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the steel tilting lamellas (8) of the external
protective movable louver (7) there is inserted
minimally one transparent tilting lamella (9) and
the transparent armour (1) is, at least in the area
under the transparent tilting lamella (9) and at
the same height level, fitted with minimally one
transparent hard layer from single crystal sapphire
(4). The transparent armour (1) is created by a
composite set of sandwiched transparent glass
and/or polymer layers (2) that are interconnected
with transparent adhesive layers (6), when the
transparent hard layer from single crystal sapphire
(4) is created by panel segments (4.1) which are
laterally interconnected together into minimally
one strip, inserted into at least one transparent
glass and/or polymer layer (2), and create a part
of the window or observation slit on the level of
the driver’s direct view. The panel segments (4.1)
of the transparent hard layer from single crystal
sapphire (4) are manufactured parallelly with
and/or with angle deviation of up to + 45° from its
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Transparent armour system and method for its manufacture

Field of the Invention

The invention concemns a fransparent armour system which is designated
especially for bullet-proof windows and observation slits of mobile transport
armoured vehicles, consisting of transparent armour, creating the pane itself of
the bullet-proof window or: observation slit which is fitted out from the external
side with a protective nﬁbvable louver, created by tilting lamellas, and the
method of its manufacture.

Background of the Invention

Currently, mainly transparent armours are utilized for the pane itself of the bullet-
proof window or observation slit which are created by composite sets of
sandwiched transparent glass layers that are surface-interconnected with
adhesive layers, created for example by thermoplastic foils on the basis of
polyvinylbutyral (PVB) or polyurethane (PU). The transparent glass layers are
usually formed by glass panels, manufactured for example from thick-walled
sodium-potassium glass. ';The basic structure of such transparent ammour is
known for example from the patent file WO 03/068501 which, in comparison to
the similar armours, proVides additional protection against possible glass
fragments from the interior side of the armour after the impact of small-arms
bullet on its extemnal front side. The disadvantagé of these types of armours is
their relatively low resistance against small-arms bullets with a higher level of
piercing capability, which has been so far compensated for by the increase in
their thickness, for example up to the thickness of 104 mm. Naturally the
increase in this thicknes‘s; to the stated level results in their extremely high
specific weight reaching the value of 250 kglm2 which in reality disables the
usability of such trahsparent armours for the majorify of mobile transport
vehicles, regardless the ‘distorted or impaired transparency of this sandwich
transparent armour, composed of up to 12 layers of glass.
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in case of new transparent materials, creating the hard frontal layer with a higher
ballistic resistance, for example the material based on alumina oxynitride, known
under the trade name AION, or on the basis of spinel (MgAl,O,) or single crystal
sapphire, it is their significantly high price in connection with the still necessary
considerable thickness and thus specific weight of the armour that prevent their

wider usability as transparent ammours for mobile transport vehicles.

The so far most resistant tiransparent amour is also known from the patent file
WO 2006/135832, created minimally by one intemal glass layer, fitted from the
intemal side with a transparent polycarbonate layer and from the external side
with minimally one transparent ceramic layer from single crystal sapphire. In
between these individual layers there are arranged adhesive layers for example
from PVB foil or PU foil. For this transparent armour, the layer from single crystal
sapphire is manufactured with the method called EFG (Edge-Defined-Fiim-Fed
Growth) as it is described in more detail for example in the patent fle WO
2005/100646 including the relevant equipment. Such an ammour, created
exemplarily by a frontal sapphire layer of the thickness of approximately 8 mm
and a rear set of two to three layers of float glass and a polycarbonate or safety
foil layers, is sufficiently resistant against small-arms bullets with the medium
level of piercing capability e.g. 7.62 x 54R B32 API with the core from hardened
steel. Nevertheless, even this transparent armour.does not meet the request for
its smallest possible thickness with the maximum ballistic resistance against
small-arms bullets with the highest level of piercing capability. For this reason,
conceming the sufficient protection against these smali-arms bullets, such as
bullets of the 7.62 x 51 AP8 calibre with the core from tungsten carbide with
several times higher piercing capability and significantly bigger hardness in
comparison to similar bullets with cores from hardened steel, this armour must
be fitted with one or better with more sapphire layers of the total thickness of
approximately 40 mm, which even for these so far most resistant versions of
armours increases their weight and price above an acceptable level.
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That is why the windows or other observation slits especially of various mobile
transport armoured vehiélés are, to increase the safety of their crew, often
covered from the external ade with a protective movable louver, created by
fiting armour lamellas. The disadvantage of this measure is, however, that when
titing the armour lamellas iﬁ case of the danger of the window or observation slit
being hit, the crew is prevented completely from looking out of this window or
observation slit. This disadvantage is removed, to a certain extent, with an
extemal amour system wjth titing amour lamellas in accordance with the
patent file US 5,452,641, wiiose essence lies in the fact that these lamellas are
fitted with mirror surfaces ai their opposite sides that enable the crew to have at
least partial view when the lamellas are partially open. The reflection and
refraction of the image on- ihe mirror surface of armour lamellas can, however,
result in a certain distortiéh of the image when observing the external situation
and, simultaneously, this solution can contain the danger that in the same
manner as the image is reﬁected, a bullet can be reflected when the window is
hit and it gets through thé half-open lamellas into the intemnal space of the

vehicle.

The task of the submitted invention is thus the improvement of the current
transparent armour systerﬁs for bullet-proof windows and observation slits of
mobile transport armoured, vehicles with the goal to achieve the optimum ratio
between the thicknesslof:\ ,tihe window or observation slit pane and its ballistic
resistance against even thé bullets with the highest existing piercing capability,
whilst maintaining its accep;table weight and price.

Summary of the Inventiori

To a large extent, this task is solved by a transparent armour system designated
especially for bullet-proof windows and observation slits of mobile transport
armoured vehicles, consiSﬁng of transparent armour and external protective
movable louver with tilting lamellas, in accordance with the submitted invention,
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whose essence lies in the fact that between the steel tilting lamellas of the

- protective louver there is inserted minimally one transparent tilting lamella and

the transparent armour |s at least in the\ area under the transparent tilting
lamella and at the same héight level, fitted with minimally one transparent hard
layer from single crystal sapphire.

Furthermore, the essence ;::f the invention lies in the fact that the transparent
armour is advantegously c;réated by a composite set of sandwiched transparent
glass and/or polymer layeré that are interconnected with transparent adhesive
layers, for example on the l}asis of polyvinylbutyral (PVB) or polyurethane (PU),
when the transparent hard 'iayer from single crystal sapphire is created by panel
segments, which are laterally interconnected together into minimally one strip,
inserted into at least one transparent glass and/or polymer layer, and create a
part of the window or obs,érvation slit on the level of the driver's or crew’s direct

view.

The creation of a transparent hard layer from single crystal sapphire in the form
of a namrow strip, put m ;:the transparent armour under a transparent tilting
lamella, results in conside_réble savings in costs, however, the transparent hard
layer from single crystéi sapphire can be, mainly in the cases of smaller
windows or observation ,;slits, created for example from panel segments
arranged mosaic-like on thé whole surface of the transparent amour.

The panel segments of the transparent hard layer from single crystal sapphire
are also advantageously created from single crystal sapphire parallelly and/for
with angle deviation of 'up to + 45° from its crystallographic planes whose
interplanar distance is 3.1 to 3.9 A. The size of these segments from single

- crystal sapphire can be varied, e.g. 50+100 x 150+300 x 7+20 mm.

-
This increases the efﬁcié.ncy of dissipating the bullet's kinetic energy by
deflecting it from its original direction during its penetration through this sapphire
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transparent hard layer in ithe angle of up to 75°. One of the fundamental
principles of the invention is thus based on the utilization of only certain specific
crystallographic orientation 9f sapphire in the transparent hard layer.

It is the utilization of these planes or more precisely of these secondary
crystallographic orientations of single crystal sapphire cbntrary to the so far
utilized primary planes, mamed for example by letters a or ¢, which enables the
above mentioned signiﬁcént deflection of the bullet and the consequent
dissipation of its kinetic energy in the structure of the transparent ammour
according to the 'invention._' in comparison with the so far existing transparent
armours on the basis of glass composition and single crystal sapphire, the
utilization of the requisité specific crystallographic orientation of sapphire
according to the invention’:enables the decrease in weight of this transparent
ceramic hard sapphire level of 40 to 50 %. '

This effect of the secondary crystallographic orientations of single crystal
sapphire has not been taken into account so far for the known transparent
armour, including the technology state, known in the description, of the stated
armour in accordance with file WO 2006/135832. It can be sufficiently proven
also by the method of their manufacture since the EFG method, stated in this
file, cannot achieve: at all these secondary and completely specific
crystallographic orientation$ of single crystal sapphire.

This transparent hard layer with minimal interplanar distance of 3.1 to 3.9 A
between the structural pianes of single crystal éapphire creates in the most
advantageous version of the invention a hard frontal extemal side of the armour
and, to ease the maintenance, the frontal external side of the armour can be
fitted with a thin extermal cover layer from non-fragmentable polymer material,
such as polycarbonate, safety foil or also from glass, put on the external surface
of this transparent hard layer. However, in other altemative versions of the
invention, this transparent hard layer can be built into the composite set of
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sandwiched and surface-interconnected transparent glass and/or polymer layers
as one of the intemal layers, i.e. between the transparent glass layers or
between the transparent polymer layers, e.g. from polymethylmethacrylate, or
between one transparent glgss layer and one transparent polymer layer.

Although the submitted im_)ention takes into account also the variant of more
than one such transparent hard layer from single crystal sapphire in the
structure of tranéparent aérnour, from the point of view of the purpose to be
followed and of the almost surprisingly high achieved effect one such
transparent hard layer is fully sufficient in comparison with similar armours. The
replacement of one such layer in the structure of transparent armour according
to the invention with twq,q_r more layers, even.of the same total thickness, has
not shown so far as efﬁcigc;t or well-founded.

In the specific advantag.e:gys version of the invention, this transparent hard layer
with minimal interplanar dfstance of 3.1 to 3.9 A between the crystallographic
planes is created from ‘sﬁiqgle crystal sapphire parallelly with and/or with angle
deviation of up to 45° ff_ribm one of the structural planes, determined e.g. by

Miller's indices ( 01 72); :(;1072); (1 702). These structural planes are marked
in some sources also as r planes and the interplanar distances of these planes
are 3.479 A. The r planes are also unequivocally characterized by Wolf-Bragg
angle 6 of the size of 12° 48".

On the level of the direci view from the vehicle with the transparent armour
system according to the invention there is both minimally one strip of sapphire
hard layer in composite;:;s;_andwich set of the whole window and minimally one
transparent tilting Iamell? of the extemal protective movable louver. This
transparent tilting lamella js manufactured from non-fragmentable polymer, such
as polycarbonate (PC), célour—tinted and covered with a non-reflexive layer. This
transparent lamella is;usu:ally of the same colour as the colour of the steel
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lameltas surface. The rear. and front sides of the transparent armour can be
covered with a non-fragmentable polymer layer or safety foil. The steel tilting
lamellas of the movable louver have the corresponding level of baliistic
resistance pursuant to STANAG 4569 which provides, when added up with the
sandwich composition of the window, LEVEL 3a (for bullet 7.62 x 51 AP8) and
LEVEL 4. ‘

The advantage of the tra;j,_sparent armour system according to the invention is
that in case of a live amrﬁt;)nition attack it decreases the probability of the hit of
the transparent lamella anqj the surface of the window sapphire strip to 6.7% for
one bullet, to 0.44 % for t_hé second hit and to 0.03 % for the hit of the third bullet
which means a huge cont_iribution to the safety of the vehicle crew. The same
colouring of all the lamellas disables the attackers to focus the fire only on the
transparent tilting lamelia.

The narrowing of the window into only a narrow strip solves also the improved
view of the crew after a péssible hit of this strip since the rays of the cracks in
the lower glasses spread only to a limited extent even in case of a multihit and
after tilting up the titting I?mellas of the movable louver the view through the
remaining surface of the window is sufficient. The advantage is also the
psychologically signiﬁcant}y increased sense of the crew’s safety behind the
tilted steel lamellas compéjred to a certain insecurity of the protection by only the
large-surface transparent é;omposition of the window.

The higher order costs saving when utilizing sapphire only in the narrow strip is
evident and the reduction of the thickness of the whole window sandwich is the
result of adding up its protection and the protection by steel lamellas.

The essence of the invention lies furthermore in the method of manufacture of
the transparent hard layer, from single crystal sapphire of the transparent ammour
system, whose core lies |n the fact that according to the crystallographic
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orientation of sapphire,- selected from its crystallographic planes whose
interplanar distance is minimally 3.1 to 3.9 A, growth nucleus is first made and,
consequently, a sapphire fsingle crystal panel or cylinder is manufactured by
crystallization in this oﬁehtation parallelly with the base, forming after the
subsequent cutting, grindiﬁg and polishing individual panel segments, which
after being assembled together and after being connected to a set of already
connected transparent glass and/or polymer layers form together with the
external cover layer the front external side of the composite set of the armour.

The sapphire single crystél is advantageously manufactured by the method of
horizontally oriented crystallization (HDC). This method of manufacturing is thus
based on one of the bas@c versions of the Bridgman-Stockbarger method of the
manufacture of corundurﬁ single crystals, consisting of the creation of the
conditions for the nucleaﬁén of the nucleus ‘single crystal in one point, followed
by the growth of the single crystal in the themmal field with the temperature
gradient in the direction éfrom the higher temberature zone to the lower
temperature zone. The. désired thermal gradient is created for example by
electrical regulation of heating elements. In the horizontal version of this method,
the method of controlled. crystallization is combined with the method of zonal
melting and the sapphire single crystals are grown in molybdenum boats in
vacuum or at decreased;-pfressure 0.2 to 0.3 torr in CO, atmosphere. Under this
method it is the possible to grow single crystal plates measuring 300x300x40
mm and more. '

The sapphire single crksial is advantageously manufactured by the method
consisting of the crystal_' growth on a cooled nucleus that is emerged in melt
which is carefully and sl_m}vly cooled down in a pbt. This method is in essence
equal to the HDC metho;i but is based on the Kyropoulos method which is
characterized by low thermal gradients (several °C per 1 mm) in the growth and
cooling zones, leading to a low density of structural defects. In the course of the
growth the growing crystal can be slightly pulled out from the melt, however, it
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On the contrary, the meth¢d of manufacture of the known transparent armour in
accordance with WO2006/135832 by the EFG method is based on one of the
basic versions of the 'Y-Stepanov method of corundum single crystals
manufacture, when the rgelt is fed into the crystallization zone by capillary
forces, originating betweeh the matrix and meilt, and which differs significantly
from the HDC method or the Kyropoulos method in the speed of heat dissipation
from the crystallization zohe. With this method, the ratio of the radiation area to
the crystal volume is significantly lower under the otherwise same conditions.
For these reasons, it is impossible to achieve with the EFG method, apart form
others, significantly lower values of density of structural defects which namrows
down the application possibilities of this method.

Brief Description of the Drawings

The invention will be claﬁﬁed in more detail with drawings of specific examples

of transparent armour sy;c,tem version according to the invention where they

depict: »'

Fig. 1 — transparent armour system with transparent armour and protective
movable louver in preferred version

Fig. 2 - schematic depiction of an alterative version of only the transparent
armour in cross section

Fig. 3 - indication of bullet deflection when hitting the transparent armour
‘when a test is being performed

Fig. 4 - rplane position in the sapphire crystal space
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Description of the Preferéd Embodiment

Example 1

The transparent armour system in an exemplar version, depicted on Fig. 1,
consists of a transpare}nt armour 1 and an extemnal protective movable louver 7
with bullet-proof horizontally arranged steel tilting lamellas 8, between which, on
the level of the driver's diréct view, is inserted one horizontal transparent tilting
lamelia 9, replacing in this place the steel tilting lamella 8. Under the transparent
titing lamella 9 there is on the same height level the transparent armour 1,
fitted with the transparent Eard layer from single crystal sapphire 4.

The transparent armour 1 is formed with a composite set of sandwiched and
surface-interconnected four transparent glass layers 2, when the transparent
hard layer from single crystal sapphire 4 is created by panel segménts which are
laterally interconnected together into one strip, inserted into a transparent giass
layer 2 on the frontal part of the transparent amour 1. The transparent glass
layers 2 are created by glass paneis from sodium-potassium float glass which
can be chemically hardenéd or thermally treated. The transparent glass layer 2
on the front side of the tnfansparent armour including the inserted transparent
hard layer from single cryétal sapphire 4 is fitted with an upper cover layer 5, in
this case created by a QIass layer, and on the rear side of the transparent
armour 1 by a non-fragmehtable bottom cover layer 3, in this case created by a
polycarbonate layer. In dther cases both the upper and bottom cover layers 3.5
can be formed by a nonﬁfragmentable polymer foil or by a combination of a
polycarbonate layer on one side and a polymer foit on the other side of the

transparent armour 1.

The panel segments of the transparent hard layer from single crystal sapphire 4
are created from single crystal sapphire pérallelly with its structural planes with
the interplanar distance of these planes 3.479 A.
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To surface-interconnect all the individual transparent layers 2, 3, 4 and 5,
adhesive layers 6 are utilized which are created by transparent thermoplastic
foils. '

The tilting lamelias 8,9 are %fastened in the external protective louver with the aid
of holders 11 and are controllable from the intemal space of the vehicle. The
transparent tilting lamella 9 is manufactured from non-fragmentable polymer,
colour-tinted and covered with a non-reflexive layer 10, the colour of this
transparent lamella 9 is identical with the surface colour of the steel tilting

lamellas 8.

Example 2

The transparent amour system according to the invention in an alternative
version, corresponding to Fig. 1, consists as in the first exemplar version also of
the transparent amour~,f6med with a composite set 1 of sandwiched and
surface-interconnected four transparent glass layers 2 and of the extemal
protective movable louver 7 with bullet-proof horizontally arranged steel tilting
lamellas 8, between whicp, on the level of the driver's direct view, is inserted
one horizontal transparenf tilting lamella 9 , under which there is on the same
height level the transparent armour 1, fitted with the transparent hard layer
from single crystal sapphire 4. The composite set of the transparent armour 1 is
also identical with the first version example, only, as shown above, the bottom
cover layer 3 is created with the polycarbonate layer and the upper cover layer 5
with a polymer foil. |

The difference from the ﬁrst exemplar version of the invention thus lies in the
fact that the panel segménts of the transparent hard layer from single crystal
sapphire 4 are manufactured with angle deviation of + 30° from its
crystallographic planes wljose interplanar distance is 3.479 A .
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The advantage of this solution is, on one hand, an easier dissipation of the bullet
kinetic energy in the medium with thinner atom density of the marked
crystallographic planes and, on the other hand, their better geometry regarding

the entry of the bullet into their bundie.

Example 3

Fig. 2 then schematically depicts an alternative version of the transparent
armour 1 itself of the iransparent armour system, consisting also of the
composite set 1 of san_dwiched and surface-interconnected two transparent
glass layers 2. The trans;iarent glass layers 2 are created by glass panels from
sodium-potassium glass',_;one with thickness of 12 mm and the other one with
thickness of 8 mm and cbivered in the rear part with a safety bottom cover layer
3 from polyester foil.

-

Furthermore, the transparent armour 1 is fitted with one full-area transparent
hard layer from single crf(stal sapphire 4 with thickness of 25 mm, set on the
transparent glass layer 2 with thickness of 12 mm. This transparent hard layer
from single crystal sapphire 4 is created from individual laterally connected
panel segments (4.1) arranged mosaic-like from single crystal sapphire parallelly

with its structural planes, detennined by Miller’s indices (1 10 2), marked further
in Fig. 4 as the r planes, Zwith the interplanar distance of these planes 3.479 A
and angle 8 with size of 12° 48". To be complete, Fig. 4 depicts also the a, ¢
planes used so far. k

On the external surface of the full-area transparent hard layer from single crystal
sapphire 4 there is set up the glass cover layer 5§ with the thickness of 2 mm,
creating the frontal external side of the composite set 1. The rear side of the
composite set 1 is created by the already mentioned bottom cover layer 3 from
safety foil with the thickne§s of approximately 1.0 mm which is set up on the
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intemai transparent giass layer 2.

To interconnect ali the inciividuai transparent layers 2, 3, 4 and 5, adhesive
layers 6 are utilized whicﬁ are created with PVB thermopiastic foiis with the
width of 0.65 mm. ‘

Thus the total thickness of the transparent amour 1 is approximately 50 mm
and, as it can be further seen from Fig. 3, this armour 1 is sufficiently resistant
against the bullet 7.62x51 AP8 (WC). This resistance is assisted significantly by
the deflection of the bullet by the angie of up to 75°, as it is depicted in this
figure.

The composite set of the; transparent armour 1 according to the invention is
principally made utilizing; common methods. The essence of its method of
manufacture according'{_t':o the invention lies only in the creation of the
transparent hard layer frém single crystal sapphire 4, when depending on the
crystallographic orientatio;n of the sapphire, selected from its crystallographic
planes whose interplanar distance is 3.479 A, there is first made growth nucleus
and subsequently cylindrical or flat sapphire single crystal is made by
crystallization from the melt, forming after the subsequent cutting, grinding and
polishing parallelly or under an angle, corresponding to the selected angle
deviation from these crystallographic planes, i.e. for the second example of
version under the angle of 30°, individual panel segments (4.1). These
individual panel segnﬁeh_tzs (4.1) then after being assembied together and after
being connected to a set of already connected transparent glass layers 2 form
together with the cover dlass layer 5 the front external side of the armour. The
sapphire single crystal is manufactured from its melt by the Kyropoulos method.
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PATENT CLAIMS

1. The transparent armour system which is designated especially for bullet-proof
windows and obsewafion slits of mobile transport armoured vehicles,
consisting of transparerit armour (1) and extemal protective movable louver
(7) with tilting lamellas(8,9), characterised by the fact that between the
steel tilting lamellas (8) of the extermal protective movable louver (7) there is
inserted minimally one transparent tilting lamella (9) and the transparent
armour (1) is, at least in' the area under the transparent tilting lamella (9) and
at the same height level, fitted with minimally one transparent hard layer from
single crystal sapphire (4).

2. The transparent armour, system according to claim 1, characterised by the
fact that the transparént armour (1) is created by a composite set of
sandwiched transpareht glass and/or polymer layers (2) that are
interconnected with trahsparent adhesive layers (6), when the transparent
hard layer from single crystal sapphire (4) is created by panel segments (4.1)
which are laterally interconnected together into minimally one strip, inserted
into at least one transbarent glass and/or polymer layer (2), and create a
part of the window or observation slit on the level of the driver’s direct view.

3. The transparent armour system according to claim 2, characterised by the
fact that the panel segments (4.1) of the transparent hard layer from single
crystal sapphire (4) are ;manufactured parallelly and/or with angle deviation of
up to + 45° from its crystallographic planes whose interplanar distance is 3.1
to 3.9A. '
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. The transparent armouf system according to claim 3, characterised by the

fact that the panel seg@ents (4.1) of the transparent hard layer from single
crystal sapphire (4) with the minimal interplanar distance of 3.1 to 3.9 A
between the crystallographic planes are created from single crystal sapphire
parallelly and/or with éngle deviation of up to + 45° from its crystallographic

planes, determined e.g. by Miller’s indices (011 2); (1012); (1102).

5. The transparent armour,system according to at least one of the claims 2 to 4,

characterised by the fact that the transparent hard layer from single crystal
sapphire (4), created fwith the panel segments (4.1) which are laterally
interconnected together into a strip, is inserted into a transparent glass
and/or polymer layer (2£) on the front side of the transparent armour (1).

. The transparent armour system according to at least one of the previous

claims, characterised by the fact that the front side of the transparent
armour (1) is fitted with the upper covering layer (5).

. The transparent armégir system according to at least one of the previous

claims, characterisedf’by the fact that the transparent tilting lamella (8) of
the extemal protectiv:—_} louver (7) is manufactured from non-fragmentable
polymer, colour-tinted and covered with a non-reflexive layer (10).
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8. The method of manufacture of the hard transparent layer from single crystal
sapphire (4) of the transparent armour system (1) according to claim 1
characterised by the fact that according to the crystallographic orientation
of sapphire, selected from its crystallographic planes whose interplanar
distance is minimally 3.1 to 3.9 A, growth nucleus is first made and,
consequently, a sapphife single crystal panel or cylinder is manufactured by
crystallization in this oﬁentation parallelly with the base, forming after the
subsequent cutting, grinding and polishing individual panel segments (4.1),
which after being assembled together and after being connected to a set of
already connected transparent glass and/or polymer layers (2) form together
with the external cover layer (5) the front external side of the composite set
of the armour (1). -

9. The method of manufac?:ture of the transparent armour according to claim 8,
characterised by the fact that sapphire single crystal is manufactured by
the method of horizontélly oriented crystallization (HDC).

10. The method of manufacture of the transparent armour according to claim 8, -
characterised by the fact that sapphire single crystal is manufactured by
the method according to Kyropoulos.
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