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Mechanisms of Plastic Deformation in Ice Single Crystals

Akira HicasHI
® £

Department of Applied Physics, Faculty of Engineering, Hokkaido University
Sapporo, Japan

Abstract

A dislocation model for the mechanism of basal glide in ice single crystals is presented for
interpretation of bending creep and plastic yielding experiments. The basal glide in ice single
crystals is characterized by the comparatively low stress dependence of the steady strain rate, the
low yield stress followed by a large yield drop and no work hardening. It was found that Johnston’s
theory of plastic deformation of crystals is applicable. Multiplication and movement of dislocations
in the basal plane of ice crystals are discussed.

The stress-strain relation in nonbasal glide deformation is quite different from that in basal glide.
The yield stress is about 20 times higher than in basal glide and the stress-strain curve shows work
hardening. In the deformation process, rows of minute voids appear on the basal plane in the
second stage of the stress-strain curve. The formation mechanism for these voids and their role
in the deformation and fracture phenomena of ice single crystals are discussed.

I. Introduction

There have been many reports of investigations of plastic creep in poly-crystalline
ice. Most of the experiments reported were conducted with the hope of applying the
results to glacier movement and engineering problems in lake or sea ice. There were
very few reports of experiments with single crystals of ice prior to Nakaya’s (Nakaya,
1958) extensive investigation of creep in natural single crystals from the Mendenhall
Glacier, Alaska. Butkovich and Landauer (1959) followed Nakaya and obtained the flow
law for ice single crystals using the same material. However, understanding of the
deformation mechanisms required knowledge of the stress-strain relationship. Extensive
study of the mechanical properties of ice single crystals was initiated in 1960 when the
Hokkaido University Glaciological Expedition led by the author, brought back about
500 kg of large ice single crystals from the Mendenhall. The first experiments covered
a comparatively wide range of stress, strain rate, and temperature to investigate bending
creep and the stress-strain relationship in basal glide. The results and interpretation
of these experiments have been published (Higashi et al., 1964, 1965), and they will be
only briefly described.

In 1964, the university sent a second expedition to Alaska which brought back about
1000kg of large single crystals. Possession of these crystals has made it possible to
continue investigation of the stress-strain relationship for nonbasal glide. Deformation
behavior was found to be quite different from that in basal glide. The stress-strain curve
in nonbasal glide resembles that of materials showing work hardening. Formation of
minute voids was observed during the second and third stages of the curve and this
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phenomenon complicates. the deformation mechanism.-

This paper reports a comparative study of the mechanisms of plastic deformation
of ice single crystals in basal and nonbasal glide and a proposed mechanism for the
void formation. V

II. Experimental Procedure

a) Material and preparation of ice specimens

A detailed description of the natural ice single crystals used in the experiments and
of the preparation of the ice specimens have been previously published (Higashi et al,
1964) and will not be repeated here. However, the experiments in nonbasal glide
required thinner sections than those used in basal glide experiments because the same,
rather small capacity, tensile machine was used. In such thin sections, dislocations
generated on the surface by mechanical polishing may be expected to penetrate the crystal
deeply enough to interact with the moving dislocations in the interior, therefore, a differ-
ent procedure was used. Rectangular bars (10X 15X 60 mm) were chemically polished at
—25°C with ethyl alcohol until they reached 2.5X15X2 mm. The polishing was stopped
by immersing the specimen in a bath of normal hexane, also at —25°C. In this way, the
mechanical strain induced by cutting the specimen from the single crystal was completely
removed. Surface etching of these specimens revealed that the dislocation density was
in the order of 10°~10*cm~2 which was about one tenth of the dislocation density of
the specimens used in the previous experiments.

In the non-basal glide expepiments, the crystal axes were orientated so that the
c-axis was perpendicular to the largest face of the specimen, and so that one of the
b-axes 1010), considered of primary importance in non-basal glide, were either 30, 45
or 60° to the long axis of the specimen (tensile axis).

b) Apparatus
The tensile testing machine designed for the stress-strain experiments is shown in
Fig. 1. The strain rate was varied by using

a gear system to vary the rate of ascent of m: GEAR MOTOR
BOX -

the upper platform. To determine the strain , ~

rate, the motor speeds were calibrated with
an inductance strain meter. The imposed
stress was detected by a load cell above the

upper platform and the signal was converted Coro

to an electric potential drop through a strain- CELL A RECORDER
age device. The time variation of the po-

gage P " UPPER PLATFORM

tential drop was recorded by a recording

potentiometer. Since the time scale of the -~ sPECIMEN

chart represented the amount of tensile
strain, the stress-strain relation was auto-

matically recorded.
Details for the construction of the hold- L |
ing devices at the top and bettom of the Fig. 1. Diagram of tensile testing machine




DEFORMATION IN SINGLE CRYSTALS 279

specimen, which are very important in tests of non-basal glide will be given in another
publication. The whole tensile machine was put in a temperature box which was then
placed in the cold room. The temperature in the box was maintained within #0.1°C.
The electric and electronic devices for measuring and recording the strain and stress
were placed outside of the cold room.

III. Experimental Results

a) Basal glide

The results of experiments in bending creep and the stress:strain relation in basal
glide are repeated here briefly for comparison with those at non-basal glide. Details
have heen given in previous publications (Higashi et al., 1964, 1965).

Creep curves were obtained with various loads at various temperatures for rectan-
gular bars cut from ice single crystals in which the basal plane was parallel to both
the bending and long axes of the bar. A typical creep curve in which the shape of
the curve is characterized by an initially gentle slope followed by a steeper, constant
slope is shown in Fig. 2. In this figure, the parameters which characterize. the shape
are e, s and #. Of course, the stationary creep rate, &, can be obtained by the equa-
tion &s=es/{ts—#).
 ‘When the creep curves obtained at various stresses and temperatures were normalized,
using ¢/es as the ordinate and #/fs as the abscissa, they were found to form a single curve.
This indicates that ¢; and #; are useful parameters for representing the creep curves.
The temperature and stress dependence
of the stationary creep rate, g5, may be

expressed by
=K ™ exp (—Q/RT), (D)

radian

where T is the absolute temperature and 30

7 the applied stress. The exponent, 7,
is 1.58 and the activation energy, Q is
approximately 15.8 kcal/mole.

The similarity of the shapes of the 20}
creep curves to those for Ge (Penning
and de Wind, 1959) and for InSb (Peis-
sker, Haasen and Alexander, 1962) seems

STRAIN

to indicate that Johnston’s mechanism
(Johnston, 1962) for plastic deformation /
of crystals, which states that the strain - ;
rate is determined by both the velocity /

-~

. . 7
of dislocation motion under stress and /ty N
1L

an increase in dislocation density with 0 50 |C|)O
increasing strain, may be applicable. If TIME min.
this mechanism is valid, the eq. (1) may Fig. 2. Typical example of creep curves in
be derived from the following equations: ice single crystals in basal glide
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&= 2bnv , @)
n=ac, 3)
v = (z/Dy™, (4)

which give the dependence of strain rate ¢ on dislocation-density 7 and velocity v as well as
the dependence of dislocation density on strain ¢ and of dislocation velocity on stress 7.
In these equations, & is the Burgers vector, « and D are constants.

If we were able to measure the stress dependence of dislocation velocity in ice
single crystals directly, as has been done with LiF (Johnston and Gilman, 1959) and
InSb (Chaudhuli et al., 1962) etc., and if we then found the value of m to be the same
as that in eq. (1), it would surely indicate that Johnston’s mechanism is applicable in this
instance. Unfortunately, there are not yet any reliable, direct observations of dislocation
multiplication and velocity, because of the technical difficulties involved in continuous
etching on an ice surface under stress, especially on the pyramidal faces on which the
dislocations in motion at the basal glide emerge. However, there is an indirect way of
proving that the mechanism is really taking place. The large yield drop was predictable
in this case, with Johnston’s theory, because of the comparatively small numerical value
of m.

Typical stress-strain curves, classified by

Kg/cm?

various strain rates at a constant temperature
are shown in Fig. 3. Others were also ob-
tained at different temperatures with a con-

TEMPERATURE -15.0°C

D

stant strain rate. The large yield drop is quite

€}
—

obvious for each curve confirming the predic-
tion. The maximum stress on the curves,
Tmax depends upon the strain rate and tem-

N

STRAIN RATE

peratures as expressed by
-5
( x10 " min")

Tmax=Cy- 8" exp (Eo/RT).  (5)

SHEAR STRESS

If this formula is converted to the equations

of stress and temperature dependence of the
strain rate, it becomes 0

¢ = Cy(Tmax)™ exp <—' 717%*2') . ©) STRAIN %
Fig. 3. Stress-strain curves for varying
This equation is the same type as eq. (1) and strain rates at constant temperature
the value of 7 determined from the stress- for basal glide i ice single crystal
strain experiments is approximately 1.53 which agrees well with the valqe obtained with
eq. (1) and the creep experiments (1.59). The activation energy of the strain rate (mE,
in eq. (6)), is 159 kcal/mole which agrees very’ well with that obtained from creep ex-
periments. This agreement confirms that Johnston’s mechanism of dislocation motion is

taking place in basal glide in ice single crystals.
b) Non-basal glide

The stress-strain curves obtained for non-basal glide were not reproducible, especially
in the later stages of deformation, probably because of the statistical nature of the origins
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Fig. 4. Typical stress-strain curve for different orientation of the
b-plane when the tensile axes lie in the basal plane

of the fractures. Typical curves selected from many are illustrated in Fig. 4. As may
be seen the curves are divided into three parts. Imitially, stage I is nearly linear with
a relatively steep slope ending in slight yielding. Stage II corresponds to so called work
hardening which extends to several percent of elongation. In stage III stress slowly‘
decreases with increasing strain until fracture occurs.

This curve shape is very different from that of basal-glide and more nearly resembles
that of metals and other substances showing work hardening. The yield stress is much
higher than in basal-glide. A comparison of the values for yield stress in ice crystals

in basal and non-basal glide with other materials is given in Table 1.

Table 1. Yield stress in various materials

Material gﬁfﬁr sltirrgits’ Exp. conditions Investigator 1;:%?{:&?
Fe 40 kg/mm? — 78°C Takeuchi-Tkeda 1963
Ge 5 ” +500°C Patel-Chaudhuli 1963
LiF 05 » room temp. Johnston-Gilman 1959
Ice (non-basal) 09 » —19°C, 1.8 X10-4min~! Mae 1967
Ice (basal) 0.04 » —15°C, 1.6 X10*min~! Higashi-Koinuma-Mae 1964

Experiments with different temperatures and strain rates elicited the curves shown
in Figs. 5 and 6. The dependence of yield stress upon temperature and strain rate is

expressed by
. E.
Ty =17o /™ exp (ﬁ%} - )
The value for m was calculated to be =7 by the least squares method using the empirical

values shown in Fig. 6. E; is 1.7 kcal/mole, and, therefore, the activation energy for

the strain rate, mE,, is approximately 12 kcal/mole.
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Fig. 5. Stress-strain curves for varying temperatures at constant strain
rate for non-basal glide in ice single crystals

o

E

£

NA TEMPERATURE -145 C

15} 6= 30
30 x 10 Ssec!

1%}

10}

L1

' 6 -
5ol 15 x 10 7 sec.

w

Y 7

5 75 x 10 sec.

2.

i

—

05}
1 L —L
o 0 | 2 3
STRAIN %

Fig. 6. Stress-strain curves for varying strain rate at constant temperature
for non-basal glide in ice single crystals

The strain-hardening rate in stage II is larger when #=60° (Curve A in Fig. 4) than
when #=45°. This may prove that the b-plane (1010) is the primary slip plane in non-
basal glide. When #=60°, the symmetrical arrangement of the two slip planes (1010)
with respect to the tensile axis gives rise to greater interaction between moving. disloca-
tions than when ¢/=45° and there is only one (10I0) plane.

¢} Void formation in non-basal glide
During deformation in non-basal glide, many white bands appear on the largest

surface of the specimen. They are parallel to the (1010) plane and, occasionally, per-
pendicular to the tensile axis. Under the microscope these lines consist of rows of thin,
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minute, hexagonal, or circular, plate-shaped voids in the basal plane of the crystal (Figs.
7 and 8). Photographs taken of the prism plane (Fig. 9) reveal that the voids are in
layers.

The first detectable voids appeared with a very small strain and their size and number
increased and formed bands along the {1120) direction with continuing deformation in

stage II. At this stage, the voids were roughly hexagonal and elongated in the direction

Fig. 7. Appearance of bands consisting of rows of voids along the ¢(1120) direction,
and cracks traversing in the direction normal to the tensile axis, in stage 111.
Tensile axis indicated by arrows. (x36)

Fig. 8. Rows of thin hexagonal or circular plate-shaped voids extend along the {1120
direction in stage II. Tensile axis indicated by arrows. (x300)
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Fig. 9. Stage lI, looking perpendicular to prism plane. Note rows of voids in layers.
Tensile axis indicated by arrows. (x300)

Fig. 10. Clusters of cavities formed by voids tend to extend normal to the tensile
axis in stage III. Tensile axis indicated by arrows. (x300)

of the bands. In stage III the voids formed rows of cavities elongated either in the
{1120> direction or perpendicular to the tensile axis (Fig. 10). There is no doubt that
fractures in such cases must initiate from such clusters.

When specimens were strain aged for several days at about —20°C after having
reached stage III or having been fractured, it was found that the individual voids
increased as much as several times their original volume, whereas the number of voids

decreased. This indicates that the diffusion process is comparatively rapid.
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Experiments with different strain rates revealed that visible voids appeared at higher
strains with an increasing strain rate. This means that the volume of voids formed is
proportional to the time of plastic deformation and also supports the diffusion process.
Other experiments were carried out to study the mechanism of vacancy formation which
is an elementary process in void formation. Details of these experiments will be given
in a separate paper (Mae, 1967). ’

IV. Discussion
a) Dislocation mechanisms in basal and non-basal glide

The applicability of Johnston’s mechanism -of dislocation motion and multiplication
in the case of basal glide in plastic deformation of ice single crystals was confirmed by
a combination of creep,and stress-strain experiments. Though the value of m (the ex-
ponent of the stress dependence of dislocation velocity) was small in this case, it still
indicates that the velocity is insensitive to stress. Low yield stress and the fact that the
stress-strain relation does not show a work hardening effect suggest that the dislocations
on the basal plane can easily move without encountering strong obstacles.

If we assume 60° dislocations extending along {1120} directions with {1010> Burgers
vectors as the primary dislocations on the basal plane, they are considered straight in
Peierls valleys along <1120, with scattered kinks between two neighbouring valleys.
Since the translational motion of such dislocations is believed to occur by the longitudinal
motion of kinks, the obstacles which hinder the motion of dislocations must be point
defects which interact with kinks, such as vacancies, impurities, jogs, or defects at hy-
drogen bonds. Though it is rot certain yet which defects are primary obstacles against
the kink motion, it is possible to assume that the total hindrance to dislocation move-
ment from originally existed point defects in an annealed spel:imen may be small because
of low concentration of these defects in the crystal. In so far as the dislocations move
translationally on the basal plane, they do not generate any vacancies and therefore only
the equilibrium number of such defects are effective as obstacles.

Another reason for easy glide by dislocation motion on the basal plane is attributed
to the comparatively long distance between pinning points on the dislocation loops,
which also results from the low concentration of point defects or impurities. The force
needed to move a dislocation loop is inversely proportional to the mean distance between
pinning points. Strain rate also depends upon the :dislocation density, which increases
with the strain according to a simple assumption of eq. (3), the proportionality constant e
(the rate of generation of new dislocations) also increases as the distance between pinning
points increases. ’

In the case of non-basal glide, the mechanism of dislocation motion should be differ-
ent, though the eq. (7), giving the strain rate and temperature dependence of the yield
stress, has the same shape as that in the case of basal glide. The remarkable difference
in the equation is that the value of exponent m in this case is larger than that for basal
glide. The large value of m corresponds to the observed fact that there appears a slight
yield drop, as is anticipated from Johnston’s quantitative estimate based on his theory.

The difference in the stress-strain curves for basal and non-basal glide is the work
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hardening effect. This fact implies that the dislocations in motion on a primary slip
plane (1010) interact with other dislocations on other primary slip planes (1100) or (0110).
It .is confirmed from the experiments on the ¢ dependence of the work hardening rate
that this kind of cross glide occurs. )

The higher value of yield stress, approximately 20 times that in the case of basal-
glide (Table 1) must be due to strong obstacles against dislocation motion. In the case
of the tension experiment on non-basal glide, we find climb of edge dislocations on the
{1010} planes. This climb generates excess vacancies.in the crystal, which consequently
pin the dislocations, hindering translation. i

b) Void formation by non-basal glide

From the experimental facts that, 1) the size and number of voids increase with
increasing tensile strain and 2) when a specimen including voids is strain-aged, the
volume of individual voids increases whereas number of voids decreases, it can be con-
cluded that the voids are formed by diffusion of aggregates of vacancies generated in
the process of tensile deformation. Vacancies can be generated by the climb motion of
edge dislocations as was stated above. This mechanism is simply illustrated in Fig. 11
and it can be easily understood that the point defects formed during dislocation climb -
in the tension experiment are all vacancies. i o

Using Friedel's calculation on the thermal
equilibrium concentration of vacancies in the

TENSILE DIRECTION

vicinity of climbing edge dislocations in a crystal

under the tensile stress o; with an angle « between T
. to [+
the tensile axis and extra half plane, the concen- O\ oo
- . . : \
tration Cu is given by
_ o Vsinfa
Ca=C, exp ( BT ) > @®

where C, is the thermal equiblium concentration
of vacancies when climb does not occur and V the
volume of one molecule. Therefore, the concentra-
tion of excess vacancies 4c¢ at time ¢ is given by

0. 2Dt Gy g, Vsinfa
de=0-2 koo (*F) 1) ©

where D, is the diffusion coefficient of. vacancies -
‘in the crystal, R the mean distance between dislo-
cations, 7y the radius of a dislocation core and o
the dislocation density. 4c¢ is proportional to the
exponential of sin’a. This dependence can be

Fig. 11. Drawing of dislocation
checked by taking the volumetric ratio of voids in climb mechanism for forma-

the whole specimen as the measure of d¢. That tion of vacancies under tensile
stress

the volume of voids at a certain value of strain
(4%, t=10* sec) surely differs with specimens of different @ can be clearly seen in the
photographs in Fig. 12. In the left photograph (a) #=60° or a=30° while in the middle
one (b) 8=30° or a=60°. The density of voids is less in (a) than (b). The photograph
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{a)

Fig. 12. Comparison of the density of voids formed at 4% strain with specimens of different angle
« between tensile axis and extra half plane for edge dislocations on the #-plane of ice single
crystal. (a a=30° (b} =60 and (¢} a=T75°. (X36)

L3¢
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at the right (c) is that for #=15° or a=75° and '
appears denser shadow of voids than the former

TEMPERATURE ~145°C
STRAIN 5 %

two. Comparison of calculated and empirical
values of dc¢ with different « is illustrated in
Fig. 13 and it shows a very good coincidence.

al
—T

Empirical values were obtained from micro-
scopic measurements of the size and number of
voids in the specimens. In the calculation, the
numerical value of D=D,C, was taken as

—Q0—

that of tritium diffusion in ice single crystals
obtained by ltagaki (1964) and the dislocation
density © was assumed to be 10?cm~2. Though
this value of 0 seems less than that observed,
it might be reasonable to assume that some
one tenth or hundredth of dislocations, are edge
portion which act this case. Despite this small ok . .

e . .. 0 05 1O
ambiguity in the calculation, the good coinci- - sin?a

6!
O

(ol]

AC EXCESS VAEANCY CONCENTRATION

d in Fig. islo- .
ence shown in Fig. 13 may prove the dislo Fig. 13. Relationship between excess

cation climb model for vacancy formation. vacancy concentration and angle

The process of aggregation by diffusion to a. Calculated values indicated by
circles are compared with empirical
values expressed by bars indicating
limits of error

form visible voids is beyond our direct observa-
tion in the present experiments. Microscopic
observation of the growth rates may be possible
in tension experiments of thin specimens under a microscope. This kind of experiment
as well as long term experiments of strain aging are now under way. If the dislocation
climb mechanism holds for formation of vacancies in this case, the compression of speci-
mens should not form the vacancies and consequently no voids. Compression tests, the
key experiments for determing the mechanism are also in preparation.

It is interesting that the aggregates of vacancies nucleate into voids distributed along
layers parallel to the basal plane. This may reflect some layer structure of the original
defects which act as nuclei of the aggregates of vacancies. To make clear the mechanism
of the nucleation and growth in the submicroscopic range, X-ray topographic observations
are under way in our laboratory, and electrical resistivity measurements are also planned.
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