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(57) Abstract

A cylindrical alkali halide single-crystal-type
ingot having an axis generally coinciding with the
[001] crystallographic direction is compressed in a

OBTAIN CYLINDRICAL Nal(T1) SINGLE CRYSTAL INGOT
HAVING THE CYLINDER AXIS COINCIDING WITH
CRYSTALLOGRAPHIC DIRECTION [001]

heated dual platen press. To produce an approxi-
mately rectangular compressed ingot that is devoid

{

of cracks and fissures at and adjacent the periphery,
the surface of the ingot is flattened. For crystals hav-
ing a face-centered lattice (e.g. Nal), the flat is par-
allel to the (100) crystallographic plane. For crystals

FLAT THE SIDE OF THE INGOT PARALLEL TO (100)
CRYSTALLOGRAPHIC PLANE

having a body-centered lattice (e.g. CsI), the flat is
parallel to the (110) crystallographic plane. The flat

is placed on the lower platen of the press to properly
orient the crystallographic structure of the ingot with
respect to the direction of compression.

PLACE THE INGOT INTO PRESS WITH THE FLAT
LYING ON THE LOWER PLATEN

|

HEAT THE INGOT WITH THE LONER AND

THE UPPER,
PLATENS T0 A TENPERATURE BETHEEN 450° AMD 500'C

COMPRESS THE INGOT NORMAL TO (100)
CRYSTALLOGRAPHIC PLANE

'

COOL THE FORGED INGOT DOWN TO ROOM TEMPERATURE
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1
FORGING CYLINDRICAL INGOTS
OF ALKALI HALIDES

Background of the Invention
The invention relates to alkali halide scintillation

crystals, and more particularly relates to methods by
which alkali halide scintillation crystals may be
manufactured. In its most immediate sense, the invention
relates to hot forging of NaI(Tl) scintillation crystals
so as to produce crystals having a large area and a
rectangular shape.

Manufacturers of alkali halide crystals (including
NaI(Tl) crystals) have long attempted to enlarge and
shape melt-grown crystal ingots by forging them at
elevated temperatures. Crystal forging technigques are
taught, for example, in U.S. Patents Nos. 3,933,970 and
4,171,400. These patents disclose hot forging in which
there is a gradual compression of the crystal ingot
between two surfaces. If a cylindrical ingot is
flattened parallel to its axis, the forging process
produces a disk-shaped crystal having a circular cross-
section; if the cylindrical ingot is flattened
perpendicular to its axis, the forging process produces a
parallelepiped-shaped crystal having a rectangular cross-
section. However, existing forging techniques are
unsatisfactory.

This is because conventional forging techniques
produce forged crystals having cracks and fissures at and
adjacent the periphery of the crystal. As a result, the
peripheral region of the forged crystal is not useful and
must be cut away. This limits the size of the crystals
that can be produced using the forging process. It also
reduces the yield of the process because only a fraction
of the forged crystal is useful; the rest of the crystal
must be recycled. )

It would be advantageous to provide a method of
forging an alkali halide crystal ingot, particularly a
NaI(Tl) crystal ingot, which would produce forged

SUBSTITUTE SHEET (RULE 26)



WO 98/03704 PCT/US97/12345

10

15

20

25

30

35

2
scintillators having no cracks or fissures at the
periphery of the forged crystal.

One object of the invention is to provide a forging
method for use on an alkali halide single crystal ingot,
by which method the forged crystal is devoid of
peripheral cracks and fissures.

Another object of the invention is to provide a
forging method that will forge an alkali halide single
crystal ingot having a cylindrical shape into a forged
crystal having a rectangular cross-section.

Still another object is, in general, to improve on
known methods for forging and manufacturing alkali halide
scintillators.

The invention proceeds from the realization that
peripheral cracking and fissuring results from internal
stresses. These stresses are caused by uncontrolled
slippage along multiple slip planes within the crystal
ingot. 1In accordance with the invention, a single-
crystal-type ingot is compressed in a particular
direction with respect to its crystallographic structure.
By doing this, peripheral cracking and fissuring is
completely eliminated. Although a single crystal ingot
is most advantageous, it is not essential that the entire
ingot be a single crystal. It is alternatively possible
to use a crystal ingot that has a relatively small number
of crystals, as long as it is possible, in an overall
sense, to orient the crystallographic structure of the
ingot with respect to the axis of compression.
Hereinafter, the term "single-crystal-type" is used to
refer to ingots that are either single crystals or that
are made up of a relatively small number of crystals.

Advantageously, and in accordance with the preferred
embodiment, the single-crystal-type ingot is heated to a
particular temperature and maintained at that temperature
during compression. The temperature is lower than the
melting point of the ingot material and is sufficiently
high that the crystal becomes relatively plastic. By
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3
doing this, comparatively low compression forces can be

used.

Brief Description of the Drawings
The invention will be better understood with

reference to the following illustrative and non-limiting
drawings, in which:

Figs. la, 1b and 1lc are schematic diagrams
illustrating geometrically possible slip systems in NalI
crystals;

Fig. 2 is a schematic diagram illustrating the
geometric relationship between the axis along which a
crystal is compressed, a slip plane in the
crystallographic structure of the crystal and a slip
direction along that slip plane;

Fig. 3 shows a cylindrical NaI(Tl) single crystal
ingot with a side flat in the (100) plane parallel to the
[001] ingot axis;

Fig. 4 shows how the Fig. 3 ingot is placed in a
dual platen press with the flat on the lower platen; and

Fig. 5 is a flow chart showing a preferred
embodiment
of the invention.

Detailed Description of Preferred Embodiments

The preferred embodiment of the invention uses NaI,
particularly Tl-doped NaI. This is because NaI(Tl) is
presently preferred as a scintillator for scintillation
cameras. Nal has a crystallographic structure of the
face-centered lattice type. Although the preferred
embodiment of the invention will be described with
specific reference to NaI(Tl), other alkali halide
crystals having the crystallographic structure of a face-
centered lattice can be forged in the same way or in a
similar way. Furthermore, it is also possible to forge
alkali halide crystals having crystallographic structures
of the body-centered lattice type (CsI is an example) in
the same way or in a similar way. The invention herein
is not limited to NaI(Tl).

SUBSTITUTE SHEET (RULE 26)
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NaCl-type crystals, of which NaI(T1) crystals are an
example, have three possible slip systems as illustrated
in Fig. 1. At room temperature, slips can occur only
along {110} planes (Fig. la). At elevated temperatures,
slips can also take place along {100} planes (Fig. 1b)
and {111} planes (Fig.lc). Even though the slip
direction is <110> in all three instances, less shear
stress is required to cause a slip along {110} planes
than is required to cause a slip along {100} planes or
along {111} planes. For this reason, {110} planes are
known as "planes of easy slip" and, correspondingly, the
{110}<110> system is known as a "system of easy slip".
If a force of deformation is applied to an NaCl-type
crystal and the shear stress in the system of easy slip
is larger than in any of the other slip systems, then
deformation of the crystal will only take place in the
{110}<110> system of easy slip. In other words, if a
crystal is so compressed as to cause the shear stress in
the system of easy slip to be greater than the shear
stress in any of the other slip systems, this will
eliminate uncontrolled multiple slip in all the other
possible slip planes and will limit crystal deformation
to the system of easy slip.

Fig. 2 shows how shear stress in a slip plane in a
single crystal depends upon on the geometry of how the
crystal is compressed. The single crystal is compressed
along direction 1 under the action of the normal stress

6. The slip plane 8, having the normal n, experiences
the stress ¢ ¢ cos ¢, and its component along slip
direction g (i.e. shear stress) is equal to T = ¢ ¢ cos (0]
* cos 8, wherein the expression cos ¢ e cos 6 is known as
the "orientation factor".

It follows from this relationship that if the

orientation factor is maximized, the shear stress will
attain its possible maximal value. Maximization of the

orientation factor takes place when 0 =6 = 45°,

Therefore, if both the slip direction and the normal to
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the plane of easy slip are inclined at angles of 45° to
the compression axis, the shear stress in the system of
easy slip will be larger than in any of the other slip
systens.

In accordance with the preferred embodiment of the
invention, the slip direction is at 45° to the compression

axis and the plane of easy slip is likewise at 45° to the
compression axis. This is accomplished by starting with
a cylindrical single-crystal-type NaI(Tl) ingot in which
the axis lies along the [001] crystallographic direction.
Then, the surface of this ingot is flatted parallel to
the (100) crystallographic plane. The flat is placed
upon the lower platen of a dual-platen press, and the
ingot is then compressed at an elevated temperature.

Fig. 3 illustrates a cylindrical NaI(Tl) single
crystal ingot having a small flat along the (100) plane
parallel to the [001] axis of the ingot. Such an ingot
can be pulled from a melt using the process disclosed in
U.S. Patent No. 4,203,951. Although this methodology for
producing the ingot is preferred, it is not required and
is not part of the invention. It is alternatively
possible to start with a cylindrical (or generally
cylindrical, absolute cylindrical uniformity being
unnecessary) single-crystal-type ingot produced by any
other technique, provided that its axis (or axes) lies
along the [001] crystallographic direction or are
generally aligned with the [001] crystallographic
direction. In other words, the ingot need not be
absolutely cylindrical and need not be a single crystal,
and the crystal structure of the ingot need not be
absolutely uniform. Acceptable results will be obtained
if the ingot is generally cylindrical, if the ingot is
not excessively polycrystalline and if the ingot does not
have an excessively nonuniform crystal structure.

As shown in Fig. 4, if the surface of a cylindrical
single-crystal-type NaI(Tl) ingot is flatted parallel to
the (100) crystallographic plane and the ingot is placed
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6
in a dual platen press with the flat on the lower platen,

both the slip directions [110], [110] and the normals to
the planes (110), (110) of easy slip are inclined at
angles 45 degrees to the compression axis (100]. The
same is true for directions {101], [101) (not shown) and
planes of easy slip (101), (101) (also not shown).
Therefore, a compression of the ingot between the lower
platen and the upper platen will cause a deformation in
which only four of the six possible planes of the system
of easy slip {110}<110> participate; in all other slip
systems shear stresses will be significantly less so that
such other slip systems will be inactive.

In accordance with the preferred embodiment, the
ingot is raised slowly from room temperature to a

temperature between 450 °C and 500 °C and maintained at
that temperature in a heated dual-platen press. For a
NaI(Tl) ingot 450 mm in diameter and 430 mm long it takes
approximately four days to reach 500 °C, at which
temperature the NaI(Tl) is plastic and can be forged
using a pressure of approximately 80 tons. Then, over
approximately 5 hours, the ingot is slowly compressed
between the lower and upper platens. This compression
flattens out the ingot from its initial diameter of 450
mm to a final thickness of 175 mm. After this step has
been carried out and the pressure has been released, the

forged ingot is cooled down to 60 °C over four days and

self-cooled from 60 °C to room temperature over another
day. The stated times for heating, compression and
cooling depend upon the dimensions of the ingot; persons
skilled in the art can adjust them for different ingot
sizes.

The forged ingot has a generally rectangular cross-
section and is devoid of peripheral cracks and fissures.
A rectangular parallelepiped inscribed within the forged
NaI(T1l) ingot has a length of 600 mm , a width of 470 mm,
and a thickness of 175 mm. That inscribed parallelepiped
is cut out and subdivided into ten to fifteen plates,

SUBSTITUTE SHEET (RULE 26)
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each being 590.6 mm long by 444.5 mm wide by 9.5 mm
thick. Each of these plates is suitable for use as a
scintillator in the detector of a scintillation camera.

Advantageously, and in accordance with the preferred
embodiment, the lower and upper platens are covered with
thermoresistant fiberglass cloth impregnated with powdery
boron nitride. The cloth prevents the ingot from
actually touching the metal platens, boron nitride
prevents the cloth from sticking to the crystal, and both
make it easier to remove the ingot safely after it has
been compressed and cooled.

In the preferred embodiment the ingot is compressed
py lifting the lower platen. This is because after the
release of the pressure the ingot will not under any
circumstances remain under pressure, as could
accidentally occur if the ingot were to be compressed by
lowering the upper platen.

As mentioned above, CsI and other alkali halide
single crystals having a body centered lattice can also
be forged in the same way or in a similar way. As
compared with NaI, such crystals have the same
crystallographic planes of easy slip {110}, but other
slip directions <100>. 1In accordance with this
characteristic, a flat on the side of a cylindrical CsI
single-crystal-type ingot, having its axis along the
[001] crystallographic direction, must be cut parallel to
the crystallographic plane (110), resulting in the angle
of 45 degrees between the compression axis and the slip
directions. Suitable plasticity of CsI can be achieved
by heating the CsI to a temperature of approximately 420
°C to 470 °C.

Although a preferred embodiment has been described
above, the scope of the invention is limited only by the

following claims:
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What is claimed is:

1. A method of forging a generally cylindrical alkali
halide single-crystal-type ingot of a crystal material
having a crystallographic structure of the face-centered
lattice type, the ingot having an axis generally
coinciding with the [001] crystallographic direction,
comprising the following steps:

heating the ingot to a temperature below the melting
point of the alkali halide; and

applying pressure to the ingot along a direction
that is normal both to the ingot axis and to the (100)
crystallographic plane.

2. A method of forging a generally cylindrical alkali
halide single-crystal-type ingot of a crystal material
having a crystallographic structure of the body-centered
lattice type, the ingot having an axis generally
coinciding with the [001) crystallographic direction,
comprising the following steps:

heating the ingot to a temperature below the melting
point of the alkali halide; and

applying pressure to the ingot along a direction
that is normal both to the ingot axis and to the (110)
crystallographic plane.

3. A method of claim 1 or claim 2, further comprising
the following steps:

cutting a flat on the side of the ingot, said flat
being parallel both to the ingot axis and to said
crystallographic plane, and said cutting step being
carried out before the ingot has been heated;

supporting the ingot upon the lower platen of a
press having parallel upper and lower platens, with the
flat lying on the lower platen;

heating the ingot to said temperature;

moving at least one of the upper and lower platens
toward the other platen and compressing the ingot

SUBSTITUTE SHEET (RULE 26)
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therebetween, thereby applying pressure to the ingot

along a direction that is normal to the plane of the

flat; and
cooling the ingot to room temperature.

4. The method of claim 3, wherein the alkali halide is

sodium iodide and said temperature is between 450 °C and

500 °C.

5. The method of claim 3, wherein the alkali halide is

cesium iodide and said temperature is between 420 °C and

470 °C.

6. The method of claim 3, wherein the ingot is
compressed from an initial diameter of approximately 450

mm to a final thickness of approximately 175 mm.

7. The method of claim 3, wherein each of the platens of
the press is covered with fiberglass cloth impregnated
with boron nitride and thereby physically separated from
the ingot.

8. The method of claim 3, wherein the heating step is
carried out over approximately 4 days, wherein the moving
step is carried out over approximately 5 hours, and
wherein the cooling step is carried out over
approximately 5 days including one day of self-cooling

from a temperature of 60 °C.
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FLAT THE SIDE OF THE INGOT PARALLEL TO (100)
CRYSTALLOGRAPHIC PLANE

PLACE THE INGOT INTO PRESS WITH THE FLAT
LYING ON THE LOWER PLATEN

l

HEAT THE INGOT WITH THE LOWER AND THE UPPER
PLATENS TO A TEMPERATURE BETHEEN 450° AND 500°C

l

COMPRESS THE INGOT NORMAL TO (100)
CRYSTALLOGRAPHIC PLANE

l

COOL THE FORGED INGOT DOWN TO ROOM TEMPERATURE
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