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Résumé

As stated in the previous paper (Plastic deformation of ice, I), the dislocations in sinvglé
crystals of ice make three dimensional networks and the dislocations located in the basal
planes of the crystals act as Frank-Read sources generating new dislocation loops when
subjected to shear stresses. The generated dislocation loops expand causing slips on- the
basal planes to which the main part of the plastic deformation is due. Taking account of
such a nature of the dislocations in the basal planes, and, taking advantage of certain
theorems in the theory of dislocation, the author interprets the results which he obtained
by his own experiments upon the deformation of single crystals of ice.

(1) Experimental results concerned with the relaxation of stress. As described in the
previous paper, a thin plate of a single crystal of ice, when extended or compressed
laterally at a strain rate ¢ below a certain critical value, gives such a strain-time curve as
shown by OABCD in Fig. 1 of the text. The relaxation of sress ¢ shown by the last
portion CD of that curve results from stopping the extension or compression at point C.
The relaxation of stress occurs also when the extension or compression is stopped in the
first stage OA of rising stress; for instance, if the extension or compression is stopped at
E, the stress ¢ declines along curve EJF,. As will be shown afterwards, the relaxation of
stress occurs on account of slips on the basal planes of ice crystals; the relaxation can be
regarded as an indication of plasticity. . Therefore the stress in the first stage OA of the
curve can never be a purely elastic one although it rises in a straight line as is also the
case with a purely elastic body.

The lower the point lies at which the extension or compression is stopped on line
OA, the more slowly the stress relaxes and finally the relaxation becomes unobservable
when the stress at that point comes to be less than a value ¢,. The value ¢, depends on
the angle # between the c-axis of the ice crystal and the direction of extension or com-
pression, being given by d.=t/sin # cos ¢ when 7 is put equal to 200 gr-wt/em® at —10°C.
From this fact it may be said that the smallest shear stress z,, the critical shear stress, at
which the basal planes of ice crystal begins to slip, lies around the value of 200 gr-wt/cm?.

(2) Generation and motion of dislocations in the basal planes duringb the compression.
The series of figures marked a, b, ¢, :-- in Fig. 2 of the text illustrates how slips develop
in a plate of ice crystal when it is compressed laterally. The arrow C indicates the c-axis
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of the ice crystal which makes angle # with the direction of compression. Metal plate P
attached to the left end of the ice plate moves rightwards at constant speed &, while
another metal plate Q at its right end pushes metal rod R connected with a force-measuring
device (not shown in the figure). The oblique straight lines marked s,, s, s,, -*- represent
‘active basal planes’ in each of which a Frank-Read source indicated by dotted circle is
iocated. As stated in the previous paper, a basal plane cannot always act as a slip plane
even though it is provided with Frank-Read sources, because dislocations in the neighbour-
ing basal planes may interfere with the motion of the dislocations in the basal plane in
question. But some of the basal planes will chance to be free from such interferences
making themselves slip planes; those are above called ‘active basal planes’.

For a Frank-Read source to begin generating new dislocations it needs to be acted
upon by shear stress of the magnitude 7=Gb/l, where G, b and [ are respectively the
rigidity of ice, the strength of Burgers vector and the length of the Frank-Read source.
Let it be assumed that the Frank-Read sources in the active basal planes s,, s,, s,, -+ are
respectively of lengths I, [,, [,, -~ and [;>>[,>1, ---. Then the stress t,=Gb/l;, needed for
the Frank-Read source in i-th active basal plane to begin working increases as the number
i becomes larger.

When metal plate P at the left end of the ice plate in Fig. 2 begins to move there
begins to appear on every basal plane a shear stress t given by o sinf cos#, ¢ being the
normal stress in the direction of the compression which is recorded on the force measuring
device. But, as long as v remains below 7,=Gb/l,, no Frank-Read source works and ‘the
ice plate is compressed elastically. The second figure b of Fig. 2 shows the ice plate in
this state. Then there comes the state of the third figure ¢ of Fig. 2 where 7 exceeded t,
and the Frank-Read source in basal plane s, has begun generating new dislocations to
cause a partial slip on that basal plane. The rate # of production of the new dislocations
as well as their expanding velocity v are dependent on shear stress t; the smaller ¢ is,
the smaller both s and v are. Therefore the reduction in the length & of the ice plate
due to the slips occurring on basal plane s, is not enough to cancel the compression caused
by the movihg plate P.- On that acconnt o, consequently ¢ also, keeps increasing to bring
into play successively the Frank-Read sources in basal planes s,, s,, --- as illustrated in
figures d and e of Fig. 2. The first rise of ¢ from point:O to point A in Fig. 1 is caused
by such mechanisms as stated above. The critical shear stress r, referred to in the previ-
ous article can be put equal to 7, introduced here, because any r greater than 7, should
relax due to the slips on the basal planes if plate P stops moving and the agency to
increase t disappears. :

The horizontal part BC of the stress-time curve in Fig. 1 corresponds to the states of
the ice plate shown in figures f and g of Fig. 2. The stress g:ceases to change because
it has reached oy which stress is just large enough to cause slips on as many basal planes
as needed to cancel the compression by the moving plate P. All the Frank-Read sources
having lengths longer than iy:Gb/ry are causing slips which contract the ice plate by the
same amount as plate P shortens it. Here ¢y, the value of the steady shear stress, is given
by ty=0ysint/ cosd. At that steady plastic deformation, if the length of the ice plate is
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denoted by £, the increasing rate é=£/¢ of the strain of contraction is shown to be given by

Nuvrysin ¢ ‘ !

AR Sl LA, (1)
nGE

where NV represents the number of the Frank-Read sources with lengths longer than /y.
(3) Shear stress v and the increasing rate 7 of shear strain. The increasing rate & of

the strain of contraction and the increasing rate 7 of the shear strain on the basal planes

& =

are connected with each other by the formula
7 = &/sin f cos ¢/ (2)

because the ice plate contracts only because of the slips on the basal planes. Since dy
increases with increase in the speed of the moving plate P, consequently with increase in
¢, as stated in the previous paper, the relationship between ry and 7 can be found by
measuring 9y at different speeds of plate P. The results of the measurement are shown.
by small circles in Fig. 4 of the text. Although the small circles are scattered in the figure,
they are positioned near the straight line drawn there, which yields as the relationship
between 7 and ¢ the formula
7 =B(r—1.)0?, (3)

B being equal to 7.3 x10%*(cm/sec)/{dyne/cm??. Here the general symbol 7 for shear stress
is used instead of 7y, because 7 should depend upon the value of shear stress itself irre-
spective of whether the shear stress is changing or not (ry is the symbol for the steady
shear stress which does not change with time).

(4) Shear stress T on the basal planes and the advancing speed v of dislocations. By
the use of formulae (2) and (3), formula (1) is transformed into

y = 7GER cos O . (r—1.)

N T (4)

Number N of the basal plabnes on which slips are occurring due to the activation of the
Frank-Read sources located in them is assumed to increase in proportion to (r—v,).
Number /N will be proportional also to £cos ¢/, because the spacing between the adjacent
slipping basal planes will be determined only by the shear stress r. Then IV is given by

N = kfcos (v —7.), (5)

where % is a constant to be determined by experiments. Formula (4) is then transformed
into
v = =GB . ,(.T___—T“)z

TR L (6)

the formula connecting the advancing speed v of the dislocations with ¢ and the charac-
teristic quantities of ice crystal. When 7>>7, as is usually the case, the above formula is
written as \
=G
-~ 7GB T.
kO

The spacing k=% cos /N between two adjacent slipping basal planes is given by the

(7)
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spacing between the slip lines observable on the surface of the compressed plate of ice
crystal. The actual microscopic observations on the slip lines gave 15 u as the value of &
for #=20°~45° and r=3.2kg-wt/cm?® at —10°C. From that experimental value of 2 and
by the use of formula (5), the value of % is given as

k =22%x10"* cm/dyne .

By putting into formula (6) the numerical values of the constants G, 8 and k, the
values of v were calculated for different values of ¢ and the: curve relating v with ¢ was
drawn in Fig. 5 of the text. The largest shear stress that the basal planes of ice crystal
can stand without fracture will be 20 kg-wt/cm? or thereabout. Then, as seen from that
figure, the greatest speed the dislocations in ice crystal can have turns out to be 60~80
st/sec. This value of v is extremely small compared to the aci\}ancing speed of dislocations
in metals which is known as to be of the order of m/sec.



