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DESCRIPTION

TECHNICAL FIELD

[0001] This invention relates to a method for manufacturing a transparent ceramic material used to construct a
magneto-optical device such as optical isolator, i.e., suited for use in magneto-optical devices.

BACKGROUND ART

[0002] With the advance of laser processing machines, magneto-optical devices utilizing the interaction of light and
magnetism have recently become of much interest. One of these devices is an isolator, which functions to inhibit the
phenomenon that if the light oscillated from a laser source is reflected by the optical system in its path and is
returned to the light source, then it disturbs the light oscillated from the laser source, to cause an unstable oscillation
state. Accordingly, on use, the optical isolator is arranged between a laser source and an optical member so as to
take advantage of the function.

[0003] The optical isolator comprises three parts, a Faraday rotator, a polarizer arranged on the light-input side of
the Faraday rotator, and an analyzer arranged on the light-output side of the Faraday rotator. The optical isolator
utilizes the nature, commonly known as the Faraday effect, that when light enters the Faraday rotator under the
condition where a magnetic field is applied to the Faraday rotator in a direction parallel to the light traveling direction,
the plane of polarization is rotated in the Faraday rotator. Specifically, a component of the incident light having the
same plane of polarization as that of the polarizer is transmitted by the polarizer and enters the Faraday rotator. The
light is rotated by +45 degrees relative to the light traveling direction in the Faraday rotator, and then emerges
therefrom.

[0004] By contrast, when the return light entering the Faraday rotator in an opposite direction to the incident
direction first passes through the analyzer, only a component of the light having the same plane of polarization as
that of the analyzer is transmitted by the analyzer and enters the Faraday rotator. In the Faraday rotator, the plane
of polarization of the return light is further rotated by +45 degrees in addition to the initial +45 degrees. Since the
plane of polarization of the return light is at a right angle of +90 degrees with respect to the polarizer, the return light
is not transmitted by the polarizer.

[0005] The Faraday rotation angle 6 is represented by the following formula (A).

0 = VFH*L (A)

In formula (A), V is a Verdet constant which is determined by the material of the Faraday rotator, H is a magnetic flux
density, and L is the length of the Faraday rotator. For use as an optical isolator, L is determined so as to give 8=45
degrees.

[0006] It is important that the material to be used for the Faraday rotator of the optical isolator mentioned above
have a significant Faraday effect and a high transmittance at the wavelength on use.

[0007] Also, if a polarized component different from the incident light is generated in the output light, this different
polarized component is transmitted by the polarizer, indicating insufficient blockage of the return light.

[0008] For the evaluation of the generation of a different polarized component, polarized light of 0 to 90 degrees
enters a material used as the Faraday rotator, output light is transmitted by the polarizer into a photodetector, and
the intensity of light is measured by the photodetector. From the maximum intensity (Imax) and minimum intensity
(Imin), an extinction ratio (S) is computed according to the following equation.

§ = -10 log (Imin/Imax) (unit: dB)

While higher values of extinction ratio are important, an extinction ratio of at least 30 dB is generally required.
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[0009] Recently, JP-A 2010-285299 (Patent Document 1) discloses a single crystal oxide of (TbyRe.4)203 (wherein

0.4 £ x = 1.0) and transparent oxide ceramics as the material having a high Verdet constant.

[0010] Also JP 4033451 (Patent Document 2) discloses a rare earth oxide represented by the general formula:
R>O3 wherein R is a rare earth element, which is free of birefringence since its crystal structure is cubic. It is

described that a sintered body having a high degree of transparency can be produced if pores and impurity
segregates are completely removed.

[0011] Further, JP-A H05-330913 (Patent Document 3) describes that addition of sintering aids is effective for
removing pores. JP 2638669 (Patent Document 4) discloses removal of pores by hot isostatic pressing and re-
sintering. One preparation method involves adding one or more of the sintering aids disclosed in JP-A H05-330913
(Patent Document 5) or the like, mixing, compacting, calcining, sintering in vacuum, and HIP treating.

[0012] JP-A 2010-285299 (Patent Document 6) discloses a transparent oxide ceramic material of (TbyRe1.4)203

(wherein 0.4 < x < 1.0). Although this ceramic material basically has a cubic crystal structure, it sometimes exhibits
faint birefringence because a sintering aid incorporated therein can react with the main component to form a phase
different from the cubic crystal that precipitates within crystal grains or at grain boundaries. This may invite a
lowering of extinction ratio.

[0013] Since the precipitates are of submicron size, laser light irradiated to the ceramic material is scattered there.
Due to scattering, the insertion loss may be reduced.

[0014] Also when ceramic materials are sintered, the composition of the main component (TbxRe1.x)203 and the

concentration of sintering aid vary between the interior and the outer periphery of the ceramic material due to
segregation, resulting in variations of extinction ratio and insertion loss within the ceramic surface.

CITATION LIST

Patent Documents

[0015]

Patent Document 1: JP-A 2010-285299
Patent Document 2: JP 4033451

Patent Document 3: JP-A H05-330913
Patent Document 4: JP 2638669
Patent Document 5: JP-A H05-330913
Patent Document 6: JP-A 2010-285299

Transparent ceramic materials and methods for constructing the same are described in the prior art in JP 2010
285299 (A), JP 0433451 (B2), WO 2010/044472 (A1), and JP 2009 023872 (A).

SUMMARY OF INVENTION

Technical Problem
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[0016] An object of the invention is to provide a method for manufacturing a transparent ceramic material based on
a rare earth oxide containing terbium oxide having a high Verdet constant in a span of wavelength 1.06 pm (0.9 to
1.1 um) and suited as magneto-optical material, which exhibits in-plane uniformity and high transparency, and
minimal scattering, and thus enables to reduce the insertion loss and increase the extinction ratio for thereby
offering a magneto-optical material with improved properties.

Solution to Problem

[0017] Since a ceramic material containing terbium oxide and an oxide of rare earth element (scandium, yttrium,
lanthanum, europium, gadolinium, ytterbium, holmium or lutetium) as main components tends to cause scattering so
that the insertion loss may be increased, and inversely, the extinction ratio be reduced, it is very difficult to apply this
ceramic material to an optical material for optical isolators posing strict requirements on optical properties.

[0018] Under the circumstances, the invention has succeeded in providing a method for manufacturing an optical
ceramic material based on rare earth oxides and having a minimal compositional variation and optical uniformity, by
(1) using a starting material having good sinterability and a specific particle size distribution, (2) using a sintering aid
having good sinterability and capable of maintaining the ceramic crystal structure cubic, (3) sintering in vacuum or
an oxygen-free non-oxidizing atmosphere at an optimum temperature and hot isostatic pressing (HIP), and (4)
pressure firing the sintered body of step (3) for reducing heterophase precipitates or pores which cause scattering.

[0019] Accordingly, the invention provides a method for manufacturing a transparent ceramic material as defined in
claims 1 to 4.

Advantageous Effects of Invention

[0020] The transparent ceramic material manufactured by the method of the invention exhibits improved optical
properties in the visible to infrared spectrum which are not available with the same ceramic composition described in
JP-A 2010-285299.

This transparent ceramic makes it possible to provide a magneto-optical device whose performance is equal to or
better than the existing monocrystalline materials like terbium gallium garnet.

[0021] Since the ceramic material is also improved in optical loss and optical uniformity over the prior art ceramic
materials, it contains very few birefringence components, causes little scattering and enables to manufacture a
functional device for an optical isolator in the infrared region between about 500 nm and about 1.5 pm.

BRIEF DESCRIPTION OF DRAWINGS

[0022]

FIG. 1 is a flow sheet illustrating one exemplary method for manufacturing a polycrystalline transparent rare earth
oxide ceramic material.

FIG. 2 illustrates the profiles of measured transmittance of transparent ceramic materials.

FIG. 3 is a conceptual view of an isolator.

DESCRIPTION OF EMBODIMENTS
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Transparent ceramic material (Reference embodiment)

[0023] A reference embodiment is a transparent ceramic material comprising at least 40% in molar fraction of
terbium oxide (chemical formula: Tb,Og) and at least one oxide selected from among yttrium oxide, scandium oxide,

and a lanthanide rare earth oxide, having an absorption of up to 1% at wavelength 1.065 ym as main components,
characterized in that

1. (1) the crystal structure of the terbium oxide-based ceramic material does not contain any heterophase other
than cubic,

2. (2) the mean crystal grain size is in a range of 0.5 to 100 um, and

3. (3) the ceramic material comprises a sintering aid which does not cause any heterophase other than cubic to
precipitate in the crystal structure of the terbium oxide-based ceramic material.

[0024] In the ceramic material comprising terbium oxide (a) and oxide (b), provided that their total is 1 (100 mol%)
in molar fraction, terbium oxide (a) is at least 40 mol%, preferably 40 to 60 mol%, with the balance being oxide (b).
The ceramic material of the invention consists essentially of terbium oxide (a), oxide (b), and a sintering aid.

[0025] It is believed that terbium oxide alone undergoes phase transition from cubic to monoclinic near 1,400-
1,600°C. Thus, since a temperature of 1,400 to 1,600°C is employed in the sintering of a rare earth oxide ceramic
material containing terbium oxide, inevitably phase transition from monoclinic to cubic takes place during sintering or
cooling. If some monoclinic grains are left without phase transition, these grains become heterophase precipitates,
which cause scattering. Also since monoclinic grains are anisotropic, they exhibit birefringence. It is thus
recommended to add a sintering aid which promotes smooth phase transition from monoclinic to cubic. As the
sintering aid, use may be made of 4A Group elements such as titanium, zirconium and hafnium, calcium, scandium,
yttrium, and lanthanide elements having no absorption around wavelength 1.06 ym.

[0026] These elements have no absorption around wavelength 1.06 pm. Also, since the 4A Group elements are
used as a stabilizer on sintering of yttria, they are effective as a stabilizer for the rare earth oxides containing terbium
oxide according to the invention. Since calcium has a strong ionic character and high reactivity, it readily forms a
solid solution with rare earth oxides. Other elements except the above-specified elements have problems, for
example, since they have absorption around wavelength 1.06 um or are unlikely to form a solid solution with rare
earth oxides, they will precipitate alone without reacting as the sintering aid; because of excessively high activity, the
size of crystal grains cannot be controlled to an optimum range; they gradually react with moisture over a long
period of time, so that the ceramic material becomes hygroscopic and devitrifies.

[0027] Of these elements, the element selected from titanium, zirconium, hafnium and calcium is preferred as the
sintering aid. When these elements are incorporated as the sintering aid, most desirably they take the form of oxide,
but may take the form of fluoride, nitride or carbide.

[0028] Further, the amount of these elements incorporated as the sintering aid is desirably 0.001 to 1% by weight,
more desirably 0.01 to 1% by weight of the overall transparent ceramic material. If the amount is below the range, a
stable effect of sintering aid is not exerted. If the amount is beyond the range, an extra portion precipitates alone
rather than forming a solid solution, which causes scattering.

[0029] The ceramic material is polycrystalline. The mean crystal grain size is generally in a range of 0.5 to 100 pm,
preferably in a range of 1 to 50 ym. If the mean crystal grain size exceeds 100 pym, there is a drawback that
impurities tend to precipitate at the grain boundary, and air bubbles are frequently left in the grain interior or grain
boundary, which causes light scattering and deteriorated thermal mechanical properties. It is noted that the mean
crystal grain size is an average of lengths of 100 crystal grains in an arbitrary field of view when observed under a
scanning electron microscope or optical microscope.
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[0030] Preferably, the ceramic material has (1) an in-line transmittance of at least 70%, more preferably at least
72%, in the baseline of light transmission at wavelength 1,000 nm and (2) an in-line transmittance of at least 55%,
more preferably at least 60%, and even more preferably at least 65%, in the baseline of light transmission at
wavelength 600 nm, as measured in a thickness direction of a sample of 10 mm thick.

[0031] If the in-line transmittance (1) is less than 70%, or if the in-line transmittance (2) is less than 55%, substantial
light scattering occurs at the grain or grain boundary, or substantial light absorption occurs at the grain and so, the
material is difficult to use in the application intended herein. As used herein, the term "baseline" refers, in case
where absorption of the sintering aid or rare earth oxide such as terbium oxide appears in a transmission spectrum
of transmittance versus wavelength, to a transmission spectrum extrapolated on the assumption that the absorption
is nil. The in-line transmittance is measured herein by using a spectroscopic analyzer Spectrometer Model U3500
(Hitachi Ltd.), polishing a sample of 6 mm diameter and 10 mm thickness to a surface roughness Rms of up to 1 nm,
and projecting a beam with a diameter of 1 to 3 mm.

[0032] Preferably, the ceramic material has (1) an insertion loss of up to 1.2 dB, more preferably up to 1 dB, at
wavelength 1,065 nm and within a plane of at least 90% of the measurement surface and (2) an extinction ratio of at
least 30 dB at wavelength 1,065 nm and within a plane of at least 90% of the measurement surface, as measured in
a thickness direction of a sample of 10 mm thick.

[0033] If the insertion loss (1) exceeds 1.2 dB, substantial light scattering may occur at the grain or grain boundary,
or substantial light absorption occur at the grain and so, the material may be difficult to use in the application
intended herein. If the extinction ratio (2) is less than 30 dB, substantial birefringence may occur at the grain or grain
boundary, and the material may be difficult to use in the application intended herein.

[0034] Herein, the insertion loss is measured by resting a ceramic sample on a V block, directing coherent light of
wavelength 1.065 ym and power several mW perpendicular to the ceramic sample, and measuring the light intensity
by a semiconductor photodetector. Provided that the light intensity obtained where the ceramic sample is not
inserted is a reference, a reduction of the light intensity relative to the reference is expressed in dB unit. It is noted
that a sample of 6 mm diameter and 10 mm thickness polished to a surface roughness Rms of up to 1 nm, a surface
planarity of up to A4, and a parallelism between opposed end faces of up to 0.5° is used. The measurement value
includes surface reflection on opposed end faces.

[0035] The V block on which the ceramic sample is rested can be moved in a direction perpendicular to the incident
light. This enables measurement of the in-plane distribution of the ceramic sample. Accordingly, the distribution in a
plane of at least 90% of the measurement surface is obtained by performing measurement at a series of points while
moving the V-shaped block to a distance of 95% of the diameter.

[0036] Herein, the extinction ratio is determined by resting the ceramic sample on the V block, directing coherent
light of wavelength 1.065 um, power several mW, and polarization 0 degree and 90 degrees to the ceramic sample,
directing output light to a semiconductor photodetector via a polarizer, measuring the intensity of light in the
photodetector, and calculating an extinction ratio from the maximum intensity (Imax) and minimum intensity (Imin),
the extinction ratio being expressed in dB unit. It is noted that a sample of 6 mm diameter and 10 mm thickness
polished to a surface roughness Rms of up to 1 nm, a surface planarity of up to M4, and a parallelism between
opposed end faces of up to 0.5° is used. The V block on which the ceramic sample is rested can be moved in a
direction perpendicular to the incident light. This enables measurement of the in-plane distribution of the ceramic
sample. Accordingly, the distribution in a plane of at least 90% of the measurement surface is obtained by
performing measurement at a series of points while moving the V-shaped block to a distance of 95% of the diameter.

[0037] Also preferably, the ceramic material has a refractive index distribution within 5x107°, more preferably 1x1 0%

to 2x10° at wavelength 633 nm, as measured at a thickness of 10 mm and on the transmission wavefront in a
region of at least 90% of the measurement surface. It is noted that the refractive index distribution can be
determined by using an interferometer G102 (Fujifilm Corp.) and measuring the sample transmission wavefront at
wavelength 633 nm.
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Method for manufacturing transparent ceramic material

[0038] The transparent ceramic material is manufactured by the following embodiment.

Solid phase reaction

[0039] The method for manufacturing a transparent ceramic material comprises:

the first step (1) of grinding and mixing source powders including (a) terbium oxide, (b) at least one oxide selected
from among yttrium oxide, scandium oxide, and a lanthanide rare earth oxide, and (c) a sintering aid which does not
cause any heterophase but cubic to precipitate in the crystal structure of a terbium oxide-based ceramic material,
said source powders (a) and (b) having same mean primary particle size of 30 to 2,000 nm,

the second step (2) of shaping the powder mix to form a green compact and calcining the green compact at 400 to
1,000°C in an oxidizing atmosphere to form a calcined body, or calcining the powder mix at 400 to 1,000°C in an
oxidizing atmosphere and shaping the powder mix to form a calcined body,

the third step (3) of firing the calcined body at 1,400 to 1,700°C in a non-oxidizing atmosphere to form a fired body,
and

the fourth step (4) of pressure firing the fired body at 1,400 to 1,800°C under a pressure of 19 to 196 MPa to form a
pressure fired body.

[0040] In the first step of the method of the present invention, (a) terbium oxide, (b) at least one oxide selected from
among yttrium oxide, scandium oxide, and a lanthanide rare earth oxide, having little absorption (not more than 1%)
at wavelength 1.065 pm, and (c) a sintering aid which does not cause any heterophase other than cubic to
precipitate in the crystal structure of a terbium oxide-based ceramic material are used. These source powders
having same mean primary particle size of 30 to 2,000 nm, preferably 100 to 2,000 nm are ground and mixed
together.

[0041] Herein terbium oxide (a) and oxide (b) are combined in such a molar fraction that terbium oxide (a) is at
least 40 mol%, preferably 40 to 60 mol%, with the balance being oxide (b).

[0042] Terbium oxide may be prepared by any well-known methods, or commercially available products may be
used. In general, most terbium oxide has the chemical formula: Tb4O7 rather than Tb,03. Thus Tb40O7 is used as the

source powder. It may be converted to TbyOg by reductive treatment in a hydrogen-containing hot gas atmosphere
at 1,000°C or above, or by holding in a hot air atmosphere at 1,000°C or above and quenching, prior to use as the
source powder. Terbium oxide desirably has a purity of at least 99% by weight, with a purity of at least 99.9% by
weight being preferred for use in the optical application.

[0043] The other source powder used herein is yttrium oxide, scandium oxide, or a lanthanide rare earth oxide
having little absorption at wavelength 1.065 pm, which desirably has a purity of at least 99% by weight, with a purity
of at least 99.9% by weight being preferred for use in the optical application.

[0044] Examples of the sintering aid which does not cause any heterophase other than cubic to precipitate in the
crystal structure of a terbium oxide-based ceramic material include 4A Group elements such as titanium, zirconium
and hafnium, calcium, scandium, yttrium, and lanthanide elements having no absorption around wavelength 1.06
pm. Inter alia, titanium, zirconium, hafnium, and calcium are preferred. To use these elements in high purity form,
they preferably take the form of oxide. The oxides of these elements desirably have a purity of at least 99% by
weight, with a purity of at least 99.9% by weight being preferred for use in the optical application. The amount of
these elements incorporated as the sintering aid is desirably 0.001 to 1% by weight, more desirably 0.01 to 1% by
weight.
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[0045] The source powders used in the first step have a primary particle size of 30 to 2,000 nm, preferably 100 to
2,000 nm, and more preferably 200 to 1,000 nm. If the primary particle size is less than 30 nm, the source power is
difficult to handle, and there are problems including difficult molding, a low compact density, a high shrinkage factor
on sintering, and crack susceptibility. If the primary particle size exceeds 2,000 nm, the source powder is less
sinterable, and it is difficult to obtain a sintered body having a high density and transparency. It is noted that the
primary particle size may be measured by a similar method as used in the measurement of mean crystal grain size.

[0046] These components are mixed in a pot mill or the like, using a standard mixing/grinding medium. Partially
stabilized zirconia balls are desired as the grinding medium for the following reason. Since zirconia can also be used
as the sintering aid, it is needless to consider the concomitant introduction of zirconia from zirconia balls.

[0047] In the pot mill, the source powders and sintering aid and optionally, at least one of dispersant, binder and
other additives are admitted. Further, pure water or an organic solvent such as ethyl alcohol is used as a solvent.
Milling may be continued for several hours to less than 20 hours. As the dispersant and binder, any compounds
used in the manufacture of ceramic material of this type may be used. For example, the dispersant such as
ammonium polyacrylate or ammonium polycarboxylate, and the binder such as methyl cellulose, ethyl cellulose, or
polyvinyl alcohol may be used in standard amounts.

[0048] The resulting slurry is passed through a spray dryer for solvent removal and agglomeration, forming
particles of several tens of microns. By subjecting the particles to primary shaping in a given mold and secondary
shaping by cold isostatic press (CIP), a green compact may be effectively prepared.

[0049] In the first embodiment, after the grinding and mixing step, the powder mix is shaped to form a green
compact, the green compact is calcined at 400 to 1,000°C in an oxidizing atmosphere to form a calcined body, and
the calcined body is fired at 1,400 to 1,700°C in a non-oxidizing atmosphere to form a fired body. On the other hand,
in the second embodiment, after the grinding and mixing step, the source powders are calcined at 400 to 1,000°C in
an oxidizing atmosphere, the calcined powder mix is shaped to form a compact, and the compact is fired at 1,400 to
1,700°C in a non-oxidizing atmosphere to form a fired body.

[0050] Herein, the first embodiment has the advantage that the binder used in the shaping can be oxidized and
burnt off by calcination. The second embodiment has the advantage that a change in valence of terbium oxide can
be suppressed by firing in a non-oxidizing atmosphere.

[0051] In the first embodiment, a compact may be obtained by a shaping procedure of press molding in a mold and
subsequent cold isostatic presssing (CIP).

[0052] In the first and second embodiments, the calcining step is carried out at 400 to 1,000°C, and preferably 600
to 1,000°C. The calcining atmosphere may be an oxidizing atmosphere. The oxidizing atmosphere may be air.
Although the calcining time varies with the calcining temperature, it is generally about 60 to 180 minutes.

[0053] The calcined powder thus obtained may be shaped by a similar procedure as described for the first
embodiment. When the compact is fired, it is fired at 1,400 to 1,800°C, preferably 1,400 to 1,600°C, obtaining a fired
body. The firing atmosphere is not particularly limited as long as terbium oxide Tb4O7 is converted to TboO3. For
example, the atmosphere may be vacuum, reducing atmosphere, inert gas atmosphere or the like. In the case of

vacuum firing, a pressure of 102 Pa to 10"® Pa may be used. Although the firing time varies with the firing
temperature, it is generally about 30 to 480 minutes. Through the step, the fired body desirably reaches a relative
density of at least 90%, more desirably at least 95%.

[0054] Next, in the first and second embodiments, the fired body is pressure fired at 1,400 to 1,800°C in a non-
oxidizing atmosphere, yielding a pressure fired body. The pressure firing technique is not particularly limited, and
may be hot pressing (HP) or hot isostatic pressing (HIP), for example. Particularly preferred in the practice of the
invention is the HIP technique because little strain is introduced due to uniformity of applied pressure. For example,
pressure firing may be carried out under conditions including argon gas as the pressure medium, a pressure of 19 to
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196 MPa, a time of 1 to 10 hours, especially 1 to 5 hours, and a temperature of 1,400 to 1,800°C, yielding a
transparent ceramic material.

[0055] Next, the powder mix and an oxide, fluoride or nitride of an element selected from among titanium,
zirconium, hafnium and calcium as a sintering aid are ground and mixed. This is followed by firing at 1,400 to
1,700°C, preferably 1,400 to 1,600°C in a non-oxidizing atmosphere as in the first and second embodiments, to form
a fired body, and pressure firing as in the first and second embodiments to form a pressure fired body.

[0056] In the practice of the invention, the following step may be further carried out if necessary or desirable. That
is, the pressure fired body resulting from the last step is annealed in an oxygen-free atmosphere at 1,500 to
2,000°C. This is referred to as annealing step, hereinafter.

[0057] At the stage past the step of forming a pressure fired body, the terbium oxide-containing ceramic material
has some problems. One problem is a possibility that not all terbium have a valence of 3, and crystal defects result
therefrom, which can cause light absorption. Another problem is associated with the belief that terbium oxide alone
undergoes phase transition from cubic to monoclinic around 1,400 to 1,600°C. Although phase transition from
monoclinic to cubic takes place upon sintering or cooling, if some monoclinic grains are left behind without
undergoing the phase transition, they become heterophase precipitates, which cause scattering.

[0058] Accordingly, to solve these problems, the pressure fired body is annealed in an oxygen-free atmosphere at
1,500 to 2,000°C, causing all terbium to have a valence of 3 and completing phase transition from monoclinic to
cubic during the annealing step. As to the annealing conditions, the annealing atmosphere may be any desired one
as long as it is free of oxygen, for example, it may be a vacuum, reducing, or inert gas atmosphere. In the case of

vacuum annealing, a pressure of 102 Pa to 10® Pa may be used. The annealing temperature is desirably 1,500 to
2,000°C, more desirably 1,500 to 1,800°C. Also, the annealing time is desirably 2 to 100 hours, more desirably 10 to
80 hours although it varies with the annealing temperature. The cooling time following annealing may be any desired
one as long as no cracks are formed, and it is generally 2 to 100 hours, preferably 2 to 50 hours.

[0059] In the transparent ceramic material thus obtained, carbon, tungsten and the like from the heater material of
which the heater is made, and aluminum, silicon, calcium and the like from the heat insulating material deposit on
the outer periphery of the ceramic material during the calcining, firing, pressure firing and annealing steps. They
behave as impurities to devitrify the transparent ceramic material. It is then necessary to remove such deposits by
chemical etching, mechanical machining or polishing the opposed end surfaces in the thickness direction.

[0060] For the chemical etching, the etching solution may be any acidic aqueous solution, for example, of mineral
acids such as hydrochloric acid, nitric acid, sulfuric acid and phosphoric acid and organic acids such as malic acid
and citric acid. On use of hydrochloric acid, for example, the outer peripheral surface can be etched away to a depth
of several hundreds of microns while heating at 60°C or higher.

[0061] In the case of mechanical machining, the surface may be ground to a depth of several hundreds of microns
to several millimeters, using a centerless grinding machine or external cylindrical grinding machine for the outer
peripheral surface or a surface grinding machine for the opposed end surfaces.

[0062] In the case of polishing, the surface may be polished to a depth of several hundreds of microns to several
millimeters, by rough polishing with a diamond slurry or SiC slurry, and subsequent precision polishing with colloidal
silica or the like.

[0063] Through the chemical etching, mechanical machining or polishing, an optical device having improved optical
properties can be formed.

Magnetooptical material
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[0064] The ceramic material manufactured by the method according to the invention is best suited in the
magnetooptical material application. In particular, the ceramic material manufactured by the method according to the
invention is suitably used as a Faraday rotator for an optical isolator at a wavelength of 0.9 to 1.1 ym, especially
1,065 nm.

[0065] FIG. 3 is a schematic cross-sectional view showing one exemplary optical isolator which is an optical device
having a Faraday rotator as an optical component.

[0066] In FIG. 3, the optical isolator 300 comprises a Faraday rotator 310, a polarizer 320 and an analyzer 330 of
polarizing material arranged upstream and downstream of the Faraday rotator 310. In the optical isolator 300,
polarizer 320, Faraday rotator 310 and analyzer 330 are arranged on an optical axis 312 in the order of 320-310-
330, and preferably, a magnet 340 is rested on at least one side surface of those components. The magnet 340 is
preferably received in a housing 350.

[0067] The isolator is preferably used in a fiber laser for a processing machine. Specifically, it is suitably used to
prevent the laser light emitted by the laser component from being reflected back to the component to make its
oscillation unstable.

EXAMPLES

[0068] Examples and Comparative Examples are given below for further illustrating the invention although the
invention is not limited thereto.

[Examples 1 to 63 and Comparative Examples 1 to 15]

[0069] Transparent ceramic materials based on terbium oxide-containing rare earth oxides were prepared in
accordance with the procedure shown in FIG. 1, using source powders and processing conditions shown in Tables 1
to 7 (Examples) and Tables 8 to 9 (Comparative Examples). It is noted that annealing was omitted in Examples 1 to
9.

[0070] A mixture was obtained by adding a predetermined amount of sintering aid to source powders, adding
effective amounts of ethyl cellulose and polyvinyl alcohol as dispersant and binder thereto, and mixing them in a pot
mill. The mixture was then spray dried to form particles having a particle size of several tens of microns. The
particles were molded in a mold as primary shaping and CIP as secondary shaping, obtaining a green compact. The
green compact was calcined in air at 200 to 1,000°C, and then fired in a predetermined atmosphere at 1,600 to
1,800°C. The fired body was further subjected to HIP treatment, and optionally annealed, yielding the desired
ceramic body (dimensions: diameter 6 mm, length 10 mm). The physical properties of the ceramic bodies thus
obtained are shown in Tables.

[0071] The heading "crystalline structure as sintered" in Tables 1 to 9 indicates whether the structure consists of
cubic grains or a heterophase is detected when a precipitate is observed under an optical microscope and analyzed
by EBSD or TEM-XRD.

[0072] In Tables 1 to 9, transmittance is measured by providing a sample of 10 mm thick and optically polishing
both the surfaces thereof. Insertion loss is also measured by providing a sample of 10 mm thick and optically
polishing both the surfaces thereof. Since no anti-reflection coating is provided, a reflection loss is inclusive.
Extinction ratio is measured by providing a sample of 10 mm thick and optically polishing both the surfaces thereof
and detecting the presence or absence of a polarized state.

[0073] At the end of pressure sintering and annealing, the sample was dimensioned to have a diameter of 6 mm
and a length of 12 mm. As to the peripheral and end face machining, the outer periphery was machined 2 mm and
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the end surfaces were machined each 1 mm, whereby the sample was ground, polished, etched or otherwise
processed to the finish dimensions, a diameter of 4 mm and a length of 10 mm.

[0074] According to the invention, a terbium oxide-containing oxide material having predetermined values of
average particle size, transmittance at a specific wavelength, insertion loss and extinction ratio is produced for
thereby enabling to improve the quality of an optical isolator used in a fiber laser for a processing machine.

[0075] It is noted that with respect to transmittance versus measurement wavelength including operation
wavelength 633 nm and 1,065 nm, FIG. 2 illustrates the "profiles of measured transmittance of transparent ceramic
materials." The curves are obtained by plotting the transmittance of Examples 1 and 11 relative to wavelength,
respectively. A transmittance of at least 50% is seen over the measurement wavelength range of 500 to 1,500 nm
including operation wavelength 633 nm and 1,065 nm, which demonstrates a transmittance of more than 55% or
more than 70% at the wavelength 600 nm or 1,000 nm as assigned by the invention.

Table 1
Example
1 { 2 { 3 { 4 { 5 { 6 { 7 { 8 { 9

Terbium oxide source powder

Primary

particle size 100 | 500 § 2,000y 100 § 500 §{ 2,000{ 100 } 500 | 2,000

(nm)

?{,'/i’)'ar fraction + 40 | 40 | 40 | 60 | 60 | 60 | 40 | 40 | 40
Rare earth oxide

Type Y203 Y203 Y203 Y203 Y203 Y203 Gd203 Gd203 Gd203

Primary

particle size 100 { 500 § 2,000} 100 { 500 § 2,000% 100 | 500 | 2,000

(nm)

?ﬁ'/i’)'ar fraction §  gq 60 60 40 40 40 60 60 60
Sintering aid

Type ZrOp § ZrOy § ZrOy | ZrOy § ZrOy § ZrOy | Z2rOy | ZrOy § ZrOy

Addition o5 { 05 { 05 { 05 | 05 { 05 | 05 | 05 | 05

amount (wt%)
Calcining

I,eC”)‘perat“re 200 { 200 §{ 200 | 200 | 300 300 { 300 § 300 | 400

Atmosphere air air air air air air air air air
Firing

I,eC”)‘perat“re 1,400 { 1,500 { 1,600 | 1,400 { 1,500 { 1,600 { 1,400 §{ 1,500 { 1,600

Time (hr) 4 4 4 4 4 4 4 4 4

Atmosphere vacuum j vacuum i vacuum j vacuum i vacuum j vacuum j vacuum i vacuum j vacuum
HIP

I,eC”)‘perat“re 1,600 { 1600 | 1,600 | 1,600 { 1,600 { 1,600 | 1,600 { 1,600 { 1,600

Time (hr) 2 2 2 2 2 2 2 2

Pres_sure Ar Ar Ar Ar Ar Ar Ar Ar Ar

medium

Pressure 49 49 49 49 49 49 49 49 49

(MPa)




DK/EP 2687500 T3

Example
1§ 2 { 3 { 4 {5 { 6 { 7 { 8 {9
Machining
Peripheral - - s - - s - - -
machining grindinggrinding grinding { grinding { grinding { grinding { grinding § grinding { grinding
End face . . . . . . . . .
machining etching § etching § etching | etching { etching § etching § etching § etching { etching

Sintered body

Primary grain

size (um) 0.5 2 10 0.5 2 10 0.5 2 10
Transmittance
@ 600 nm 62 64 65 61 62 64 61 64 64
@1,000 nm 70 72 72 70 71 71 70 72 71
Insertion loss
(dB) ! 1.0 {1 098 | 098 { 10 { 098 | 098 | 10 | 098 { 098
Extinction loss
{(dB) ! 32 | 35 | 40 | 33 | 36 | 42 | 32 | 36 | 41
Refractive index change
Anx107® 2 1 3 2 4 1 3 2 1
gsry;:]atlellire%structure cubic | cubic cubic cubic cubic cubic cubic cubic cubic
Table 2
Example
10 { 1 | 12 { 13 { 14 | 15 { 16 | 17 { 18
Terbium oxide source powder
Primary
particle size 100 { 500 § 2,000 { 100 | 500 §{ 2,000 { 100 { 500 { 2,000
(nm)
?f,'/f)’)'ar fraction £ 49 40 40 40 40 40 40 40 40
Rare earth oxide
Type LusO3 { LusO3 § LusO3 § Y503 Y503 Y503 Y503 Y503 Y503
Primary
particle size 100 { 500 § 2,000 { 100 | 500 {2,000 { 100 { 500 { 2,000
(nm)
?ﬂ/i’)'ar fraction £ g4 60 60 60 60 60 60 60 60
Sintering aid
Type Z2rOy | 2rO, { ZrO, | HfO, §| HfO, | HfO, | Ti0, | Ti0, | TiOs
gﬁﬂgﬁ?(wt%) 05 | 05 | 05 { 05 { 05 { 05 | 05 | 05 | 05
Calcining
I?C”)‘perat“re 400 | 400 { 400 | 500 { 500 { 500 | 500 { 500 | 500
Atmosphere air air air air air air air air air

Firing
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Example
10 11 12 13 14 15 16 17 18

gﬁg?pera“"e 1,400 { 1,500 | 1,600 | 1,400 { 1,500 { 1,600 { 1,400 { 1,500 | 1,600

Time (hr) 4 4 4 4 4 4 4 4 4

Atmosphere vacuum j vacuum i vacuum j vacuum i vacuum j vacuum j vacuum i vacuum j vacuum
HIP

E%Spe““we 1,600 {1,600 11,600 ] 1,600 { 1,600 { 1,600 | 1,600 | 1,600 { 1,600

Time (hr) 2 2 2 2 2 2 2 2 2

Pres_sure Ar Ar Ar Ar Ar Ar Ar Ar Ar

medium

Pressure

(MPa) 49 49 49 49 49 49 49 49 49
Annealing

gﬁg?pera“"e 1,400 { 1,500 { 1,600 | 1,400 { 1,500 { 1,600 | 1,400 | 1,500 { 1, 600

Time (hr) 4 4 4 4 4 4 4 4

Atmosphere vacuum j vacuum § vacuum { vacuum j vacuum { vacuum j vacuum § vacuum j vacuum
Machining

Peripheral - - s - - s - - -
machining grinding {grinding grinding j grinding { grinding j grinding { grinding § grinding { grinding
End face . . . . . . . . .
machining etching § etching § etching § etching { etching § etching § etching § etching | etching

Sintered body

Primary grain

size (um) 0.6 1.5 8 1 3 20 2 5 50
Transmittance

@ 600 nm 61 63 66 61 62 64 61 64 64

@1,000 nm 71 72 72 70 72 71 71 72 71
Insertion loss

{(dB) { 1.0 1 098 { 10 { 10 | 098 | 098 | 10 | 1.0 | 098
Extinction loss

{(dB) ! 33 { 35 | 36 1 32 { 37 { 40 { 33 | 35 { 40
Refractive index change

Anx107 2 2 1 2 3 2 2 2 4
gsry;:]atlellire%structure cubic | cubic { cubic { cubic §{ cubic } cubic { cubic { cubic | cubic
Jable 3

Example
19 § 20 | 21 | 22 | 23 { 24 { 25 | 26 | 2

Terbium oxide source powder

Primary

;(Jr?r:i)cle size 100 500 2,000 100 500 2,000 100 500 2,000

z\(/)l/oo)lar fraction 60 60 60 60 60 60 60 60 60
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Example
19 § 20 | 21 | 22 { 23 | 24 | 25 | 26 { 27

Rare earth oxide

Type Y203 Y203 Y203 Y203 Y203 Y203 Y203 Y203 Y203

Primary

particle size 100 500 2,000 100 500 2,000 100 500 2,000

(nm)

?ﬁ'/oo)'ar fraction 1 44 40 40 40 40 40 40 40 40
Sintering aid

Type A|203 A|203 A|203 Ga203 Ga203 Ga203 MgO MgO MgO

Addition 01 { 01 | 01 | o8 | 08 | 08 {00021} 0002 0.002

amount (wt%)
Calcining

I,%”;perat“re 600 | 600 | 600 | 600 { 600 | 600 { 600 } 600 | 600

Atmosphere air air air air air air air air air
Firing

I,%”;perat“re 1,400 { 1,500 } 1,600 { 1,400 { 1,500 { 1,600 { 1,400 | 1,500 { 1,600

Time (hr) 4 4 4 4 4 4 4 4 4

Atmosphere vacuumjvacuum § vacuum { vacuum i vacuum j vacuum{ vacuum i vacuum j vacuum
HIP

I,%”;perat“re 1,600 { 1,600 } 1,600 { 1,600 { 1,600 | 1,600 { 1,600 | 1,600 { 1,600

Time (hr) 2 2 2 2 2 2 2 2 2

Pres_sure Ar Ar Ar Ar Ar Ar Ar Ar Ar

medium

Pressure

(MPa) 49 49 49 49 49 49 49 49 49
Annealing

I,%”;perat“re 1,600 §{ 1,700 { 1,800 | 1,600 { 1,700 | 1,800 { 1,600 } 1,700 | 1,800

Time (hr) 4 4 4 4 4 4 4 4 4

Atmosphere vacuum{vacuum j vacuum j vacuum i vacuum j vacuumj vacuum i vacuum { vacuum
Machining

Peripheral - - s - - s - - -

machining grinding jgrinding jgrinding j grinding { grinding { grinding  grinding { grinding { grinding

End face . . . . . . . . .

machining etching § etching § etching § etching { etching § etching { etching § etching § etching

Sintered body

Primary grain

size (um) 2 12 60 3 20 75 10 25 80
Transmittance

@ 600 nm 60 62 62 61 61 62 61 62 63

@1,000 nm 70 71 72 71 71 71 70 72 71

Insertion loss
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Example
19 20 21 22 23 24 25 26 27

{(dB) 1.0 0.99 0.98 1.0 0.98 0.98 1.0 1.0 1.0
Extinction loss

(dB) ' 35 | 36 | 36 1 31 | 32 ! 33 | 35 | 34 | 38
Refractive index change

Anx10® 3 2 2 4 3 2 2 1 3
Crystalline structure . . . : . . . . .
as sintered cubic cubic cubic cubic cubic cubic cubic cubic cubic
Table 4

Example
28 { 29 | 30 { 31 | 32 | 33 | 34 | 35 i 36

Terbium oxide source powder

Primary

particle size 100 500 § 2,000 { 100 500 §{ 2,000 { 100 500 §{ 2,000

(nm)

?ﬁ'/i’)'ar fraction §  gq 60 60 60 60 60 60 60 60
Rare earth oxide

Type Y203 Y203 Y203 Y203 Y203 Y203 Y203 Y203 Y203

Primary

particle size 100 500 § 2,000 { 100 500 § 2,000 { 100 500 § 2,000

(nm)

?ﬁ'/i’)'ar fraction 1 4 40 40 40 40 40 40 40 40
Sintering aid

Type CaOo CaOo CaOo SiOy SiOy SiO, | GeOy, | GeOy, | GeOsy

Addiion % 501 { 001 | 001 | 08 { 08 | 08 | 10 | 10 | 10

amount (wt%)
Calcining

I,eC”)‘perat“re 600 | 600 600 | 800 | 800 | 800 { 1,000 { 1,000 | 1,000

Atmosphere air air air air air air air air air
Firing

I?C”)‘perat“re 1,400 { 1,500 | 1,600 | 1,400 | 1,500 { 1,600 { 1,400 { 1,500 { 1,600

Time (hr) 4 4 4 4 4 4 4 4 4

Atmosphere vacuum j vacuum i vacuum j vacuum i vacuum j vacuum j vacuum i vacuum j vacuum
HIP

I,eC”)‘perat“re 1,600 { 1600 { 1,600 | 1,600 { 1,600 { 1,600 { 1,600 { 1,600 { 1,600

Time (hr) 2 2 2 2 2 2 2 2 2

Pres_sure Ar Ar Ar Ar Ar Ar Ar Ar Ar

medium

Pressure

(MPa) 49 49 49 49 49 49 49 49 49

Annealing
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Example

28 29 30 31 32 33 34 35 36
I,eC”)‘perat“re 1,600 { 1,700 { 1,800 { 1,600 | 1,700 { 1,800 | 1,600 { 1,700 { 1,800
Time (hr) 4 4 4 4 4 4 4 4
Atmosphere vacuum j vacuum § vacuum { vacuumj vacuum { vacuum j vacuum § vacuum j vacuum

Machining

Peripheral - - s - - s - - -
machining grinding grinding igrinding j grinding { grinding j grinding { grinding § grinding { grinding
End face . . . . . . . . .
machining etching § etching § etching § etching § etching § etching § etching § etching §{ etching

Sintered body

;gg‘amg)’rai” 10 50 1 100 1 3 5 0.5 1 1
Transmittance

@ 600 nm 62 63 64 63 62 63 60 60 60

@1,000 nm 71 71 72 71 71 71 70 71 70
Insertion loss

{(dB) ! 1.0 1099 { 098 { 10 { 098 { 098 { 1.0 { 1.0 { 1.0
Extinction loss

{(dB) ! 3 | 40 | 42 | 40 | 35 | 35 { 31 | 30 | 32
Refractive index change

Anx105 1 2 3 2 4 3 2 5 2
gsry;:]atgirr;%structure cubic | cubic cubic cubic cubic cubic cubic cubic cubic
Table 5

Example
37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 45

Terbium oxide source powder

Primary

particle size 100 { 500 § 2,000 100 | 500 {2,000 { 100 { 500 { 2,000

(nm)

?ﬂ/i’)'ar fraction + g4 60 60 60 60 60 60 60 60
Rare earth oxide

Type Y503 § YoO3 | Y503 § Y503 | Y003 | Y503 1 Y003 | Y503 | Y003

Primary

particle size 100 { 500 § 2,000 { 100 | 500 §{ 2,000 { 100 { 500 { 2,000

(nm)

?ﬂ/i’)'ar fraction {49 40 40 40 40 40 40 40 40
Sintering aid

Type ZrOy §{ ZrOy t ZrOy | ZrOy § ZrOy | ZrOy § Z2rOp | ZrO, § ZrO,

gﬁﬂgﬁ?(wt%) o5 | o5 | 05 { 05 { o5 { 05 | 05 | 05 | 05

Calcining
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Example
37 38 39 40 41 42 43 44 45

I,eC”)‘perat“re 400 | 400 | 400 | 400 | 400 | 400 | 400 } 1400 { 400

Atmosphere air air air air air air air air air
Firing

I,eC”)‘perat“re 1,400 { 1,500 { 1,600 { 1,400 { 1,500 { 1,600 { 1,400 { 1,500 | 1,600

Time (hr) 4 4 4 4 4 4 4 4 4

Atmosphere vacuum j vacuum j vacuum j vacuum { vacuum { vacuum j vacuum i vacuum { vacuum
HIP

I,eC”)‘perat“re 1,400 { 1,600 { 1,800 | 1,400 { 1,600 | 1,800 { 1,400 }{ 1,600 | 1,800

Time (hr) 2 2 2 2 2 2 2 2

Pres_sure Ar Ar Ar Ar Ar Ar Ar Ar Ar

medium

Pressure

(MPa) 49 49 49 49 49 49 98 98 98
Annealing

I?C”)‘perat“re 1,800 { 1,900 { 2,000 | 1,800 { 1,900 | 2,000 { 1,800 { 1,900 { 2,000

Time (hr) 12 12 12 24 24 24 48 48 48

Atmosphere vacuum j vacuum § vacuumj vacuum { vacuum { vacuum j vacuum { vacuum { vacuum
Machining

Peripheral - - s - - s - - -

machining grinding grinding grinding j grinding { grinding j grinding { grinding  grinding { grinding

End face . . . . . . . . .

machining etching § etching § etching § etching § etching § etching § etching § etching § etching

Sintered body

Primary grain

size (um) 20 60 100 30 70 100 30 80 100
Transmittance

@ 600 nm 63 63 64 63 62 62 62 62 63

@1,000 nm 72 72 72 72 72 72 72 72 72
Insertion loss

{(dB) ! 1.0 | 10 {098 { 1.0 {099 { 099 { 1.0 { 1.0 { 1.0
Extinction loss

{(dB) ! 39 | 42 | 42 | 42 | 42 | 43 | 41 | 41 | 42
Refractive index change

Anx103 1 2 2 3 2 1 2 2 1
gsry;:]z;girr;%structure cubic § cubic § cubic { cubic { cubic { cubic § cubic { cubic { cubic
Table 6

Example
46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54

Terbium oxide source powder
{Primary | i | § | § 3
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Example
46 47 48 49 50 51 52 53 54

particle size 200 200 200 200 200 200 200 200 200

(nm)

?ﬁ'/i’)'ar fraction ¢4 60 60 60 60 60 60 60 60
Rare earth oxide

Type Y203 Y203 Y203 Y203 Y203 Y203 Y203 Y203 Y203

Primary

particle size 200 200 200 200 200 200 200 200 200

(nm)

?ﬁ'/f)'ar fraction {4 40 40 40 40 40 40 40 40
Sintering aid

Type ZrOy §{ ZrOy § ZrOy § ZrOy § ZrOy | ZrOy § ZrOy | ZrOy § ZrOy

Addition

amount (wt%) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Calcining
I,eC”)‘perat“re 400 | 400 | 400 | 400 |} 400 | 400 | 400 } 400 | 400
Atmosphere air air air air air air air air air
Firing
I,eC”)‘perat“re 1,400 { 1,500 { 1,600 { 1,400 { 1,500 { 1,600 { 1,400 { 1,500 { 1,600
Time (hr) 4 4 4 4 4 4 4 4
Atmosphere vacuum  vacuum j vacuumj vacuum } vacuum j vacuum j vacuum { vacuum { vacuum
HIP
I,eC”)‘perat“re 1,400 { 1,600 { 1,800 { 1,400 { 1,600 { 1,800 { 1,400 { 1,600 | 1,800
Time (hr) 2 2 2 4 4 4 2 2 2
Pres_sure Ar Ar Ar Ar Ar Ar Ar Ar Ar
medium
Pressure
(MPa) 196 196 196 19 19 19 98 98 98
Annealing
I,eC”)‘perat“re 1,800 { 1,900 { 2,000 { 1,800 { 1,900 | 2,000 { - - -
Time (hr) 72 96 96 72 96 96 - - -
Atmosphere vacuumj vacuum i vacuumj{ vacuum jvacuum jvacuum - - -
Machining
Peripheral I I - I I - o - -
machining grinding jgrinding jgrinding j grinding { grinding { grinding  grinding  grinding { grinding
End face . . . . . . . . .
machining etching § etching § etching § etching { etching § etching § etching § etching { etching

Sintered body

Primary grain

. 20 60 100 10 20 20 30 80 100
size (um)

Transmittance
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Example
46 47 48 49 50 51 52 53 54
@ 600 nm 63 63 64 60 61 61 60 61 61
@1,000 nm 72 72 72 70 70 71 70 70 71
Insertion loss
{(dB) { 1.0 | 10 {098 { 10 § 1.0 | 10 { 1.0 | 10 { 10
Extinction loss
(dB) ! 39 | 42 | 42 | 30 { 31 | 31 { 31 | 32 | 31
Refractive index change
Anx107 2 2 1 4 2 3 2 3 5
Crys_talllne structure cubic { cubic § cubic § cubic { cubic § cubic §{ cubic § cubic { cubic
as sintered
Table 7
Example
55 56 57 { 58 | 59 | 60 { 61 { 62 | 63
Terbium oxide source powder
Primary
particle size { 200 200 200 200 200 200 200 200 200
(nm)
Molar
fraction (%) 60 60 60 60 60 60 60 60 60
Rare earth oxide
Type Y203 Y203 Y203 Y203 Y203 Y203 Y203 Y203 Y203
Primary
particle size §{ 200 200 200 200 200 200 200 200 200
(nm)
Molar
fraction (%) 40 40 40 40 40 40 40 40 40
Sintering aid
Type ZrOy ZrOy ZrOy ZrOy ZrOy ZrOy Z2rOy § 2rOy ZrOy
Addition
amount 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
(wt%)
Calcining
I,%”;perat“re 400 400 400 400 { 500 | 600 { 400 | 400 | 400
steam + jsteam +§ steam +
Atmosphere air air air 10% 10% 10% air air air
nitrogen { nitrogen § nitrogen
Firing
I,%”;perat“re 1,600 1,600 { 1,600 | 1,600 | 1,600 | 1,600 { 1,600 { 1,600 i 1,600
Time (hr) 4 4 4 4 4 4 4 4 4
hydrogen§j only
Atmosphere { argon vacuum { vacuum § vacuum § vacuum vacuumj vacuum
+ argon jhydrogen
HIP
I,%”;perat“re 1,700 { 1,700 { 1,700 { 1,700 { 1,700 { 1,700 { 1,700 { 1,700 { 1,700
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Example
55 56 57 58 59 60 61 62 63

Time (hr) 4 4 4 4 4 4 4 4 4

Efjiitrj’r:e Ar Ar Ar Ar Ar Ar Ar Ar Ar

(Pl\ﬁ,s:)“re 196 196 196 196 { 196 | 196 | 196 | 196 196
Annealing

I,%”;perat“re 1,800 | 1,8000 { 1,800 { 1,800 { 1,800 { 1,800 { 1,800 | 1,800 { 1,800

Time (hr) 72 72 72 72 72 72 72 72 72

Atmosphere {vacuumj vacuum § vacuum §vacuum j vacuum § vacuum §{ vacuum jvacuum§ vacuum
Machining

Eg(ﬂ‘rﬁ% grindingy grinding § grinding { grinding { grinding § grinding § etching grinding

Egirﬁ?iﬁg etching § etching § etching { etching { etching § etching § etching | etching {polishing
Sintered body

Primary

grain size 10 5 3 3 10 20 30 80 100

(Hm)

Transmittance

@ 600 nm 63 61 60 60 61 61 60 61 61

@1,000 nm 72 71 70 70 70 70 70 70 71
Insertion loss

{(dB) P 10 { 1.0 | 098 | 099 { 098 | 098 { 10 | 099 | 0.98
Extinction loss

(dB) i 39 | 3 { 3 ! 3 | 32 | 32 | 33 | 35 | 36
Refractive index change

Anx107 4 5 3 2 3 1 1 3 2
Crystalline

structure as cubic cubic cubic cubic cubic cubic cubic §{ cubic cubic
sintered
Table 8

Comparative Example
1 2 { 3 | 4 I 5 6 7 {8 9

Terbium oxide source powder

Primary

particle size { 2,500 80 500 500 500 500 500 500 500

(nm)

pholar o | 60 | 60 | 60 | 60 60 60 60 | 60 | 60
Rare earth oxide

Type Y203 § Y03 | Y203 | Y203 Y505 Y503 Y203 § Y203 | Y503

Primary

(pr?r:i)cle size { 100 500 3,000 50 500 500 500 500 500
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Comparative Example

1 2 3 4 5 6 7 8 9
Molar
fraction (%) 40 40 40 40 40 40 40 40 40
Sintering aid
Type ZrO, ZrO, ZrOy ZrO, - Ta,05 ZrO, ZrO, ZrO,
Addition
amount 05 05 05 05 - 02 05 05 05
(Wt%)
Calcining
I,%”;perat“re 400 | 400 | 400 | 400 400 400 400 { 300 { 1,100
Atmosphere air air air air air air nitrogen§  air air
Firing
I,%”;perat“re 1400 { 1,400 | 1,400 | 1,400 | 1,400 1,400 | 1,400 { 1,400 { 1,400
Time (hr) 4 4 4 4 4 4 4 4 4
Atmosphere {vacuum {vacuumjvacuumjvacuum§ vacuum §{ vacuum j§vacuum jvacuum jvacuum
HIP
I,%”;perat“re 1,600 { 1,600 { 1,600 | 1,600 { 1,600 1,600 § 1,600 { 1,600 { 1,600
Time (hr) 2 2 2 2 2 2 2 2 2
Pressure
medium Ar Ar Ar Ar Ar Ar Ar Ar Ar
Pressure
(MPa) 98 98 98 98 98 98 98 98 98
Annealing
I,%”;perat“re 1,800 { 1,800 | 1,800 | 1,800 { 1,800 1,800 { 1,800 { 1,800 { 1,800
Time (hr) 4 4 4 4 4 4 4 4 4
Atmosphere {vacuum jvacuumjvacuumivacuumi vacuum { vacuum jvacuum jvacuum jvacuum
Machining
Peripheral I - I I - - - - -
machining grindingigrindingjgrindingjgrindingi grinding { grinding igrindingigrinding {grinding
End face . . . . . . . . .
machining etching § etching § etching { etching { etching etching i etching § etching { etching
Sintered body
Primary
grain size 50 2 40 1 2 10 05 2 10
(Hm)
Transmittance
@ 600 nm 58 56 59 58 60 61 55 58 57
@1,000 nm 68 66 68 67 70 70 65 66 68
Insertion loss
1(dB) P20 1 22 1 21 | 21 1.0 1.0 25 1 21 | 21
Extinction loss
1(dB) L 32 | 31 | 30 30 28 29 32 | 36 32

Refractive index change
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Comparative Example
1 2 { 3 { 4 | 5 6 | 7 | 8 { 9
Anx107® 4 4 6 6 7 3 6 6 7
Crystalline cubic + cubic +
structure as cubic } cubic § cubic | cubic partial partial cubic { cubic { cubic
sintered monoclinic {monoclinic
Table 9
Comparative Example
10 | 11 | 12 {13 1 14 | 15
Terbium oxide source powder
(Fm;ary particle size 500 | 500 500 500 | 500 | 500
Molar fraction (%) 60 60 60 60 60 60
Rare earth oxide
Type Y03 Y503 Y503 Y503 Y505 Y503
(Fm;ary particle size 500 | 500 500 500 | 500 | 500
Molar fraction (%) 40 40 40 40 40 40
Sintering aid
Type HfO, HfO, HfO, HfO, HfO, HfO,
Addition amount (wt%) 0.5 0.5 0.5 0.5 0.5 0.5
Calcining
Temperature (°C) 400 400 400 400 400 400
Atmosphere air air air air air air
Firing
Temperature (°C) 1,300 1,700 1,600 1,600 § 1,600 §{ 1,600
Time (hr) 4 4 4 4 4 4
Atmosphere vacuum § vacuum 1% gr);ygr?n * vacuum § vacuum { vacuum
HIP
Temperature (°C) 1,600 { 1,600 1,600 1,300 1,900 1,800
Time (hr) 2 2 2 2 2 2
Pressure medium Ar Ar Ar Ar Ar Ar
Pressure (MPa) 49 49 49 49 49 12
Annealing
Temperature (°C) 1,800 1,800 1,800 1,800 1,800 1,800
Time (hr) 48 48 48 48 48 48
Atmosphere vacuum § vacuum vacuum vacuum § vacuum { vacuum
Machining
Peripheral machining { grinding § grinding grinding grinding § grinding § grinding
End face machining etching { etching etching etching § etching § etching
Sintered body
{Primary grain size (um){ 04 | 120 | 8 { 05 { 200 { 10
Transmittance
{@ 600 nm | 58 | 62 | 56 { 57 | 62 | 58



DK/EP 2687500 T3

Comparative Example
10 11 12 13 14 15

@1,000 nm 68 69 68 68 72 67
Insertion loss

{(dB) V1.0 § 11 2.0 ! 20 | 098 | 2
Extinction loss

(dB) ! 33 | 35 | 30 \ 32 | 28 | 32
Refractive index change

Anx107® 4 6 7 7 3 7
Crystalline structure as sintered cubic cubic cubic cubic cubic cubic

Reference Signs List

[0076]

300

optical isolator
310

Faraday rotator
312

optical axis
320

polarizer
330

analyzer
340

magnet
350

housing
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KRAV

1. Fremgangsmade til fremstilling af et transparent keramisk materiale, hvilken fremgangsmade

omfatter:

et farste trin (1) til formaling og blanding af kildepulvere herunder (a) terbiumoxid, (b)
mindst én oxid valgt blandt yttriumoxid, scandiumoxid og et sjeeldent jordartoxid af
lanthanid-gruppen, og (c) et sintringsmiddel, som ikke fordrsager anden heterofase-
udfaeldning end kubisk, i krystalstrukturen af et terbiumoxidbaseret keramisk materiale,
hvilke kildepulverne (a) og (b) har samme gennemsnitlige primeere partikelstarrelse pd 30
til 2000 nm,

et andet trin (2) til formning af pulverblandingen til dannelse af en grgn kompakt masse og
kalcinering af den grgnne kompakte masse ved 400 til 1000 °C i en oxiderende atmosfeere
for at danne et kalcineret legeme eller kalcinere pulverblandingen ved 400 til 1000 °C i en

oxiderende atmosfaere og forme pulverblandingen til dannelse af et kalcineret legeme,

et tredje trin (3) til breending af det kalcinerede legeme ved 1.400 til 1.700 °C i en ikke-

oxiderende atmosfaere for at danne et braendt legeme, og

et fjerde trin (4) til trykbraending af det braendte legeme ved 1.400 til 1.800 °C under et
tryk pd 19 til 196 MPa for at danne et trykbraendt legeme.

2. Fremgangsmade ifglge krav 1, yderligere omfattende trinnet at anlgbe det trykbraendte legeme

ved 1500 til 2000 °C i en oxygenfri atmosfaere.

3. Fremgangsméde ifglge krav 1 eller 2, hvor sintringsmidlet er en oxid, fluorid eller nitrid af et

grundstof valgt blandt titan, zirconium, hafnium og calcium.

4. Fremgangsmade ifglge et hvilket som helst af kravene 1 til 3, hvor terbiumoxid (kemisk formel:
Tbh203) (a) og oxiden (b) er tilvejebragt sdledes, at de samlet udgar 100 mol% i molfraktion,

terbiumoxid (a) er 40 til 60 mol%, idet resten er oxiden (b).
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DRAWINGS

FIG.1

TERBIUNM OXIDE POWDER (PURITY > 99 WT%)

YTTRIUM OXIDE, SCANDIUM OXIDE OR LANTHANIDE RARE EARTH
OXIDE HAVING LITTLE ABSORPTION AT WAVELENGTH 1,065 hm

ADD SINTERING AID

ADD DISPERSANT + BINDER
¥
POT MILL MIXING

SEVERAL TO SEVERAL TENS OF HOURS

SPRAY DRYING
PARTICLES

1
SHAPING

PRIMARY {MOLDING IN MOLD)
y  SECONDARY (CIP SHAPING)

CALCINING
l 200-1,000 °C

FIRING

1,400-1,700 °C
¥ NON-OXIDIZING ATMOSPHERE SUCH AS VACUUM, HYDROGEN OR ARGON

PRESSURE SINTERING

1,400-1,800 °C
y 18196 MPa

ANNEALING

1,500-2,000 °C
Y NON-OXIDIZING ATMOSPHERE SUCH AS VACUUM, HYDROGEN OR ARGON

PERIPHERAL AND
END FACE PROCESSING

CHEMICAL ETCHING
MECHANICAL MACHINING
L POLISHING

MAGNETO-OPTICAL
MATERIAL DEVICE
(ISOLATOR)
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