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artificial seeds having the c_-axis parallel to growth.
The possible causes for the imperfections are
discussed.
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IV

SUMMARY

A new method has been developed for growing large single crystals of ice.
Crystals 15 cm in diameter by 25 cm high have been grown. No large differences
exist for rate of growth in different crystallographic directions. The use of
specially prepared water does not appreciably affect the results. The crystals
grown by this method have a somewhat distorted appearance under polarized
light. The nature of the imperfect structure is discussed.



GROWING OF LARGE SINGLE CRYSTALS OF ICE

by
J. K. Landauer

Introduction

Large single crystals* of ice have been grown to obtain crystals for physical
testing, to learn more about the mechanism of crystal growth, and to compare
properties of artificial and natural crystals. This paper describes the techniques
used and some of the properties of these crystals.

A number of investigators have succeeded in growing large single crystals of
ice. Among these are Adams and Lewis (1934), Jona and Scherrer (1952), Griggs
and Coles (1954), Steinemann (1954), Glen and Perutz (1954), and Brill (1957).
Although these existing techniques are generally satisfactory, it was considered
worthwhile to develop a simplified technique which would assure: (1) a one-
dimensional temperature gradient; (2) unconstricted growth so that no external
stresses are applied to the ice; and (3) that nucleating sites, other than the original
seed, are not introduced.

Method

The method used to grow crystals is a modification of Czochralski's method. A
copper cold plate, 20 cm in diameter, is located at the top of the crystal growing
apparatus, with a circulating brine coolant regulated by a needle valve (Fig. 1).
A 1 or 2 cm thick piece of ice is frozen beneath the plate to act as a buffer, prevent
ing the seed crystal from being fractured by differences in thermal expansion. A
seed crystal, 1 cm or more thick, is frozen below the buffer ice. Water is contained
in a Pyrex glass jar 30 cm in diameter and 30 cm deep. A needle valve near the
bottom of the jar allows the water level to be lowered at the desired rate. A jack is
used to raise or lower the jar for initial setting. The jar is contained in an insulated
box with thermostatic control, heater, and fan to maintain a temperature of about
+4C. The crystal is visible through a Thermopane window in the box. The apparatus
is in a room at -5C. Obvious modifications could be made for use in a warmer room.

To grow a crystal, the jar is filled with water and allowed to reach +4C. Buffer
ice and a seed crystal are frozen on the cold plate, which is demounted from the
apparatus for this process. The cold plate and seed is reinstalled and cooled by
brine flow to -10 to -15C. The jar is then raised to bring the water in contact with
the ice and growing begins. The growing surface of the crystal is kept nearly flat
and just below the water level by adjusting the plate temperature, by control of the
brine, and the water level, by flow from the needle valve. More cooling and less
water discharge increase the diameter of the crystal while less cooling and increased
discharge narrow it. At any stage, any visible imperfection in the crystal can be
removed by melting back and then regrowing the crystal.

Results

A number of crystals were grown under various conditions. A typical crystal
is shown in Figure 2. The largest were about 15 cm in diameter by 25 cm high. It
is believed that larger crystals could readily be obtained with a larger apparatus.
Most of the crystals grown were optically single with occasional intergrowths that
had different orientation near the periphery. Bubble inclusions were generally absent
except at high growth rates or when using ion-free water.

The single crystals obtained were not perfect. Under polarized light, they
appeared distorted. Instead of the perfect isogyres and complete extinction observed

* In this paper a single crystal is defined as one with crystallographic misalignment
of less than about one degree as determined optically and with vapor figures.
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Figure 1. Schematic diagram of the ice-growing apparatus. The wood box is
kept in a cold room and heat is added to maintain the interior at about +4C.

under polarized light on natural single crystals from temperate glaciers, these arti
ficial crystals displayed wavy isogyres (Fig. 3) and undulatory extinction (Fig. 4).
However, no optical orientation differences could be measured on a universal stage
with a measuring accuracy of about 2 deg. Tyndall (vapor) figures were introduced
by radiant heating (Nakaya, 1957) to determine a-axis orientation. Again, no mis-
orientations were observed to an accuracy of about 2 deg.

Both good quality natural glacial seeds and artificial seeds were used. Some
distortion was always found in the grown ice, even close to the seed. However, the
crystals from artificial seeds frequently showed a second type of imperfection which
appeared as long, narrow substructures a few millimeters in diameter and 10cm or
more in length, with their long axes in the direction of crystal growth. The orienta
tion differences for these pencil-shaped substructures could not be measured with an
accuracy of about 2 deg, but the misorientations might well be as much as 1 deg.
Photographs of crystals grown from artificial seeds are shown in Figures 3 and 4.

No essential differences in the crystals were observed for growth rates from
about 1 to 10 cm per day. For the apparatus described, a growth rate of 2 to 4 cm
per day was easily maintained and gave good results.
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The use of boiled, ion-free, or tap

water did not affect the crystals appre
ciably. A slight increase in included
bubbles was observed for ion-free water.

A crystal grown from water saturated
with CuS04 was not observably different.
Tap water was used for most of the
crystals.

Water temperature was varied be
tween +2 and +6C, apparently affecting
only the rate of growth. Measurement
of the water temperature near the growing
surface to an accuracy of better than
0.01C indicated that no supercooling
occurred. In the water near the growing
surface, the temperature gradient was
observed to be about lC/cm.

Two orientations of the artificial seed

crystals were used. With the c-axis
oriented parallel to the direction of growth,
large single crystals usually resulted;
with the c -axis normal to the direction of

growth, polycrystalline ice usually re
sulted. A fabric diagram of the polycrys
talline ice indicated that the c-axes

remained normal to the growth direction,
but were randomly oriented in the normal
plane. For very carefully controlled con
ditions, single crystals were obtained
with the c -axis normal to the growth
direction. Figure 5 is a photograph of such a crystal. Its quality is markedly
inferior to that of the crystals grown with the c_-axis parallel to growth. Pencil-
shaped substructures were observed with their long axis in the direction of growth,
but these cannot be seen in Figure 5. A lineage normal to the direction of growth
also exists. This is generated from the substructure of the seed, which was cut as
a flat plate with the thin dimension 90 deg to its direction of growth.

When natural glacial single crystals were used as seeds, orientations with the
c-axis parallel, normal and at 45 deg to the growth direction were equally successful
for growing good quality crystals. No pencil-shaped substructures developed, but
distortion was evident in each.

An attempt was made to anneal out the observed imperfections from these crys
tals. A crystal grown with the c_-axis parallel to the direction of growth was annealed
at 0C (+0, -0. 1C) for 10 months with little or no increase in optical quality. Other
crystals, annealed for shorter periods, were similarly unimproved.

Figure 2. A crystal as grown and still
mounted on the cold plate (which is

frosted). The diameter of the bottom
face is about 15 cm.

Discussion

The methods described here provide reasonably good quality single crystals of
large size. These crystals are visibly inferior to single crystals obtained from
temperate glaciers. Two types of macroscopic imperfections are observable. An
optical distortion appears in all the artificially grown crystals. Some observers have
noted microstructure in ice. Truby (1955), using electron microscopy, and Brill
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f

i
Figure 3. Artificial crystal grown from artificial seed with direction of growth
parallel to the c-axis. The photograph represents a section about 7 cm square
cut from a larg"er crystal. Taken under crossed polaroids with c_-axis normal
to the plane of the picture. The isogyre is seen as a somewhat distorted black

cross. The two long light marks are surface scratches on the section.

(unpublished internal report), using X-rays, have observed mosaic structures of
micron size. These are too small to account for the distortion. The second type
of imperfection observed is the pencil-shaped substructure. This is probably due
to a lattice rotation of about 1 deg or less about an axis in the direction of growth.
It is easily understood that these rotational imperfections can be propagated but
their origin is obscure.

As a tentative approach towards understanding this, it should be noted that the



GROWING OF LARGE SINGLE CRYSTALS OF ICE

Figure 4. A section from the same crystal as in Figure 3 with the c-axis in the
plane of the photograph. The lineage structure is observable and is in the direc
tion of growth. The light sections at the edge of the section developed when the

crystal was frozen to a glass plate in the process of making the section.

physical properties of ice, such as elastic moduli (Jona and Scherrer, 1952), thermal
conductivity (Landauer and Plumb, 1956), and thermal expansion (Butkovich, 1957)
are either practically independent or weak functions of orientation. Growth rate also

was observed to be roughly equal in all directions. (The difficulty in growing crystals
from artificial seeds with the c-axis normal to the direction of growth is probably
due to the large number of small misorientations already present in the seeds.)
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Figure 5. Crystal grown from artificial
seed with c-axis normal to direction of

growth. The photograph, taken with
crossed polaroids, is of a 4-in. diam
section normal to the direction of growth.
The c-axis is in the plane of the picture.
Lineage generated from the substructure

of the seed can be seen.

This directional equivalence implies that the volume energy differences for different
orientations should be small. Surface energy differences are also small, as
evidenced by the fact that crystallographic faces do not develop for ice grown from
the melt. Therefore, differences in orientation can occur at very little expense to
the total energy. Perhaps initial differences are caused by the rather large
expansion when ice solidifies. Given these differences, a lower energy state may
be attained with some small-angle internal boundaries than in a state where internal
strains but no boundaries are present. Annealing does not perfect these crystals
as no strains are present and energy differences are small. On the other hand,
single crystals from temperate glaciers are of high quality for they have been
strained at OC for very long periods.

GPO 8 13802-3
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