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Summary

Debris-rich ice layers are often found near the bed and the terminus of glaciers. In order
to investigate the effect of inclusions such as debris on the plastic deformation of ice, many
previous workers have conducted creep tests on artificial polycrystalline ice containing sand
particles. However, as the inclusions are located on crystal boundaries, the polycrystalline ice
is not suitable for investigating the effect of the inclusions. Therfore, ice single crystals were
used in this experiment. Inclusions used in the experiment were glass beads whose average
diamerer was 58 pm. Figure 2 shows an artificial single crystal of ice containing 0.5 volume
% inclusions. The inclusions were dispersed randomly in the ice.

The ice single crystal containing inclusions was cut to prepare a sample 35 mm in length,
15mm in width and 2 mm in thickness so that the basal plane of it was 45° to the long axis
of the sample and normal to its largest face. Compression test at a constant speed 2.8 x 107
m/s were conducted at —10°C with the volume fraction of inclusions ranging from 0 to 4.4
volume %.

To investigate the deformation of the ice samples quantitatively, the relative velocity to
one inclusion was calculated from the observed movement of other inclusions. Figure 3 shows
the results for the ice containing 0.5 volume % inclusions. The velocity parallel to the basal
plane, V,, increased with increasing distance, Y, between the inclusions. The velocity parallel
to the c-axis, Vy, is, however, almost zero. This indicates that the primary glide occurs on
the basal plane.

During the process of deformation, the voids were often found around the inclusions. The
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photograph of Fig. 4 shows an ice sample deformed by 51%, which contains 0.5 volume %
inclusions. Two plate-shaped voids elongate along the glide direction on the basal plane.
Stress-strain curves for the varying volume fractions of inclusions are shown in Fig. 6.
The yield drop of an ice sample containing 0.5 volume % inclusions is small, compared with
the large yield drop of pure ice. The resolved shear stress of ice samples containing inclusions
above 2.5 volume % increases with increasing shear strain. Namely, the stress-strain curve
shows work-hardening. The yield stress for the varying volume fractions of inclusions is
shown in Fig. 7. The yield stress of ice samples containing inclusions below 4.4 volume % is
smaller than that of pure ice. It is probably due to the difference in initial dislocation density

2

between pure ice and ice bearing inclusions as the density of etch pits is 1 x10°cm™? on the

! on the basal plane of ice containing 0.5 volume %

basal plane of pure ice and 2 x10°cm™
inclusions. The yield stress increases with increasing volume fraction of inclusions. Figure
8 shows the work-hardening rate at various shear strain for the varying volume fractions of
inclusions. The work-hardening rate increases with increasing volume fraction and shear
strain.

The problem of an increase in yield stress and work-hardening with an increase in volume
fraction of inclusions is analogous to the problem of dispersion hardened alloys. The experi-
mental results were compared with the theoretical results of dispersion hardening. Ansell and
Weertman suggested that dislocations can climb around the inclusions at high temperature.
The inclined line in Fig. 9 shows the theoretical value of yield stress obtained from their
model expressed by Eq. 3. The order-of-magnitude agreement suggests that the dislocation
may climb around the inclusions. Ashby suggested that the secondary slip occurs around inclu-
sions as the matrix undergoes shear deformation and that as a result the tangle of disolcations

is formed and inhibits the movement of primary glide dislocations. He suggested that a stress

increment is expressed by Eq. 6. Figure 10 shows the stress increment plotted against p\/—b‘s—s

for various volume fractions of inclusions, where g is the shear modulus of ice, & is the
Burgers vector, f is the volume fraction of inclusions, ¢ is the shear strain, and d is the average
diameter of inclusions. The slope, a, of the inclined line in Fig. 10 is 0.44. This experimental
result agrees nearly with values of a, 0.2~0.4, obtained from Ashby’s model. This suggests

that the secondary slip may occur around the inclusions.



