranges is smaller as in IL_-10_01. This leads to a more similar
looking behaviour in the plots.

Still this assumption to have the natural samples as close up pictures needs to be
considered carefully. The number of segments that could be detected before and after
deformation with certainty is low, in general less than 50 data points for each
combination. The given comparison therefore indicates that the situation found in the
natural samples can be seen as close up pictures which shows the same behavior in a
polycrystalline sample. This gives the opportunity to study different starting situations in
detail, but to strengthen the statistics more experiments are needed.

4.2.2 Grain boundary relation to both neighboring grains

As the angle between <c>-axis and grain boundary is directly linked to the crystal face
represented by that angle, the combination of the angular relations of both neighboring
grains to the boundary gives an indication of the crystal face combination that forms the
boundary. Looking at the triangle density plots preferred orientation combinations are
represented by maxima. The artificial samples with their polycrystalline pattern show a
wide range of angle combinations in the beginning. The maximum densities are small, and
therefore areas with a maximum are only slightly above average. Keep in mind that the
shown density distributions are corrected with the normal distribution and therefore
peaks represent the amount above the normal distribution. The statistical higher change
to have a prism plane (90°), as there are six in a perfect crystal, is considered due to the
correction by subtracting the normal distribution as explained earlier. Areas close to all
three boundaries of the diagram suffer from a boundary effect, as areas close to these
edges get less dense the closer they are to the edge. This effect derives from the way
density plots are calculated and can be misleading as maxima will never reach the
outlines (0°, 90° on one side, same angle on both sides).
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Samples deformed at -10°C show a wide distribution of angle combinations after
deformation. A slight trend to keeping at least one side close to an angle of 90° can be
seen. While the other side tends towards smaller angles in the range of 20-30°. The very
slow deformed sample -10_02 also develops a second maximum for an angle combination
of around 20° to 40°. All the maxima develop around the angles related to certain crystal
faces (see table 3-3).

At a temperature of -5°C and the same strain rate as -10_08 of 2.5x10° 1/s, the
distribution after deformation shows wide distribution over a large range of angle
combinations without a main preference. Even though the maxima are very weak three
angle combination ranges can be distinguished. These are around 40° and 80°, 10° and
70-80°, and 30° and 50°. The tendency to have at least one side close to 90° is less strong
developed here. During annealing the distribution even changes towards smaller angles
with a tendency to have similar angles on both sides of the boundary. These angle ranges
appear in the very slow (-10_02, strain rate of 2.5x107 1/s) or warm (-5_03, -5°C)
deformed sample. This indicates a possible correlation between the development of grain
boundaries with pole angles around 20-30° (faces {1122} and {1012}) and warm and/or
slow deformation. Looking at the natural samples, this trend can be seenin IL_-10_02
(slow deformed) and IL_-5_03 (warm deformed). In both cases the starting position is
already close to the range of 20-30° for both sides of the grain boundary and stays there
during deformation. This range of angle combinations seems to be quite stable and
probably has a deep energetic sink at this position. In addition, as it seems this area is
preferably reached during warm and/or slow deformation. The higher mobility of water
molecules and dislocations in a warm setting can help to rearrange the molecules at the
grain surface. And during a slow deformation the crystal lattice has more time to react to
the applied stress and to adjust. The increased time to respond offers more possibilities
for dislocation movement in the lattice.

However, the only sample deformed warm and slow IL_-5_01 (-5°C, 2.5x10° 1/s), and
therefore combining the two factors possibly relevant to reach the faces {1122} and
{1012} for both sides of the boundary, does not show a clear development in this
direction. The starting position has angles of 80-90° on one side and 60-70° on the other.
A possible explanation is the orientation of the grain <c>-axis towards the deformation
direction. The <c>-axis of the grain in IL_-5_01 (see Figure 3.11: smaller grain is the small
spot in the center) is dipping steep while in IL_-10_02 and IL_-5_03 it is dipping shallower.
As the <c>-axis is perpendicular to the three a-axis and located in the basal plane, the
orientation of the <c>-axis gives also the orientation of the basal plane. For a steep
dipping <c>-axis the basal plane is subparallel to the thin section plane. And therefore,
the deformation direction is subparallel to the basal plane. With this starting setup a
rearrangement of the crystal lattice that leads to a reorientation of the <c>-axis is hard to
achieve (enhanced due to glass dependent slip). To reorientate the <c>-axis a tilt of the
basal planes is necessary. The dislocation glide on the basal plane is energetically favored
compared to any other glide direction. This energetic favored glide on the basal plane and
its orientation relative to the deformation direction favors dislocation movement in the
basal planes. But movement of dislocations across basal planes is necessary to tilt the
basal plane. Thus, the steeply dipping <c>-axis of the grain in IL_-5_01 might be the
reason that the lattice is more or less stuck in the starting position. The shallower angles
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inIL_-10_02 and IL_-5_03 lead to a bigger angle between the basal plane of the grain
deformation direction. This geometrical setup improves the possibility for dislocation
movement across basal planes and therefore an easier setup to reorient the <c>-axis.

For sample -10_06, which contains a small number of particles, the starting conditions are
slightly different. The distribution of angle combinations already shows a wide
distribution with a weak main region in the range of 30-60° on one side and 50-80 on the
other side. The distribution differs from the expected for a fully random starting material,
but this can be explained by pinning effects. These disturb the rearrangement of grain
boundaries during the annealing time in the sample preparation process. The effect is
also visible in the lambda images (Figure 3.4 A) as the boundary traces are more irregular
compared to the other polycrystalline samples. Annealing time and temperature during
the sample preparation process were the same for all polycrystalline samples.

The pattern for the angle combination distribution after deformation follows the trend
that can be seen in -10_08, which was deformed with same temperature and strain rate.
The grain boundaries tend towards an angle combination with at least one side close to
90°. The other side of the boundary arranges mostly between 40-50°. To verify a general
trend for the effect of impurities more experiments are needed.

Combinations with both angles towards 90° are underneath the normal distribution in all
experiments. This combination seems to be less profitable or hard to archive during
deformation.

To summarize, the development of the combined angle relation seems to depend on
temperature, strain rate and possibly orientation of the <c>-axis towards the stress
direction. As the natural samples show a close-up picture this is a chance to see in detail
on how these three dependencies are related. But more experiments with variation of
each of them independently are necessary. Especially the effect of the orientation
vanishes in the bulk distribution of the polycrystalline samples, it seems to have the least
strong influence of the three factors. Picking boundaries from the polycrystalline samples
while taking all three into account leads to datasets with one or no segment. More
deformations in polycrystalline samples are necessary to get a valid dataset out of it.

No dependence on the reached final shear strain was detected. The comparison between
IL_-10_02 and -10_08 (Figure 3.18) has same temperature and strain rate but with 0.76
and 0.45 different shar strains, still they show the same behavior for the combined angle
development.

4.2.3 Grain boundary relation to one neighbour / crystal faces

Looking on the distribution of angles between grain <c>-axes and grain boundary poles as
single data points, without the combination to the angle on the other side of the
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boundary, information is visualised in histogram plots. These were corrected with the
normal distribution for the abundace of angles in a perfect crystal.

A general trend can be seen in the plots with the mean values for angle and frequency
(Figure 3.21). For the angle and the related frequency the mean value of the overall
dirstribution was taken. The decrease in frequency indicates a wider distribution of the
angles as the data for plotting the histograms is normalized to the number of datapoints
for each experiment and thereore reflects a percentage of grain bounaries with this
anlge. There is no preference towards a specific angle in relation to temperature, strain
rate or shear strain. This reflects what was seen in the triangle density plots, where at
least one side of the boundary was distributed over the whole range of angles in the
polycrystalline samples. Even though the natural samples start with a narrow distribution,
reflected by the higher frequencies, the distribution after deformation is spread over a
wider range of angles. All deformation experiments show the same trend towards a wider
distribution of angles after deformation compared to before. No relation to temperature,
strain or strain rate can be drawn.

Therefore it is necessary to have a closer look on individual changes in relation to
preferred angles between the grain boundary pole and <c>-axis. In an attempt to create a
way for easy comparison of different experiments by showing all data in one figure, all
maxima for a fitted curve to the distribution of angle were determined. As the maxima
are taken from a fitted plot, the position does not perfectly match with the angles for
specific crystal faces. This effect gets bigger on both ends of the angle range, towards 0°
and 90°, due to the fitting method. Also maxima close to each other shift the postion of
the maxima towards the maximum with a higher frequency. Still the best results were
gained form the kernel-fit method used.
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Figure 4.3: The relative abundance of angles between <c>-axis and grain boundary pole for each
maximum of the fitted plots. Squares indicating to which crystal faces data points are related.
Data points in the blue area are underneath minimum frequency for relevance.

Low frequency maxima (Figure 4.3) are less significant and mainly related to minor
variations in regions with less data points. The minimum frequency for consideration is
set to 2.2. These maxima can be mathematically derived from the fit curve but are not
significantly higher than their surrounding and are weak in the overall comparison.

The two points for -10_02 and -10_08 after deformation (Figure 4.3), close to 35°, are an
example for the shift that can happen due to the fitting method. Both of them are closer
to the {1012} field when looking at the histogramm plots (appendix). Point related to
artificial samples plot at similar heights. This means the peaks are all equal and no
preferred angles are visible in the starting material. Other for the natural samples as the
high frequencies of the maxima represent the prefered orientation in these close up
images of grain boundaries.

The remaining maxima can be sorted into five clusters, all of which are related to specific
crystal faces. Grey rectangles in Figure 4.3 indicate to which crystal face the maxima are
related to. The four crystal faces with angles ranging between 40-50° are grouped
together as they are too close to be sorted separately. A sixth group would be close to 0°
but no significant maximum was derived for this region within the measured data.

The maximum in IL_-5_01 at 70° stands out, as it does not fit into one of the specified
fields around angles related to crystal faces. As it is a natural ice sample with an unknown
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history, possible reasons are hard to determine. But nonetheless during deformation the
main peaks of angles arranges within a field related to a crystal face. Although all angles
between grain <c>-axis and grain boundary pole are possible, they arrange mainly
towards angles related to crystal faces. During deformation, the maxima either stay in
one field or change to the closest one. Large changes in the angular relation are detected.
Thus, to describe the behavior of individual grain boundaries additional to temperature,
strain rate and orientation, as discussed earlier, the starting angle between <c>-axis and
grain boundary is relevant.

4.2.4 Grain boundary dip angles

Dip angles of the grain boundaries in the starting material are mainly steep. The
arrangement cannot be influenced and is taken as given. Independent of temperature,
strain or strain rate, all grain boundaries in this study develop towards a similar dip angle.
Not only for polycrystalline bulk behavior but also individual grain boundaries like in the
natural samples follow this trend.

The <c>-axis orients towards 45° to the stress direction. Grain boundaries tend to get
shallower. This information looked at from a pure geometrical point of few would lead
eventually to only grain boundaries parallel to the <c>-axis. Therefore, only prism faces
would be left. But we see a trend towards the other end of the angle range especially for
warm and/or slow deformations.

Orientations of crystal faces are related to the crystal lattice as they are planes in the
lattice with the most stable arrangements of molecules. The surface energy for each
plane is different and related to many factors mostly influences by the pattern of the
molecules on the plane. The pattern for the oxygen arrangement is repetitive within a
plane. But the distribution of the hydrogen is random (Pauling, 1935). Therefore, on a
crystal surface the distribution of bonded hydrogens and free electron pairs from the
oxygens pointing out of the surface have no repetitive pattern. This is the reason for the
uneven electron density distribution on the surface. As each crystal face is related to an
energetic sink, the uneven distribution of electron density may lead to local variations
within the sink. Adding any type of dislocation on these surfaces can increase these
variations. Each crystal face is related to a certain energy level. Transition between them
needs activation in form of energy in some kind. The local variations on the crystal face
might increase or decrease the needed amount.

This energy distribution stabilizing certain arrangements in the lattice has probably more
influence on the final situation than pure geometry.
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4.3 Shear fractures and step-like grain boundary traces

Some samples feature a brittle fracture opening along the extensional region. These can
be seen in an early stage in the retardation images as they thicken before they break. The
most interesting part is that after they break up, both sides of the fracture overlap and
immediately smaller grains grow inside (see Figure 3.23). This type of fracturing was only
found in the polycrystalline samples. Although it was best observed in -10_08, the
initiation was also observed in the slower deformed sample -10_02. To clarify if there is a
temperature relation after which these fractures do not occur, further experiments are
needed to make sure not only higher stresses would have been necessary.

The step-like grain boundary traces need a combination of two conditions to develop.
First the strike of the grain boundary needs to be within the range of 68-72°. Second
difference in the hard/soft criteria between the two grains on both sides of the boundary
needs to be high (>0.4). The second condition includes a shallow dipping <c>-axis. This
specific geometrical relation of grain boundary, <c>-axis and stress direction might be an
indication for reconstruction of deformation directions in unknown samples. To verify the
possibility of this method bigger data sets are necessary and an additional examination
for application in 3D samples.

5. Conclusion

Several simple shear deformations were done with varying temperature and strain rate.
The material used were artificial polycrystalline samples and natural ice with large grains
and few grain boundaries.

1. General validity of deformation apparatus

It is shown that the method used to induce a simple shear deformation on ice thin
sections leads to results comparable to other used methods in 2D with blades or 3D with
friction or torsion. The results for the general behavior in grain size, shape and fabric
represent the expected behavior for a simple shear deformation. The apparatus therefore
is a valid method to induce shear deformation and observe microstructures in situ.

2. Close up pictures on grain boundaries in natural samples

The natural ice samples contain only few grain boundaries and represent individual
starting conditions in terms of the orientation of the grains, the grain boundary and type
of the boundary plane for each of the neighboring grains. As those specific situations can
also be found in the polycrystalline samples and the behavior of the grain boundaries is
the same, these samples provide us with a tool to individually study specific
arrangements.

3. Preferred angle combinations and their stability
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Angle combinations with at least one side close to 90° after deformation occur often. For
warm and/or slow deformation a combination of {1122} and {1012} is favored.

4. Change in total occurrence of certain angles

Although all angles between grain <c>-axis and grain boundary pole are possible, they
arrange mainly towards angles related to crystal faces.

5. Relation between angles of grain boundary pole to <c>-axis, deformation direction
and dip angle

The type of crystal face that forms the grain boundary and their geometrical relation
toward the deformation direction have the largest influence on the boundary
development during deformation. For certain faces, such as {1122} and {1012},
energetic stabilization overprints geometrical favoritism.

6. Brittle fractures and regrowth of small grains

The occurrence of brittle fracture within the applied strain rates might be temperature
dependent, as these were only observed in samples deformed at -10°C but not depending
on the strain rate.

Outlook

To deeper investigate the findings of this thesis more deformation experiments with
natural ice samples as well as with artificial polycrystalline samples are needed.
Completing the set especially for the polycrystalline samples with intermediate strain
rates for both temperatures would be appreciated. As well as a wider variety in
temperatures and strain rates can help to clear the picture.

The influence of particles needs further investigation, and to try different shapes of
particles might be interesting. Dirty natural samples with largen grains would provide a
good opportunity to study the effects in detail.

In all cases several repetitions of the deformations are needed to strengthen the statistics
and secure the suggested interpretation.

Another field of interest can be to better understand and follow the heat transport
pattern in shear zones. Transport paths are influenced by dislocations and disturbed by
grain boundaries. The changes in the crystal lattice and the change in orientation and
type of grain boundaries during the shear deformation probably influences heat
transport. Induced heat in the system can lead to changes in behavior such as weaken the
material in located areas and thus making deformation in these areas easier.

The steplike grain boundary pattern showed a strong dependency on the orientation of
the deformation direction to the strike of the grain boundary and the <c>-axis
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orientation. This information might be used to reconstruct former stress directions.
Therefore, a deeper investigation of this structure is needed to make the step from the
2D observation to a 3D picture and observe the changes during annealing after a
deformation.
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Figure 2.8: Left: Photography of the fabric analyzer G60. Right top: Determination of orientations
by overlapping planes from the different light origins. Depending on how good these planes
intersect the <c>-axis orientation was successful or not (Wilson et al., 2007)). Right bottom: Types
of pictures taken. ppl=plain polarized light, orientation=<c>-axis orientation,
retardation=maximum birefringence, lambda=with gypsum plate, xpl=cross polarized light,

gg=geometrical quality, rq=retardation quality, trend=<c>-axis orientation trend. ....................... 22
Figure 2.9 Graphical user interface of the FAME software. The interface is partitioned in loading,
analyzing and output of the processed data recorded from fabric analyser.......ccccccoevcciivveeeeennnnn. 23

Figure 2.10: Grainmap created by FAME (right) based on the orientation measurements of the <c>-
axis (left). Grainmap wit determined with fitted parameters and after step growth function. White

lines represent path of grain DOUNTAIIES. .............cccueiiiciiiiiiiiiee et esee e e e s e e s sareeeeas 24
Figure 2.11: Graphic user interface for the in FAME implemented toll FAGO to investigate
orientations of grain boundaries from fabric analyser data. .......ccccccoveiieiirciii i 26

Figure 2.12: (A) Retardation image with transition zone visible in white. (B) Sketch on angular
relation between thin section surface and grain boundary determining the size of the transition
zone (from Hammes & Peternell, 2018). ..........uoccueecueeeceeeeieeeieeeieeesteeeiteeestaeesereeesaaeesteesssaeesareens 26
Figure 2.13: Decision path for empirical threshold parameter during grain boundary calculations
(from Hammes & Peternell, 2018)). ...cccuieciieiiieecieeeciee ettt ere e st e e ae e s e e sbae e s teesraeeaaeeenreeennas 27
Figure 2.14: Determination of inclination direction by change of origination of light source and
resulting difference in size of the transition zone (from Hammes & Peternell, 2018))................... 28
Figure 2.15: GUI of the investigator software with a loaded .cis file set, which contains all taken
pictures from the fabric analyser listed on the left. The image and the stereonet with plots of the
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Figure 2.16: (A) Distribution of occurring angles between grain <c>-axis and grain boundary pole
as percentage of the total data points per experiment with bins of 1°. Black line represents the
uniform distribution of abundances of different angles for a quartz crystal defined by
1.111*sin(angle grain boundary pole to <c>-axis) while the sinus needed to transfere from a 3D to
a 2D uniform distribution. The factor 1.111 is a best fit variable determined for quarz Kruhl &
Peternell, 2002), the value is expected to be similar for ice. (B) Distribution after sustraction of the
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Figure 2.17: Triangle density plot indicating the angular relation between <c>-axes of both
neighboring grains towards the pole of the grain boundary between these two grains. Without
subtraction of the uniform distribution (right) and with subtraction of the uniform distribution

(1EFE) e e ettt e et e e e e et ae e e e ba e e e e e baaeeeebaaeeeabareeeabeeeeeetreeeeenrreas 31
Figure 3.1: Lambda images from experiment -10_02 before (A) and after deformation (B). Yellow
arrow: kink bands. Red arrow: lobated grain boundaries. Scale bar equals 1mm. ............cccveeeeee 37

Figure 3.2: Lambda images from experiment -10_08 before (A) and after deformation (B). Dark
green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red arrow: lobated grain boundaries.
Dark blue arrow: shear fractures. White triangle: holes in the section. Scale bar equals 1Imm. ..... 38
Figure 3.3: Lambda images from experiment -5_03 before (A) and after deformation (B) and after
69h of annealing (C). Dark green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red arrow:
lobated grain boundaries. White triangle: holes in the section. Scale bar equals Imm................... 39
Figure 3.4: Lambda images from experiment -10_06 before (A) and after deformation (B). Dark
green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red arrow: lobated grain boundaries.
Pink arrow: particles. White triangle: holes in the section. Scale bar equals Imm. ........................ 40
Figure 3.5: Lambda images from experiment IL_-10_01 before (A) and after deformation (B) and
after 71.5h of annealing (C). Dark green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red
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arrow: lobated grain boundaries. Pink arrow: particles. Dark blue arrow: shear fractures.

Turquoise arrow: subgrain boundary. White arrow: shallow dipping grain boundary. White
triangle: holes in the section. Scale bar eqUAIS 2MM. ..........c.eeeivcviiiiieciiieeiccee et seeee e 41
Figure 3.6: Lambda images from experiment IL_-10_02 before (A) and after deformation (B) and
after 13.5h of annealing (C). Dark green arrow: bubbles in silicon oil. Yellow arrow: kink bands.
White triangle: holes in the section. Red circles: new grains on old boundary. Scale bar equals
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Figure 3.7: Lambda images from experiment IL_-5_03 before (A) and after deformation (B) and
after 25.5h of annealing (C). Dark green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red
arrow: lobated grain boundaries. White triangle: holes in the section. Scale bar equals 2mm. ..... 43
Figure 3.8: Lambda images from experiment IL_-5_01 before (A) and after deformation (B) and
after 69h of annealing (C). Dark green arrow: bubbles in silicon oil. Yellow arrow: kink bands. Red
arrow: lobated grain boundaries. Turquoise arrow: subgrain boundary. White triangle: holes in the
Section. SCAle DAr @QUAIS 2IMM. ...........uueeeceeeeeeeee et e e e e et e e e e te e e e e ate e e e e abee e e enraeeeennnaeas 44
Figure 3.9: The Figure shows the mean grain size evolution in um (y-axes) against the shear
strain/annealing time (x-axis). On the left the results for the polycrystalline samples are shown
and on the right for the natural ice samples. Blue numbers indicate shear strain at the end of
deformation and green numbers show the time of annealing. Note that the slower experiments
for the natural ice samples is about one magnitude faster compared to the artificial samples..... 45
Figure 3.10: Density plots for the c axis orientation for the polycrystalline ice samples before and
after deformation and for -5_03 also after annealing. Shear sense is indicated by arrows in the
upper left corner. Blue numbers: final shear strain. Green number: annealing time. .................... 49
Figure 3.11: Density plots for the <c>-axis orientation for the natural ice samples before and after
deformation as well as after annealing. Shear sense is indicated by arrows in the upper left corner.
Blue numbers: final shear strain. Green numbers: annealing time. .............coccceeecvveeeeecieeeeecceeeeennns 50
Figure 3.12: Ternary path for the <c>-axis distribution pattern showing the changes during
deformation and annealing. The two rows on the top show the pathways for the natural ice
samples with two temperatures and two strain rates (fast: 2.5x10°®, intermediate: 1.25x10° 1/s).
The two rows on the bottom show the data for the artificial ice samples at -10 °C and -5°C with
the fast (2.5x10® 1/s) and slow (2.5x107 1/s) strain rate as well as the “dirty” sample. Black:
during deformation. Red: during annEaling............cooveieii i 52
Figure 3.13: Sample -5_03 (fast). Arrows indicate shear sense. Top row: Indications of grains in
easy and hard glide position depending on the orientation of the <c>-axis towards the deformation
direction. Color ranges from blue (soft) over green, yellow, orange red to black (hard). The round
red/black area on the bottom right is a hole and not a grain. Bottom row: <c>-axis orientation
before deformation (A), after deformation (B) and after annealing time (C) representing the
orientations based on which the hard/soft criteria for the top row pictures were calculated. ....... 54
Figure 3.14: Sample -10_02 (slow). Arrows indicate shear sense. Top row shows visualization of the
hard/soft criteria with a color bar from blue (soft, easy glide) over green, yellow, orange, red to
black (hard, hard glide) before (A) and after (B) deformation. Calculation of the criteria is based on
the orientation of the <c>-axis towards deformation direction. <c>-axis orientation of the area is
SHOWN iN thE DOLEOM FOW. ....cooviiiiiiieieeete ettt sttt ettt st e et e e s be e e sbbeesataesbaeesabeen 55
Figure 3.15: Sample -10_06 (fast, “dirty”). Arrows indicate shear sense. Top row shows
visualization of the hard/soft criteria with a color bar from blue (soft, easy glide) over green,
yellow, orange, red to black (hard, hard glide) before (A) and after (B) deformation. Calculation of
the criteria is based on the orientation of the <c>-axis towards deformation direction. <c>-axis
orientation of the area is shown in the bottom row. Red outline marks analyzed area.................. 56
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Figure 3.16: Sample -10_08 (fast). Arrows indicate shear sense. Top row shows visualization of the
hard/soft criteria with a color bar from blue (soft, easy glide) over green, yellow, orange, red to
black (hard, hard glide) before (A) and after (B) deformation. Calculation of the criteria is based on
the orientation of the <c>-axis towards deformation direction. <c>-axis orientation of the area is
shown in the bottom row. Red outline marks analyzed area...............cccoeceveieecieiinicieeesiieee e, 57
Figure 3.17: Sample IL_-5_01 (intermediate). Arrows indicate shear sense. Top row shows
visualization of the hard/soft criteria with a color bar from blue (soft, easy glide) over green,
yellow, orange, red to black (hard, hard glide) before (A) and after (B) deformation as well as after
annealing (C). Calculation of the criteria is based on the orientation of the <c>-axis towards
deformation direction. <c>-axis orientation of the area is shown in the bottom row. .................... 58
Figure 3.18: Sample IL_-5_03 (fast). Arrows indicate shear sense. Top row shows visualization of
the hard/soft criteria with a color bar from blue (soft, easy glide) over green, yellow, orange, red
to black (hard, hard glide) ) before (A) and after (B) deformation as well as after annealing (C).
Calculation of the criteria is based on the orientation of the <c>-axis towards deformation
direction. <c>-axis orientation of the area is shown in the bottom row. Red outline marks analyzed
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Figure 3.19: Sample IL_-10 01 (fast). Arrows indicate shear sense. Top row shows visualization of
the hard/soft criteria with a color bar from blue (soft, easy glide) over green, yellow, orange, red
to black (hard, hard glide) before (A) and after (B) deformation as well as after annealing (C).
Calculation of the criteria is based on the orientation of the <c>-axis towards deformation
direction. <c>-axis orientation of the area is shown in the bottom row. Red outline marks analyzed
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Figure 3.20: Sample IL_-10_02 (intermediate). Arrows indicate shear sense. Top row shows
visualization of the hard/soft criteria with a color bar from blue (soft, easy glide) over green,
yellow, orange, red to black (hard, hard glide) before (A) and after (B) deformation as well as after
annealing (C). Calculation of the criteria is based on the orientation of the <c>-axis towards
deformation direction. <c>-axis orientation of the area is shown in the bottom row. Red outline
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Figure 3.21: Shape-preferred orientation throughout deformation for the artificial ice samples
(top) and the natural samples (bottom). Deformation progress indicated as shear strain is drawn
on the x-axis and the mean elongation direction is indicated on the y-axis as angle opening
clockwise from the north direction. Blue numbers indicate shear strain after deformation and
green NUMbErs time Of @NNEAIINEG. ......cocuviii i e st e e e saaaeeeean 62
Figure 3.22: Triangle density plots representing the angular relation of the <c>-axis to the grain
boundarie pole for both neighbouring grains for the artificial, polycrystalline ice samples.
Distribution is shown before and after deformation as well as after annealing for -5_03. The
reached shear strains are displayed within the images after deformation..........cccoecveviiiieeennnen. 65
Figure 3.23: Triangle density plots for the angles of the pole of the grain boundaries to the c axes
of the grains on both sides for the natural ice samples. Data before and after deformation as well
es after annealing is shown. The small inlets show the data for newly grown grain boundaries
while the bigger Figures show the bulk behavior. ..., 67
Figure 3.24: Bulk distribution of the grain boundary angle distribution in sample IL_-10_01 before
and after deformation (top). Individual peak points from IL_-10_01 selected from sample -10_08
(bottom) for boundaries which could be followed throughout the deformation............................ 70
Figure 3.25: Bulk distribution of the grain boundarie angle distribution in sample IL_-10_02 before
and after deformation (top). Comparabale points selected from sample -10_08 for boundaries
which could be followed throughout the deformation (bottom)..........ccccveeeiiieieiiiiii e, 71
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Figure 3.26: Example from IL_-5_01 afdef showing the distribution of angles beween the grain
boundary pole and grain <c>-axis. Left: Distribution of angles between grain boundary pole and
<c>-axis from the measured segments with bins of 1°. Positions for distinct crystal faces are
indicated with arows, note only one Miller Indice describing a face with this angle is indicated. The
solid line represents the uniform distribution for the total abundance of the different angles. The
uniform distribution is defined as 1.111*sin(angle grain boundary pole to <c>-axis), while the
sinus needed to transfere from a 3D to a 2D uniform distribution. The factor 1.111 is a best fit
variable determined for quarz Kruhl & Peternell, 2002), the value is expected to be similar for ice.
Middle: Distribution of angles between grain boundary pole and <c>-axis with bins of 1° after
substraction of the uniform distribution. Right: Distribution after substraction of the uniform
distribution with bins of 3° and a fitted plot curve with derived with the kernel fitting method... 72
Figure 3.27: The relative abundance of angles between <c>-axis and grain boundary pole for each
Maximum Of the fitted PIOtS. ..oovueiii i e 73
Figure 3.28: Frequency of the mean angles between grain boundary pole and ice <c>-axis for all
experiments before and after deformation and after annealing if available. Lines connect data
point from one experiment indicating strain rate and deformation temperature by pattern and
(oo [ AU RPPRE 74
Figure 3.29: Cumulative plot of dip angles of grain boundaries before (left) and after (right)
deformation. Dipping relative to the plane of observation equal to thin section plane and going
downwards. Legend is sorted by increasing shear strain from top to bottom. Solid lines represent
strain rates of 2.5x10%1/s, dashed lines refer to slower strain rates of 1.25x10°1/s and 2.5x1071/s
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Figure 3.30: Retardation image (left) and lambda image (right) of sample -10_08 at shear strains
of0.13,0.16, 0.22, 0.33, 0.39 from top to bottom. The development of the brittle fractur and the
refill with smaller grains as well as the step like shaped grain boundaries are displayed at different
shear strains. The scale for all pictures is the same, only the shown area changes. ....................... 76
Figure 4.1: Comparison of the bulk behavior of angle combinations between grain <c>-axis and
grain boundary pole for IL_-10_01 (bottom) with all selected segments within the comparable
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Figure 4.2: Bulk behavior of angle combinations between grain <c>-axis and grain boundary pole
for selected segments from -10_08 without {1011} — {1010} combination........c..cccceeereeruenuennee. 83

Figure 4.3: The relative abundance of angles between <c>-axis and grain boundary pole for each
maximum of the fitted plots. Squares indicating to which crystal faces data points are related.
Data points in the blue area are underneath minimum frequency for relevance...........ccccueeeuneeen. 88
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Appendix

(A) Calibration curve for motor speed calculation
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Note, stress data is not available for all deformation experiments.
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(C) Comparisson before and after deformation/annealing (whole image)
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(D) Area fraction and number of grains in the analyzed area. Note that the fraction is
calculated from the original captured image size which can be much bigger as the actual
analyzed area for some experiments. Due to the adjustment of image size and position
during the experiment IL_-10_02 the with FAME calculated data is split into three
separate graphs (black box), for the full deformation with annealing all have to be seen as
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(E) Temperature of glass (blue) and substage (black) during experiments
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(F) Histogram with for angle distribution and normal distribution for angle abundance
(top row) and distribution with subtracted normal distribution (bottom row)
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(G) Histogram of angle distribution after correction with normal distribution with fitted
plots for determination of maxima
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(H) Triangle plots for the relation of the angle from the pole of the grain boundary to the
<c>-axis without the correction for the standard distribution of the occurrence for each
angle. First for the artificial ice samples and then for the natural ice samples. The smaller
plots represent a detailed image of the newly grown grains after deformation and
annealing respectively.
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(1) -10_02 before
(bottom) and after
(top) image loss
due to broken
electric plug



