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Gorow WAKAHAMA 1962 On the Plasti’c Deformation of Ice. IV. The Length of Frank-Read
Source, the Layer Structure and the Work Softening in Ice. Low Temperature Science, Ser.
A, 20. (With English, résumé p. 128) .
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Résumé

(1) The length of Frank-Read sources in ice crystals. In the previous papers a
theory on the plastic deformation of ice crystal was developed upon the assumption that
there are located in the basal planes of the crystal Frank:-Read sources of dislocation of
different lengths [, [, {,, -~-. But no mention was made on the frequency distribution of
the lengths of the sources, that is, on how many sources would have the lengths lying
.between [ and I+ 4l. Here a consideration will be offered on that frequency distribution.

That the stress rises linearly with time in the early stage of extension or compression
of the ice plate as mentioned in the previous papers suggests that the Frank-Read source
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in one basal plane is brought into play every time the shear stress v on the basal planes
is increased by a certain definite amount 4z,. Then the number 4N of Frank-Read sources

set to work by an increment 4r of 7 is given by

AN = dc/dr, . , (1)
Since t=Gb/l as stated in the previous papers, formula (1) is tranlsfor'med' into
Gb\1 .° ‘ o
aN=—(Gr)EA (2)
which gives, when integrated, G v
Gby1 1 NEE R ‘
N="7 (T"*iZ)' T (3)

Formulze (2) and (3) give respectively the frequency distribution of I and the number of
Frank-Read sources that have lengths between 7 and /,, /, being the largest length allowed
for a Frank-Read source to have. As seen from formula (2), the Frank-Read sources of
shorter lengths are more in number than those of longer lengihs. \

When the ice crystal is undergoing deformation under such a force as to produce a
shear stress 7 on the basal planes, the Frank-Read sources of lengths from [, down to
Iy=Gb/r are causing slips on the basal planes in which they are located. From the above
formulae the mean value [,, of the lengths of such Frank-Read sources is known to be
_ Gblog{z/te) _ lol;\vloge(lo/l&). (3)

T—T¢ lo'—lN

In

Here r, is connected to [, by the relation r,==Gb/l. The values of Iy and I, are listed in
Table I of the text for different values of r of practical interest.

(2) The layerstructure of ice crystal. Ice crystal is known to be of layer-structure,
being a pile of thin plates called elementary layers lying at right angles to the c-axis of
the crystal. Nakaya found by the method of shadowing that the elementary layers are
60 ¢ thick. ’

As mentioned in ‘the previous papers, those basal planes of ice crys-fal that can actually
slip are restricted to a small number because of the interferences between the dislocations
located  in different near basal planes. Then the elementary layers will likely be such layers
lying between two adjacent slipping planes. But, as stated before, the present author found
that spacing between two nearest slip lines on the surface -of stressed ice crystal is 10~
£:20 ¢ in contradiction to Nakaya’s value. - ’
w If the spacing between two adjacent slipping planes under shear stress r is denoted
by. %, it is shown by the formulae obtained so far that /2 is given by

p = 1T by, (4)

T—7T,

where %k, means the spacing at shear stress 7;. Therefore the spacing at any ¢ can be
calculated if the spacing at a special value of 7 .is known. In Table II of the text are
listed the values of % calculated on the basis of the experimental result that k,=15 x for
7,=3.2kg-wt/cm’ at —10°C. The critical shear stress r, is equal to 200 gr-wt/cm®. As
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seen from that table % is near 60 4 when t is 1kg-wt/cm®. Nakaya’s observations were
made on rods cut out of large single crystals of ice loaded at their centres. The present
author supposes that Nakaya’s rods were subjected to shear stresses near 1kg-wt/cm® on
their basal planes. h

(3) The work-softening of a single crystal of ice. Jellinek and Brill (Reference 5)
found that the extensive strain ¢ of a single crystal of ice stressed by a constant load

increases according to the formula
e=ki* or &=2ki, (5)

where  is time counted from the moment of applying the load. That the time rate & of
change in the strain increases with time means that the ice crystal becomes soft as the
work done by the load is accumulated. In that sense this phenomenon is called work-
softening.

The phenomenon of work-softening can be explained as below if it be taken into
consideration that the advancing speed of dislocation in ice crystal is very small and that
the Frank-Read sources are located at different distances from the surfaces of the ice
crystal. In Fig. 1 of the text a column of ice crystal is loaded at its lower end with load
W. In this case, unlike the cases so far considered in which the ice cirystbals were ex-
tended or compressed at constant speeds, every basal plane is subjected to a definite shear
stress 7., from the beginning. Therefore all those Frank-Read sources of lengths larger
than Gb/r.. begin to generate dislocations at the application of the load. The oblique lines
in Fig. 1 are those basal planes that have such Frank-Read sources represented by dotted
circles. With expansion of the generated dislocations the basal planes begin to slip, but
those slips remain partial at first because it takes much time for the dislocations to reach
the surfaces of the column on account of their small speed of advancement. Figure b of
Fig. 1 shows this situation with a little increase in ¢ due to the partial slips. Then comes
the situation of figure ¢ where the dislocations from the Frank-Read sources located near
the surfaces have already reached the surfaces resulting in a larger increase in e. Finally
all the basal planes come to make whole slips as shown in figure d. The calculation made
on this line of thought by the use of the formulae obtained so far gives

g=al, (6)

which equation is the same as that obtained experimentally by Jellinek and Brill.
The time T needed to reach the final state (figure d of Fig. 1) of steady creep is
given by : N
T = a/v, . . . (7)

Here @ is the linear dimension of the basal planes while v, represents the advancing
speed of the dislocations. In Table III of the text are shown T, the values of T calculated
by equation (7) and T,, the values of 7T observed by Steinemann (Reference 4). Good
agreement is seen between T, and T,



