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TITLE OF THE INVENTION
! VOLTAGE-DEPENDENT NONLINEAR RESISTOR CERAMIC, VOLTAGE-
DEPENDENT NONLINEAR RESISTOR WITH THE CERAMIC, AND METHOD OF

MANUFACTURING VOLTAGE-DEPENDENT NONLINEAR RESISTOR CERAMIC

FIELD OF THE INVENTION

N The present invention relates to a ceramic used for a
vgléitée-dependent._mnlinear resistor (varistor), and in
particular, to coé.posite perovskite-based ceramic having a (Sr,
Ba, Ca) TiO, content, to a varistor provided with this ceramic,

and to a method of manufacturing the ceramic.

DESCRIPTION OF THE RELATED ART

A varistor is a resistive element whose resistance
nonlinearly changes according to the change of an applied
voltage, and specifically, is a res;ster whose resistance
rapidly drops when a voltage beyond a certain voltage value is
applied. |

There are various compositions of ceramics that mainly
consti_tute varistors. Since having both functions of the
nonlinearity of a resistance and the electrostatic capacitance
characteristics, composite perovski'te—ba"sed ceramic having
contents of (Sr, Ba, Ca) TiO, is very suitable for absorbing a
surge voltage, generated in electronic equipment, or for
removing noise. For example, the ceramic is applied to a ring

varlistor for DC micro motors etc.
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In & varistor made of this composite perovskite-based
ceramic, it is possible to control the temperature dependency
of a varistor voltage (voltage at which varistor’s resistance
rapidly drops) by selecting mole ratios of Sr, Ba and Ca.
Namelj, in order to prevent excessive current from flowing into
a varistor or thermal runaway from arising due to the varistor
voltage dropping in connection with the increase of operating
temperature, it is possible to adjust the temperature
dependency. Varistors where the temperature dependency of the
varistor voltage is adjusted in this way are disclosed in
Japanese Patent Publication No. 0828287B (Japanese Patent
Publication No. 02146702A), Japanese Patent Publication No.
03045559A, and Japanese Patent No. 2944697C {(Japanese Patent
Publication No. 03237057A).

In receht years; since acceleration in soldering work
speed has been requested and high temperature solder and lead-
free solder have been used at the time of mounting electronic
parts such as varistors, soldering temperature has been
promoted. For this reason, since varistors are exposed to
severe soldering conditions, it becomes frequent that thermal
cracks caused by local thermal shocks arise. As for electrodes
of the varistor, an Ag {silver)} electrode is generally used.
Nevertheless, since the Ag content of this electrode dissolves
into the solder due to the increase of soldering temperature,
there is a possibility that a function as the varistor may be

spoiled because of disappearance of all or a part of the




electrode.

In order to provide a varistor strong against such a
thermal shock, a ring varistor with a TiO,-based ceramic is
disclosed in Japanese Patent Publication No. 63276201A. However,
in the publication, no specific data is mentioned at all. In
addition, such TiO,-based varistor ceramic is considerably
inferior to composite perovskite-based varistor ceramic in
respect of the electrical characteristics about electrostatic
capacity, and the varistor voltage controllability, and hence,
such ceramic cannot be adopted.

Therefore, demands of composite perovskite-based varistor
ceramics is increasing because of the superiority of electrical
characteristics and a feature that its functions are not
spoiled even if hot soldering is performed. Furthermore, so as
to increase operation efficiency, varistor ceramics more

excellent in hardness to for example bending stress are desired.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to
provide composite perovskite-based varistor ceramic and a
varistor that have excellent electrical characteristics and a
feature that its functions are not spoiled even if hot
soldering is performed.

Another object of the present invention is to provide
varistor ceramic which is excellent in electrical

characteristics, bending strength and thermal shock-proof




Property, and to provide a manufacturing method of the varistor
ceramic.

According to the present invention, a composite
perovskite-based semiconductor varistor ceramic and a varistor
contain a first component consisting of oxides of Sr, Ba, Ca
and Ti, at least one component of a second component consisting
of at least one kind of oxide selected from oxides of R (Y and
lanthanoids) and a third component consisting of at least one
kind of oxide selected from oxides of M (Nb and Ta), and a
fourth component consisting of an oxide of Si. The ceramic
substantially containing no Mg. A composition of the ceramic is
0.10 < a/{(a+ b+ c) < 0.40, 0.30 <= b/{a + b + c) = 0.50, 0.20
{c/ffa+Db+c)=<0.50,0.8<(a+b+oc+e)/{d+ £f)=<1.16,
1.0 s (e + £)/d x 100 < 10.0, and g/d x 1(_)0 < 0.6, where a 1s
the number of moles calculated for Sr of the first component as
SrO, b is the number of moles calculated for Ba of the first
component as BaO, ¢ is the number of moles calculated for Ca of
the filrst component as Ca0, d is the number of moles calculated
for Ti of the first component as TiO,, e is the number of moles
calculated for R of the second component as YO,,, CeO,, PrO,,,
TbO,,, and RO, (other lanthanoids) respectively, £ is the number
of moles calculated for M of the third component as NbO,, and
Ta0,, respectively, and g is the number of moles calculated for
Si of the fourth component as SiO,.

The present invention not only enhances the thermal

shock-proof property of a varistor and suppresses the



generating of a thermal crack on the basis of a local thermal
shock due to severe soldering conditions by decreasing an
arount of SiO, used as a sintering additive as small as possible,
but also compensates the deterioration of a degree of sintering
caused by the decreased amount of SiO, by adjusting a total A/B
(a ratio of a total number of moles of an A site component
containing other elements which can enter in lattices of the A
site component in relation to an ion radius, to a total number
of moles of a B site component containing other elements which
can enter in lattices of the B site component), expressed in (a
+b+c+e)/{d + £f). In addition, the present invention
further enhances the thermal shock-proof property of a varistor
by not containing Mg substantially to further suppress local
thermal shodk generating. Moreover, it is possible to enhance
the electrical characteristics of the varistor by appropriately
selecting A site mole ratios, and an amount and a kind of
semiconductorizing agent.

In addition, a parameter adopted in the present invention
is not a simple A/B ratio which is a ratio of the number of
moles of the A site component consisting of only Sr, Ba and Ca,
and the number of moles of the B site component consisting of
only Ti, but the total A/B that is a mole ratio of ions that
constitute the perovskite structure and also contain additives.
Namely, it is because what truly contributes to a degree of
sintering is not the simple A/B but such total A/B. In

particular, since the semiconductorizing agent is important



solid solution ions among additives; in the case of the present
invention where a dosage of the semiconductorizing agent is
mach, an error becomes large if the simple A/B ratio is used.
Nevertheless, it becomes possible to provide a varistor hardly
having the dispersion of characteristics since exact control is
attained for the first time by using the total A/B.

It is preferable that a composition of the first
component is 0.30 < a/(a + b + ¢c) = 0.40, 0.30 < b/{(a + b + c)
=< 0.40, and 0.25 = c/(a + b + ¢} < 0.35. Also it is preferable
that a composition of the first component and at least one
component of the second and third components is 0.96 < (a + b +
cC + e)/(d'+ f) = 1.01. It is still more preferable that a
composition of at least one component of the second and third
components is 1.0 < (e + £)/d x 100 < 4.0. Furthermore, it is
also preferable that the composition of the fourth component is
g/d x 100 < 0.3.

It is preferable that the ceramic further contains a
fifth component consisting of at least one kind of oxide
selected from oxides of Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga,
In, Mo and W. It is also preferable that 0 < h/d x 100 < 1.000,
where h is the number of moles calculated for Li, Na, Mn, Co,
Ni, Cu, Zn, Sc, Fe, Ga, In, Mo and W which are contents of the
fifth component, as LiO,,, NaO,,, MnO, CoO,,, NiO, CuO, ZnO,
Sc0,,,, FeO,,, Gal,,, InO,,, MoO, and WO,.

This f£fifth component is effective in enhancing electrical

characteristics, such as enhancement of a nonlinear coefficient



Preferably, the varistor has electrodes formed on at
least one surface of the ceramic, and the electrodes consist of
Cu or mate;ial mainly made of Cu. In the case of the latter, it
is more preferable that the electrodes are made of a Cu alloy
or Cu containing glass frit.

Furthermore, according to the present invention, a
varistor ceramic contains oxides consisting of at least one
kind of element among Sr, Ba, and Ca and Ti, and on a surface
of which compressive stress exists.

Since the large compressive stress exists on the ceramic
surface, it is also possible not only to improve bending
strength at the time of soldering, but also to obtain high
thermal shock-proof property preventing a crack from arising
even when temperature locally rises at the time of soldering.
That is, at the time of soldering, local expansion arises by
local heating and becomes tensile stress that makes a crack
arise on a surface of the ceramic. It is possible to obtain the
varistor ceramic strong against a local thermal shock so long
as the compressive stress that can balance this tensile stress
is introduced beforehand on the surface of the varistor ceramic.
In addition, if residual compressive stress exists in a surface
of the varistor ceramic, bending strength increases. This is
the same principle as that of tempered glass.

Assuming that X-ray stress constant is -100 MPa/degree,

it 1s preferable that the compressive stress is 15 MPa or more,



it is more preferable to be 25 MPa or more, and it is still
more preferable to be 40 MPa or more.

.In this case, it 1s preferable that the ceramic contains
a first component consisting of oxides of Sr, Ba, Ca and Ti, at
least one component of a second component consisting of at
least one kind of oxide selected from oxides of R (Y and
lanthanoids) and a third component consisting of at least one
kind of oxide selected from oxides of M (Nb and Ta), and a
fouri'ih component consisting of an oxide of Si, that values of
a/{fa+b+c), b/(a+b+c)and c/(a + b + ¢) in trilinear
coordinates exist on a line segment connecting a point (0.2,
0.0, 0.8) and a point (0.0, 0.4, 0.6), or in a range where a/(a
+b +c) and b/{a + b + ¢) are larger than this line segment,
and that its composition is 0.84 < {a + b + ¢ + e)/(d + f)
= 1.16, 0.75 < (e + £}/d x 100 = 10.0, and g/d x 100 < 0.6,
where a is the number of moles calculated for Sr of the first
component as SrO, b is the number of moles calculated for Ba of
the first component as BaO, c is the number of moles calculated
for Ca of the first component as Ca0, @ is the number of moles
calculated for Ti of the first component as TiO,, e is the
number of moles calculated for R of the second component as YO,,,
Ce0,, Pr0,,,, TbO,,, and RO,, (other lanthanoids) respectively, £
is the number of moles calculated for M of the third component
as NbO,,, and Tal,, respectively, and g is the number of moles
calculated for Si of the fourth component as SiO,.

In this way, the present invention not only enhances the



thermal shock-proof property of a varistor and suppresses the
generating of a thermal rack on the basis of a local thermal
shock due to severe soldering conditions by decreasing an
amount of SiO, used as a sintering additive as small as possible,
but also compensates the deterioration of a degree of sintering
caused by the decreased amount of SiO, by adjusting a total A/B
(a ratio of a total number of moles of an A site component
containing other elements which can enter in lattices of the A
site component in relation to an ion radius, to a total number
of moles of a B site component containing other elements which
can enter in lattices of the B site component), expressed in (a
+ b+ c+e)/(d + £f). Moreover, it is possible to enhance the
strength and electrical characteristics of the varistor by
appropriately selecting A site mole ratios, and an amoﬁnt and a
kind of semiconductorizing agent.

In addition, a parameter adopted in the present invention
is not a simple A/B ratio which is a ratio of the number of
moles of the A site component consisting of only Sr, Ba and Ca,
and the number of moles of the B site component consisting of
only Ti, but the total A/B that ig a mole ratio of ions that
constitute the perovskite structure and also contain additives.
That is, it is because it is thought that what truly
contributes to a degree of sintering is not the simple A/B but
such total A/B. In particular, since the semiconductorizing
agent is Important solid solution ions among additives, in the

case of the present invention where a dosage of the
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semicondngtorizing agent is much, an error becomes large if the
simple A/B ratio is used. Nevertheless, it becomes possible to
provide a varistor hardly having the dispersion of
characteristics since exact control is attained@ for the first
time by using the total A/B.

It is more preferable that values of a/{a + b + ¢), b/(a
+b +c) and c/(a + b + ¢) in the trilinear coordinates exist
on a first line segment connecting a point (0.5, 0.0, 0.5) and
a point (0.2, 0.2, 0.6), a second line segment connecting a
point (0.2, 0.2, 0.6) and a point (0.1, 0.4, 0.5), a third line
segment connecting a point (0.1, 0.4, 0.5) and a point (0.1,
0.5, 0.4), or a fourth line segment comnecting a point (0.1,
0.5, 0.4) and a point (0.2, 0.8, 0.0), or a/{(a + b + c) exists
in a range larger than these first to fourth line segments.

It is still more preferable that values of a/{(a + b + ¢},
b/{fa + b + c) and ¢/{a + b + ¢) in the trilinear coordinates
exist on a fifth line segment conmnecting a point (0.4, 0.2,
0.4) and a point (0.2, 0.4, 0.4), a sixth line segment
connecting a point (0.2, 0.4, 0.4) and a point (0.2, 0.5, 0.3),
a seventh line segment connecting a point (0.2, 0.5, 0.3) and a
point (0.3, 0.5, 0.2), an eighth line segment connecting a
point (0.3, 0.5, 0.2) and a point (0.6, 0.2, 0.2), or a ninth
line segment connecting a point (0.6, 0.2, 0.2) and a point
(0.4, 0.2, 0.4), or in a range surrounded by these fifth to
ninth line segrents.

It is more preferable that a composition of the first
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component and at least one component of the second and third

components is 0.96 < {a+ b + ¢ + e)/(d + £) = 1.01.

It is also more preferable that a composition of at least
one component of the second and third components is 0.75 < (e +
£)/d x 100 < 4.0. |

It is also more preferable that a composition of the
fourth component is g/d x 100 =< 0.3.

It is preferable that the ceramic further contains a
fifth component consisting of at least one kind of oxide
selected from oxides of Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga,
In, Mo and W. It is also preferable tﬁat 0 < h/d x 100 < 1.000,
where h is the number of moles calculated for Li, Na, Mn, Co,
Ni, Cu, 2Zn, Sc, Pe, Ga, In, Mo and W which are contents of the
fifth component. as LiO,,,, NaO,,,, MnO, CoO,,, NiO, CuO, ZnO,
Sc0,,,, Fe0,,,, GaO,,, InO,,, MoO, and WO,.

Furthermore, according to the present invention, a
manufacturing method of a varistor ceramic includes a step of
performing reduction sintering to obtain a ceramic containing
oxides of at least one kind of Sr, Ba and Ca, and Ti, and a
step of performing reoxidation of the obtained ceramic to
generate a compressive stress in a surface of the ceramic.

Since the large compressive stress is generated by the
reduction sintering and reoxidation processing to exist on the
ceramic surface, it is also possible not only to improve
bending strength at the time of soldering, but also to obtain

high thermal shock-proof property preventing a crack from
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arising even when temperature locally rises at the time of
soldering. It can be analogized from the relation between an
amount of oxygen defects in reduction sintering and
supplementation of the oxygen defects by oxygen in reoxidation
processing that the thermal shock;proof property and residual
compressive stress are generated by the combination of the
reduction sintering and reoxidation processing.

At the time of soldering, local expansion arises by local
heating and becomes tensile stress that makes a crack arise on
a surface of the ceramic. It is possible to obtain the varistor
ceramic strong against a local thermal shock so long as the
compressive stress that can balance this tensile stress is
introduced beforehand on the surface of the varistor ceramic.
In addition, if residual compressive stress exists on a surface
of the varistor ceramic, bending strength increases. This is
the same principle as that of tempered glass.

It is preferable to weigh and mix raw material powder so
that the powder may have predetermined composition, to grind
and form the powder after performing calcining, and to
performing the réduction sintering of this formed object, and
the reoxidation.

Assuming that X-ray stress constant is -100 MPa/°C, it is
preferable that the compressive stress is 15 MPa or more, it is
more preferable to be 25 MPa or more, and it is still more
preferable to be 40 MPa or more.

It is preferable that the temperature of reoxidation

12



processing is between 850°C and 1050°C inclusive. It is more
preferable that the temperature is between 900°C and 1000°C
inclusive. Thus, it is possible to secure a wide range of
varistor voltage values and sufficient nonlinear coefficient o
with keeping large surface residual compressive stress by
controlling a varistor voltage value through changing the
temperature in the reoxidation processing without changing the
composition.

Consequently, since wide range of varistor voltages and
practical o are obtained in the same compoéition with
maintaining the high strength and the high heat-resisting
property owing to the large surface residual compressive stress,
it becomes unnecessary to prepare various materials and it
becomes easy to control materials.

It is preferable that a time of the reoxidation
processing is 32 hours or less, more preferable that the time
is between 0.25 hour and 16 hours inclusive, and still more
preferable that the time is between 0.5 hour and 8 hours
inclusive.

It is also preferable that a partial pressure of oxygen
in the reoxidation processing is 0.1 atmospheric pressure or
more.

It is preferable that the ceramic contains a first
component consisting of oxides of Sr, Ba, Ca and Ti, at least
one component of a second component consisting of at least one

kind of oxide selected from oxides of R (Y and lanthanoids) and
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a third component consisting of at least one kind of oxide
selected from oxides of M (Nb and Ta), and a fourth component
consisting of an oxide of Si, that values of a/{(a + b + ¢},
b/(a + b + ¢) and c/{a + b + c) in trilinear coordinates exist
on a line segment connecting a point (0.2, 0.0, 0.8), and a
point (0.0, 0.4, 0.6), or in a range where a/(a + b + ¢c) and
b/{(a + b + ¢c) are larger than this line segment, and that its
composition is 0.84 < (a+b +¢c + e}/{(d + £) < 1.16, 0.75 =< (e
+ f)/d x 100 < 10.0, and g/d x 100 < 0.6, where a is the number
of moles calculated for Sr of the first component as SrO, b is
the number of moles calculated for Ba of the first component as
Ba0, ¢ is the number of moles calculated for Ca of the first
component as CaO, d is the number of moles calculated for Ti of
the first component as TiO,, e is the number of moles calculated
for R of the second component as YO,,,, CeO,, ProO,,, TbO,, and
RO,,, (other lanthanoids) respectively, £ is the number of moles
calculated for M of the third component as NbO,,, and TaO,,
respectively, and g is the number of moles calculated for Si of
the fourth component as SiO,.

It is more preferab]_.e that values of a/(a + b + c), b/(a
+b+c) and c/(a + b + ¢} in the trilinear coordinates exist
on a first line segment connecting a point (0.5, 0.0, 0.5) and
a point (0.2, 0.2, 0.6), a second line segment connecting a
point {0.2, 0.2, 0.6) and a point (0.1, 0.4, 0.5), a third line
segment connecting a point (0.1, 0.4, 0.5) and a point (0.1,

0.5, 0.4), or a fourth line segment connecting a point {0.1,
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0.5, 0.4) and a point (0.2, 0.8, 0.0), or a/(a + b + c) exists
in a range larger than these first to fourth line segments.

It is still more preferable that values of a/{(a + b + C),
b/(a + b + c) and ¢/(a + b + c¢) in the trilinear coordinates
exist on a £ifth line segment connecting a point (0.4, 0.2,
0.4) and a point (0.2, 0.4, 0.4), a sixth line segment
connecting a point (0.2, 0.4, 0.4) and a point (0.2, 0.5, 0.3),
a seventh line segment connecting a point (0.2, 0.5, 0.3) and a
point (0.3, 0.5, 0.2), an eighth line segmefxt connecting a
point (0.3, 0.5, 0.2) and a point (0.6, 0.2, 0.2), or a ninth
line segment connecting a point (0.6, 0.2, 0.2) and a point
(0.4, 0.2, 0.4), or in a range surrounded by these fifth to
ninth line segments.

It is more preferable that a composition of the first
component and at least one component of the second and third
components is 0.96 < (a + b+ c + e)/(d + £) < 1.01.

It is also more preferable that a composition of at least
one component of the second and third components is 0.75 = (e +

£)/4 x 100 = 4.0.

It is also preferable that a composition of the fourth

component is g/d x 100 < 0.3.

It is preferable that the ceramic further contains a
£ifth component consisting of at least one kind of oxide
selected from oxides of Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga,

In, Mo and W. It is also preferable that 0 < h/d x 100 = 1.000,

where h is the number of moles calculated for Li, Na, Mn, Co,
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Ni, Cu, Zn, Sc, Fe, Ga, In, Mo and W which are contents of the
fifth component, as LiO,,,, NaO,,, MnO, CoO,,, NiO, CuO, ZnO,
Soos,z,' FeO,,,, Gal,,, InO,,, MoO, and WO,.

Furthermore, according to the present invention, a
manufacturing method of a varistor ceramic has a step of
performing reduction sintering to obtain a ceramic containing
oxides of at least one kind of Sr, Ba and Ca, and Ti, and a
step of performing reoxidation of the obtalned ceramic. A
temperature in the reoxidation performing step is between 850°C
and 900°C inclusive and a time of the reoxidation performing
step is between 0.25 hour and 32 hours inclusive, or a
temperature in the reoxidation performing step is between 900°C
and 1050°C inclusive and a time of the reoxidation performing
step is between 0.1 hour and 32 hours inclusive.

Also, according to the present invention, a manufacturing
method of a varistor ceramic has a step of performing reduction
sintering to obtain a ceramlic containing ox;des of at least one
kind of Sr, Ba and Ca, and Ti, and a step of performing
reoxidation of the obtained ceramic. A temperature in the
reoxidation performing step is between 900°C and 950°C inclusive
and a time of the reoxidation performing step is between 0.5
hour and 16 hours inclusive, or a temperature in the
reoxidation performing step is between 950°C and 1000°C
inclusive and a time of the reoxidation performing step is
between 0.25 hour and 16 hours inclusive.

It is possible to maintain the strength of the ceramic
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itself In a high level, and to obtain sufficient bending
strength to the bending stress and sufficient resistance over a
local thermal shock at the time of soldering without changing
the composition by adjusting the temperature and time in
reoxidation processing for controlling a varistor voltage. Of
course, it is possible to secure a sufficient nonlinear
coefficient o in a wide range of varistor voltages, and to
lessen the dependency of the varistor voltage to the change of
heat treatment temperature. Thus, since practical nonlinear
coefficient o and sufficient strength in a wide range of
varistor voltages are obtained in the single composition, it
becomes unnecessary to prepare various materials and it becomes
easy to control materials.

It is preferable to adjust the time of the reoxidation
processing to control a varistor voltage value. With
considering the influence of changes of the reoxidétion
processing conditions over a varistor voltage, time of the
reoxidation processing has less impact than temperature in the
reoxidation processing. Hence, by _controlling a varistor
voltage value through finally adjusting the time of the
reoxidation processing, the shift of the varistor voltage due
to the fluctuation of reoxidation processing conditions becomes
small, and hence an yield improves and the control of
reoxidation processing conditions becomes easy.

It is preferable to weigh and mix raw material powder so

that the powder may have predetermined composition, to grind
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and form the powder after performing calcining, and to perform
the reduction sintering of this formed object, and the
reoxidation.

It is also preferable to weigh and mix raw material
powder, to add a part of contents after performing calcining,
to adjust the contents so that the powder may have
predetermined composition, to grind and form the powder, and to
perform the reduction sintering of this formed object, and the
reoxidation.

It is preferable that the reoxidation processing i1s
performed at a single heat treatment process accompanied by one
cycle of temperature rise and fall, as shown in Fig. 5.
Alternatively, it is preferable that the reoxidation processing
is performed #t a heat treatment processes accompanied by a
plurality of independent temperature rises and falls, as shown
in Fig. 6.

In this case, it is preferable that the ceramic contains
a first component consisting oxides of Sr, Ba, Ca and Ti, at
least one component of a second component consisting of at
least one kind of oxide selected from oxides of R (Y and
lanthanoids) and a third component consisting of at least one
kind of oxide selected from oxides of M (Nb and Ta}), and a
fourth component consisting of an oxide of Si and that a
composition of the ceramic is 0.30 < a/(a + b + ¢c) <= 0. 40,
0.30 = b/{a+ b +c) =£0.40, 0.25 = c/{(a + b + c) = 0.35, 0.84

< {(a+b+c+e)/{d+ Ff) =1.16, 0.75 = (e + £)/d x 100 = 10.0,
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and g/d x 100 < 0.6, where a is the number of moles calculated
for Sr of the first component as SrO, b is the number of moles
calculated for Ba of the first component as BaO, ¢ is the
number of moles calculated for Ca of the first component as CaO,
d is the number of moles calculated for Ti of the first
component as TiO,, e is the number of moles calculated for R of
the second component as YO,,, céoz, Pr0,,,., TbO,, and RO,, (other
lanthanoids) respectively, £ is the number of moles calculated
for M of the third component as NbO,, and TaO;, respectively,
and g 1s the number of moles calculated for Si of the fourth
component as SiO,.

The present invention not only enhances the thermal
shock~proof property of a varistor and suppresses the
generating of a thermmal rack on the basis of a local thermal
shock due to severe soldering conditions by decreasing an
amount of SiO, used as a sintering additive as small as possible,
but also compensates the deterioration of a degree of sintering
caused by the decrease amount of SiO, by adjusting a total A/B
(a ratio of a total number of moles of an A site component
containing other elements, which can enter in lattices of the A
site component in relation to an ion radius, to a total number
of moles of a B site component containing other elements which
can enter in lattices of the B site component), expressed in (a
+b+c+e)/{(d+ £). Moreover, it is possible to enhance the
strength and electrical characteristics of the varistor by

approprlately selecting A site mole ratios, and an amount and a
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kind of semiconductorizing agent.

In addition, a parameter adopted in the present invention
is not a simple A/B ratio which is a ratio of the number of
moles of the A site component consisting of only Sr, Ba and Ca,
and the number of moles of the B site component consisting of
only Ti, but the total A/B that is a mole ratio of ions that
constitute the perovskite structure and also contain additives.
That is, it 1s because it is thought that what truly
contributes to a degree of sintering is not the simple A/B but
such total A/B. In particular, since the semiconductorizing
agent is important solid solution ions among additives, in the
case of the present invention where a dosage of the
semiconductorizing agent is much, an error becomes large if the
simple A/B ratio is used. Nevertheless, it becomes possible to
provide a varistor hardly having the dispersion of
characteristics since exact control is attained for the first
time by using the total A/B.

It is preferable that a composition of the first
component and at least one component of the second and third
components is 0.96 = (a + b+ ¢ + e}/{d + £) < 1.01. It is
still more preferable that a composition of at least one
component of the second and third components is 0.75 < {e +
f)/d x 100 < 4.0. Furthermore, it 1is also preferable that the

composition of the fourth component is g/d x 100 < 0.3.

It is also preferable that the ceramic further contains a

fifth component consisting of at least one kind of oxide
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selected from oxides of Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga,
In, Mo and W. It is also preferable that 0 < h/d x 100 < 1.000,
where h is the number of moles calculated for Li, Na, Mn, Co,
Ni, Cu, Zn, Sc, Fe, Ga, In, Mo and W which are contents of the
fifth component, as LiO,,, Na0O,,, MnO, CoO,,, NiO, CuO, ZnO,
Sc0,,,, FeO,,, Ga0,,. InO,,, MoO, and WO,. This fifth component is
effective in enhancing electrical characteristics, such as.
enhancement of a nonlinear coefficient a.

In addition, according to the present invention, a
manufacturing method of a varistor ceramic has a step of
weighing raw material powder containing oxides of at least one
kind of Sr, Ba and Ca, and Ti so that a weighed powder has a
predetermined composition, a step of mixing the weighed powder,
a step of performing calcining of the mixed powder, a step of
grinding a calcined object, a step of forming the ground object,
a step of performing reduction sintering of the formed object,
and a step of performing reoxidation of the reduction sintered
object. The grinding step is performed so that a specific
surface area of each grain after the grinding becomes between
0.5 and 5.0 m’/g inclusive, and the forming step is performed so
that a density of the formed object becomes between 2.80 and
3.40 g/cm’ inclusive.

Furthermore, according to the present invention, a
manufacturing method of a varistor ceramic has a step of
weighing raw material powder containing oxides of at least one

kind of Sr, Ba and Ca, and Ti so that a weighed powder has a
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predetermined composition, a step of mixing the weighed powder,
a step of performing calcining of the mixed powder, a step of
adding a part of contents so as to adjust a composition of a
calcined object to a predetermined component, a step of
grinding the adjusted object, a step of forming the ground
object, a step of performing reduction sintering of the formed
object, and a step of performing reoxidation of the reduction
sintered object. The grinding step is performed so that a
specific surface area of each grain after the grinding becomes
between 0.5 and 5.0 m’/g inclusive, and the forming step is
performed so that a density of the formed object becomes
between 2.80 and 3.40 g/am’ inclusive.

Up to now, various investigations have been made about
. composition and regular sintering of varistor ceramic. However,
the grain size which varies depending upon a grinding degree in
a manufacture process, the change of the density of a sintered
object due to change in forming conditions, the bending
strength and the resistance over a thermal shock that accompany
them have been not investigated. The processing conditions in
the grinding process that is one of manufacturing processes is
an important factor of influencing the characteristics of the
sintered ceramic obtained by subsequent regular sintering. Thus,
the processing conditions in the grinding process is very
important also to prevent the compositional heterogeneity and
the compositional concentration gradient of material when

determining materials such as strontium titanate-based material.
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In addition, it was found that the processing conditions in the
forming process strongly influence the bending strength and
thermal shock-proof property of sintered ceramic.

That is, if a specific surface area of each grain after
grinding in a grinding process is more than 0.5 m’/g, the
compositional heterogeneity or composition concentration
gradient of material do not arise. Hence it is possible to
obtain the sufficient bending strength and thermal shock-proof
property of sintered ceramic. If the specific surface area
exceeds 5.0 m’/g, grinding time becomes too much long. Hence
not only this is inefficient in manufacturing, but also
compositional heterogeneity easily arises since a Ti-rich
liquid phase is easily generated due to its activity. Therefore,
it is desirable that the specific surface area is 5.0 m?/g or
less.

If the density of a formed object is 2.80 g/am® or more,
a fault seems never arises in manufacturing processes since the
strength of a formed object becomes enough. On the other hand,
since the life time of forming equipment and forming dies are
shortened when the density of a formed object exceeds 3.40 g/cm®,
maintenance cost therefor increases, and hence this is
inefficient in manufacturing. Therefore, it is desirable that
the density of a formed object is 3.40 g/cm’ or less.

It is possible to maintain the strength of the ceramic
itself in a high level, and to obtain sufficient bending

strength to the bending stress and sufficient resistance over a
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local thermal shock at the time of soldering by grinding raw
material so that the specific surface area of a grain after
grinding become between 0.5 and 5.0 m’/g inclusive, and forming
the grains so that the density of a formed object become
between 2.80 and 3.40 g/cm’ inclusive.

In this case, it is preferable that the ceramic contains
a first component consisting oxides of Sr, Ba, Ca and Ti, at
least one component of a second component consisting of at
least one kind of oxide selected from oxides of R (Y and
lanthanoids) and a third component consisting of at least one
kind of oxide selected from oxides of M (Nb and Ta), and a
fourth component consisting of an oxide of Si, and that a
composition of the ceramic is 0.10 < a/(a + b + ¢) < 0. 40,
0.30 s b/(a+Db+c)=<0.50, 0.20 < c/(a+ Db+ c) = 0.50, 0.84
<= {fa+b+c+e)/(d+ f)=<1.16, 0.75 = (e + £)/d x 100 < 10.0,
and g/d x 100 < 0.6, where a is the number of moles calculated
for Sr of the first component as SrO, b is the number of moles
calculated for Ba of the first component as BaD, ¢ is the
number of moles calculated for Ca of the first component as CaO,
4 is the number of moles calculated for Ti of the first
component | as TiO,, e is the number of moles calculated for R of
the second component as YO,,, CeO,, Pr0,,, Tb0,, and RO,, (other
lanthanoids) respectively, £ is the number of moles calculated
for M of the third component as NbO,,, and Ta0,,, respectively,
and g 1s the number of moles calculated for Si of the fourth

component as SiO0,.
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The present invention not only enhances the thermal
shock-proof property of a varistor and suppresses the
generating of a thermal rack on the basis of a local thermal
shock due to severe soldering conditions by decreasing an
amount of S10, used as a sintering additive as small as possible,
but also compensates the deterioration of a degree of sintering
caused by the decreased amount of Si0, by adjusting a total A/B
(a ratio of a total number of moles of an A site component
containing other elements which can enter in lattices of the A
site component in relation to an ion radius, to a total number
of moles of a B site component containing other elements which
can enter in lattices of the B site com_ponent) , expressed in (a
+b+c+e)/{d+ £f). Moreover, it is possible to enhance the
strength and electrical characteristics of the varistor by
appropriately selecting A site mole ratios, and an amount and a
kind of semiconductorizing agent.

In addition, a parameter adopted in the present invention
is not a simple A/B ratio which is a ratio of the number of
moles of the A site component consisting of only Sr, Ba and Ca,
and the number of moles of the B site component consisting of
only Ti, but the total A/B that is a mole ratio of ions that
constitute the perovskite structure and also contain additives.
That is, it is because it is thought that what truly
contributes to a degree of sintering is not the simple A/B but
such a total A/B. In particular, since the semiconductorizing

agent is important solid solution ions among additives, in the
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case of the present invention where a dosage of the
semiconductorizing agent is much, an error becomes large if the
simple A/B ratio is used. Nevertheless, it becomes possible to
provide a varistor hardly having the dispersion of
characteristics since exact control is attained for the first
time by using the total A/B.

It is preferable that a composition of the first
component is 0.30 < a/(a + b + ¢c) = 0.40, 0.30 =< b/(a + b + c)
< 0.40, and 0.25 <= c/(a + b + ¢} = 0.35. It 1s preferable that
a composition of the first component and at least one component
of the second and third components is 0.96 < (a + b + ¢ + e)}/(d
+ £f) = 1.01. It is still more preferable that a composition of
at least one component of the second and third components is
0.75 = (e + £}/d x 100 < 4.0. Furthemmore, it is also
preferable that the composition of the fourth component is g/d
x 100 < 0.3.

It is preferable that the ceramic further contains a
fifth component consisting of at least one kind of oxide
selected from oxides of Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Pe, Ga,
In, Mo and W. It is also preferable that 0 < h/d x 100 < 1.000,
where h is the number of moles calculated for Li, Na, Mn, Co,
Ni, Cu, Zn, Sc, Fe, Ga, In, Mo and W which are contents of the
fifth component, as LiO,,, NaO,,, MnO, CoO,,, NiO, CuO, ZnO,
Sc0,,,, Fe0,,, GaO,,, InO,,, MoO, and WO,. This fifth component is
effective in enhancing electrical characteristics, such as

enhancement of a nonlinear coefficient .
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Other objects and advantages of the present invention
will become clear from the following description relating to
preferred embodiments of the present invention described by the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. la is a plane view illustrating the structure of a
ring varistor as an embodiment of the present invention;

Fig. 1b is a sectional view taken on a line A-A shown in
Fig. la;

Fig. 2 is a characteristic graph illustrating a rate of
the residual electrode area to the solder temperature at the
time of using Cu and Ag as electrode material, respectively:

Fig. 3 is a circuit diagram illustrating an ﬁl and E,,
measuring circuit;

Fig. 4 is a characteristic diagram illustrating
preferable ranges of A site mole ratios;

Fig. 5 is a schematic diagram for explaining an example
of a heat treatment step in reoxidation processing; and

Fig. 6 is a schematic diagram for explaining another

example of a heat treatment step in reoxidatlon processing.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

First Fmbodiment
In Fig. la, 10 denotes a varistor ceramic 10 formed in

ring geometry, and 11 denotes electrodes formed on one face of
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the varistor ceramic 10. In this embodiment, five electrodes 11
are provided in equal angular intervals. As shown in Fig. 1b,
the varistor ceramic 10 consists of internal semiconductor
sections 10a and an insulating layer 10b formed near the entire
surface thereof.

Hereinafter, the composition of the varistor ceramic 10
in this first embodiment will be described.

The varistor ceramic 10 contains a first component of the
composite perovskite which consists oxides of Sr, Ba, Ca and Ti,
at least one component of a second component which consists of
at least one kind of oxide selected from oxides of R (Y and
lanthanoids (La, Ce, Pr, Nd, Sm, Eu, G4, Tb, Dy, Ho, Er, Tm, Yb
and Lu)) and a third component which consists of at least one
kind of oxide selected from oxide of M (Nb and Ta), and a
fourth component which consists of an oxide of Si. In this
embodiment, the varistor ceramic does not contain Mg
substantially. It is assumed that a is the number of moles
calculated for Sr of the first component as SrO, b is the
number of moles calculated for Ba of the first component as BaO,
¢ is the number of moles calculated for Ca of the first
component as Ca0O, 4 is the number of moles calculated for Ti of
the first component as TiO,, e is the number of moles calculated
for R of the second component as YO,,, CeO,, Pr0,,,, TbO,, and
RO,,, (other lanthanoids) respectively, £ is the number of moles
calculated for M of the third component as NbO,,, and TaO;,

respectively, and g is the number of moles calculated for Si of
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the fourth component as SiO,. Then, the composition of this
varistor ceramic is 0.10 < a/{(a + b + ¢c) < 0.40, 0.30 < b/(a +
b+c¢) =0.50, 0.20<c/la+b+c)s0.50,0.84<{a+b+c+
e)/{(d + £) < 1.16, 1.0 < (e + £f)/d x 100 < 10.0, and g/d x 100
= 0.6. It is more preferable that this composition is 0.30

< a/(a+b+c¢c) =< 0.40, 0.30 <b/(a + b + ¢c) < 0.40, 0.25 < ¢c/(a
+b+c)=<0.35,and 0.9 < {a+b+c+e)/(d+ £f) <1.01, 1.0
< (e + £)/d x 100 < 4.0, and g/d x 100 < 0.3.

The first component is a main component of the varistor
ceramic 10. This first component consists of, in composite
perovskite, an A site component of Sr, Ba and Ca, and a B site
component of Ti. The second and third components are metallic
oxides that contribute to semiconductorization, and the fourth
component is mainly added for the improvement of a degree of
sintering.

Electrical characteristics as a varistor are mainly
expressed with a temperature characteristic of a varistor

voltage E,, and nonlinear coefficient o. The varistor voltage

E,, expresses an applied voltage value at the time of 10-mA
electric current flowing in the varistor, and the nonlinear
coefficient a is generally expressed in o = 1/log(E,,/E,). Where,
E, is an applied voltage valué at the time of 1-mA electric
current flowing in the varistor.

As for mole ratios of Sr, Ba and Ca which are contents of
the A site component, it 1;5 preferable that Sr is set 0.10 or

more but 0.40 or less, Ba is 0.30 or more but 0.50 or less, and
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Ca is more than 0.20 but 0.50 or less. It 1s more preferable
that Sr is set 0.30 or more but 0.40 or less, Ba is 0.30 or
more but 0.40 or less, and Ca is 0.25 or more but 0.30 or less.
Then, it becomes possible to enhance electrical characteristics
such as the controllability of the varistor voltage E,,,
temperature characteristics of the varistor voltage E,, and
nonlinear coefficient o, and to enhance the thermal shock-proof
property of the varistor. That is, if there is too much Sr, the
temperature characteristic of E, will become negative, and if
too ﬁew, strength will drop. In addition, if there is too much
Ba, the positive trend of temperature characteristic of E,,
becomes strong too much, and if too few, the temperature
characteristic of E,, becomes negative. Furthermore, even if
there 1is too much Ca or too few Ca, the nonlinear coefficient a
to the wvaristor voltage E,, becomes small. In addition, if there
is too much Ca, the varistor voltage E,, becomes extremely large
to become difficult of control, and a base is made an insulator
by reoxidation.

It is preferable that the mole percent (this is
calculated by the number of moles of metal ions) of a
semiconductorizing agent (the second and/or third components)
to a principal component (TiO,) is between 1.0 and 10.0
inclusive. Alternatively, it is more preferable that the mole
percent is between 1.0 and 4.0 inclusive. Then, it is possible
to enhance the thermal shock-proof property of the varistor.

That i1s, even if there are too much semiconductorizing agent or
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too few, it becomes easy that a thermal crack arises.

In addition, it is preferable that the total A/B is
between 0.84 and 1.16 inclusive. Furthermore, it is more
preferable that the total A/B is between 0.96 and 1.01
inclusive. Then, even 1f an amount of the fourth component
(8i0,) is reduced, as described later, a degree of sintering can
be improved. That is, this is because sintering is blocked even
if the total A/B is too large or too small, and hence the base
is made an Iinsulator owing to reoxidation. In addition, this is
also because a thermal crack easily arises if total A/B is too
large or too small. In a range where an amount of SiO, is few
and a lot of semiconductorizing agent is added as described
above, in order to maintain the thermal crack-proof property,
it becomes indispensable to restrict an upper limit of the
total A/B to be 1.16 or less, or more preferably, to be 1.01 or
less.

The thermal shock-proof property of a varistor can be
sharply enhanced by setting the mole percent of the fourth
component (SiO,) to the principal compénent (Ti0,) to be 0.6 or
less, or more preferably, to be 0.3 or less. That is, SiO, is
added as a sintering additive and it is possible to stably
perform sintering even if the composition fluctuates; but
however, if the amount of Si10, increases, it becomes easy for a
thermal crack to arise. It should be noted that the content
(mole percent) of SiO, of 0.6 or less or of 0.3 or less also

includes the case where its dosage is zero.
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The thermal shock-proof property of a varistor can be
enhanced by not including Mg substantially. Namely, this is
because, if Mg is included in ceramic, it becomes easy for a
thermal crack to arise. That material is not contained
substantially means that the content of the material is in
general less than about 0.001 mole percents.

The varistor ceramic 10 may also contain the fifth
component (additive) that consists of at least one kind of
oxide selected from among oxides of Li, Na, Mn, Co, Ni, Cu, Zn,
Sc, Fe, Ga, In, Mo and W. Supposing the content is the number
of moles obtained by converting Ii, Na, Mn, Co, Ni, Cu Zn, Sc,
Fe, Ga, In, Mo and W into LiO,,, NaO,,, MnO, CoO,,;, NiO, CuO,
Zn0, ScO0,,,, FeO,,, GaO,,, InO,,, MoO, and WO,, it is preferable
that the composition is 0 < h/d x 100 = 1.000. Thereby, there
is an effect of improving the nonlinear coefficient a.

In addition, the varistor ceramic 10 may also contain
other elements such as P, S, K, Al and Zr as unavoidable
impurities besides such additives. Such elements usually exist
as oxldes.

As described above, the varistor ceramic 10 is a
polycrystal consist:Lng of perovskite type crystals. A part of
each component is contalned in the perovskite type crystals
with being solidly solved in grains, and another part exists in
crystal grain boundaries as oxides or complex oxides. For
example, Ba, Ca, Sr, Ti, Nb, Ta, Y, lanthanoids and the like

exist mostly in grains, and Mo, W, Mn, Si, Co and the like
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exist mostly in crysta; grain boundaries.

A mean grain diameter of the varistor ceramic 10 usually
is about 0.5 to 10 ym, and in particular, 1 to 6 pm.

The electrodes 11 are formed with Cu or material mainly
made of Cu. If the electrodes are made of Ag, the Ag content of
these electrodes dissolves into the solder due to the increase
of soldering temperature, and hence, at least a part of the
electrodes disappears. Nevertheless, the electrodes 11 made of
the material made of Cu or mainly made Cu are hard to be etched
even under elevated temperature, and are endurable in hot
soldering work.

The material mainly made of Cu means each Cu alloy of Cr,
Zr, Ag, Ti, Be, Zn, Sn, Ni, Al, Si or the like, or Cu
containing glass frit made of oxides of Li, Na, K, Sr, Ba, Mn,
Cu, Zn, B, Si, Al, Bi, Pb or the like.

Fig. 2 illustrates a rate of the residual electrode area
to the solder temperature at the time of using Cu and Ag as
electrode material, respectively.

After coating flux and preheating a ring wvaristor which
is a sample, it is performed to dip the ring varistor in a
solder bath, containing eutectic solder at each temperature,
for 5 seconds.

As apparent from the figure, when the solder temperature
becomes 400°C, etching progresses in the Ag electrode for a
residual electrode area to become about 55.5% of the original,

but on the other hand, Cu electrode is never etched for the
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residual electrode area to be 100% of the original.

Next, a manufacturing method of this varistor ceramic 10
will be described simply.

The varistor ceramic 10 is obtained by processing raw
material powder in order of mlixing, calcining, grinding,
forming, binder removal, reduction sintering, and reoxidation.

The powder of a compound of each structural element of
ceramic is usually used for the raw material powder. An oxide
or a compound which becomes an oxide by sintering, such as
carbonate and a hydroxide can be used for the raw material
powder. For example, if an example is given about Ba, at least
one kind of barium compound such as BaCO,, BaSiO,, BaO, BaCl,,
Ba(OH), and Ba(NO,),, and alkoxide (for example, (CH,0),Ba}), can
be used as the raw material. The mean particle diameter of the
raw material powder may be usually about 0.2 to 5 pm.

First, the welghing of the raw material powder is
performed so that the final composition may become the above-
described composition, and usually, wet blending is performed.
Subsequently, after performing dehydration processing, the raw
material powder is dried and calcining is performed at about |
1080 to 1250°C for about 2 to 4 hours. Next, after grinding a
calcining object, an organic binder is added, and further,
water, a pH regulator, a moisturizer and etc. are added and
mixed. Subsequently, a mixture is molded, and is sintered at

about 1250-1400°C in a reducing atmosphere for about 2 to 4

hours, after performing binder removal processing, for
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obtaining semiconductor ceramic.

Each raw material powder such as Nb, Ta, Y, lanthanoids,
Mo, W, Mn, Si, Co and the like may be added at the time of
mixing after the calcining.

The semiconductor ceramic obtained in this manner is
given heat treatment (reoxidation processing), for example, at
the temperature of about 800 to 1000°C in an oxidizing
atmosphere such as air, so that a suitable varistor voltage
according to an object may be obtained. The insulating layerxr
10b is formed in a surface portion by this heat treatment.
Varistor characteristics appear owing to the presence of this
inéulating layer. Since the nonlinear coefficient o and
varistor voltage become large if this insulating layer is thick,
and they become small i1f thin, what is necessary is just to
select heat treatment conditions so that the insulating layer
may become suitable thickness according to the characteristics
demanded as a product.

Electrodes are formed on one surface of the varistor
ceramic after the reoxidation processing with Cu or the
material mainly made of Cu, and a varistor is obtained.

Hereinafter, the present invention will be described
further in detall with reference to examples acdording to the
first embodiment.

Example 1-1

What is performed in this example 1-1 is comparison of

samples obtained by fixing other parameters such as a mole
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percent and a kind of a semiconductorizing agent, a total A/B,
and a mole percent of Si0,, and changing mole ratios of an A
site component.

First, after respectively weighing by conversion and
blending SrCO,, BaCO,, CaCO,, TiO,, NbO,, and SiO, as raw material
so that they might have the composition shown in Table 1-1,
they were mixed for 10 to 20 hours with using an wet media mill,
dehydrated and dried.

After calcining a mixture obtained, at 1150°C with using
a tunnel kiln, the mixture was rough-ground, and again,
dehydrated and dried after being mixed with a wet media mill
for 10 to 20 hours. Subsequently, 1.0 to 1.5 wt% of polyvinyl
alcohol was mixed to the mixture as an organic binder to be
granulated, and the granulated mixture was formed .at forming
pressure of 2 t/cm’ to become a formed object having an outer
diameter of 12 mm, an inside diameter of 9 mm and a thickness
of 1.0 mm.

After performing the binder removal processing of this
forming object at about 1000°C in an air atmosphere, sintering
was performed for 2 hours at about 1350°C in a reducing
atmosphere of N, (95 volume percent) + H, (5 volume percent) for
the semiconductor ceramic to be obtained. Subsequently, two-
hours reoxidation processing of the semiconductor ceramic was
performed at 950°C in the air for the varistor ceramic to be
obtained. |

Next, Cu paste was applied to one surface of the varistor
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ceramic 10 as shown in Figs. la and 1b, in a neutral atmosphere,
the five Cu electrodes 11 shown in these figures were formed by
baking the Cu paste at 750°C to obtain test samples of the
varistors ft.Jr measuring.

Then, after measuring the voltages E, and E,, of each
sample at 20°C, the nonlinear coefficient o was obtained from o
= 1/10og(E,/E,) with using the measured voltages E, and E,,.
Furthermore, the temperature characteristic (temperature
coefficient) of the varistor voltage E,, was obtained. Moreover,
a thermal crack test of each sample was performed.

The voltages E, and E,, were measured with using a
measuring circuit shown in Fig. 3. In this measuring circuit,
an ammeter 30 is connected in series between a varistor 31 and
a DC constant current source 32, and a voltmeter 33 is
connected in parallel with the varistor 31. The voltages E, and
E,, were measured by measuring the voltage values between both
terminals of the varistor 31 when electric current of 1 mA and
10 mA flow in the varistor 31 respectively with using the
ammeter 30 and the voltmeter 33.

Temperature characteristics (temperature coefficient)
AE,, of the varistor voltage E,, were obtained with AE,, =
{(E;,(85)-E,(20)) /{E,,(20) x (85 - 20)} x 100 [$/°C] about each
sample. The voltages E,,(20) and E,(85) are the varistor
voltages E,, at the temperature of 20°C and 85°C, respectively.
These were measured with using a thermostat oven.

The thermal crack test was performed by contacting a
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soldering iron, where temperature was set beforehand, to the
electrode side of the sample left at the room temperature, for
3 seconds with supplying eutectic solder. As temperature of the
soldering iron, two kinds of temperature, that is, 360°C and

400°C were used. Hundred samples were visually inspected for

cracks with using alcohol. The result is shown in Table 1-1.
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Composition . Electrical Characterigtics Thermal Crack Test
Srmole | Bamole | Camole | Component | Mole % of | Total [ 8iQ, | Component Ep (Soldering Iron
Sample | ratio ratio ratio of semicond | A/B | mole % | of additive Ev o | Temperature Temperature *C)
No. | afa+b+c) | bllatb+e) | efatb+e) | semicondu | uctorizing W Characteristics
ctorizing agent AEm (%PC) 360 *C 400 °C
agent
1-1 0.30 0.35 0.356 NbOgs 3.00 0.98 0.20 None 158 | 3.7 0.01 Good Good
 1-2 0.30 0,40 0.30 NLOy. 3.00 0.98 0.20 Nonge 129 | 3.5 0.02 Good. Good
1-3 0.35 0.30 0.35 NbOgs 300 | 098 | 020 None 16.1 | 4.0 0.00 Good | Good
(14 0.36 0.35 0.30 NbOyz 300 | 088 | 020 None 16| a4 0.01 Good | Good
1-8 0.36 0.40 0.25 NbOy 8.00 0.98 0.20 None 116 |35 0.02 Good Good
1-6 0.40 0.30 0.30 NbOys 3.00 0.98 0.20 None 118 | 3.7 0.00 Good Goed
1-7 0.40 0.35 0,25 NbOy, 3,00 0.98 0.20 None 109 | 3.5 0.01 Good Good
18 0.10 0.40 0.50 NbO,, 3.00 0.98 0.20 Naone 399 |39 0.03 Good Good
19 810 0.50 0.40 Nb@z, 3.00 0.98 0.20 Noxe 20.1 | 3.5 0.04 Good Good
1-10 0.20 0.30__|. 0.60 NbOgy 8.00__| 098 | 0.20. None 83,6 |43 0.01 _Good | Good
1-11 0.20 0.40 0.40 NhOye 3.00 0.98 0.20 None 206 |38 0.03 Good Good
1-12 .20 0.50 0.30 NbDyo 3.00 0.98 0.20 None 16.7 3.4 0.04 Good Good
1-13 0.30 0.50 0.20 NbOye 3.00 0.98 0.20 None 11.0 2.8 0.04 Good Good
114 0.40 0.40 0.20 NbOs 3.00 0.98 0.20 None 106 |28 0.02 Good Good
1-15 0.50 0.30 0.20 NbOys 3.00 (.98 0.20 None 100 |27 —0.01 Good Good
1-16 1.00 0.00 0.00 NbO,s 3.00 0.98 0.20 None 43 |29 —0.50 * Good Good
1-17 0.80 0.20 (.00 N'hog 3.00 0.98 0.20 None 4.8 3.0 =0.08 Good - Good
118 0.50 0.50 0.00 NbOjgy 300 | 098 | 0.20 Nons 80 |81 0.16 Good | Good
1-19 0.20 0.80 0.00 NbOpe 8.00 0.04 0.20 None 22 123 0.71 Good Good
1-20 0.00 1.00 0.00 NbOg. 3.00 0.98 0.20 None 04 116 1.20 Good No Good
1-21 0.00 0.80 0.20 NbOsn 3.00 0.98 0.20 None 48 125 0.23 Good No Good
1-22 0,00 0.60 0.40 NEOsa 300 | 098 | 030 None 184 | 3.4 0.10 Good | No Good
1-23 0.00 0.40 0.60 NbOg | 300 | 095 | 020 None 740 _| 8.1 0.06 Good | No Good
}1_'24 0.00 0.20 0.80 NbOgs 3.00 0.98 0.20 None 187.0 [ 2.7 0.01 No M No Good
0.00 0.00 1.00 Nbg,_,, 3.00 0.98 0.20 None Isolated | — - No Good | Na Good
1-26 0.80 0.00 0.20 Nbgig 8.00 0.98 0.20 None 138.0 | 24 =015 Good Good
1-27 0.50 0.00 0.50 NbhO,s 3.00 0.98 0.20 None 395 |44 —0.08 Good. | No Good
1-28 0.20 0.00 0.80 NbOg- 3.00 0.98 0.20 Nong 9.1 |36 —0.01 Good No Good
1-29 0.60 0.20 0.20 NbO;, 3.00 0.98 0.20 None 9.2 3.3 =007 Good Good
1-80 0.20 0.60 0.20 NbO,, | 800 | 098 | 020 None 99 |32 0.11 _Good | Good
1-31 0.40 0.20 0.40 N‘boﬁ 3.00 0.98 0.20 None 22.0 4.1 -0.03 Good Goud
182 0.20 0.20 0.80 NbOsz | 300 | 088 | 020 None 471 |28 0.00 Good | Good




Mole ratios of the A site component have large influence
on the electrical characteristic of a varistor, and in
particular, to the temperature characteristic of the varistor
voltage E,,. When the temperature characteristic of the wvoltage
E;, is negative, the varistor voltage drops in connection with
the rise of operating temperature, and hence, excessive
electric current flows to the varistor or a possibility of
causing a thermal runaway exists. Therefore, this is not
adoptable. Therefore, the samples 1-15 to 1-17, 1-26 to 1-29
and 1-31 are in ranges where samples cannot be used as
varistors.

Even if the temperature characteristic of the voltage E,,
is zero or positive, it is not desirable to exceed 0.06, and
hence, the samples 1-18 to 1-23 and 1-30 are not preferable as
varistbrs.

Since being insulated as a whole by reoxidation
processing, the sample 1-25 does not operate as a varistor. In
addition, since the samples 1-24 and 1-26 contain too much Ca,
thelr varistor voltage E,, is extremely high, and hence, control
is difficult.

Since Ca contained is too much or too little although the
E,, characteristics of the samples 1-13, 1-14 and 1-32 are 0.06
or less, their nonlinear coefficients a to the varistor voltage
E,, are low, and hence they are not preferable.

Therefore, it can be said that the samples 1-1 to 1-12

are preferable because the temperature characteristic of the
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varistor voltages E,, are 0.06 or less and the coefficients a to
the varistor voltages E;,, are not so low. This corresponds to A
site mole ratios specified in claim 1. In this range, no crack
arose at the thermal crack test where the temperature of the
soldering iron was 360°C, and furthermore, no crack also arose
at the thermal crack test where the temperature of the
soldering iron was 400°C.

Furthermore, the samples 1-1 to 1-7 whose temperature
characteristics of the voltages E,, are 0.02 or less are more
preferable in the present invention. This corresponds to the A
site mole ratios specified in claim 2. In particular, the
sample 1-4 has the best balance of the temperature
characteristic of the voltage E,, and the nonlinear coefficient

«, and the mole ratios of the A site component near that of
this sample are most preferable in the present invention.

Example 1-2

What is performed in this example 1-2 is comparison of
samples obtained by changing an amount of a semiconductorizing
agent.

With fixing other parameters such as A site mole ratios,
a kind of a semiconductorizing agent, a total A/B, and a mole
percent of SiO,, and performing the same setup as that in the
example 1-1 except for setting the mole percent of a
semiconductorizing agent as shown in Table 1-2, samples were
produced, which were measured similarly to those in the example

1-1. The result is shown in Table 1-2.
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Table 1-2

Composition Electrical Thermal Crack Teat
. Characteristics (Soldering Tron
Sample | Srmole | Bamole | Camole | Component | Mole % of | Total | Si0, | Component Temperature °C)
No. ratio ratio ratio of semicond | A/B | mole | of additive | E,, «
afla+b+c) | bia+b+e) | olla+b+c) | semiconduc uctorizing % W 360 °C 400 °C
torizing agent
agent

1-33 0.36 0.35 0.30 NbOge 0.10 098 | 0.20 None 30.2 3.1 No Good | No Good
1-34 0.35 0.36 0.30 NbOgy 1.00 0.98 | 0.20 None 15.5 3.4 Good Good
1-35 0.85 0.36 0.30 NbOgy 200 0.98 | 0.20 None 12.4 3.4 Good Good
1-4 0.36 0.35 0.30 NbOys 3.00 0.98 | 0.20 None 115 84 Good Good
1-36 0.35 0.35 0.30 NbOgs 4.00 0.98 | 0.20 None 12.1 3.5 Good Good
1-37 0.35 0.36 0.30 NbOg» 10.00 0.98 | 0.20 None 11.5 3.5 Good No Good
1-38 0.35 0,36 0.30 NbOg 0.98 | 0.20 None 14.3 3.3 No Good | No Good

15.00




The amount of semiconductorizing agent affects the
thermal crack-proof property of varistor ceramic. Since the
samples 1-33 and 1-38 have too few and too much
semiconductorizing agent respectively, thermal cracks arose in
the test where the temperature of the soldering iron was 360°C,
and hence, these are not preferable. Therefore, the samples 1-4
and 1-34 to 1-37 where thermal cracks did not arise in the test
where the temperature of the soldering iron was 360°C are
preferable in the present invention. This corresponds to the
mole percent of a semiconductorizing agent specified in claim 1.

Furthermore, since a thermal crack aroée in the test
where the temperature of the soldering iron was 400°C in the
sample 1-37, the samples 1-4 and 1-34 to 1-36 where cracks did
not arise in this 400°C thermal crack test are more preferable
in the present invention. This corresponds to the mole percent
of a semiconductorizing agent specified in claim 4. In addition,
mole percents near the mole percent of the semiconductorizing
agent of the sample _1-4 are most preferable in the present
invention.

Example 1-3

What is performed in this example 1-3 is comparison of
samples where a kind of semiconductorizing agent was changed.

With fixing other paraxnefers such as A site mole ratios,
mole percents of semiconductorizing agents, a total A/B, and
mole percent of SiO,, and performing the same setup as that in

the example 1-1 <except for <changing the kind of
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semiconductorizing agents as shown in Table 1-3, samples were
produced, which were measured similarly to those in the example

1-1. The result is shown in Table 1-3.
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Table 1-3
Compogition Electrieal Thermal Crack Test
Sample Characteristics - (Soldering Iron
No, Srmole | Bamole | Camole | Compone | Mole % of | Total | 8iO, | Component Temperature °C)
ratio ratio ratio nt of gsemicond | A/B | mole { of additive Eip o
afla+b+c) | b/(atb+c) | c/atbe) .| semicond uetorizing % 360 °C 400 °C
uctorizing { agent

agent .
1-4 0.86 0.36 0.30 NbOye 3.00 098 | 0.20 None 11.6 3.4 CGood Good
1-39 0.85 0.35 0.30 TaOys 3.00 0.98 | 0.20 None 15.4 3.4 Good Good
1-40 0.35 0.35 0.30 YOq0 3.00 0.98 | 0.20 None 26.6 3.7 Good Good
1-41 0.35 0.86 0.30 1:a0gn 3.00 098 | 0.20 None 15.1 3.9 Good Goqd
1-42 0.35 0.36 0.30 CeQ, 3.00 0.98 | 0.20 None 149 3.5 Good Good
1-43 0.36 0.35 .30 PrOys 3.00 098 [ 0.20 None 16.2 3.6 Good Good
1-44 0.35 0.35 0.30 NdOgs 3.00 0.98 | 0.20 None 16.8 3.7 Good Good
1-45 0.36 0.35 0.30 + SmOg0 3.00 098 | 0.20 MNone 148 3.5 Good Good
1-46 0.35 0.35 0.30 . EuOgp 3.00 0.98 | 0.20 None 19.0 3.8 Good Good
147 0.36 0.35 0.30 GdOy. 3.00 0.98 | 0.20 None 16.2 3.6 Gaod Good
148 | 0.35 0.35 0.30 ThOy 3.00 0.98 | 0.20 None 21.3 3.8 Good Good
1-49 0.35 0.36 0.80 DyOgp 3.00 0.98 | 0.20 None 18,3 3.5 Good Good
1-50 0,35 0.35 0.30 HoOgn 3.00 098 | 0.20 None 25.4 3.6 Good Gaod
1-51 0.36 0,356 0.30 ExOqs 3.00 0.98 | 0.20 None 27.9 4.0 Good Good
1-52 0,35 0.35 0.30 TmOgy 3.00__| 0.98 | 0.20 | None 24.1 3.9 Good Good_
1-568 0.36 0.36 0.30 YbOsr 3.00 098 | 0.20 None 29.2 3.9 Good Good
1-564 0.35 0.35 0.30 LuQgyy 3.00 0.98 | 0.20 None 28.2 4.1 Good Good

NhOgy
1-65 0.85 0.35 0.80 +YOu 3.00 098 | 0.20 None 22.0 4.0 Good Good

Equal

numbers
of moles




Since thermal cracks did not arise in all the samples 1-4
and 1-39 to 1-55 in the tests where the temperature of the
soldering iron was 360°C and 400°C, it is preferable in the
present invention to use NbO,,, TaO,,, YO,,, La0,,, CeO,, Pr0,,,,
NdO,,,, Sm0,,, EuO,,, GdO,,, TbO,,, DyO,,, HoO,,, Ero,,, Tmo,,,
YbO,,,, LuO,, or NbO,,, + YO,, (equal numbers of moles) as a
semiconductorizing agent.

Example 1-4

What is performed in this example 1-4 is comparison of
samples obtained by changing a total A/B.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of semiconductorizing agent, and a

‘mole percent of Si10,, and performing the same setup as that in
the example 1-1 except for changing the total A/B as shown in
Table 1-4, samples were produced, which were measured similarly

to those in the example 1-1. The result is shown in Table 1-4.
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Table 1-4

Composition Electrical Thermal Crack Test
Sample Charsacteristics (Soldering Iron
No. Srmole | Bamole | Camole | Componen | Mole % of | Total | SiO, | Component Temperature °C)
ratio ratio ratio t of semicond | A/B | mole | of additive E; o
a/latbtc) | blatb+a) | ella+b+c) | semicondu | uctorizing % w) 360 °C 400 °C
ctorizing agent

agent -
1-56 0.35 0.35 0.30 NbOgs 3.00 0.80 | 0.20 None Isolated - No Good No Good
1-5% 0.856 0.35 0.30 NbOxn 8.00 084 | 0.20 None 4.4 2.6 Good No Good
1-58 0.35 0.35 0.30 NbOy, 3.00 0.96 | 0.20 None 7.0 3.1 Good Good
1-4 0.35 0.35 0.30 NbOy, 300 | 098 | 0.20 Nozie_ 11.5 | 34 Good Good
1-59 0.35 0.35 0.30 NbOgn 3.00 1.00 { 0.20 None 9.5 3.3 Good Good
1-60 0.35 0.35 0.30 NbOsy 800 | 101 | 0.20 None 63 | 8.0 Good Good
1-61 0.35 0.35 0.30 NbOy 3.00 1.16 | 0.20 None 651.56 3.2 Good No Good
1-62 0.35 0.35 0.30 NbOgs 3.00 120 { 0.20 None Isolated - Ne Good

No Good

LA e R S e e
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The value of the total A/B affects the degree of
sintering of ceramic. The samples 1-56 and 1-62 have too small
and too large total A/B respectively, these could not opérate
as varistors because it was impossible to sinter precise
ceramic, and they were insulated as a whole by reoxidation
processing. Furthermore, a thermal crack arose when the
temperature of the soldering iron was 360°C.

As shown in Table 1-4, in a range where an amount of SiO,
is few and a lot of semiconductorizing agent is added, in order
to maintain the thermal crack-proof property, it is
indispensable to especially control an upper limit of the fotal
A/B. If the total A/B exceeds 1.16, a thermal crack arises at
360°C, and if the total A/B exceeds 1.01, a thermal crack arises

at 400°C.

That is, since a thermal crack did not arise in the test
where the temperature of the soldering iron was 360°C, the
samples 1-4 and 1-57 to 1-61 are preferable in the present
invention. This corresponds to a total A/B specified in claim 1.

Furthermore, since a thermal crack did not arise in the
test where the temperature of the soldering iron was 400°C, the
samples 1-4 and 1-58 to 1-60 are preferable in the present
invention. This corresponds to a total A/B specified in claim 3.
The vicinity of the total A/B where the B site component is a
little rich like the sample 1-4 is a most preferable range of

the present invention.

Example 1-5
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What is performed in this example 1-5 is comparison of
samples obtained by changing a mole percent of SiO,.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, and a
total A/B, and performing the same setup as that in the example
1-1 except for changing the mole percent of SiO, as shown in
Table 1-5, sampleé were produced, which were measured similarly
to those in the example 1-1. The temperature of a soldering
iron in a thermal crack test was three kinds of temperature,

that is, 360°C, 400°C and 450°C. The result was shown in Table

1-5.
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Table 1-5

Compaogition Electrical Thermal Crack Test
Sample Characteriatics | (Soldering Iron Temperature
No. Srmole | Bamole | Camole | Compone | Mole % of | Total | 5i0, | Component )
ratio ratio ratio ntof |semicond | A/B | mole | ofadditive Ey a
allatb+o) bia+b+c) c/(a+b+c) | semicond uctorizing % ) 360 °C 400 °C 450 °C
uctorizing | agent
agent
1-63 0.35 0.35 0.30 NbOg. 3.00 098 | 0.00 None 7.9 3.3 Good Good Good
1-64 0.35 0.35 0.30 NbOya 3.00 098 | 0,10 None 8.6 34 Good Good. Good
1-4 0.35 0.35 0.30 NbOygs . 3.00 0.98 | 020 Nons 11.5 3.4 Good Good Good
1-65 ' 0.3 0.85 0.30 NbOQpe 3.00 098 | 0.30 None 137 | 8.6 Good Good Geod
1-66 0.85 0.35 0.30 NbOys 300 | 098 | 060 | None 104 | 34 | Good | Good | NoGood
1-67 0.35 0.35 0.30 NbOgs 3.00 0.98 1.00 None 337.0 2.8 | No Good | No Good | No Good
1-68 0.35 0.35 0.30 NbOg,, 3.00 098 | 150 None Isolated | — | No Good { No Good | No Good




Si0, is added as a sintering additive. If SiO, is
contained, it becomes possible to perform stable sintering even
if composition fluctuates. However, if its amount increases, it
becomes easy for a thermal crack to arise.

Since there was too much SiO, and thus a thermal crack
arose in the test, where the temperature of the soldering iron
was 360°C, the samples 1-67 and 1-68 are not .preferable.
Therefore, the samples 1-4 and 1-63 to 1-66, where a thermal
crack did not arise in the test where the temperature of the
soldering iron was 360°C and 400°C, are preferable in the |
present invention. This corresponds to the mole percent of SiO,
specified in claim 1. Although a dosage of SiO, in the sample
1-63 is zero nominally, in fact, SiO, is contained in each raw
material as an impurity, and hence actual SiO, content of the
sample 1-63 does not become zero.

A thennal crack arose in the sample 1-66 in the test
where the temperature of the soldering iron was 450°C. Thus,
the sample 1-4 and 1-63 to 1-65 become more preferable in the
present invention where a thermal crack did not arise in the
test at the temperature of the soldering iron of 450°C. This
corresponds to the mole percent of SiO, specified in claim 5.
In addition, the mole percent of SiO, near that of the sample 1-
4 is most preferable in the present invention.

Example 1-6

What is performed in this example 1-6 is comparison of

samples where a kind and an amount of an additive were changed.
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With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, a
total A/B, and a mole percent of SiO,, and performing the same
setup as that in the example 1-1 except for changing the kind
and amount of an additive as shown in Table 1-6, samples were
produced, which were measured similarly to those in the example

1-1. The result is shown in Table 1-6.
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Composition Electrical Thermal Crack Test
Sample Characteristica (Soldering Iron
No. Srmole | Bamole | Camole | Compone | Mole % of | Total | SiO, | Componen | Mole % Temperature °C)
ratio - | ratio ratio ntof |semicond { A/B | mole tof of By o
alla+b+c) | bllatbtc) | cfathic) | semicond | uctorizing % additive | additive 14"} 360 °C 400 °C
uctorizing agent
agent o
1-69 0.85 0.35 0.30 NbQg 3.00 0.98 | 0.20 MnO 0.01 15.6 4.0 Good Good
1-70 Q.35 0.36 0.30 NbOge 3.00 098 | 020 MnQ 0.03 15.0 4.1 Good Good
1-71 0,35 0.36 0.30 NbOy, 3.00 0.98 | 0.20 MnQ 0.60 19.6 4.2 Good Good
1-72_| .0385 0.35 0.30 NbOy; 300 | 098 | 0.20 | MnO 100 | 263 | 44 | Good Good
1-73 0.35° 0.35 0.30 NbOys 3.00 0.98 | 0.20 MnO 200 |Isolated | - No Good | No Good
1-74 0.35 0.36 0.30 NbOg, 3.00 0.98 | 0.20 Co0p | 0.01 13.1 3.4 Good Good
1-75 0.35 0.35 0.30 NbOge 3.00 0.98 | 0.20 CoO0y 0.50 22.1 8.7 Good Good
1-76 0.35 0.35 0.30 NbOg» 300 | 098 | 0.0 | CoO,y 100 | 288 | 8.7 | Good Good
1-77 0.35. 0.35 0.30 NbOys 3.00 0.98 | 0.20 Cooﬁ 2.00 | Isolated |. — NE. Good No Good
1-78 0.35 0.85 0.30 NbO, 8.00 098 | 020 | MoO, 0.20 12.0 3.6 Good Good
1-79 0.35 0.35 0.30 NbOy, 8.00 0.98 [ 0.20 WO, 0.20 11.8 8.6 Good Good




R e
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An additive has the action of adjusting electrical

characteristics such as the varistor voltage E,, and the

nonlinear coefficient a. Mn enlarges the varistor voltage E,,
and the nonlinear coefficient a, and Co enlarges varistor
voltage E,,. In addition, it is found that Mo and W have the
action of enlarging the nonlinear coefficient o. Although not
shown in Table 1-6, it is found that ofher elements such as Li,
Na, Ni, Cu, Zn, Sc, Fe, Ga and In also have thé same action.

Since the samples 1-73 and 1-77 had a too large amount of
dosage, the degree of sintering was blocked and the ceramic was
insulated by the reoxidation processing. Therefore, the samples
1-69 to 1-72, 1-74 to 1-76 and 1-78 to 1-79 each having the
mole percent to a principal component that is 1.00 or less are
preferable in the present invention. This is included in the
kind and mole percent of an additive specified in claim 6.

Example 1-7

What is performed in this example 1-7 is comparison of a
sample, where Mg is not added substantially, and samples
obtained by changing a dosage of Mg.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorlizing agent, a
total A/B, and a mole percent of SiO,, and éerfoxming the same
setup as that in the example 1-1 except for changing the dosage
of Mg as shown in Table 1-7, samples were produced, which were
measured similarly to those in the example 1-1. The result is

shown in Table 1-7.
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Table 1-7
Composition Electrical Thermal Crack Test
Sample Charscteristics (Soldering Iron
No. Srmole | Bamole | Camole | Compone | Mole % of | Total | 8iO, | Component| Mole % Temperature °C)
ratio ratio ratio ntof |semicondu| A/B | mole | of additive of Eyp o
ala+h+e) | b/latb+c) | c/atb+e) | semicond | otorizing % additive 360 °C 400 °C
uctorizing agent
agent .
I-4 | 035 0.35 0.30__ | NbOj, 300 | 098 | 020 | None = 115 | 84 | Good Gaod
1-80 0.35 0.36 0.30 NbO, 8.00 0.98 | 0.20 MgO 0.00], 12.0 3.5 No Good No Good
1-81 0.35 0.36 0.30 NbOxs 8.00 098 | 020 MgO 0.01 14.4 3.8 No Good No Good
1-82 0.35 0.35 0.30 NbOy, 3.00 0.98 | 020 MgO 0.50 16.56 4.2 No Good No Good

B
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If Mg is contalined, it becomes very easy for a thermal
crack to arise. Since a thermal crack arose even in the test
where the temperature of the soldering iron was 360°C, samples
1-80 to 1-82 each having the content to a principal component
that is 0.001 or more mole percent are not preferable.

Therefore, it is preferable in the present invention that
Mg is not contained at all like the sample 1-4, or the content
of Mg is less than about 0.001 mole percent in general (Mg
should not be contained substantially). This corresponds to

contents specified in claim 1.

Second Embodiment

Hereinafter, the composition of the varistor ceramic 10
in this second embodiment will be described.

The varistor ceramic 10 contains a first component of the
composite perovskite which consists of oxides of Sr, Ba, Ca and
Ti-, at least one component of a second component which consists
of at least one kind of oxide selected from oxides of R (Y and
lanthanoids (La, Ce, Pr, Nd, Sm, Eu, G4, Tb, Dy, Ho, Er, Tm, ¥Yb
and Lu)) and a third component which consists of at least one
kind of oxide selected from oxides of M (Nb and Ta), and a
fourth component which consists of an oxide of Si. It is
assumed that a is the number of moles calculated for Sr of the
first component as SrO, b is the number of moles calculated for
Ba of the first component as BaO, ¢ is the number of moles

calculated for Ca of the first component as CaO, 4 is the
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number of moles calculated for Ti of the first component as TiO,,
e is the number of moles calculated for R of the second
component as YO,,, CeO,, Pr0,,,, TbO,, and RO,, (other
lanthanoids) respectively, £ is the number of moles calculated
for M of the third component as NbO;, and TaO,, respectively,
and g is the number of moles calculated for Si of the fourth
component as Si0,. As for the component of this varistor
ceramic in the trilinear coordinates of a/{(a + b + ¢), b/(a + b
+ c) and c¢/(a + b + c), shown in Fig. 4, values of Sr, Ba and
Ca, that is, a/f(a + b +c), b/{fa+ b +¢c) and c/(a + b + ¢)
exist on a line segment connecting a point (0.2, 0.0, 0.8) and
a point (0.0, 0.4, 0.6), or in a range where a/(a + b + c) and
b/(a + b + c) are larger than this line segment (hereinafter, a
first range). And the component is 0.84 < (a + b + c + e)/(4 +
f) = 1.16, 0.75 < (e + £)/d x 100 < 10.0, and g/d x 100 < 0.6.
As for mole ratios of this A site component, it is more
preferable that values of a/{a + b + ¢), b/(a + b + ¢) and c/(a
+ b + c) in the trilinear coordinates exist on a first line
segment connecting a point (0.5, 0.0, 0.5) and a point (0.2,
0.2, 0.6), on a second line segment connecting a point (0.2,
0.2, 0:6) and a point (0.1, 0.4, 0.5), on a third line segment
connecting a point (0.1, 0.4, 0.5) and a point (0.1, 0.5, 0.4),
or on a fourth line segment connecting a point (0.1, 0.5, 0.4)
and a point (0.2, 0.8, 0.0), or a/{a + b + c) exists in a range
larger than these first to fourth line segments (hereinafter, a

second range).
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Furthermore, as for a mole ratio of this A site component,
it is still more preferable that values of a/(a + b + ¢), b/(a
+ b+ c) and ¢/(a + b + ¢) in the trilinear coordinates exist
on a fifth line segment connecting a point (0.4, 0.2, 0.4) and
a point (0.2, 0.4, 0.4), on a sixth line segment connecting a
point (0.2, 0.4, 0.4) and a point (0.2, 0.5, 0.3), on a seventh
line segment connecting a point (0.2, 0.5, 0.3) and a point
(0.3, 0.5, 0.2), on an eighth line segment connecting a point
(0.3, 0.5, 0.2) and a point (0.6, 0.2, 0.2), or a ninth line
segment connecting a point (0.6, 0.2, 0.2) and a point (0.4,
0.2, 0.4), or in a range surrounded by these fifth to ninth
line segments (hereinafter, a third range).

It is more preferable that the total A/B 1s 0.96 < (a + b
+c+e)/(d+ £f) <1.01.

It is more preferable that, as the amount of a
semiconductorizing agent is 0.75 = (e + £f)/d x 100 < 4.0.

It is more preferable that, the amount of SiO, is g/d x

100 = 0.3.

The first component is a main component of the varistor
ceramic 10. This First component consists of, in composite
perovskite, an A site component of Sr, Ba and Ca, and a B site
component of Ti. The second and third components are metallic
oxides that contribute to semiconductorization, and the fourth
component is mainly added for the improvement of a degree of
sintering.

Electrical characteristics as a varistor are mainly
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expressed with a temperature characteristic of a varistor
voltage E,, and a nonlinear coefficient a. The varistor wvoltage
E,, expresses an applied voltage value at the time of 10-mA
electric current flowing in the varistor, and the nonlinear
coefficient a is generally expressed in a = 1/log(E,/E;). Where,
E, is an applied voltage value at the time of 1-mA electric
current flowing in the varistor.

It is preferable that mole ratios of Sr, Ba and Ca which
are contained in the A site component exist in the first range.
It is more preferable to exist in the second range, and still
more preferable to exist in the third range. Then, it becomes
possible to enhance electrical characteristics such as the
controllability of the varistor voltage E,,, temperature
characteristics of the varistor voltage E,, and nonlinear
coefficient a, and to enhance the thermal shock-proof property
of the varistor. That is, if there is too much Sr, the
temperature characteristic of E,, will become negative, and if
too few, strength will drop. In addition, if there is too much
Ba, the positive trend of temperature characteristic of E,,
becomes strong too much, and if too few, the temperature
characteristic of E,, becomes negative. Furthermore, even if
there is too much Ca or too few Ca, the nonlinear coefficient o
to the varistor voltage E,, becomes small. In addition, if there
is too much Ca, the varistor voltage E,, becomes extremely large
to become difficult of control, and a base is made an insulator

by reoxidation.
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It is preferable that the mole percent (this is
calculated by the number of moles of metal ions) of a
semiconductorizing agent (the second and/or third components)
to a principal component {(TiO,) is between 0.75 and 10.0
inclusive. Alternatively, it is more preferable that the mole
percent is between 0.75 and 4.0 inclusive. Then, it is possible
to enhance the strength and the thermal shock-proof property of
the varistor. That is, even if there are too much
semiconductorizing agent or too few, it becomes easy that a
thermal crack arises.

In addition, it is preferable that the total A/B is
between 0.84 and 1.16 inclusive. Furthermore, it is more
preferable that the total A/B is between 0.96 and 1.01
inclusive. Then, even if an amount of the fourth component
(Si0,) is reduced, as described later, a degree of sintering can
be improved. That is, this is because sintering is blocked even
if the total A/B is too large or too small, and hence the base
is made an insulator owing to reoxidation. In addition, this is
also because a thermal crack easily arises if total A/B is too
large or too small. In a range where an amount of SiO, is few
and a lot of semiconductorizing agent is added as described
above, in order to maintain the thermal crack-proof property,
it becomes indispensable to restrict an upper limit of the
total A/B to be 1.16 or less, or more preferably, to be 1.01 or
less.

The strength and the thermal shock-proof property of a
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varistor can be sharply enhanced by setting the mole percent of
the fourth component (SiO,) to the principal component (TiO,) to
be 0.6 or less, or more preferably, to be 0.3 or less. That is,
Si0, is added as a sintering additive and it is possible to’
stably perform sintering even if the composition fluctuates,
but however, if the amount of Si0, increases, it becomes easy
for a thermal crack to arise. It should be noted that the
content (mole percent) of SiO, of 0.6 or less or of 0.3 or less
also includes the case where its dosage is zero.

The varistor ceramic 10 may also contain an additiwve that
consists of at least one kind of oxide selected from among
oxides of Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga, In, Mo and W.
Supposing the content is the number of moles obtained by
converting Li, Na, Mn, Co, Ni, Cu Zn, Sc, Fe, Ga, In, Mo and W
into LiO,,, NaO,,,, MnO, CoO,,;, NiO, CuO, ZnO, ScO,,, FeO,,, Gao,,,
InO,,,, MoO, and WO,, it 1s preferable that the composition is 0 <
h/d x 100 < 1.000. Thereby, there is an effect of improving the

nonlinear coefficient .

In addition, the varistor ceramic 10 may also contain
other elements such as P, S, K,. Al and Zr as unavoidable
impurities besides such additives. Such elements usually exist
as oxides.

As described above, the varistor ceramic 10 is a
polycrystal consisting of perovskite typé crystals. A part of
each component is contained in the perovskite type crystals

with being solidly solved in grains, and another part exists in
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crystal grain boundaries as oxides or complex oxides. For
example, Ba, Ca, Sr, Ti, Nb, Ta, Y, lanthanoids and the like
exist mostly in grains, and Mo, W, Mn, Si, Co and the like
exist mostly in crystal grain boundaries.

A mean grain diameter of the varistor ceramic 10 usually
is about 0.5 to 10 pym, and in particular, 1 to 6 um.

Next, a manufacturing method of this varistor ceramic 10
will be described simply.

The varistor ceramic 10 is obtained by processing raw
material powder in order of mixing, calcining, grinding,
forming, binder removal, reduction sintering, and reoxidation.

The powder of a compound of each structural element of
ceramic is usually used for the raw material powder. An oxide
or a compound which becomes an oxide by sintering, such as
carbonate and a hydroxide can be used for the raw material
pdwder. For example, if an example is given about Ba, at least
one kind of barium compound such as BaCO;, BaSiO,, BaO, BaCl,,
Ba{OH), and Ba(NO,),, and alkoxide (for example, (CH,0),Ba), can
be used as the raw material. The mean particle diameter of the
raw material powder may be usually about 0.2 to 5 pm.

First, the weighing of the raw material powder is
performed so that the final composition may become the above-
described composition, and usually, wet blending is performed.
Subsequently, after performing dehydration processing, the raw
material powder is dried and calcining is performed at about

1080 to 1250°C for about 2 to 4 hours. Next, after grinding a
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calcining object, an organic binder is added, and further,
water, a pH regulator, a moisturizer and etc. are added and
mixed. Subsequently, a mixture is molded, and is sintered at
about 1250-1400°C in a reducing atmosphere for about 2 to 4
hours, after performing binder removal processing, for
obtaining semiconductor ceramic.

Each raw material powder such as Nb, Ta, Y, lanthanoids,
Mo, W, Mn, Si, Co and the like may be added at the time of
mixing after the calcining.

The semiconductor ceramic obtained in this manner is
given heat treatment (reoxidation processing) in an oxidizing
atmosphere such as air, so that a suitable varistor voltage
according to an object may be obtained. The temperature rise
and fall speed in this reoxidation processing is usually at
about 100°C/h to 600°C/h. In addition, the preferable
temperature of this reoxidation processing is between 850°C and
1050°C inclusive, or the more preferable temperature is between

900°C and 1000°C inclusive. In addition, its preferable time is

32 hours or less, and more preferable time is between 0.25 and
16 hours inclusive. Furthermore, it is preferable that its
partial pressure of an oxygern gas is 0.1 atmospheric pressure
or more.

The insulating layer 10b is formed on a surface portion
by this reoxidation processing. Varistor characteristics appear
owing to the presence of this insulating layer. Since the

nonlinear coefficient o and varistor voltage become large if
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this insulating layer is thick, and they become small if thin,
what is necessary is just to select processing conditions so
that the insulating layer may become suitable thickness
according to the characteristics demanded as a product.

Assuming that X-ray stress constant is -100 HPa/degree,
it is preferable in this reoxidation processing according to
this embodiment that the compreséive stress on a surface of the
varistor ceramic is 15 MPa or more, it is more preferable to be
25 MPa or more, and it is still more preferable to be 40 MPa or
more.

Since the compressive stress exists on the ceramic
surface, it is also possible not only to improve bending
strength at the time of soldering, but also to obtain high
thermal shock-proof property preventing a crack from arising
even when temperature locally rises at the time of soldering.

Electrodes 11 are formed on one surface of the varistor
ceramic after reoxidation processing with Cu or material mainly
made of Cu, and a varistor is obtained. The material mainly
made of CU is the same as that in the first embodiment.

In the second embodiment described above, although the
electrodes are provided in one surface of varistor ceramic, an
electrode(s) may be provided in top and back faces or sides of
the varistor ceramic.

Hereafter, the present invention is described stilll in

detail according to examples according to the second embodiment.

Example 2-1
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What is performed in this example 2-1 is comparison of
samples obtained by fixing other parameters such as a mole
percent and a kind of a semiconductorizing agent, a total A/B
ratio, and a mole percent of SiO,, and changing mole ratios of
an A site component.

First, after respectively weighing by conversion and
blending Srco,, BaCO,, CaCO,, TiO,, NbO,, and SiO, as raw material
so that they might have the composition shown in Table 2-1,
they were mixed for 10 to 20 hours with using an wet media mill,
dehydrated and dried.

After calcining a mixture obtained, at 1150°C, the
mixture was rough-ground, and again, dehydrated and dried after
being mixed with a wet media mill for 10 to 20 hours.
Subsequently, 1.0 to 1.5 wt% of polyvinyl alcohol was mixed to
the mixture as an organic binder to be granulated, and the
granulated mixture was formed at forming pressure of 2 t/cm® to
become a formed object having an outer diameter of 12 mm, an
inside diameter of 9 mm and thickness of 1.0 mm.

After performing the binder removal processing of this
forming object at about 600°C in an air atmosphere, sintering
was performed for 2 hours at about 1350°C in a reducing
atmosphere of N, (95 volume percent) + H, (5 volume percent) for
the semiconductor ceramic to be obtained. Subsequently, two-
hours reoxidation processing of the semiconductor ceramic was
performed at 950°C in the air for the varistor ceramic to be

obtained.
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Next, Cu paste was applied to one surface of the varistor
ceramic 10 as shown in Figs. la and 1b, in a neutral atmosphere,
and the five Cu electrodes 11 shown in these figures were
formed by baking the Cu paste at 750°C to obtain test samples of
the varistors for measuring.

Then, after measuring the voltages E, and E,, of each
sample at 20°C, the nonlinear coefficient o was obtained from o
= 1/1og(E,/E,) with using the measured voltages E, and E,.
Furthermore, the temperature characteristic (temperature
coefficient) of the varistor voltage E,, was obtained.
Furthermore, while performing the thermal crack test of each
sample, the residual compressive stress on a surface of each
sample was measured.

The voltages E, and E,, were measured with using a
measuring circuit shown in Fig. 3. In this measuring circuit,
an ammeter 30 is connected in series between a varistor 31 and
a DC constant current source 32, and a voltmeter 33 is
connected in parallel with the varistor 31. The voltages E, and
E,, were measured by measuring the voltage values between both
terminals of the varistor 31 when electric current of 1 mA and
10 mA flows in the varistor 31 respectively with using the
ammeter 30 and the voltmeter 33.

Temperature characteristics (temperature coefficient)
AE,, of the varistor voltage E,, were obtained with AE,, =
{E,(85) -E,,(20)}/{E,,(20) x (85 - 20) x 100} [%/°C] about each

sample. The voltages E, (20} and E,(85) are the varistor
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voltages E, at the temperature of 20°C and 85°C, respectively.
These were measured with using a thermostat oven.

The thermal crack test was performed by contacting a
soldering iron, where temperature was set beforehand, to the
electrode side of the sample left at the room temperature, for
3 seconds with supplying eutectic solder. As temperature of the
soldering iron, three kinds of temperature, that is, 360°C,
400°C and 450°C were used. Hundred samples were visually
inspected for cracks with using alcohol.

The residual compressive stress on the surface of each
sample was measured with using a stress measuring method by X-
ray diffraction. Since the perovskite structure which is a main
phase of each sample belongs to a cubic system, the surface
stress generated in the plane direction can be estimated, by X-
ray diffraction on the surface of the ceramic, from the ratio
of a face gap of the perovskite in a direction perpendicular to
the face and a face gap of the perovskite in a direction
parallel to the face. Here, stress measurement was performed by
a side gradient method with using a collimated beam generated
by a Cr bulb. In addition, two times of rocking was added at
the time of measurement. The diffraction line used for
measurement was (310) that was near 134 degrees.

The stress measuring method by such X-ray diffraction is
known. For example, it is described in detail in B.D. Cullity
(translated by Gentaro Matsumura), “Newly-edited summary of X-

ray diffraction”, Agune Co., Ltd., pp. 412-442, June, 1980, and
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"X-ray diffraction handbook”, Rigaku Denki Co., Ltd., pp. 103-
105, February, 2000.
A formula used when estimating the surface residual

stress in this example was as follows:

E o cotp, 5. ACO) . MG
2(1+v) 180 A(sin“y) A(sin“ )

vhere, ¢ is a residual stress (MPa), E is a Young's modulus
(MPa), v is a Poisson ratio, and 0, is a standard Bragg angle
{degree) (here, 0, = 134 (degrees)/2). Further, { is an angle
(degree) between a normal to a surface of the sample and a
measuring normal, 20 is an angle of diffraction (degree), and K
is a stress constant (MPa/degree) determined by material and
the angle of diffraction.

The estimation of the residual stress can be obtained by
finding its gradient with the method of least squares from the
relation of the angle of diffraction 20, which is measured, to
sin%p which can be obtained from the angle Yy formed by the
normal to the surface of the sample and the measuring normal,
and maltiplying the gradient by the stress constant K.

In this example, it is assumed that the stress constant K
= -100 MPa/degree. This is because, as apparent from the
formala described above, the value of the gradient found with
the method of least squares from the measurement result is
obtained can be used as it is, since the value of the stress
can be freely set according to the value of K. That is, this is

because it is sufficient so long as a value of the gradient, in

68



A i e s
e R s s

other words, an index expressing a grade of deformation from a
cubic in a perovskite phase is given since an absolute value of
the stress constant K is not important.

The result in the example 2-1 is shown in Table 2-1.
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Compogition Elactrical Characteristics Mechaniea] Charseteristics
Srmole | Bamole | Camole | Compone | Mole % of | Total | SiQ, [ Component Ey Thermal Cruck Test Residual
Sample ratio ratio ratio ntof |[semicond | A/B | mole | of additive Euw '] Temperatura | (Soldering Iron Temperature | Compressive
No. | aflatbic) | biath+e) | eflatbie) | semicond | uctovizing % W) Chsructerintics ‘0 Stress (Mpa)
uctorizing | agent AB g (35°C) 360°C | 400°C { 450°C
agent
21 0.30_ 0.35 035 | NbO, 300 | 098 | 020 | Nome 158 | 37 0.01 Good Good | Good 44
23 0.30 0.40 0.30 NbOg, 300 | 088 | 020 | None 129 | 28 0.02 Good Good_ | Good 44
23 0.35 0.30 0.356 NbOgy 3.00 0.98 | 0.20 None 16.1 40 0.00 Good Cood Good 44
24 0.35 0.35 0.30 NEQy, 300 | 098 | 020 | Nome 15 | 34 0.01 Good | Good | Good 45
Y 0.36 0.40 0.25 NbOy, 800 | 085 | 020 | Nome 11.8_| 35 0.02 Good | Good | Good 45
2- 6 0,40 0.30 0.30 NbOse 3.00 058 | 0.20 Nona 11.8 3.7 0.00 Good Good Good 45
2-7 0.40 0.36 0.26 NbO, 3.00 098 | 0.20 None 10.8 395 0.01 Good Good Good 45
2-8 Q.10 0.40 0.50 NbO, 3.00 098 | 0.20 None 39.9 39 0.03 Good Good | No Good 29
| 29 0,10 0.50 - 0.40 NbOye 3.00 098 | 0.20 None 20.1 3.5 0.04 Good Good | Na Good 31
2-10 0.20. 0.30 0,50 NbOpy 3.00 098 | 0.20 None 335 42 . 0.01 Good Good | No Goed 35
2-11 0.20 0.40 0.40 NbOys 3.00 0.88 | 0.20 None 20.6 3.8 0.03 CGood Good Good 43
212 0.20 0.50 0.30 NKO 300 | 098 | 020 [ None 167 | ad 0.04 Goud | Good | Good 11
2-13 0.30 0.30 0.20 NbO, 3.00 0.88 | 0.20 None 11.0 28 0.04 Good Good Good 42
2-14 0.40 0.40 0.20 NbO,, 300 | 098 | 020 | Nome 106 | 28 0.02 Good | Good | Good 42
2-15 0.50 0.30 0.20 NbOy_g 3.00 0.98 | 020 Noge 10.0 2.7 ~0.01 Good Good Goaod, 40
218 1.00 0.00 0.00 NbO 3.00 0.98 | 0.20 None 4.3 2.9 “0.50 Good Good | No Good 36
2-17 0.80 0.20 0.00 NbO,, 3.00 0.98 | 0.20 None 4.8 3.0 —0,08 Good Good | No Good 35
214 0.50 0.50 0.00 NbOwe 3.00 0.98 | 0.20 None 80 3.1 0.16 Good Good | No Good 80
2:1¢ 0.20 080 | 000 NbOys 300 1088 020! Nope 22 | 23 0.71 Good | Good | No Good 25
2-90 0.00 1.00 0.00 NbO, 3.00 098 | 0.20 None 0.4 1.6 1.20 Gaod No Good | No Good 28
221 0.00 0.80 0.20 NbOygy 300 | 088 | 020 | Nome 46 | 25 0.29 _Good | Na Good { No Good 22
228 0.00 060 040 NbOgs 3.00 088 | 0.20 None 184 84 0.10 Gopd | No Good | NoGood 22
2-23 0,00 040 0.60 NbOy, 300 | 088 | 020 | Nome 740 | 3.1 0,08 Good | No Good | No Good 15
224 0.08 0.20 0.80 | NbOg, 300 | 08 | 020! Nove | 187.0 | 2.7 0.01 No Good | No Good { No Good 12_
%26 0.00 0.00 1.00 NbOyy 300 098 | 0.20 None Taolated | — - No Gaed | No Good | No Good 10
2-28 0.80 0.00 0.20 NbOgy 3.00 0.98 | 0.20 None 138.0 24 ~—0.18 CGaod Good | No Good 31
227 0.50 0.00 0.50 NbOy, 3.00 098 | 0.20 Nogne 39.5 44 —0.08 Good | No Good | No Good 24
2-28 0.20 0.00 0.80 NbO, 3.00 098 | 0.20 None 9.1 3.5 —0.01 Good | No Good No Good 17
2-28 0.60 0.20 0,20 NbO 3.00 098  0.20 None 92 3.3 —0.07 Good Good Good, 43
2-30 0.20 0,60 0.20 NbOgy | 800 | 088 | 030 | None 98 | 32 011 Good | Good | NoGood 39
2-3] 0.40 0.20 0.40 NbHO, 3.00 0.98 | 0.20 None 22.0 41 —0.03 Good Goad Good 43
2-32 0.20 0.20 0.80 NbOg | 8.00 088 | 0.20 None 47.1 28 0.00 Good Good._ | No Good 31



As for the notation of composition, the content of SrO is
expressed as a moles, the content of BaO is b moles, the
content of Ca0 is ¢ moles, the content of TiO, is d moles, the
content of NbO,,, is £ moles, and the content of SiO, is g moles.
The composition was fixed as £/d x 100 = 3.00, g/d x 100 = 0.2,
and (a + b + c)/(d + £) = 0.98.

Mole ratios of the A site component largely affect the
electrical characteristics of a varistor, and in particular,
the temperature characteristic of the varistor voltage E,,.

In the samples 2-1 to 2-23, and 2-26 to 2-32 except for
the samples 2-24 and 2-25 (the mole ratios of the A site
component are a/(a + b + ¢) = 0.00, b/{(a +b + c) = 0.20, c/(a
+b+c)=0.80, and a/(a + b + c) = 0.00, b/(a+ b + c) = 0.00,
and ¢/(a + b + c) = 1.00), a thermal crack did not arise in the
test where the temperature of a soldering iron was 360°C. At
this time, residual compressive stress in the composition
ranges of the samples 2-1 to 2-23 and 2-26 to 2-32 where a
thermal crack did not arise was 15 MPa or more without
exception.

Therefoi:e, ranges where values of the first range which
is the composition range of the samples 2-1 to 2-23 and 2-26 to
2-32, i.e., a/{fa+b +c), b/{fa+Db +c) and ¢/(a + b + ¢c) in
the trilinear coordinates shown in Fig. 4 exist on a line
segment connecting a point (0.2, 0.0, 0.8) corresponding to the
sample 2-28 and a point (0.0, 0.4, 0.6) corresponding to the

sample 2-23, or a/(a + b + ¢c) and b/{(a + b + ¢c) become larger
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than this line segment are preferable ranges in the present
invention. These correspond to the A site mole ratlios specified
in claims 15 and 32. In addition, since a thermmal crack did not
arise in the test where the temperature of the soldering iron
was 360°C if the residual compressive stress was 15 MPa or more,
this range is also a preferable range in the present invention.
This corresponds to the residual compressive stress specified
in claims 12 and 24.

In other samples 2-1 to 2-19, 2-26 and 2-29 to 2-32
except for the samples 2-20 to 2-25, 2-27 and 2-28, a thermal
crack did not arise in the test where the temperature of the
soldering iron was 400°C. At this time, residual compressive
stress in the composition ranges. of the samples 2-1 to 2-19, 2-
26 and 2-29 to 2-32 where no thermal crack arose was 25 MPa or
more without exception.

Hence, ranges where values of the second range which is
the composition range of the samples 2-1 to 2-19, 2-26 and 2-29
to 2-32, 1i.e., af(a+b+c), b/{a+DdD+c)and c/(a +b + c)
in the trilinear coordinates shown in Fig. 4 exist on a first
line segment connecting a point (0.5, 0.0, 0.5) corresponding
to the sample 2-27 and a point (0.2, 0.2, 0.6) corresponding to
the sample 2-37, a second line segment connecting this point
(0.2, 0.2, 0.6) and a point (0.1, 0.4, 0.5) corresponding to
the sample 2-8, a third line segment connecting this point (0.1,
0.4, 0.5) and a point (0.1, 0.5, 0.4) corresponding to the

sample 2-9, or a fourth line segment connecting this point (0.1,
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0.5, 0.4) and a point (0.2, 0.8, 0.0) corresponding to the
sample 2-19, or a/(a + b + c) becomes larger than these first
to fourth line segments, which do not include a point (0.5, 0.0,
0.5) corresponding to the sample 2-27 are more preferable
ranges in the present invention. These correspond to A site
mole ratios specified in claims 16 and 33. In addition, since a
thermal crack did not arise in the test, where the temperature
of the soldering iron was 400°C, so long as residual compressive
stress is 25 MPa or more. These ranges are also more preferable
ranges in the present invention. These correspond to the
residual compressive stress specified in claims 13 and 25.

In other samples 2-1 to 2-7, 2-11 to 2-15, 2-29 and 2-31
except for the samples 2-8 to 2-10, 2-16 to 2-28, 2-30 and 2-32,
a thermal crack did not arise in the test where the temperature
of the soldering iron was 450°C. At this time, residual
compressive stress in the composition ranges of the samples 2-1
to 2-7, 2-11 to 2-15, 2-29 and 2-31 where a thermal crack did
not arise was 40 MPa or more without exception.

Therefore, ranges where values of the third range which
is a composition range of the samples 2-1 to 2-7, 2-11 to 2-15,
2-29 and 2-31, i.e., a/(a+b +c), b/(fa+b+c)and c/{(a + Db
+ ¢) in the trilinear coordinates shown in Fig. 4, exist on a
fifth line segment connecting a point (0.4, 0.2, 0.4)
corresponding to the sampie 2-31 and a point (0.2, 0.4, 0.4)
corresponding to the sample 2-11, a sixth line segment

connecting this point (0.2, 0.4, 0.4) and a point (0.2, 0.5,
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0.3) corresponding to the sample 2-12, a seventh line segment
connecting this point (0.2, 0.5, 0.3) and a point (0.3, 0.5,
0.2) corresponding to the sample 2-13, an eighth line segment
connecting this point (0.3, 0.5, 0.2) and a point (0.6, 0.2,
0.2) corresponding to the sample 2-29, or a ninth line segment
connecting this point (0.6, 0.2, 0.2) and a point (0.4, 0.2,
0.4) corresponding to the sample 2-31, or a range surrounded by
these fifth to ninth line segments is still more preferable
ranges in the present invention. These correspond to A site
mole ratios specified in claims 17 and 34. In addition, since a
thermal crack did not arise in the test where the temperature
of the soldering iron was 450°C if the residual compressive
stress was 40 MPa or more, this range is also a still more
. preferable range in the present mventic;n. This corresponds to
the residual compressive stress specified in claims 14 and 26.

Example 2-2

What is performed in this example 2-2 is comparison of
samples obtained by changing an amount of a semiconductorizing
agent.

With fixing o;ther parameters such as A site mole ratios,
a kind of a semiconductorizing agent, a total A/B, and a mole
percent of SiO,, and performing the same setup as that in the
example 2-1 except for changing the mole percent of the
semiconductorizing agent as shown in Table 2-2, samples were
produced, which were measured similarly to those in the example

2-1. However, the temperature characteristic of the varistor
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voltage E,, was not measured.

The result is shown in Table 2-2.
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Table 2-2

Composition Electrical Mechanieal Characteristics
Characteristics
Sample | Srmole | Bamole | Camole | Compone | Mole % of | Total | 550, | Component Thermal Crack Test Residual
No. ratio ratio ratio ntof |semicond | A/B | mol | of additive Egu o | (Soldering Iron Temperature | Compressive
a/(a+b+c) | bi(atbric) | c/ath semicond | uctorizing &% w °C) : Stress (Mpa)
uctorizing | agent 360°C | 400°C | 450°C
agent _
2-33 0.35 0.36 0.30 NbOg, 0.10 098 | 0.20 None 30.2 3.1 | No Good | No Good | No Good 14
284 0.356 0.36 0.30 NbOpe Q.76 0.98 | 0.20 None 16.7 3.3 Good Good. Good 40
2:85 0,35 0.35 0.30__| NbO,, 1.00__| 098 | 0.20 | _ Nome 155 | 84 | Good | Good | Good 45 \
236 0.35 0.35 030 | NbOws, | 2.00 | 098 |0.20 |  None 124 | 84 | Good | Good | Good 45 *
2-4 0.35 0.36 0.80 NBQy, 3.00 0.98 | 0.20 None 11.5 34 Good Good Good 45 ;
2-87 0.35 0.35 0.30 NbOgs 4.00 0.98 | 0.20 None 12.1 3.5 Good Good Good 41 .
2-38 0.35 0.35 0.30 NbOys 10,00 | 098 | 0.20|  Nome 115 | 856 | Good | N Good | No Good 24 _
2-39 0.36 0.36 0.30 NbOge 15.00 0.98 | 0.20 None 14.3 3.3 | No Good | No Good | No Good 11




As for the notation of composition, the content of SroO is
expressed as a moles, the content of Ba0 is b moles, the
content of CaO is ¢ moles, the content of TiO, is d moles, the
content of NbO,,, is f moles, and the content of SiO, is g moles.
The composition was fixed as a/(é + b+ c¢c) = 0.35, b/{a + Db +
c) = 0.35, ¢/{a + b +c) =0.30, g/d x 100 = 0.2, and {a + b +
c}/(d + £) = 0.98, but £f/d x 100 is changed.

The amount of a semiconductorizing agent affects the
thermal crack-proof property of varistor ceramic. In other
samples 2-4 and 2-34 to 2-38 except for the samples 2-33 and 2-
39 where the amount of the semiconductorizing agent was too
much and too few, a thermal crack did not arise in the test
where the temperature of the soldering iron was 360°C. At this
time, residual compressive stress in the compositiqn ranges of
the samples 2-4 and 2-34 to 2-38 where a thermmal crack did not
arise was 24 MPa or more without exception.

Therefore, the mole percent range of 0.75 <= £/d x 100 =
10.00 in the samples 2-4 and 2-34 to 2-38 is a preferahle range
in the present invention. This corresponds to the amount of a
semiconductorizing agent specified in claims 15 and 32. In
addition, since a thermal crack did not arise in the test where
the temperature of the soldering iron was 360°C if the residual
compressive stress was 15 MPa or more, this range is also a
preferable range in the present invention. This corresponds to
the residual compressive stress specified in claims 12 and 24.

In other samples 2-4 and 2-34 to 2-37 except for the
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samples 2-33, 2-38 and 2-39, a thermal crack did not arise in

the tests where the temperature of the soldering iron was 400°C
and 450°C. At this time, residual compressive stress in the
composition ranges of the samples 2-4 and 2-34 to 2-37 where a
thermal crack did not arise was 40 MPa or more without
exception. |

Therefore, the mole percent range of 0.75 < £/d x 100 <
4.00 in the samples 2-4, and 2-34 to 2-37 is a more preferable
\range in the present invention. This corresponds to the amount
of a semiconductorizing agent specified in claims 19 and 36. In
addition, since a thermal crack did not arise in the tests
where the temperature of the soldering iron was 400°C and 450°C
if the residual compressive stress was 40 MPa or more, this
range is also a more preferable range in the present invention.
This corresponds to the residual compressive stress specified
in claims 14 and 26.

Example 2-3

What is performed in this example 2-3 is comparison of
samples where a kind of semiconductorizing agent was changed.
With fixing other parameters such as A site mole ratios, mole
percents of semiconductorizing agents, a total A/B, and a mole
percent of Si0,, and performing the same setup as that in the
example 2-1 except for changing the k:l.nds of semiconductorizing
agents as shown in Table 2-3, samples were produced, which were
measured similarly to those in the example 2-1. However, the

temperature characteristic of the varistor voltage E,, was not
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measured. The result is shown in Table 2-3.
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Table 2-3

Composition Electrieg] Mechanical Characteristics
Characteristics
Sample | Srmele | Bamole | Camole | Compone | Mole % of | Total | §i0, | Component Thermal Crack Test Residual
No. " ratio ratio ratio ntof |semicond | AB |mole | ofadditive By @ (Soldering Iron Temperature | Compressive
ala+b+e) | blatbte) | clatbic) | semicond | wetorizing % _ °Cy Stress (Mpa)
, uctorizing | agent -360°C | 400°C | 450 °C
agent
2-4 0.35 0.35 0.30 Nb.O- 3.00 0.98 | 0.20 None 116 34 Good Goaod Good 456
240 0.36 0.35 0.30 TayOy 3.00 0.88 | 0.20 None 164 8.4 Good Good Good 41
2-41 0.38 0.35 0.80 Y.0, a.00 0.98 | 0.20 None 26.6 EX Good Good Good 45
2-4% 0.38 0.35 0.30 . La,0q .00 0.98 | 0.20 None 15.1 89 Good Good | No Good 37
2-48 0.35 0.356 0.30 CeOy 3.00 0.98 | 0.20 None 14.9 3.5 Good Good | No Good 38
2-44 0.35 (.38 0.30 Pr0y 3.00 0.98 | 0.20 None 16.2 3.6 Good Good Good 41
245 0.36 0.35 0.30 Nd;Os 8.00 0.88 | 0.20 Noue 16.8 3.7 Good Good Good 41
. 2+48 0.35 0.35 0.30 Sm,0, 3,00 0.98 | 0.20 None 14.8 3.5 Good |. Goed Good 40
_ 247 0.35 .0.35 0.30 EuOs 3.00 088 10201 None .19.0 3.3 CGood Good Good 41
2-48 0.36 0.35 0.30 Gd;04 3.00 0.98 { 020 Nane 16.2 36 | Good Good Good 40
2-49 0.35 0.35 0.30 ThOy 3.00 0.98 | 0.20 None 21.3 3.8 Good Good | No Good 87
250 0.36 0.36 0.30 Dy,0; 3.00 0.98 | 0.20 None 18.3 3.5 Good. Good Good 41
2Bl 0.36 0.35 0.30 Ho 0, 3.00 0.98 10.20 None 254 3.6 Good Good Good 4]
252 0.85 0.35 0.30 Er;0, 300 | 088 | 0.20 | None 279 | 40 | Good | Good | Good 40
2-53 0.36 0.86 0.80 Tm,0, 3.00 098 | 0.20 None 24.1 3.9 Good Good Good 41
2:54 0.36 0,35 0.30 Yb,0y 34.00 0.98 | 0.2D None 29,2 3.9 Good | Good Good 40
2-556 0.86 0.856 0.50 L0 3.00 0.98 | 0.20 None 28.2 4.1 Good Good | No Good 38
NbOy
2-56 0.385 0.36 0.30 +Y,0, 3.00 0.98 | 0.20 None 22,0 4.0 Good Good Good 45
Equal
numberxs
ofmoles




As for the notation of composition, the content of SrO is
expressed as a moles, the content of BaO is b moles, the
content of CaO is c moles, the content of TiO, is d moles, the
content of YO,,, LaO,,, Ce0,, PrO,, NdO,,, SmO,,, EuO,,, GAO,,,
T0O,/s, DYO,;, HOO,,, EXO;,, TmO,,, YbO,,, LuO,, or NbO,,+ YO,
(equal numbers of moles) is e moles, the content of TaO,,, or
NbO;,, is £ moles, and the content of Si0, is g moles. The
composition was fixed as a/(a + b + ¢) = 0.35, b/(a + b + ¢c) =
0.35, c¢/{(a + b + c) = 0.30, (e + £}/4 x 100 = 3.00, g/d x 100 =
0.2, and (a+ b +c +e)/{(d + £) = 0.98.

Since a thermal crack did not arise in the tests where
the temperature of the soldering iron was 360°C and 400°C in all
_ the samples 2-4 and 2-40 to 2-56, it is preferable in the
present invention to use NbO,,, TaO,,., YO,,, Lao,,,, CeO,, PrQ,,
NdO,,,, SmO,, Eu0,,,GdO,,, Tb0O;/,, DYO,,,, HOO,,, Ex0,,,, TmO,,, YbO,,,
LuO,,, or NbO;, + YO,, (equal numbers of moles) as a
semiconductorizing agent. At this time, residual compressive
stress in the composition ranges of the sampleé 2-4 and 2-40 to
2-56 where a thermal crack did not arise was 37 MPa or more
without exception.

Example 2-4

What is performed in this example 2-4 is comparison of
samples obtained by changing a total A/B.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of semiconductorizing agent, and a

mole percent of SiO,, and performing the same setup as that in
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the example 2-1 except for changing the total A/B as shown in
Table 2-4, samples were produced, which were measured similarly
to those in the example 2-1. However, the temperature
characteristic of the varistor voltage E,, was not measured. The

result is shown in Table 2-4.
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Table 2-4

Composition Electrical Mechanical Characteristics
Charactexistics
Srmole | Bamole | Camole | Compone | Mole % of | Total | SiO, [ Component Thermal Crack Test Residual
Sample ratio ratio ratio ntof |zemjcond | A/B |mole | of additive By o (Soldering Iron Temperature { Compressive
No. | afatb+e) | bila+b+c) | eAat+b+c) | semicond | uectorizing % Q) -
uctorizing | agent 360°C | 400°C | 450°C Mpe)
agent
2-57 0.35 0.35 0.30 NbOyg» 3.00 0.80 | 0.20 None Isolated = | No Good | No Goed | No Good 5
2-58 0.36 0.85 0.30 NbOys 8.00 084 |0.20 None 44 2.6 Good | No Good | No Gond 24
2:69 0.35 0.36 0.30 NbOyy 3.00 096 | 0.20 None 70 | 31 Good | Good Good 45
24 0.85 0.36 0.80 NbO, 3.00 0.98 | 0.20 None 1.5 3.4 Good Glood Good 45
2-60 0.85 0.36 0.30 NbQgy 3.00 1.00 [ 0.20 None 9.5 3.3 Good Good Good A5
| _2-81 0.35 0.36 0.30 NbOgp 3.00 101 | 0.20 None 6.3 3.0 Good Good Good 41
2-62 0.85 0.35 0.30 NbO., 3.00 1.16 | 0.20 None 51,8 3.2 Good | No Good | No Good _21
2-83 035 ‘| 0835 0.30 NbOg, 3.00 120 | 0.20 None Isolated + — | No Good | No Good | No Good 4

e i
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As for the notation of composition, the content of SrO is
expressed as a moles, the content of BaO is b moles, the
content of Ca0O is ¢ moles, the content of TiO, is d moles, the

content of NbO,,, is £ moles, and the content of SiO, is g moles.

The composition was fixed as a/(a + b + ¢) 0.35, b/{(a + b +
¢c) = 0.35, ¢/(a+Db +c) = 0.30, £/@ x 100 = 3.00, and g/ad x
100 = 0.2, but (a + b + ¢)/(4d + f) is changed.

In other samples 2-4 and 2-58 to 2-62 except for the
samples 2-57 and 2-63, a themal crack did not arise in the
test where the temperature of the soldering iron was 360°C. At
this time, residual compressive stress in the composition
ranges of the samples 2-4 and 2-58 to 2-62 where a thermal
crack did not arise was more than 21 MPa without exception.

Therefore, the value range of 0.84 < (a + b + ¢)/{(d + f)
= 1.16 in the samples 2-4 and 2-58 to 2-62 is a preferable

range in the present invention. This corresponds to the total
A/B specified in claims 15 and 32. In addition, since a thermal
crack did not arise in the test where the temperature of the

soldering iron was 360°C if the residual compressive stress was

15 MPa or more, this range is also a preferable range in the
present invention. This corresponds to the residual compressive
stress specified in claims 12 and 24.

In other samples 2-4 and 2-59 to 2-61 except for the
samples 2-57, 2-58, 2-62 and 2-63, a thermal crack did not
arise in the tests where the temperature of the soldering iron

was 400°C and 450°C. At this time, residual compressive stress
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in the composition ranges of the samples 2-4 and 2-59 to 2-61
vhere a thermal crack did not arise was more than 40 MPa
without exception.

Therefore, the value range of 0.96 < (a + b + ¢)/(d + f)
= 1.01 in the samples 2-4 and 2-59 to 2-61 is a more preferable
range in the present invention. This corresponds to the total
A/B specified in claims 18 and 35. In addition, since a thermal
crack did not arise in the tests where the temperature of the
soldering iron was 400°C and 450°C if the residual compressive
stress was 40 MPa or more, this range is also a more preferable
range in the present invention. This corresponds to the
residual compressive stress specified in claims 14 and 26.

As seen from Table 2-4, in a range where there is a small
amount of Si0, and a large amount of semiconductorizing agent is
added, in order to maintain the thermal crack-proof property,
it becomes indispensable in particular to control an upper
limit of the total A/B. If the total A/B exceeds 1.16, a
thermal crack starts arising at 360°C. If the total A/B exceeds
1.01, a thermal crack starts arising at 400°C.

Exanple 2-5

What is performed in this example 2-5 is comparison of
samples obtained by changing a mole percent of SiO,.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, and a
total A/B, and performing the same setup as that in the example

2-1 except for changing the mole percent of SiO, as shown in
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Table 2-5, samples were produced, which were measured similarly
to those in the example 2-1. However, the temperature
characteristic of the varistor voltage E,, was not measured. The

result is shown in Table 2-5.
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Table 2-5

NbOg

Composition Electrical Mechanieal Characteristics
Sample Chavacterigtics
No. Srmole { Bamole | Camole | Compone | Mole % of | Total | SiQ, | Component Thermal Crack Test Residual
ratio ratio ratio ntof |semicond | A/B |mole | of additive By o (Soldering Iron Temperature | Compressive
allatb+o) | bilatbtc) | clatb+e) | semicond | uctorizing % i A ) Stress
uctorizing | agent 360°C | 400°C | 450°C (Mpa)
agont
2-64 0.35 0.35 0.30 NbOyo 3.00 098 | 0.00 None 7.7 3.3 Good Good Good 40
2-85 0.85 0.38 0.30 NbOy, 3.00 0.98 | 0.10 Nons 8.5 3.4 Good Good Good 43
24 0.38 0.35 0.30 NbO,,, 3.00 098 | 0.20 None 11.5 34 Good Good Good 45
266 0.35 0.35 0.30__| NbO 3.00 | 0.98 | 0.30 | Nono 137 | 36 | Good | Good | Good 45
267 0.35 0.35 0.30 NbOgy 300 | 0.98 | 0.60 | None 104 | 34 | Good | Good | No Good 32
2-68 0.356 0.36 0.30 NbOys 8.00 098 | 1.00 None 337.0 2.9 | No Good | No Good | No Good 10
2-69 0.35 0.35 0.30 3.00 0.98 | 1.50 None Isolated | — | No Good | No Good | No Good 6

e S b e ST
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As for the notation of composition, the content of SrO is
expressed as a moles, the content of BaO is b moles, the
content of CaO is c moles, the content of TiO, is d moles, the

content of NbO,,, is £ moles, and the content of Si0O, is g moles.

The composition was fixed as a/{a + b + ¢} 0.35, b/(a + b +

c) = 0.35, c/{fa+b+c) =0.30, £/d x 100 = 3.00, and (a + b +
c)/(da + f)=0._98, but g/d x 100 was changed.

Si0, is added as a sintering additive. If this is
contalned, it becomes possible to perform stable sintering even
if composition fluctuates, but, if its amount increases, it
becomes easy for a thermal crack to arise.

Since a thermal crack also arose in the test where the
temperature of the soldering iron was 360°C, because there was
1:60 much Si0,, the samples 2-68 and 2-69 are not preferable.
Therefore, the samples 2-4 and 2-64 to 2-67 where a thermal
crack did not arise in the test where the temperature of the
soldering iron was 360°C and 400°C are preferable in the present
invention. This corresponds to the mole percent of SiO,
specified in claims 15 and 32. At this time, residual
compressive stress in the composition ranges of the samples 2-4
and 2-64 to 2-67 where a thermal crack did not arise was 32 MPa
or more without exception. Although a dosage of SiO, in the
sample 2-64 is zero nominally, in fact, SiO, is contained in
each raw material as an impurity, and hence SiO, content of the
sample 2-64 does not become zero.

A thermal crack arose in the sample 2-67 in the test
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where the temperature of the soldering iron was 450°C. Thus,
the samples 2-4 and 2-64 to 2-66 where a thermal crack did not
also arise in the test at the temperature of the soldering iron
of 450°C are more preferable in the present invention. This
corresponds to the mole percent of SiO, specified in claims 20
and 37. In addition, since a thermal crack did not arise in the
test where the temperature of the soldering iron was 450°C if
the residual compressive stress was 40 MPa or more, this range
is also a more preferable range in the present invention. This
corresponds to the residual compressive stiess specified in
claims 14 and 26. The mole percent of SiO, near that of the
sample 2-4 is most preferable in the present invention.
Example 2-6
What is performed in this example 2-6 is comparison of

samples where a kind and an amount of an additive were changed.

" With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, a
total A/B, and a mole percent of Si0,, and performing the same
setup as that in the example 2-1 except for changing the kind
and amount of the additive as shown in Table 2-6, samples were
produced, which were measured similarly to those in the example
2-1. However, the temperature characteristic of the wvaristor

voltage E,, was not measured. The result is shown in Table 2-6.
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Table 2-6

Composition Elactrieal Mechanical Characteristics
Samgle Chayacteristios
No. Srmole | Bamole | Camole [ Compone | Mole % of | Total Si0; | Component | Mole % of Thermal Crack Test Residual
ratio ratio ratio ntof |eemicond | A/B | mole | ofadditive | additive By a (Soldering Iron Temperature | Compressive
allatbic) | bilatbre) | cfa+btc) |semicond | uctorizing % : °C) Stress
uctorizing | agent 360°C | 400°C | 450°C (Mpa)
agent
270 0.36 0.35 0.30 NBO 3.00 0.98 | 0.20 MnO 0.01 15.8 4,0 Good Good _Good 45
271 0.35 0.35 0.80 NhO, 3.00 098 |020| MnO 0.03 160 | 4.1 Good Good Good 43
272 0.35 0.35 0.30 NBO, 300 0.98 | 0.20 MnO 0.60 19.6 4.2 Good Good Good 40
273 0.36 0.35 0.30 NbOpe | 3.00 0.98 { 0.20 MnQ 1.00 283 | 44 Good Good | No Good 29
274 0.35 0.36 0.30 NbO 3.00 098 | 0.20 MnO 2.00 Isolated | — | No Good | No Good | No Good 11
275 0.35 0.38 0.30 NbOge | 3.00 098 | 0.20 CoDn 0.04 18.1 3.4 Good Good No Good 40
2-76 0.35 0.35 0.30 NbO, 3.00 0.98 | 0.20 CoOyy 0.50 22.1 a.7 Good. Good Good 44
271 0.35 0.3% 0.30 | NbO,, 3.00 0.98 | 0.20 CoOye 1.00 28.8 3.7 Good Good | Na Good 32
2-78 0.35 0.85 0.30 .NbO 3.00 098 | 0.20 CoOps | 200 Isolated | — | No Good | No Good | No Good 13
279 0.36 0.36 030 | NbO 3.00 088 | 6.20 MoO; 0.20 12.0 3.6 Good Good_ | No Good 34
2-80 0.36 0.38 0.30 NbOy, 300 | 088 |0.20] WO, 0.20 118 | 38 | Good | Good [ NoGood | 39
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As for the notation of composition, the content of Sro is
expressed as a moles, the content of BaO is b moles, the
content of Ca0 is ¢ moles, the content of TiO, is 4 moles, the
content of NbO,,, ié f moles, the content of SiO, is g moles, and
the content of an additive is h moles. The composition was
fixed as a/(a + b + c) = 0.35, b/(a+ b +¢c) = 0.35, c/(a + b +
c) = 0.30, £/d x 100 = 3.00, {a + b + c)/(d + £) = 0.98, and
g/d x 100 = 0.20, but h/d x 100 was changed.

An additive has the action of adjusting electrical
characteristics such as the varistor voltage E,, and the
nonlinear coefficient c.. Mn enlarges the varistor voltage E,,
and the nonlinear coefficient a, and Co enlarges varistor
voltage E,,. In addition, it is found that Mo and W have the
action of enlarging the nonlinear coefficient a. Although not
shown in Table 2-6, it is found that Li, Na, Ni, Cu, Zn, Sc, Fe,
Ga and In also have the same action.

Since the samples 2-74 and 2-78 had a too large amount of
dosage, the degree of sintering was blocked and the ceramlic was
insulated by the reoxidation processing. In other samples 2-70
to 2-73, 2-75 to 2-77 and 2-79 to 2-80 except for the samples
2-74 and 2-78, a thermal crack did not arisé in the tests where
the temperature of the soldering iron was 360°C and 400°C. At
this time, residual compressive stress in the composition
ranges of the samples 2-70 to 2-73, 2-75 to 2-77 and 2-79 to 2-
80 where a thermal crack did not arise was 29 MPa or more

without exception.
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Therefore, the samples 2-70 to 2-73, 2-75 to 2-77 and 2-
79 to 2-80 each having the mole percent to a principal
component that is 1.00 or less are preferable in the present
invention. This is included in the kind and mole percent of an
additive specified in claims 21 and 38.

Example 2-7

What is performed in this example 2-7 is comparison of
samples obtained by changing a temperature among reoxidation
Processing conditions.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, a
total A/B, and a mole percent of Si0,, and performing the same
setup as that in the example 2-1 except for changing
reoxidation processing conditions as shown in Table 2-7,
samples were produced, which were measured similarly to those
in the example 2-1. However, the temperature characteristic of
the varistor voltage E,, was not measured. The result is shown

in Table 2-7.
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Table 2-7

Reoxidation Processing Electrical Mechanical Characteristics
Sample Conditions Characteristics
No. | Temper | Time | Partial Thermal Crack Test Residual
ature (h) | Pressure | E, o (Soldering Iron Temperature | Compressive
(°C) of \%) °C) Stress
Ozxygen 360°C | 400°C | 450°C (Mpa)
(atm.)
2-81 700 2 0.2 Less than - No Good | No Good | No Good 9
Measuring Limit
2-82 800 2 0.2 2.5 2.71 No Good | No Good | No Good 14
2-83 850 2 0.2 4.0 2.83 Good | No Good | No Good 31
2-84 900 2 0.2 9.3 8.36 Good Good Good 41
2~ 4 960 2 0.2 11.5 3.40 Good Good Good 45
2-85 1000 2 0.2 14.6 3.42 Good Good Good 40
2-86 |- 1050 2 0.2 39.0 3.35 .Good | No Good [ No Good. 20
2-87 | 1100 2 0.2 121.8 2.68 No Good | No Good | No Good 10
2-88 1200 2 0.2 Not No Good | No Good | No Good 2
Semiconductorize
d

ST T————
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As for the notation of composition, the content of SrO is
expressed as a moles, the content of BaO is b moles, the
content of Ca0 is ¢ moles, the content of TiO, is @ moles, the
content of NbO,, is f moles, and the content of Si0, is g moles.

The composition was fixed as a/(a + b + ¢)

0.35, b/(a + b +

¢} = 0.35, ¢/{fa+b + c) = 0.30, £/d x 100 3.00, (a+ b+
c)/(da + £) = 0.98, and g/d x 100 = 0.20.

Conditions at thg producing samples were that time of the
reoxidation processing was 2 hours, and that the processing was
performed in the air (the partial pressure of oxygen was 0.2
atmospheric pressure).

The varistor voltage E,, changed broadly with the increase
of temperature in the reoxidation processing.

In other samples 2-4 and 2-83 to 2-86 except for the
samples 2-81, 2-82, 2-87 and 2-88, a thermal crack did not
arise in the tests where the temperature of the soldering iron
was 360°C. At this time, residual compressive stress in the
composition ranges of the samples where a thermal crack did not
arise was 20 MPa or more without exception.

Therefore, the samples 2-4 and 2-83 to 2-86 where
temperature in the reoxidation processing was 850°C to 1050°C
are preferable in the present invention. This corresponds to
claim 27. In addition, since a thermal crack did not arise in
the test where the temperature of the soldering iron was 360°C
if the residual compressive stress was 15 MPa or more, this

range can also be called a preferable range in the present
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invention. This corresponds to the residual compressive stress
specified in claims 12 and 24.

In the samples 2-4, 2-84 and 2-85, a themmal crack did
not arise in the tests where the temperature of the soldering
iron was 400°C and 450°C. At this time, residual compressive
stress in the composition ranges of the samples where a thermal
crack did not arise was 40 MPa or more without exception.

Therefore, the samples 2-4, 2-84 and 2-85 where
temperature in the reoxidation processing was 900°C to 1000°C
are more preferable in the present invention. This corresponds
to claim 28. In addition, since a thermal crack did not arise
in the test where the temperature of the soldering iron was
450°C if the residual compressive stress was 40 MPa or more,
this range is also a more preferable range in the present
invention. This corresponds to the residual compressive sfress
specified in claims 14 and 26.

Thus, it is possible to secure a wide range of varistor
voltage values and sufficient nonlinear coefficient o with
keeping large surface residual compressive stress by
controlling a varistor voltage value through changing
temperature in the reoxidation processing without changing the
composition. In consequence, with maintaining the high strength
and high heat-resisting property by the large surface residual
compressive stress, a wide range of varistor voltage and'

practical o can be obtained by the same composition. Hence it

becomes unnecessary to prepare various types of material, and
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hence, material control becomes easy.

Example 2-8

What is performed in this example 2-8 is comparison of
samples obtained by changing a time among reoxidation
processing conditions.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, a
total A/B, and a mole percent of S§i0,, and performing the; same
setup as that in the example 2-1 except for changing
reoxidation processing conditions as shown in Table 2-8,
samples were produced, which were measured similarly to those
in the example 2-1. However, the temperature characteristic of
the varistor voltage E,, was not measured. The result is shown

in Table 2-8.
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Table 2-8

Reoxidation Processing Electrical Mechanical Characteristics
Sample Conditions __Characteristics
No. |Temper | Time | Partial Thermal Crack Test Residual
ature (h) | Pressure Eyp o (Soldering Iron Temperature | Compressive
cC) of I\ °C) Stress
Oxygen 360°C | 400°C | 450°C (Mpa)
(atm,)
2-89 950 0.10 0.2 3.1 2,78 Good No Good | No Good 24
2-90 950 0.26 0.2 4.9 3.08 Good Good Good 39
2-91 950 0.50 0.2 7.1 3.27 Good Good Good 42
2-92 950 1.00 0.2 10.4 3.34 Good Good Good 44
2-4 9560 2.00 0.2 1156 3.40 Good Good Good 45
2-93 950 4.00 0.2 . 20.2 3.80 Good Good Good 44
2-94 950 8.00 0.2 28.6 3.86 Good Good Good 41
295 | . 950 | 16.00 0.2 40.6 3.94 Good Good | No Good 38
2-96 950 |3200]|. 02 7.7 3.67 Good | No Good | No Good 24
297 950 | 64.00 0.2 81.8 3.33 No Good | No Good. | No Good 14




As for the notation of composition, the content of SrO is
expressed as ‘a moles, the content of BaO is b moles, the
content of CaO is c moles, the content of TiO, is 4 moles, the
content of NbO,,, is f moles, and the content of SiO, is g moles.

0.35, b/(a + b +

The composition was fixed as a/{a + b + ¢)

c) = 0.35, ¢/(a+Db +c) =0.30, £/d x 100 3.00, (a + b +
c)/(d + £) = 0.98, and g/d x 100 = 0.20.

Conditions at the producing samples were that temperature
in the reoxidation processing was 950°C, and that the processing
was performed in the air (the partial pressure of oxygen was
0.2 atmospheric pressure).

The varistor voltage E,, monotonously increased with a
lapse of the time of the reoxidation processing. When the time
of the reoxidation processing exceeded 32 hours, the residual
compressive stress reduced rapidly. In other samples 2-4 and 2-
89 to 2-96 except for the sample 2-97, a thermal crack did not
arise in the test where the temperature of the soldering iron
was 360°C. At this time, residual compressive stress in the
composition ranges of the samples where a thermal crack did not
arise was 24 MPa or more without exception.

Therefore, the samples 2-4 and 2-89 to 2-96 where time of
the reoxidation processing was 32 hours or shorter are
preferable in the present invention. This corresponds to claim
29. In addition, since a thermal crack did not arise in the
test where the temperature of the soldering iron was 360°C if

the residual compressive stress was 15 MPa or more, this range
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is also a preferable range in the present invention. This
corresponds to the residual compressive stress specified in
claims 12 and 24.

In the samples 2-4 and 2-90 to 2-95, a thermal crack did
not arise in the tests where the temperature of the soldering
iron was 400°C. At this time, residual compressive stress in
the composition ranges of the samples where a thermal crack did
not arise was 38 MPa or more without exception.

Therefore, the samples 2~-4 and 2-90 to 2-95 where time of
the reoxidation processing was 0.25 to 16 hours are more
preferable in the present invention. This corresponds to claim
30. In addition, since a themmal crack did not arise in the
test where the temperature of the soldering iron was 400°C if
the residual compressive stress was 25 MPa or more, this range
is also a more preferable range in the present invention. This
corresponds the residual compressive stress specified in claims
13 and 25.

In addition, in the samples 2-4 and 2-91 to 2-94, a
thermal crack did not arise in the tests where the temperature
of the soldering iron was 450°C. At this time, residual
compressive stress in the composition ranges of the samples
where a thermal crack did not arise was 41 MPa or more without
exception.

Therefore, the samples 2-4 and 2-91 to 2-94 where time of
the reoxidation processing was 0.5 to 8 hours are still more

preferable in the present invention. In addition, since a
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thermal crack did not arise in the test where the temperature
of the soldering iron was 450°C if the residual compressive
stress was 40 MPa or more, this range is also a more preferable
range in the present invention. This corresponds to the
residual compressive stress specified in claims 14 and 26.

Example 2-9

What is performed in this example 2-9 is comparison of
samples obtained by changing a partial pressure of oxygen among
reoxidation processing conditions.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, a
total A/B, and a mole percent of SiO,, and performing the same
setup as that in the example 2-1 except for changing
'reoxidation processing conditions as shown 1in Table 2-9,
samples were produced, which were measured similarly to those
in the example 2-1. However, the temperature characteristic of
the varistor voltage E,, was not measured. The result is shown

in Table 2-9.
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Table 2-9

Reoxidation Processing Electrical Mechanical Characteristics
Sample Conditions Characteristics
No. |Temper | Time | Partial Thermal Crack Test Residual
ature (h) |Pressure| E,, o (Soldering Iron Temperature | Compressive
(°C) of *0) Stress
Oxygen 360°C | 400°C | 450°C (Mpa)
(atm.)
2-98 950 2 0.00 Less than No Good | No Good | No Good 7
Measuring Limit
2-99 950 -2 0.05 5.2 1.97 No Good | No Good | No Good 14
2-100 950 2 0.10 8.3 3.03 Good Good Good 41
2-4 950 2 0.20 11,5 3.40 Good Good Good 45
2-101 950 2 0.50 14.3 3.95 Good Good Good 46
2-102 950 2 1.00 16.0 4,23 Good Good Good 48




As for the notation of composition, the content of SroO is
expressed as a moles, the content of BaO is b moles, the
content of CaO is c moles, the content of TiO, is 4 moles, the

content of NbO,, is f moles, and the content of SiO, is g moles.

The composition was fixed as a/(a + b + c) 0.35, b/(a + b +

c) =0.35, c/(a+Db +c) =0.30, £/d x 100

3.00, (a+ Db +
c)/(d + £f) = 0.98, and g/d x 100 = 0.20.

The reoxidation processing was performed at 950°C for 2
hours, and samples were produced with changing the partial
pressure of oxygen.

In the samples 2-98 and 2-99, the coefficient o was small,
and residual compressive stress was also small. In other
samples 2-4 and 2-100 to 2-102 except for these samples, a
thermal crack did not arise in the test where the temperature
of the soldering iron was 360°C, 400°C and 450°C. At this time,
residual compressive stress in the composition ranges of the
samples where a thermal crack did not arise was 40 MPa or more
without exception.

Therefore, the samples 2-4 and 2-100 to 2-102 where the
partial pressure of oxygen in reoxidation processing was 0.10
atmospheric pressure or higher are preferable in the present
invention. This corresponds to claim 31. In addition, since a
thermal crack did not arise in the tests where the temperature
of the soldering iron was 360°C, 400°C and 450°C when the
residual compressive stress was 40 MPa or more, this range is

also a more preferable range in the present invention. This
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corresponds to the residual compressive stress specified in
claims 14 and 26.

According to the above Tables 2-1 to 2-9, if the
composition, content and reoxidation processing conditions of
each component are within the range of the present invention,
the residual compressive stress within the preferable range
described above can be obtained. Hence it is possible to
provide varistor ceramic, which has high bending strength and
is excellent in the thermal shock-proof property, and its

manufacturing method.

Third Embodiment

Hereafter, the composition of the varistor ceramic 10 in
this third embodiment will be described.

The varistor ceramic 10 contains a first component of the
- composite perovskite which consists of oxides of Sr, Ba, Ca and
Ti, at least one component of a second component which consists
of at least one kind of oxide selected from oxides of R (Y and
lanthanoids (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb
and Lu)) and a third component which consists of at least one
kind of oxide selected from oxides of M (Nb and Ta), and a
fourth component which consists of an oxide of Si, and does not
contain Mg substantially. It is assumed that a is the number of
moles calculated for Sr of the first component as SrO, b is the
nunber of moles calculated for Ba of the first component as BaO,

C is the number of moles calculated for Ca of the first
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component as CaO, 4 is the number of moles calculated for Ti of
the first component as Ti0,, e is the number of moles calculated
for R of the second component as YO,,, CeO,, Pro,,, TbO,, and
RO,,, (other lanthanoids) respectively, f is the number of moles
calculated for M of the third component as.NbO_,,,z and TaO,,
respectively, and g is the number of moles calculated for Si of
the fourth component as SiO,. Then, the component of this
varistor ceramic is 0.30 < a/(a + b + ¢) = 0.40, 0.30 = b/(a +
b+c) <0.40, 0.25 s c/(a+ b +c) < 0.35, 0.84 < (a+Db + cC +
e}/(d + £) = 1.16, 0.75 < (e + £)/d x 100 < 10.0, and g/d x 100
< 0.6. More preferable ranges of this composition are 0.96 = (a
+b+c+e)/(d+ £f) <1.01, 0.75 s (e + £)/d x 100 < 4.0, and
g/d x 100 < 0.3 .

The first component is a main component of the varistor
ceramic 10. This first component consists of, in composite
perovskite, an A site component of Sr, Ba and Ca, and a B site
component of Ti. The second and third components are metallic
oxides that contribute to semiconductorization, and the fourth
component is mainly added for the improvement of a degree of
sintering.

Electrical characteristics as a varistor are mainly
expressed with a temperature characteristic of the varistor
voltage E;, and a nonlinear coefficient a. The varistor voltage
E,, expresses an applied voltage value at the time of 10-mA
electric current flowing in the varistor, and the nonlinear

coefficient o is generally expressed in a = 1/log{(E,/E,). Where,
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E, is an applied voltage value at the time of 1-mA electric
current flowing in the varistor.

As for mole ratios of Sr, Ba and Ca which are contents of
the A site component, it is preferable that Sr is set between
0.30 and 0.40 inclusive, Ba is between 0.30 and 0.40 inclusive,
and Ca is between 0.25 and 0.35 inclusive. Then, it becomes
possible to enhance electrical characteristics such as the
controllability of the varistor voltage E,, the of the E,
temperature characteristics, and the nonlinear coefficient o,
and to enhance the thermal shock-proof property of the varistor.
That is, if there is too much Sr, the temperature
characteristic of E, wlll become negative, and if too few,
strength will drop. In addition, if there is too much Ba, the
positive trend of temperature characteristic of E,, becomes
strong too much, and if too few, the temperature characteristic
of E, becomes negative. Furthermore, even if there is too much
Ca or too few Ca, the nonlinear coefficient o to the varistor
voltage E,, becomes small. In addition, if there is too much Ca,
the varistor voltage E,, becomes extremely large to become
difficult of control, and a base is made an insulator by
reoxidation.

The thermal shock-proof property of a varistor can be
"enhanced by setting the mole percent (calculated with the
ﬁumber of moles of metal ions) of a semiconductorizing agent
(the second and/or third components) to the principal component

(TiO,) to be between 0.75 and 10.0 inclusive, or more preferably
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to be between 0.75 and 4.0 inclusive. That is, even if the
semiconductorizing agent is too much or too few, strength is
lowered and a thermal crack easily arises.

Even if an amount of the fourth component (SiO,) is
reduced by performing setup so that the total A/B may become
between 0.84 and 1.16 inclusive, or may more preferably become
between 0.96 and 1.01 inclusive, it is possible as described
later to improve a degree of sintering. That is, this is
because sintering is blocked even if the total A/B is too large
or too small, and hence the base is made an insulator owing to
reoxidation. In addition, even if the total A/B is too large or
too small, strength is lowered and a thermal crack easily
arises. In a range where an amount of SiO, is few and a lot of
semiconductorizing agent is added as described above, in order
to maintain the thermal crack-proof property, it becomes
indispensable to restrict an upper limit of the total A/B to be
1.16 or less, or more preferably, to be 1.0l or less.

The thermal shock-proof property of a varistor can be
sharply enhanced by setting the mole percent of the fourth
component (510,) to the principal component (Ti0,) to be 0.6 or
less, or more preferably, to be 0.3 or less. In other words,
Si10, is added as a sintering additive and it is possible to
stably perform sini:ering even 1f composition fluctuates, but
however, if the amount of SiO, increases, it becomes easy for a
thermal crack to arise. It should be noted that the content

(mole percent) of SiO, of 0.6 or less or of 0.3 or less also
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includes the case where its dosage is zero.

The varistor ceramic 10 may also contain an additive that
consist of at least one kind of oxide selected from among
oxides of Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga, In, Mo and W.
Supposing the content is the number of moles obtained by
converting Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga, In, Mo and W
into LiO,,, NaO,,, MnO, CoO,,, NiO, CuO, ZnO, ScO,,, FeO,,, Gao,,,
InO,, MoO; and WO,, it is preferable that the composition is 0 <
h/d x 100 < 1.000. Thereby, there is an effect of improving the
nonlinear coefficient o.

In addition, the varistor ceramic 10 may also contain
other elements such as P, S, K, Al and Zr as unavoidable
impurities besides such additives. Such elements usually exist
as oxides.

As described above, the varistor ceramic 10 is a
polycrystal consisting of perovskite type crystals. A part of
each component is contained in the perovskite type crystals
with being solidly solved in grains, and another part exists in
crystal grain boundaries as oxides or complex oxides. For
example, Ba, Ca, S r, Ti, Nb, Ta, Y, lanthanoids and the like
exXist mostly in grains, and Mo, W, Mn, Si, Co and the like
exist mostly in crystal grain boundaries.

A mean grain diameter of the varistor ceramic 10 usually
is about 0.5 to 10 um, and in particular, 1 to 6 pm.

Since the electrodes 11 are formed with the material made

of Cu or mainly made of Cu, they are hard to be corroded even
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under high temperature, and hence, this can endure hot solder
work.

Next, a method of manufacturing this varistor ceramic 10
will be described simply.

The varistor ceramic 10 is obtained by processing raw
material powder in order of mixing, calcining, grinding,
forming, binder removal, reduction sintering, and reoxidation.

The powder of a compound of each structural element of
céramic is usually used for the raw material powder. An oxide
or a compound which becomes an oxide by sintering, such as
carbonate and a hydroxide can be used for the raw material
powder. With citing an example about Ba, at least one kind of
barium compounds such as BaCO,, BaSiO,, BaO, BaCl,, Ba(OH), and
Ba(NO,),, and alkoxide (for example, (CH,0),Ba) can be used as
the raw material. The mean particle diameter of raw material
powder may be usually about 0.2 to 5 um.

First, the weighing of the raw material powder is
performed so that the final composition may become the above-
described composition, and usually, wet blending is performed.
Subsequently, after performing dehydration processing, the raw
material powder is dried and calcining is performed at about
1080 to 1250°C for about 2 to 4 hours. Next, after grinding a
calcining object, an organic binder is added, and further,
water, a pH regulator, a moisturizer, etc. are added and mixed.
Subsequently, a mixture is molded, and is sintered at about

1250-1400°C in a reducing atmosphere for about 2 to 4 hours
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after performing binder removal processing for semiconductor
ceramic to be obtained.

Each raw material powder such as Nb, Ta, Y, lanthanoids,
Mo, W, Mn, Si, Co and the like may be added at the time of
mixing after the calcining.

The semiconductor ceramic obtained in this manner is
given heat treatment (reoxidation processing) in an oxidizing
atmosphere such as air, so that a suitable varistor voltage
according to an object may be obtained. The temperature TEM, o
and Time TIM,, in this reoxidation processing are controlled as
follows:

(1) 850°C < TEM,, < 900°C, 0.25 hour =< TIM,. < 32 hours,
(2) 900°C < TEM,, = 1050°C, 0.1 hour < TIM_, =< 32 hours,
(3) 900°C < TEM,_, < 950°C, 0.5 hour < TIM_ < 16 hours, or
(4) 950°C = TEM,, =< 1000°C, 0.25 hour = TIM_ < 16 hours.

The insulating layer 10b is formed on a surface portion
by this reoxidation processing. Varistor characteristics appear
owing to the presence of this insulating layer. Generally, the
nonlinear coefficient a and varistor voltage become large if
this insulating layer is thick, and they become small if thin.

It is possible to secure a sufficient nonlinear
coefficient a, a sufficient bending strength, and a sufficient
thermal shock-proof property in a wide range of varistor
voltage, and also to reduce the dependency of the varistor
voltage to a change of heat treatment temperature, by thus

controlling the temperature TEM, and time TIM., in such
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reoxidation processing. Since the practical nonlinear
coefficient o and the sufficient strength in a wide range of
varistor voltages can be obtained in the single composition, it
becomes unnecessary to prepare various materials and it becomes
easy to control materials. With considering the influence of a
change of the reoxidation processing conditions over a varistor
voltage, the time of the reoxidation pmcéséMg TIM,, has less
impact than the temperature in the reoxidation processing TEM,_,.
Hence, by controliing a varistor voltage value through finally
adjusting the time of the reoxidation processing TIM_, the
shift of the varistor voltage due to the change of reoxidation
processing conditions becomes small, and hence an yield
improves and the control of reoxidation processing conditions
becomes easy.

Electrodes 11 are formed on one surface of the varistor
ceramic after reoxidation processing with Cu or material mainly
made of Cu, and a varistor is obtained. The material mainly
made of CU is the same as that in the first embodiment.

In the third embodiment described above, although the
electrodes are provided in one surface of varistor ceramic, an
electrode(s) may be provided in top and back faces or sides of
the varistor ceramic.

In additlon, varistor ceramic may be manufactured by
adding a minor component later. Namely, it is also possible to
weigh and mix raw material powder, to add a part of conteni:s

after performing calcining, to adjust the contents so that the
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powder may have a composition predetermined, to grind and form
the powde::, and to perform the reduction sintering of this
formed object, and the reoxidation.

Hereafter, the present invention is described still in
detail according to examples according to the third embodiment.

Example 3-1

What is performed in this example 3-1 is comparison of
samples obtained by chanéing A site mole ratios with fixing
other parameters such as reoxidation processing conditions, a
mole percent and a kind of a semiconductorizing agent, and a
total A/B.

First, after respectively weighing by conversion and
blending SrCO,, BaCO,, CaCO,, TiO,, NbO,,, and SiO, as raw material
so that the raw material might have the composition shown in
Table 3-1, they were mixed for 10 to 20 hours with using an wet
media mill, dehydrated and dried.

After calcining a mixture obtained, at 1150°C, the
mixture was rough-ground, and again, dehydrated and dried after
being mixed with a wet media mill for 10 to 20 hours.
Subsequently, 1.0 to .1.5 wt% of polyvinyl alcohol was mixed to
the mixture as an organic binder to be granulated, and the
granulated mixture was formed ét forming pressure of 2 t/om® to
become a formed object having an 6uter dlameter of 12 mm, an
inside diameter of 9 mm and a thickness of 1.0 mm.

After performing the binder removal processing of this

forming object at about 600°C in an air atmosphere, sintering
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was performed for 2 hours at about 1350°C in a reducing
atmosphere of N, (95 volume percent) + H, (5 volume percent) for
the semiconductor ceramic to be obtained. Subsequently, two-
hours reoxidation processing of the semiconductor ceramic was
performed at 950°C in the air in the rise and fall temperature
speed of 100 to 600°C/h for the varistor ceramlc to be obtained.

Next, Cu paste was applied to one surface of the varistor
ceramic 10 as shown in Figs. la and 1b, in a neutral atmosphere,
three Cu electrodes, although the five electrodes are shown in
these figures, were formed by baking the Cu paste at 750°C to
obtain test samples of the varistors for measuring.

Then, after measuring the voltages E, and E,, of each
sample at 20°C, the nonlinear coefficient a was obtained from o
= 1/10g(E,,/E,) with using the measured voltages E, and E,,.
Furthermore, the temperature characteristic (temperature
coefficient) of the varistor voltage E,, was also obtained.
Moreover, while performing the thermal crack test of each
sample, a transverse rupture strength of each sample was
measured.

The voltages E, and E,, were measured with using a
measuring circuit shown in Fig. 3. In this measuring circuit,
an ammeter 30 is connected in series between a varistor 31 and
a DC constant current source 32, and a voltmeter 33 is
connected in parallel with the varistor 31. The voltages E, and
E,, were measured by measuring the voltage values between both

terminals of the varistor 31 when electric current of 1 mA and
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10 mA flows in the varistor 21 respectively with using the
ammeter 30 and the voltmeter 33.

Temperature characteristics (temperature coefficient)
AE,,, of the varistor voltage E,, were obtained with AE,, =
{E,((85) -E,(20)}/{E,(20) x (85 - 20)} x 100 [%/°C] about each
sample. The voltages E,,(20) and E,(85) are the varistor
voltages E,, at the temperature of 20°C and 85°C, respectively.
These were measured with using a thermostat oven.

The transverse rupture strength was measured by a
transverse rupture strength tester such as MODEL-1311D of AIKOH
ENGINEERING Co., Ltd.. |

The thermal crack test was performed by contacting a
soldering iron, where temperature was set beforehand, to the
electrode side of the sample left at the room temperature, for
3 seconds with supplying eutectic solder. The temperature of a
soldering iron was two kinds of temperature, that is, 360°C, and
400°C were used. Thirty samples were visually inspected for

cracks with using alcohol. The result is shown in Table 3-1.
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Table 3-1

Composition . Electrival Charactarigtics Mechanical Charaeteristics
Sample | Srmole | Bamoele | Camole | Compone | Mole % of | Total | Si0, | Component B Teaneverse | Thermal Crack Test
No. ratio ratio ratio ntof |semicond { AB | mole | ofadditive Ew o Temperature Rupture {Soldering Jron
afa¥bie) | bilatbhie) | ehath+e) | semicond | uctorizing % 4] Characteristics | Strength Temperature *C)
uctorizing | agent A (%PC) | (Rgfmm® | 360 °C 400 °C
_agent
31 0.30 0.36 0.35 NbO, 3.00 098 | 020 None 15.8 3.7 001 30.1 Good Good
3-2 0.30 0.40 0.30 NbOg, 3.00 098 | 0.20 None 12.9 3.5 0,02 299 Good Good
33 0.35 0.30 095 | NbOy; | 500 | 098] 020 | None 6.1 | 40 0.00 32.7 Good Good
34 0.35 0.35 0.30 NbOys 300 | 098 | 020 Nome . | 115 | 34 001 336 Good Good
35 0.85 0.40 0.25 NbOys 3.00 0.98 | 0.20 None 11.6 8.8 0,02 318 Good Good
36 0.40 0.30 0.30 NbO, 3.00 098 | 0.20 None 118 37 0.00 3L4 Good " Good
31 0.40 0.35 0.25 NbOQsy 3.00 098 | 0.20 None 10.9 3.8 0.01 33.0 Good Good.
38 0.10 0.40 0.50 NbOyy 3.00 _0_!_!_8 0.20 None 39.9 3.9 0.03 240 Good Good
38 0.10 0.30 0.40 NBO 3.00 088 | 0.20 None 20.1 3.5 004 24.8 Good Good
3:10 0.20 0.80 0.50 NbO, 3.00 098 | 0.20 None 33. 4.2 0.01 26.1 Good Good
an _0.20 0.40 0.40 NbO, 3.00 0.98 | 0.20 None 206 3.8 0.03 26.0 Goad Good
3-12 0.20 _0.50 0.30 NbOgx 3.00 0.98 ! 0.20 Nana 18.7 34 0.04 276 Good Good
313 0.30 0.50 0.20 NbO, 300 | 0.98 | 0.20 Nome_ 11.0_| 28 0,04 283 Good Good
314 0,40 040 | 020 NbO, 300 | 098 | 0.20 None 106 | 238 002 29.1 Good Good
315 0.50 .30 0.20 NbO 8.00 098 | 0.20 None 10.0 2.7 ~0.01 - 280 Good Gond
316 1.00 0.00 0.00 NbOgw | 8.00 098 | 0.20 None 4.3 2.9 -~0.50 24.9 Good Good
317 0,80 0.20 000 NbO, 3.00 0.98 | 0.20 None 48 3.0 —0Q.08 24.4 Good Good
318 0.50 0.50 0.00 NbOyy, 8.00 0.98 | 0.20 None 8.0 3.1 0.16 242 Good Good
3-19 0.30 0.80 0.00 | NBOy 300 | 098 | 0.20 None 22 |23 0.71 23.0 Good Good
320 0.00 1.00 000 Nb 8.00 098 | 0.20 None 0.4 1. 1.20 10.8 Good No Good
321 0.00 0.80 0.20 NbOgs 3.00 098 | 0.20 None 48 2.5 0.23 18.56 Good. No Good
322 | 000 0.60 040 | NbOge 3.00_ | 098 | 0.20 | Nome 184 | 84 0.10 18.3 Good | No Good
323 0.00 0.40 080 | N»O 300 | 098 | 020 | None 740 | 3.1 0.06 18.1 Good | No Good
324 0.00 0.20 0.80 NbOye 300 1098 | 020 | Nome | 1870 |27 0.01 168 | No Good | No Good
325 0.00 0.00 1.00 Nb 3.00 098 | 0.20 None Isolated § — - 18,5 Nuo Good. Eg_ Guood
326 | 080 0.00 020 | NbOg | 300 | 088 | 020 | Nome 1380 | 2.4 —0.16 254 Good Good
3-27 0.50 .00 0.50 NbOy 3.00 098 | 020 None 39.5 4.4 ~0.08 20.1 Good No Good
3-28 0.20 0.00 0.80 NbOpz 3.00 0.98 | 0.20 None 9.1 a.b =0.01 18.8 Good, No Good
328 0.60 0.20 Q.20 NbOus 3.00 098 | 0.20 None 9.2 3.3 -~047 26.1 Good Good
8-30 0.20 0.60 0,20 NbOsy .00 058 | 0.20 None 9.9 3.2 0.11 24.9 Good Good
33 0.49 0.20 0.40 NbOygs 3.00 098 | 0.20 None 220 4.1 —0.03 26.0 Good Good
3-32 0.20 0.20 0.60 NbOyp 3.00 098 | 0.20 None 47.1 2.8 0.00 24.1 Good Good
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Mole ratios of the A site component largely affect the
electrical characteristics of a varistor, and in particular, to
the temperature characteristic of the varistor voltage E,,. When
‘the temperature characteristic of the voltage E,, is negative,
the varistor voltage drops in connection with the rise of
operating temperature, and hence, excessive electric current
flows to the varistor or a possibility of causing a thermal
runaway exists. Therefore, this is not adoptable. Therefore,
the samples 3-15 to 3-17, 3-26 to 3-29 and 3-31 are in ranges
where they cannot be used as varistors respectively.

Even if the temperature characteristic of the voltage E,,
1s zero or positive, it is not desirable to exceed 0.06, and
hence, the‘samples 3-18 to 3-23 and 3-30 are not preferable as
varistors. |

Since being insulated as a whole by reoxidation
processing, the sample 3-25 does not operate as a varistor. In
addition, since the samples 3-24 and 3-26 contain too much Ca,
their varistor voltages E,, are extremely high, and hence,
control is difficult.

Since Ca contained is too few although the E,,
characteristics of the samples 3-13, 3-14 and 3-32 are 0.06 or
less, their nonlinear coefficients o to the varistor voltage E,,
are low, and hence they are not preferable.

Therefore, the samples 3-1 to 3-12 are preferable because
the temperature characteristics of the varistor voltages E,, are

0.06 or less and the coefficients a to the varistor voltages E,,
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are not so low. Furthermore, the samples 3-1 to 3-7 where the
temperature characteristic of the voltage E,, is 0.02 or less is
more preferable in the present invention. This corresponds to
the A site mole ratio specified in claim 47. In this range, no
crack arose at the thermal crack test where the temperature of

the soldering iron was 360°C, and furthermore, no crack also
arose at the thermal crack test where the temperature of the
soldering iron was 400°C. In particular, the sample 3-4 has the
best balance of the temperature characteristic of the voltage
E, and the nonlinear coefficient o, and the mole ratios of the
A site component near that of this sample are most preferable
in the present invention.

Example 3-2

What is performed in this example 3-2 is comparison of
samples obtained by changing an amount of a semiconductorizing
agent.

With fixing other parameters such as reoxidation
processing conditions, A site mole ratios, a kind of a
semiconductorizing agent, a total A/B, and a mole percent of
510, and performing the same setup as that in the example 3-1
except for changing the mole percent of the semiconductorizing
agent as shown in Table 3-2, samples were produced, which were
measured similarly to those in the example 3-1. The result is

showm in Table 3-2.
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Table 3-2

Composition Electrical Mechanical Characteristics
Sample Characteristics
Ne. Srmole | Bamole | Camole | Compone | Mole % of | Total | 8i0, | Component Transverse | Thermal Crack Test
ratio ratio ratio ntof {semicond | A/B | mele | ofadditive Ew o Rupture (Soldering Iron
alla+b+o) | bAa+b+e) | c/at+b+e) | semicond | uctorizing % 7)) Strength Temperature °C)
wctorizing | agent (Kgffmm® | 360 °C 400 °C
agent
8-33 0.36 0.35 0.30 NhO;sp 0.10 0.98 | 020 None 80.2 3.1 17.2 No Good | No Good
3-34 0.35 0.35 0.30 NbOys 0.75 098 | 020 None 16.7 3.3 27.3 Good Good
3-35 0.35 0.35 0.30 NbOys 1.00 0.98 0.20 None 16.5 34 28.6 Goaod Good
3-36 0.35 0.35 0.30 NbOys 2.00 098 | 0.20 None 124 3.4 52.2 Good Good
34 0.36 0.36 0.30 NbOus 3.00 098 | 0.20 None 11.5 3.4 33.56 Goad Good
3-37 0.35 0.35 0.30 NbOys» 4.00 0.98 | 0.20 None 12.1 3.5 30.6 Gocd Good
3-38 0,35 0.35 0.30 NbO:e 10.00 0.98 0.20 None 11.5 3.5 19.6 Good No Good
3-39 | 0.85 035 | 080 | NhOsy | 1600 | 0988 | 020 | None |-148 | 88 99 | NoGood | NaGood
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The amount of a semiconductorizing agent affects the
thermal crack-proof property of varistor ceramic. Since the
amount of semiconductorizing agent in the samples 3-33 and 3-39
are too few and too much respectively, thermal cracks arose in
the test where the temperature of the soldering iron was 360°C,
and hence, these are not preferable. Therefore, the samples 3-4
and 3-34 to 3-38 where thermal cracks did not arise in the test
where the temperature of the soldering iron was 360°C and the
traverse rupture strength was 18 kgf/mm’ or more are preferable
In the present invention. This corresponds to the mole percent
of the semiconductorizing agent specified in claim 47.

Since a thermal crack arose in the sample 3-38 in the
test where the temperature of the soldering iron was 400°C, the
samples 3-4 and 3-34 to 3-37 where a thermal crack did not also
arise in the test where the temperature of the soldering iron
was 400°C are more preferable in the present invention. This
corresponds to the mole percent of the semiconductorizing agent
specified in claim 49. In addition, the mole percent of the
semiconductorizing agent near that of the sample 3-4 is most
preferable in the present invention.

Example 3-3

What is performed in this example 3-3 is comparison of
samples where a kind of semiconductorizing agent was changed.

With fixing other parameters such as reoxidation
processing conditions, A site mole ratios, a mole percent of a

semiconductorizing agent, a total A/B, and a mole percent of
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Si0, and performing the same setup as that in the example 3-1
except for changing the mole percent of SiO, as shown in Table
3-3, samples were produced, which were measured similarly to

those in the example 3-1. The result is shown in Table 3-3.
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Table 3-3

0¢1

Composition Electrical Mechanical Characteristics
Bample Characteristics
No. Srmole | Bamole | Camole |Compone | Mole % of | Total | SiO; | Component Transverse | Thermal Crack Test
ratio ratio ratio nt of semicond { A/B | mole | of additive Ey a Rupture (Soldering 1ron
afla+b+c) | bia+b+c) | c/a+b+c) | semicond | uctorizing % \"%) Strength Temperature °C)
: uetorizing | agent (Kgfmm® [ 380 °C 400 *C
agent
3-4 0.35 0.35 0.80 Nb,O, 3.00 098 | 0.20 None 115 34 33.5 Good Good
3-40 0.36 0.35 0.30 Taz0x 3.00 098 | 020 None 15,4 34 27.6 Good Good
341 0.35 0.35 0.30 Y0, 3.00 0.98 | 020 None 26.6 3.7 32.3 (ood Good
3-42 0.36 0.35 0.30 La,O. 3.00 0.98 | 0.20 None 15.1 3.9 246 Good Good
3-43 0.36 0.36 0.30 CeO, 3.00 098 | 0.20 None 14.9 3.5 249 Good Good
8-44 0.36 0.35 0.80 POy 3.00 0.98 | 0.20 None 16.2 3.6 28.56 Good Good
3-46 0.35 0.35 0.30 Nd;O4 3.00 0.98 | 0.20 None 16.8 3.7 26.1 Gaod Good
346 0.35 0.35 0.20 S0y 3.00 0.98 | 0.20 None 14.8 3.5 26.9 “Gagod. Good ;
347 .| 0.3 0,35 0.30 Eu,0;4 3.00 098 | 0.20 None 19.0 8.8 264 Good. Good i
3-48 0.35 0.35 0.30 Gd,04 3.00 098 | 0.20 None 16.2 3.6 26.7 Good. Cood
849 0.38 0.35 0.30 Tb,0, 3.00 0.98 | 0.20 None 21.3 3.8 25.1 Good Good !
3-50 0.35 0.36 0.30 Dys0s 3.00 098 | 0,20 None 18.3 3.6 26.9 Good Good
3-51 0.35 ‘035 0.30 Ho 04 3.00 098 | 0.20 None 25.4 3.6 27.8 Gaod Cood
352 0.35 0.36 0.30 Er.0; 3.00 098 | 0.20 None 279 4.0 279 Good Good
3-63 0.35 0.38 0.30 Tm,0, 3.00 098 | 0.20 None 24.1 3.9 27.3 Good Good
3-54 0.35 0.35 0.30 Yb,0, 3.00 098 | 0.20 None 28.9 39 26.8 Good Good.
3-55 0.8 0,85 0.30 Lu,0, 3.00 0.98 | 020 None 28.2 4.1 24.4 Gaod Good
)
3-56 0.35 0.36 0.30 +¥;0, 3.00 0.98 | 020 None 220 40 31.7 Good Good
Equal
numbers
of moles




A thermal crack did not arise in the tests where the
temperature of the soldering iron was 360°C and 400°C, and the
transverse rupture strength was 18 kgf/mm’ or more in all the
samples 3-4 and 3-40 to 3-56. Hence, it is preferable in the
present invention to use NbO,,,, TaO;,, YO,,, LaO,,, Ce0,, Pro,,,
NdO,,,, SmO,,,, EuO,,, GdO,,, TbO,,, DyO,,, HoO,,, Er0,,, TmO,,,
YbO,,, LuO,, or NbO,, + YO,, (equal numbers of moles) as a
semiconductorizing agent. This corresponds to the kind of
semiconductorizing agent specified in claim 47.

Example 3-4

What 1s performed in this example 3-4 is comparison of
samples obtained by changing a total A/B.

With fixing other parameters such ‘as reoxidation
processing conditions, A site mole ratios, a mole percent and a
kind of a semiconductorizing agent, and a mole percent of SiO,
and performing the same setup as that in the example 3-1 except
for changing the total A/B as shown in Table 3-4, samples were
produced, which were measured similarly to those in the example

3-1. The result is shown in Table 3-4.
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Table 3-4

Composition Electrical Mechanical Characteristics
Sample Characteristics
No. Srmole | Bamole | Camole |Compone | Mole % of | Total | SiO, | Component Transverse | Thermal Crack Test
ratio ratio ratio ntof |semicond | A/B | mole | ofadditive Ey o Rupture (Soldering Iron
afa+b+e) | bl(atb+e) | of(atb+e) |semicond | uctorizing % W Strength Temperature °C)
uctorizing | agent (Kgfmm® | 360 °C 400 °C
__agent
367 0.356 0.36 0.30 NbO,, 3.00 0.80 | 0.20 None Isolated - 5.0 No Good | No Good
3-568 0.35 0.35 0.30 NbOyo 3.00 084 | 0.20 None 44 2.6 23.6 Good No Good
3-59 0.36 0.35 0.30 NbOyy 3.00 096 | 0.20 None 7.0 3.1 31.7 (Good Gaood
3-4 0,36 0.35 0.30 NbOgy 3.00 098 | 0.20 None 11.6 34 33.5 Good Good
8-60 0.35 0.35 0.30 NbOssy 3.00 100 | 0.20 None 9.5 3.3 32.0 Good Good
3-61 0.35 0.35 0.30 NbOge 3.00 1.02 | 0.20 None 6.3 3.0 27.7 Good Good
862 0.35 0.35 0.30 NbOy, 3.00 1.16 ] 0.20 None 515 3.2 18.1 Good No Good
3-63 0.35 0.30 3.00 1.20 | 0.20 None Isolated - 7.7 No Good

0.35

NbOy,

No Good




The value of the total A/B affects the degree of
sintering of ceramic. The samples 3-57 and 3-63 have too small
and too large total A/B respectively, these could not operate
as varistors because it was impossible to sinter precise
ceramic and they were insulated as a whole by reoxidation
processing. Purthermore, thermal cracks arose when the
temperature of the soldering iron was 360°C.

As shown in Table 3-4, in a range where an amount of SiO,
is few and a lot of semiconductorizing agent is added, in order
to maintain the thermal crack-proof property, it is
indispensable to especially control an upper limit of the total
A/B. If the total A/B exceeds 1.16, a thermal crack starts
arising at 360°C. If the total A/B exceeds 1.01, a thermal
crack starts arising at 400°C.

That is, since a thermal crack did not arise in the test
where the temperature of the soldering iron was 360°C, and
transverse rupture strength was 18 kgf/mm’ or more, the samples
3-4 and 3-58 to 3-62 are preferable in the present invention.
This corresponds to a range of the total A/B specified in claim
47.

Furthermore, since a thermal crack did not arise in the
test where the temperature of the soldering iron was 400°C, the
samples 3-4 and 3-59 to 3-61 are more preferable in the present
invention. This corresponds to a range of the total A/B
specified in claim 48. In addition, the vicinity of the total

A/B where the B site component is a little rich like the sample
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3-4 is a most preferable range of the present invention.

Example 3-5

What is performed in this example 3-5 is comparison of
samples obtained by changing a mole percent of SiO,.

With fixing other parameters such as reoxidation
processing conditions, A site mole ratios, a mole percent and a
kind of a semiconductorizing agent, and a total A/B, and
performing the same setup as that in the example 3-1 except for
changing the mole percent of SiO, as shown in Table 3-5, samples
were produced, which were measured s:I.m:Llérly to those in the
example 3-1. The temperature of a soldering iron in a thermal
crack test was three kinds of temperature, that is, 360°C, 400°C

and 450°C. The result is shown in Table 3-5.
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Table 8-5

Composition Electrical Mechanieal Characteristics
Sample Characteristics '
No. Srmole | Bamole | Camole | Compone | Mole % of | Total | 8i0, | Component Transverse Thermal Crack Test
ratio ratio ratio ntof |semicondu| A/B |mole | ofadditive E,, o Rupture | (Soldering Iron Temperature
afatb+o) | bllatbic) | efatbtc) | semicond | ctorizing % \Y] Strength °¢)
uctorizing | agent (Bgffmm? | 360°C | 400°C | 450C
agont
3-64 0.35 0.38 0.30 NbO 3.00 098 | 0.00 None i 3.3 27.2 Good Good Good
3-65 0.35 0.35 0.30 NbOw 3.00 098 | 0.10 Nones 8.5 8.4 31.8 Good Gaod Good
34 0.36 0.35 0.30 NbOy 3.00 0.98 | 0.20 None 1L.5 3.4 33.5 ‘Good Good Good
3-66 0.36 0.35 0.80 NbOye 3.00 098 | 0.30 None 18.7 3.8 3a.1 Good Good |- Good
367 | 0.6 0.35 0.80 | NbOg; | 300 | 0.98 | 060 None 104 | 34 242 Good | Good | No Good
8-68 0.36 0.35 0.30 NbOy 3.00 098 3 1.00 None 337.0 2.9 16.B No Good | No Good | No Good
3-89 0.35 0.38 0.30 NbOgs 3.00 0.98 | 150 None Isolated | — 8.3 No Good | No Good | No Good

g1




Si10, is added as a sintering additive. If SiOz is
contained, it becomes possible to perform stable sintering even
if composition fluctuates. However, if its amount increases, it
becomes easy for a thermal crack to arise.

Since a thermal crack also arose in the test where the
temperature of the soldering iron was 360°C, because there was
too much SiO,, the samples 3-68 and 3-69 are not preferable.
Therefore, the samples 3-4 and 3-64 to 3-67 where thermal
cracks did not arise in the test at the temperature of the
soldering iron of 360°C and 400°C and the transverse rupture
strength is 18 kgf/mm* or more, are preferable in the present
invention. This corresponds to the mole percent of SiO,
specified in claim 47.

Since a thermal crack arose in the sample 3-67 in the
test where the temperature of the soldering iron was 450°C, the
samples 3-4 and 3-64 to 3-66 where a thermal crack did not
arise even in the test at this temperature are more preferable
in the present invention. This corresponds to the mole percent
of SiO, specified in claim 50. In addition, the mole percent of
SiO, near that of the sample 3-4 is most preferable in the
present invention. Although a dosage of Si0, in the sample 3-64
is zero nominally, in fact, SiO, is contained in each raw
material as an impurity, and hence SiO, content of the sample 3-
64 does not become zero.

Example 3-6

What is performed in this example 3-6 is cm@uism of
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samples where a kind and an amount of an additive were changed.

With fixing other parameters such as reoxidation
processing conditions, A site mole ratios, a mole percent and a
kind of a semiconductorizing agent, a total A/B, and a mole
percent of SiO,, and perfoﬁning the same setup as that in the
example 3-1 except for changing the kind and amount of an
additive as shown in Table 3-6, samples were produced, which
were measured similarly to those in the example 3-1. The result

is shown in Table 3-6.
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Table 3-6

Composition Electrical Mechanieal Characteristics
Sample Characteristics
No. Srmole | Bamole | Camole | Compone | Mole % of | Total | 8iQ; | Component | Mole % Transverse | Thermal Crack
ratio ratio ratio ntof |semicondu| A/B |mole | of additive of Eyp « Rupture Test
allatb+c) | b/athte) | eAatb+c) | semicond | ctorizing | - % additive | (V) Strength {Soldering Iron
uctorizing | agent (Kgfmm?® | Temperature °C)
_agent 860°C | 400°C
3-70 0.36 0.35 0.30 NbOge 3.00 0.98 | 0.20 MnO 0.01 15.6 4.0 0.7 Good Good
371 0.35 0.35 0.30 NbOys 300 | 098 | 0.20 | MmO 0.03 150 | 41 313 Good | Good
372 0.85 0.38 0.30 NbOys 3.00 098 | 0.20 MnO 0.60 19.6 4.2 3L1 Good Good
373 | 036 0.35 .0.30 NbOg 3.00 098 | 0.20 MnO 1.00 263 | 4.4 246 Good | - Good
374 | 035 0.35 0.30 | NbOgy 3.00_ | 0.98 |0.20| MnO 2.00 | Ysolated | — 17.3 | No Good | No Good
3-75 0.85 0.35 0.30 NbOg 3.00 0.98 | 0.20 Cos0, 0.01 18.1 3.4 254 Good Good
3-18 0.36 0.35 0.30 NbOy; 3.00 098 | 0.20 Coq0; 0.50 22.1 3.7 32.4 Good Good
317 0.36 0.35 0.30 NbO;, 3.00 0.98 | 0.20 CogO4 1.00 28.8 8.7 24.8 Good Good
3-78 0.35 0435 . 0.30 Nboﬂ 3.00 0.98 | 0.20 Cog0, 2.00 . | Isolated | — 16.9 No Good | No Good
3-79 0.35 0.35 0.80 NbOg 3.00 0.98 | 0.20 MoDy 0.20 12.0 3.6 24.7 Good | Good
3-80 0.35 0.35 0.30 NbOwys 3,00 098 | 0.20 WO, 0.20 11.8 3.6 26.1 Good Good
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An additive has the action of adjusting electrical
characteristics such as the varistor voltage E,, and the
nonlinear coefficient a. Mn enlarges the varistor voltage E,
and the nonlinear coefficient o, and Co enlarges varistor
voltage E,,. In addition, it is found that Mo and W have the
action of enlarging the nonlinear coefficient o. Although not
shown in Table 3-6, it is found that other elements such as Li,
Na, Ni, Cu, Zn, Sc, Fe, Ga and In also have the same action.

Since the samples 3-74 and 3-78 had a too large amount of
dosage, the degree of sintering was blocked and the ceramic was
insulated by the reoxidation processing. 'mergfore, the samples
3-70 to 3-73, 3-75 to 3-77 and 3-79 to 3-80 each having the
mole percent td a principal component that is 1.00 or less, and
the transverse rupture strength is 18 kgf/mm’ or more are
preferable in the present invention. This is included in a kind
and the mole percent of an additive specified in claim 51.

Example 3-7

What is performed in this example 3-7 is comparison of
samples obtained by changing a temperature TEM,, and a time
TIM,, among reoxidation processing conditions.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, a.
total A/B, and a mole percent of SiO,, and performing the same
setup as that in the example 3-1 except for changing the
reoxidation processing conditions as shown in Table 3-8,

samples were produced, which were measured similarly to those
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in the example 3-1. The result is shown in Tables 3-7 and 3-8.

130



e A T T e

e

Table 3-7

Reoxidation Electrical Mechanical Characteristics
Sample Processing Characteristics
No. Conditions
Temperature | Time Transverse { Thermal Crack
TEM,., TIM,, Ep a Rupture Test
cC) x \')] Strength (Soldering Iron
(h) (Kgfmm? | Temperature °C)
360 °C 400 °C
3-81 800 0.10 0.68 1.62 10.15 No Good | No Good
3-82 800 0.25 107 | 171 10,94 No Good | No Good
3-83 800 0.50 1.53 | 1.78 1198 No Good | No Good
3-84 800 1 2.27 1237 12.47 No Good | No Good
3-85 800 2 260 | 271 12.53 No Good | No Good
3-86 800 4 438 | 2,87 13.45 No Good | No Good
3-87 . 80O 8 6.22 3.04 13.69 No Good | No Good
3-88 800 16 8.83 3.08 12.35 No Good.| No Good ;
3-89 800 32 12.53 | 3.47 11.74 No Good | No Good
3-90 800 64 17.78 | 3.65 10.53 No Good | No Good
3-91 850 0.10 1.10 | 1.78 16.31 No Good | No Good
3-92 850 0.256 1.73 1.81 18.31 Good | No Good
3-53 860 0.50 248 | 2.41 19.37 Good. | No Good
3-94 850 1 3.67 2,68 20.25 Good | No Good
3-95 860 2 404 | 283 20.35 Goad. | No Good -
3-96 850 4 7.09 3.12 21.84 Good | No Good
3-97 850 8 10.06 3.56 22.24 Good | No Good
3-98 850 16 1428 { 3.63 20.06 Good | No Good
3-99 850 32 20.26 3.78 18.42 Good | No Good
3-100 850 64 28.75 | 3.86 12.36 No Good | No Good
3101 900 0.10 254 | 272 17.45 Na Good | No Good
3-102 900 0.26 399 [274 21.42 Good | No Good
3-103 900 0.50 573 3.09 24.13 Good Good
3104 200 1 847 |321 24.40 Good Good
3-105 900 2 9.33 3.35 24.53 Good Good
3106 900 4 16.37 | 3.75 26.32 Good Good
3-107 900 8 23.23 | 3.80 26.81 Good Good
3-108 900 16 32.97 3.85 24.18 Good Good
3-109 900 32 4679 { 3.1 20.28 Good | No Good
3-110 900 84 56.40 3.58 14.90 No Good | No Good
3111 950 0.10 3.13 2.78 22.13 Good No Good
3112 950 0.25 492 | 3.03 25.69 Good Good
3-113 . 950 0.50 7.06 3.27 28.00 Good Good
3114 950 1 10.46 3.34 29.27 Good Good
- 3-1156 950 2 1150 | 3.40 29.42 Good Good
3116 950 4 20.18 | 3.80 31.57 Good Good
3-117 950 8 28.63 | 3.85 32.15 Good Good
3-118 950 16 40.64 3.94 29.00 Good Good
3-119 950 32 57.67 | 3.67 22565 Good | No Good
3-120 850 64 81.85 3.33 17.87 No Good | No Good
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Table 3-8
Reoxidation Electrical Mechanical Characteristics
Sample | Processing Conditions | Characteristics
No. | Temperature | Time Transverse | Thermal Crack
TEM,,, TIM,, . Eo a Rupture’ Test
(°C) (h) ') Strength (Soldering Iron
{Kgffmm?) | Temperature °C)
860 °C 400 °C
3121 1000 0.10 394 {299 22.96 Good | No Good
3-122 1000 0.26 6.19 | 3.08 26.66 Good Good
3-123 1000 0,60 8.88 | 3.58 29.06 Good Good
3-124 1000 1 13.14 | 3.75 30.37 Good Good
8-125 1000 2 14.47 | 842 30.53 Good Good
3-126 1000 4 25.39 | 2.87 32.76 Good Good
3-127 1000 8 36.03 | 3.83 33.36 Good Good
3-128 . 1000 16 51.13 [ 3.89 30.09 . Good Good
3-129 1000 32 72.57 | 3.47 23.40 Good | No Good
3-130 1000 64 10299 | 3.06 17.54 No Good | No Good
3-131 1050 0.10 1062 | 3.71 18.69 Good | No Good
3132 1050 0.25 16.70 | 3.77 20.64 Good | No Good
3-183 1060 0.50 23.94 | 3.81 22.38 Good | No Good
3-134 1050 1 36.43 | 3.87 23.40 Good | No Good
3-135 1050 2 39.00 | 3.85 23.562 Good | No Good
8-136 1050 4 68.42 | 3.54 23.68 . Good No Good
3-137 1050 - 8 97.10 | 3.22 23.31 Good | No Good
3-138 1050 16 137.81 | 2.98 23.18 Good | No Good
3-139 10560 32 195.68 | 2.79 20.51 Good | No Good
3-140 1050 64 27768 | 2.54 14.29 No Good | No Good
3-141 1100 0.10 33.16 | 3.85 10.839 No Good | No Good
3-142 1100 0.25 52,14 | 3.71 12.06 No Good | No Good
3-143 1100 0.50 74.76 | 3.46 13.14 No Good | No Good
3144 1100 1 11063 | 3.10 13.74 No Good | No Good
3-145 1100 2 121.79 | 2.68 13.81 No Good | No Good
3-146 1100 4 213.66 | 2.82 14.82 No Good | No Good
3-147 1100 8 303.23 | 2.31 15.09 No Good | No Good
3-148 1100 16 Upper than 1261 No Good { No Good
Measuring
Limit .
3149 1100 32 Upper than 10.59 No Good | No Good
Measuring
Limit
3-150 1100 64 Upper than 10.29 No Good | No Good
Measuring
Limit
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As for the notation of composition, the content of SrO is
expressed as a moles, the content of BaO is b moles, the
content of CaO is c moles, the content of TiO, is d moles, the

content of NbO,,, is £ moles, and the content of SiO, is g moles.

The composition was fixed as a/(a + b + ¢) 0.35, b/{(a + b +

c) = 0.3.5, c/(a+ b+ c) = 0.30, £/& x 100 3.00, (a+ Db +
c)/(d + £) = 0.98, and g/d x 100 = 0.20. In addition, the
samples were produced under the processing atmosphere that was
in the air (the partial pressure of oxygen was 0.2 atmospheric
pressure).

The varistor voltage E,, was controlled under this
reoxidation processing conditions. When the varistor voltage E,,
:was controlled with making the temperatﬁre in the reoxidation
processing TEM,, be a parameter, for example, when the time of
the reoxidation processing TIM,, was fi#ed at two hours and the
temperature TEM_, was changed from 800°C to 1100°C like the
samples 3-85, 3-95, 3-105, 3-115, 3-125, 3-135 and 3-145. The
varistor voltages E,, obtained was between about 2.5 and 122 V
inclusive. Here, if conditions were limited to those that a
thermal crack did not arise even in the test where the
temperature of the soldering iron was 400°C and the transverse
rupture strength to bending stress was 18 kgf/mm’ or more, the
varistor voltage E,, obtained was between 9.3 and 14.5 V
inclusive.

However, when the varistor voltage E,, was controlled with

making the time TIM_, be a parameter, for example, when the
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temperature in the reoxidation processing TEM,_, was fixed .at
950°C and the time TIM,, was changed from 0.1 to 64 hours like
the samples 3-111 to 3-120, the varistor voltages E,, obtained
was between about 3.1 and 81.9 V inclusive. Here, if conditions
were limited to those that a thermal crack did not arise even .
in the test where the temperature of the soldering iron was
400°C and the transverse rupture strength to bending stress was
18 kgf/mm’ or more, the varistor voltage E,; obtained was between
4.9 and 40.6 V inclusive.

Namely, by controlling the time of the reoxidation
processing TIM,, as a parameter, it becomes possible to obtain
ceramic having a wide acquisition range of the varistor voltage
E,, with maintaining sufficient strength to stress at the. time
of soldering. This corresponds to claim 42.

Since the samples 3-81 to 3-91, 3-100, 3-101, 3-110, 3-
120, 3-130 and 3-140 to 3-150 had the transverse i:'upture
strength to bending stress being less than 18 kgf/mm’, these are
not desirable in respect of strength.

In the samples 3-92 to 3-99, 3-102 to 3-109, 3-111 to 3-
119, 3-121 to 3-129 and 3-131 to 3-139 except for these samples,
the transverse rupture strength was 18 kgf/mm’ and a thermal
crack 4id not arise in the test where the temperature of the
soldering iron was 360°C. Therefore, preferable ranges in the
present invention are those that correspond to these samples,
that is, 850°C < TEM_, =< 900°C and 0.25 hour = TIM_ =< 32 hours,

and 900°C < TEM,, < 1050°C and 0.1 hour < TIM_ < 32 hours. This
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corresponds to claim 40.

In the samples 3-103 to 3-108, 3-112 to 3-118 and 3-122
to 3-128, a thermal crack did not arise in the .test where the-
temperature of the soldering iron was 400°C. Therefore, more. .
preferable ranges in the present invention are.sthose that--
correspond to these samples, that is, 900°C < 'I‘EMms .950°C and -
0.5 hour < TIM., =< 16 hours, and 950°C < TEM,, £ 1000°C and 0.25 -

hour = TIM_ < 16 hours. These correspond to claim 41.-:. .

Thus, if a value of the varistor voltage is-controlled by - -
changing reoxidation processing conditions without changing the:
composition, it is possible to maintain the .strength of.the
ceramic itself in a high level, and to obtain sufficient
bending &trength to bending stress and sufficient resistance
over a local thermal shock at the time of .soldering. : Of course,
it is possible to secure a sufficient nonlineatr coefficient a
in a wide range of varistor voltages, and to lessen the
dependency of the varistor voltage to the change of heat
treatment temperature. Thus, since practical nonlinear
coefficient o and sufficient strength in a wide range of
varistor voltages can be obtained in the single composition, it
becomes unnecessary to prepare various materials and it becomes
easy to control materials.

Example 3-8

What is performed in this example 3-8 is comparison of
samples obtalned by changing a repeat count of thermal

treatment steps in reoxidation processing.
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With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, a
total A/B, ‘and a mole percent of SiO, and performing the same
setup as that in the example 3-1 except for changing the
reoxidation processing conditions as shown in Table 3-9,
samples were produced, which were measured similarly to those
in the example 3-1. The composition of each sample is the same

as that in the example 3-7. The result is shown in Table 3-9.
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Table 3-9

Reoxidation Processing Conditions Electrical Mechanical Characteristics
Sample Characteristics
No. | Temperature | Time | Unit | Repeat Transverse | Thermal Crack
TEM,.. TI Time | Count Eyx a Rupture Test
{0) () Y] '\ Strength (Soldering Iron
(Kgf'mm® | Temperature °C)
360°C | 400°C
3-151 900 4 4 1 16.37 3.75 26.32 Goed Good
3-1562 900 8 8 1 23.23 3.80 26.81 Good Good
3-163 9500 12 12 | 28.51 3.83 25.88 Good Good
3-154 8300 16 16 1 32.97 4.86 24.18 Good Good
3-156 900 20 20 1 36.90 3.89 20.26 Good__ | No Good
3-156 900 24 24 1 40.46 3.74 18.04 Good | No Good
3-167 . 9500 8 4 2 23.15 3.75 26.73 Good Good
3-158 900 12 4 3 27.39 3.76 25.72 Good Good
3-159 9500 16 4 4 31.74 3.76 24,03 . Good Good |.
3-160 900 20 4 (] 35.83 3.88 20.29 Good_ | No Good
3161 900 24 4 6 38.69 3.73 19.28 No Good | No Good
3-162 950 4 4 1 20.18 3.80 3157 Good Good
3-163 950 8 8 1 28.63 3.85 32.16 Good Good
3-164 950 12 12 1 35.14 3.89 31.04 Good Good
3-165 950 16 16 1 40.64 3.94 29.00 Good Good
3-166 950 20 20 1 45.48 3.87 24.30 Good Good
3-167 950 24 24 1 49.87 3.83 22.83 Good | No Good
3-168 950 8 4 2 28.89 3.84 32.07 Good _Good
3-169 950 12 4 3 36.32 3.87 30.756 Good Good
3-170 950 16 4 4 40.58 3.92 29.15 Good Good
3171 950 20 4 5 45.39 3.81 24.22 Good ood
3-172 950 24 4 6 48.79 3.82 22.95 Good | No Good
3-178 1000 4 4 1 25.38 3.83 32.76 Good Good
3-174 1000 8 8 1 36.02 3.89 33.36 Good Good
3-176 1000 12 12 1 4421 3.73 82.21 Good Good
3-176 1000 16 16 1 51.13 3.69 30.09 Good Good.
3-177 1000 20 20 1 67.22 3.56 25.21 Good | No Good
3178 1000 24 24 1 62.74 3.53 23.69 Good No Good
3-179 1000 8 4 2 28.89 3.84 32.07 Good Good
3-180 1000 12 4 3 44.18 3.78 32.19 Good Good
3-181 1000 16 4 4 51.38 364 30.13 Good Good
3-182 1000 20 4 5 51.37 3.58 25.37 Good Good
3-183 1000 24 4 6 61.46 3.52 28.97 Good No Good

With fixing the temperature in

the reoxidation processing

TEM, . at 950°C and setting the cumulative time TIM,., at 12 hours,

the sample 3-164 produced through a single continuous heat

treatment step was compared for the varistor voltage E, with

the sample 3-169 produced through three times of independent

heat treatment steps, where each processing time was 4 hours.

In consequence,
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strengths, and thermal crack test results that were obtained
were almost the same. In addition, the comparison of the sample
3-153 and the sample 3-158 that were produced with fixing the
temperature TEM,, at 900°C and setting the cumulative time TIM,,
at 12 hours was also similar to this.

Therefore, in case of setting the time when the
transverse rupture strength to a bending stress becomes 18
kgf/mx.n2 or more when the varistor voltage E,, is controlled with
making the time of the reoxidation processing TIM., be a
parameter, so long as the cumulativé time is the same, it is
possible to obtain ceramic with an wide acquisition range of
varistor voltage E,, regardless of the repeat count of the heat
treatmeht step with maintaining sufficient strength to the
stress at the time of soldering. This corresponds to claim 46.

According to the above Tables 3-1 fo 3-9, it is possible
to provide a manufacturing method of obtaining varistor ceramic,
which has the above-described preferable range of transverse
rupture strength and is excellent in the thermal shock-proof
property, so long as the composition, content, and reoxidation
processing conditions of each component are within the range of

the present invention.

Fourth Embodiment

Hereafter, the composition of the varistor ceramic 10 in
this fourth embodiment will be described.

The varistor ceramic 10 contains a first component of the
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composite perovskite which consists of oxides of Sr, Ba, Ca and
Ti, at least one component of a second component which consists
of at least one kind of oxide selected from oxides of R (Y and
lanthanoids (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb
and Lu)) and a third component which consists of at least one
kind of oxide selected from oxides of M (Nb and Ta), and a
fourth component which consists of an oxide of Si. It is
assumed that a is the number of moles calculated for Sr of the
first component as SrO, b is the number of moles calculated for
Ba of the first component as BaO, ¢ is the number of moles
calculated for Ca of the first component as Ca0, d is the
number of moles calculated for Ti of the first component as TiO,,
e is the number of moles calculated for R of the second
' component as YO,,,, CeO,, PrO,,, TbO,, and RO,, (other
lanthanoids) respectively, £ is the number of moles calculated
for M of the third component as NbO,,, and TaO,, respectively,
and g is the number of moles calculated for Si of the fourth
component as SiO,. Then, the component of this varistor ceramic
is 0.10 = a/(a + b + c) = 0.40, 0.30 < b/(a + b + ¢} = 0.50,
0.20 < c/(a+ Db +c) =0.50, 0.8 < {a+Db+c+e)/{d+ f)
< 1.16, 0.75 < (e + £)/d x 100 < 10.0, and g/d x 100 < 0.6.
More preferable ranges of this composition are 0.30
< a/(a+ b+ c) < 0.40, 0.30 = b/(a + b + ¢) = 0.40, 0.25
=c/(a+b+c)=0.35 0.96<s {a+b10c+e)/(d+ f) <1.01,
0.75 <= (e + £)/d x 100 < 4.0, and g/d x 100 < 0.3.

The first component is a main component of the varistor

139



P A NS Pt

ceramic 10. This first component consists of, in composite
perovskite, an A site component of Sr, Ba and Ca, and a B site
component of Ti. The second and third components are metallic
oxides that contribute to semiconductorization, and the fourth
component is mainly added for the improvement of a degree of
sintering.

Electrical characteristics as a varistor are mainly
expressed with a temperature characteristic of a varistor
voltage E,, and a nonlinear coefficient a. The varistor voltage
E,, expresses an applied voltage value at the time of 10-mA
electric current flowing in the varistor, and the nonlinear
coefficient o is generally expressed in a=1/log (E,,/E;). Where,
E, is an applied voltage value at the time of 1-mA electric
current flowing in the varistor.

As for mole ratios of Sr, Ba and Ca which are contents of
the A site component, it is preferable that Sr is set 0.1 or
more but 0.40 or less, Ba is 0.30 or more but 0.50 or less, and
Ca is more than 0.20 but 0.5 or less. It is more preferable
that Sr is set 0.30 or more but 0.40 or less, Ba is 0.30 or
more but 0.40 or less, and Ca is 0.25 or more but 0.35 or less.
Then, it becomés possible to enhance the electrical
characteristics such as the controllability of the varistor
voltage E,, the temperature characteristics of the varistor
voltage E,,, and the nonlinear coefficient «, and to enhance the
thermal shock-proof property of the varistor. That is, if there

is too much Sr, the temperature characteristic of E, will
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become negative, and if too few, strength will drop. In
addition, if there is too much Ba, the positive trend of
temperature characteristic of E,, becomes strong too much, and
if too few, the temperature characteristic of E,, becomes
negative. Furthermore, even if there is too much Ca or too few
Ca, the nonlinear coefficient a to the varistor voltage E,,
becomes small. In addition, if there is too much Ca, the
varistor voltage E,, becomes extremely large to become difficult
of control, and a base is made an insulator by reoxidation.

The thermal shock-proof property of a varistor can be
enhanced by setting the mole percent (calculated with the
number of moles of metal ions) of a semiconductorizing agent
(the second and/or third components) to the principal component
(TiO,) to be between 0.75 and 10.0 inclusive, or more preferably
to be between 0.75 and 4.0 inclusive. That is, even if the
semiconductorizing agent is too much or too few, strength is
lowered and a thermal crack easily arises.

Even if an amount of the fourth component (SiO,) is
reduced by performing setup so that the total A/B may become
between 0.84 and 1.16 inclusive, or may more preferably become
between 0.96 and 1.01 inclusive, it is possible as described
later to improve a degree of sintering. That is, this is
because sintering is blocked even if the total A/B is too large
or too small, and hence the base is made an insulator owing to
reoxidation. In addition, even if the total A/B is too large or

too small, strength is lowered and a thermal crack easily
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arises. In a range where an amount of SiO, is few and a lot of
semiconductorizing agent is added as described above, in order
to maintain the thermal crack-proof property, it becomes
indispensable to restrict an upper limit of the total A/B to be
1.16 or less, or more preferably, to be 1.01 or less.

The thermal shock-proof property of a varistor can be
sharply enhanced by setting the mole percent of the fourth
compdnent (si0,) to the principal component (TiO,) to be 0.6 or
less, or more preferably to be 0.3 or less. That is, SiO, is
added as a sintering additive and it is possible to stably
perform sintering even if compositlion fluctuates, but however,
if the amount of SiO, increases, it becomes easy for a thermal
crack to arise. It should be noted that the content (mole
percent) of SiO, of 0.6 or less or of 0.3 or less also includes
the case whére its dosage is zero.

The varistor ceramic 10 may also contain a fifth
component (an additive) which consist of at least one kind of
oxide selected from among oxides of Li, Na, Mn, Co, Ni, Cu, Zn,
Sc, Fe, Ga, In, Mo and W. Supposing the content is the number
of moles obtained by converting Li, Na, Mn, Co, Ni, Cu, Zn, Sc,
Fe, Ga, In, Mo and W into LiO,,, NaO,,, MnO, CoO,,, NiO, CuO,
Zn0, ScO,,, FeO,,,, GaO,,, InO;,, MoO, and WO,, it is preferable
that the composition is 0 < h/d x 100 < 1.000. Thereby, there
is an effect of improving the nonlinear coefficient a.

In addition, the varistor ceramic 10 may also contain

other elements such as P, S, K, Al and Zr as unavoidable
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impurities besides such additives. Such elements usually exist
as oxides.

As described above, the varistor ceramic 10 is a
polycrystal consisting of perovskite type crystals. A part of
each component is contained in the perovskite type crystals
with being solidly solved in grains, and another part exists in
crystal grain boundaries as oxides or complex oxides. For
example, Ba, Ca, S r, Ti, Nb, Ta, Y, lanthanolds and the like
exist mostly in grains, and Mo, W, Mn, Si, Co and the like
exist mostly in crystal grain boundaries.

A mean grain diameter of the varistor ceramic 10 usually
is about 0.5 to 10 ym, and in particular, 1 to 6 um.

Since the electrodes 11 are formed with the material made
of Cu or mainly made of Cu, they are hard to be corroded even
under high temperature, and hence, this can endure hot solder
work.

Next, a method of manufacturing this varistor ceramic 10
will be described.

The varistor ceramic 10 is obtained by processing raw
material powder in order of mixing, calcining, grinding,
forming, binder removal, reduction sintering, and reoxidation.

The i)owder of a compound of each structural element of
ceramic is usually' used for the raw material powder. An oxide
or a compound which becomes an oxide by sintering, such as
carbonate and a hydroxide can be used for the raw material

powder. With citing an example about Ba, at least one kind of
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barium compounds such as BaCO,, BaSiO,, BaO, BaCl,, Ba(OH), and
Ba(NO,),. and alkoxide (for example, (CH,0),Ba) can be used as

the raw material. The.mean particle diameter of raw material
powder may be usually about 0.2 to 5 pm.

First, the weighing of the raw material powder is
performed so that the final composition may become the above-
described composition, and usually, wet blending is performed.
Subsequently, after performing dehydration processing, the raw
material powder is dried and calcining is performed at about
1080 to 1250°C for about 2 to 4 hours. Next, this calcining
object is ground.

The grinding time in this grinding is set so that the
specific surface area of each grain after grinding may become
between 0.5 and 5.0 m’/g inclusive. Specifically, it is about 1
to 25 hours. Since the composition-heterogeneity or the
composition concentration gradient of material do not arise so
long as the specific surface area of each grain after grinding
is 0.5 m’/g or more, it is possible to obtain the sufficient
bending strength and thermal shock-proof property of sintered
ceramic. When the specific surface area exceeds 5.0 m’/g, the
grinding time becomes long too much, and hence it is
inefficient on manufacturing. In addition, since it becomes
easy for Ti-rich liquid phase to arise, it becomes easy for the
partial heterogeneity of composition to arise. Hence the
specific surface area is made to be 5.0 nf/g or less.

Thereafter, an organic binder is added to grains after
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this grinding, and further, water, a pH regulator, a
molsturizer, etc. are added and mixed. Subsequently, a mixture
is molded.

This forming is performed in conditions where the density
of a fomed object may become between 2.80 and 3.40 g/cm’
inclusive. If the density of a formed object is 2.80 g/cm® or
more, a Fault never arises in manufacturing processes since the
strength of a formed object becomes enough. If the density of a
formed object exceeds 3.40 g/cm’, the lifetime of forming
equipment and dies becomes short, and hence maintenance cost
increases to be inefficient on manufacturing. Hence the density.
of a formed object is made to be 3.40 g/cm’ or less.

Next, the formed object 1s sintered at about 1250 to
1400°C in a reducing atmosphere for about 2 to 4 hours after
performing binder removal processing for semiconductor ceramic
to be obtained.

Each raw material -powder sucﬁ as Nb, Ta, Y, lanthanoids,
Mo, W, Mn, Si, Co and the like may be added at the time of
mixing after the calcining.

The semiconductor ceramic obtained in this manner is
given heat treatment (reoxidation processing) in an oxidizing
atmosphere such as air at the temperature, for example, 800 to
1000°C, so that a suitable varistor voltage according to an
object may be obtained. The insulating layer 10b is formed on a
surface portion by this reoxidation processing. Varistor

characteristics appear owing to the presence of this insulating
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layer. Generally, the nonlinear coefficient o and varistor
voltage become large if this insulating layer is thick, and
they become small if thin.

Electrodes are formed on one surface of the varistor
ceramic after reoxidation processing with the material made of
Cu or mainly made of Cu, and a varistor is obtained. In the
embodiment described above, although the electrodes are
provided in one surface of varistor ceramic, electrodes may be
provided in top and back faces or side faces of the varistor
ceramic.

Thus, by performing the grinding so that the specific
surface area of each grain after grinding may be made to be 0.5
to 5.0 m’/g and forming the grains so that the density of a
formed object may become 2.80 to 3.40 g/cm’, it becomes possible
to maintain the strength of the ceramic itself in a high level
and to obtain sufficient bending strength to a bending stress
and sufficient resistance over a local thermal shock at the
time of soldering.

In addition, varistor ceramic may be manufactured by
adding a minor component later. Namely, it is also possible to
weigh and mix raw material powder, to add a part of contents
after performing calcining, to adjust the contents so that the
powder may have a composition predetermined, to grind and form
the powder, and to perform the reduction sintering of this
formed object, and the reoxidation.

Hereinafter, the present invention will be described
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further in detail with reference to examples according to the
fourth embodiment.

Example 4-1

What is performed in this example 4-1 is comparison of
samples obtained by fixing other parameters such as a grinding
time after calcining, a density of a formed object, a mole
percent and a kind of a semiconductorizing agent, a total A/B
ratio, and a mole percent of SiO,, and changing mole ratios of
an A site component.

First, after respectively weighing by conversion and
biending SrcCoO,, BaCO,, CaCO,, TiO,, NbO,, and SiO, as raw material
so that they might have the composition shown in Table 4-1,
they were mixed for 10 to 20 hours with using an wet media mill,
dehydrated and dried.

After calcining a mixture obtained, at 1150°C, the
mixture was rough-ground, and again, dehydrated and dried after
being mixed with a wet media mill for 10 to 20 hours. With
setting the grinding time after calcining at 16 hours, the
specific surface area of each grain after grinding was fixed at
4.00 m’/g.

Subsequently, 1.0 to 1.5 wt¥ of polyvinyl alcohol was
mixed to the mixture as an organic binder to be granulated, and
the granulated mixture was formed at forming pressure of 2 t/cm’
to become a formed object having an outer diameter of 12 mm, an
inside Qiameter of 9 mm and a thickness of 1.0 mm. The density

pg of a formed object was fixed at 3.10 g/om’.
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After performing the binder removal processing of this
forming object at about 600°C in an air atmosphere, sintering
was performed for 2 hours at about 1350°C in a reducing
atmosphere of N, (95 volume percent) + H, (5 volume percent) for
the semiconductor ceramic to be obtained. Subsequently, 2 hours
reoxidation processing of the semiconductor ceramic was
performed at 950°C in the air in the rise and fall temperature
speed of 100 to 600°C/h for the varistor ceramic to be obtained.

Next, Cu paste was applied to one surface of the varistor
ceramic 10 as shown in Figs. la and 1b, in a neutral atmosphere,
three Cu electrodes, although the five electrodes are shown in
these figures, were formed by baking the Cu paste at 750°C to
obtain test samples of the varistors for measuring.

Then, after measuring the voltages E, and E;,, of each
sample at 20°C, the nonlinear coefficient o was obtained from o
= 1/1og(E,,/E,)} with using the measured voltages E, and E,,.
Furthermore, the temperature characteristic (temperature
coefficient) of the varistor voltage E,, was obtained. Moreover,
while performing the thermal crack test of each sample, the
transverse rupture strength of each sample was measured.

The voltages E; and E,, were measured with using a
measuring circuit shown in Fig. 3. In this measuring circuit,
an ammeter 30 is connected in series between a varistor 31 and
a DC constant current source 32, and a voltmeter 33 is
connected in parallel with the varistor 31. The voltages E; and

E,, were measured by measuring the voltage values between both
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terminals of the varistor 31 when electric current of 1 mA and
10 mA flows in the varistor 31 respectively with using the
ammeter 30 and the voltmeter 33.

Temperature characteristics (temperature coefficient)

AE,, of the varistor voltage E,, were obtained with AE,, =
{E;,(85) - E,(20)}/{E,,(20) x (85 - 20)} x 100 [%/°C] about each
sample. The voltages E,;(20) and E,(85) are the varistor
voltages E,, at the temperature of 20°C and 85°C respectively.
These were measured with using a thermostat oven.

The transverse rupture strength was measured by a
transverse rupture strength tester such as MODEL-1311D of ATIKOH
ENGINEERING Co., Ltd..

The thermal crack test was performed by contacting a
soldering iron, where temperature was set beforehand, to the
electrode side of the sample left at the room temperature, for
3 seconds with supplying eutectic solder. The temperature of a
soldering iron was two kinds of temperature, that is, 360°C, and

400°C were used. Thirty samples were visually inspected for

cracks with using alcohol. The result is shown in Table 4-1.
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Table 4-1

Compogition Electrical Characteristics Mechanical Characteristicy
Sample | Srmole | Bamole | Camole | Compone | Mole % of | Total 8i0, | Component Ey; Temperature | Transverse | Thermal Crack Test
No. ratic ratio’ ratio ntof | semicond { A/B | mole | of additive Ey « | Characterisiics | Rupture exing Iron
a/atbte) | bilath+o) | catb+e) | semicond | uctorizing % \2 AEpr (%°C) Strength | Temperature °C)
uctorizing | agent mm? [ 880°C | 400 °C
agent
41 0.30 0.35 0.35 NbOg, 300 | 088|020 | None 188 |37 0.01 30.1 Good | Good
4-2 0.30 0.40 0.30 NbO, 3.00 0.98 | 0.20 None 12.9 3.5 0.02 29.9 Good Good
4-3 0.36 0.30 0.35 NbO, 3.00 0.98 | 0.20 None 16.1 4.0 0.00 32.7 Good Good
4-4 0.3 0.35 0.30 NbO, 3.00 0.98 | 0.20 None 115 34 001 38.5 Good Good
45 0.36 0.40 025 NbOgy 3.00 098 | 0.20 None 116 3.5 0.02 318 Good Good
46 0.40 0.90 0.50 NbOg, 8.00 [ 0.98 | 020 | None 1.8 [8.7 0.00 814 Good | Good
4-7 0.40 0.85 0.25 NbOgs 8.00 098 | 6.20 None 109 3.8 0.01 33.0 Good Good
4-8 0.10 0.40 0.50 NbOgsp 3.00 0.98 | 0.20 None 39.9 39 0.03 24.0 Good Good
49 0.10 0.50 0.40 NbOg 3.00 0.98 | 0.20 Nox_xre 20.1 3.5 0.04 24.8 M Good
4-10 0.20 0.80 .0.50 NbOg 3.00 098 | 0.20 None 33.5 4.2, 0.01 25.1 Good Good.
4-11 0.20 0.40_ 0.40 NbOss 3.00 098 | 0.20 None 20.6 3.8 0.08 26.0 Good Good
4-12 0.20 0,80 0.30 NbOgro 3.00 098 | 0.20 None 15.7 3.4 0.04 _ 276 Good Good
413 0.30 0.50 0.20 Nbgm 3.00 098 | 0.20 None 11.0 2.8 0.04 28.3 Good Good
414 | 040 0.40 0.20 | NbOg 300 | 098] 020 | None 106 | 2.8 002 29,1 Good | Good
4-15 0.60 0.30 0.20 NbOys 3.00 0.98 | 0.20 None 10.0 2.7 ~0.01 28,0 Good Good
4-18 1.00 0.00 0.00 NbOge 3.00 0.98 | 0.20 None 4.3 2.9 —0.50 24.9 Good Good
417 0.80 0.20 0.00 NI)_OMF 8.00 0,98 | 0.20 None 4.8 3.0 -0.08 244 Good Good
418 0,50 0.5¢ 0.00 NbOys 3.00 0.98 | 0.20 None 8.0 3.1 0.15 24.2 Good Good
419 0.20 0.80 0.60 NbOg 3.00 0.98 | 0.20 None 22 1323 0.71 23.0 Good Good
4-20 0.00 1.00 0.00 NbOyy 3.00 0.96 | 0.20 None 0.4 1.6 1.20 198 Good | No Good
481 0.00 0.80 0.20 NbO, 3.00 0.98 | 0.20 None 4.6 2.5 0.23 185 Good | No Good
422 0.00 0.80 0.40 NoOzm 3.00 0.968 | 0.20 None 184 34 010 18.3 Good | No Good |
4-23 0.00 0.40 0.60 NbO,y 3.00 0.98 | 0.20 None 74.0 3.1 0.08 18.1 Good | No Good |
4-24 0.00 0.20 0.80 NbOsy 3.00 0.98 | 0.20 None 187.0 |29 0.01 163 No Good | No Good.
4-25 0.00 0.00 1.00 NuO,, | 3.00 0.98 | 0.20. | . None Isolated | — — 16.5 No Guood | No Good
426 0.80 0.00 0.20 NbOg, 3.00 0.8 | 0.20. None 1380 {24 " —0.156 254 Good Good
4-27 0.50 0.00 0.50 NbQ;5 3.00 0.98 | 0.20 None 39.5 4.4 —0.08 20.1 Good | No Good
4-28 0.20 0.00 0.80 NhO, 3.00 0.98 | 6.20 None 9.1 3.5 —0,01 18.8 Good | No Good
| 429 0.60 0.20 0.20 NbOg_g 3.00 0.98 { 0.20 None 9.2 3.3 -0.07 26,1 Good Good
4-30 0.20 0.60 0.20 NbO,s 3.00 0.98 | 0.20 None 99 3.2 0.11 24.9 Good Good
4-31 0.40 0.20 0.40 Nbg,_;__a 3.00 0.98 | 0.20 None 220 4.1 —Q,03 268.0 Good Good
4-32 0.20 0.20 0.60 NbOm 3.00 0.98 | 0.20 None 47.1 2.8 0.00 24.1 Good Good
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Mole ratios of the A site component have large influence
on the electrical characteristic of a varistor, and in
particular, to the temperature characteristics of the varistor
voltage E,,. When the temperature characteristic of the voltage
B,; is negative, the varistor voltage drops in connection with
the rise of operating temperature, and hence, excessive
electric current flows to the varistor or a possibility of
causing a thermal runaway exists. Therefore, this is not
adoptable. Therefore, the samples 4-15 to 4-17, 4-26 to 4-29
and 4-31 are in ranges where they cannot be used as varistors
respectively.

Even if the temperature characteristic of the voltage E,
is zero of positive, it is not desirable to exceed 0.06, and
hence, the samples 4-18 to 4-23 and 4-30 are not preferable as
varistors.

Since being insulated as a whole by reoxidation
processing, the sample 4-25 does not operate as a varistor. In
addition, since the samples 4-24 and 4-26 contain too much Ca,
their varistor voltages E,, are extremely high, and hence,
control is difficult.

Since Ca contained is too much or too little although the
E,, characteristics of the samples 4-13, 4-14 and 4-32 are 0.06
or less, their nonlinear coefficients a to the varistor voltage
E, are low, and hence they are not preferable.

Therefore, it can be said that the samples 4-1 to 4-12

are preferable because the temperature characteristics of the
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varistor voltages E,, are 0.06 or less and the coefficients a to
the varistor voltages E,, are not so low. This corresponds to A
site mole ratios specified in claim 54. In this range, no crack
arose at the thermal crack test where the temperature of the
soldering iron was 360°C, and furthermore, no crack also arose
at the thermal crack test where the temperature of the
soldering iron was 400°C.

Furthermore, the samples 4-1 to 4-7 whose temperature
characteristics of the voltages E,, are 0.02 or less are more
preferable in the present invention. This corresponds to A site
mole ratios specified in claim 55. In particular, the sample 4-
4 has the best balance of the temperature charactgristic of the
voltage E,, and the nonlinear coefficient a, and the ‘mole i‘atios
of the A site component near that of this sample are most
preferable in the present invention.

Example 4-2

What is performed in this example 4-2 is comparison of
samples obtained by changing an amount of a semiconductorizing
agent.

With fixing other parameters such as a grinding time
after calcining, a density of a formed object, A site mole
ratios, a kind of a semiconductorizing agent, a total A/B, and
a mole percent of SiO, and performing the same setup as that in
the example 4-1 except for changing the mole percent of the
semiconductorizing agent as shown in Table 4-2, samples were

produced, which were measured similarly to those in the example
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4-1.

The result is shown in Table 4-2.
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Table 4-2

Composition Electrical Mechanical Characteristics
Sample . Characteristics
No. Srmole | Bamole | Camole | Compone | Mole % of | Total [ Si0, | Component Transverse | Thermal Crack
ratio ratio ratio ntof |semicond | A/B | mole | of additive Ey a Rupture Test
ala+h+c) | bflatb+e) | cat+bte) | semicond | uctorizing % \7] Strength (Soldering Iron
uctorizing | agent (Kgfimm? | Temperature °C)
agent 360°C | 400°C
4-33 0.35 0.35 0.30 NbOsp 0.10 098 | 0.20 None 30.2 3.1 17.2 No Good | No Good
4-34 0.35 0.35 0.80 NbOys 0.78 0.98 | 0.20 None 16.7 3.3 27.3 Good Good
435 0.35 0.35 0.30 NbOgs 1.00 0.98 | 0.20 None 15.5 3.4 28.6 Good Good
4-36 0.38 0.35 0.30 NbOge 2.00 0.98 | 0.20 None 124 34 32.2 Good Good
44 0.35 0.35 0.80 Nb 3.00 0.98 | 0.20 None 1.5 34 33.6 Good CGood
4-37 0.35 0.356 0.30 NbO,» 4.00 0.98 | 0.20 None 12.1 3.5 30.5 Good Good.
4-38 0.35 0.35 Q.30 NbOys 10.00 0.98 | 0.20 None 115 3.5 19.6 Good | No Good
0.35 0.30 NbO 15.00 0.98 None 3.3 9.9 No Good | No Good

4-39

- 085 -

0.20
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The amount of a semiconductorizing agent affects the
thermal crack-proof property of varistor ceramic. Since the
samples 4-33 and 4-39 have too few and too much
semiconductorizing agent respectively, thermal cracks arose in
the test where the temperature of the soldering iron was 360°C,
and hence, these are not preferable. Therefore, the samples 4-4
and 4-34 to 4-38 where thermal cracks did not arise in the test
where the temperature of the soldering iron was 360°C and the
traverse rupture strength was 18 kgf/mm’ or more are preferable
in the present invention. This corresponds to the mole percent
of the semiconductorizing agent specified in claim 54.

Furthermore, since a thermal crack arose in the sample 4-
38 in the test where the temperature of the soldering iron is
400°C, the samples 4-4 and 4-34 to 4-37 where a themmal crack
did not also arise in the test where the temperature of the
soldering iron was 400°C are more preferable in the present
invention. This corresponds to the mole percent of the
semiconductorizing agent specified in claim 57. In addition,
the mole percent of the semiconductorizing agent near that of
the sample 4-4 is most preferable in the present invention.

Example 4-3

What is performed in this example 4-3 is comparison of
samples where a kind of semiconductorizing agent was changed.

With fixing other parameters such as a grinding time
after calcining, a density of a formed object, A site mole

ratios, a mole percent of a semiconductorizing agent, a total
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A/B, and a mole percent of SiO, and performing the same setup as
that in the example 4-1 except for changing the kind of the
semiconductorizing agent as shown in Table 4-3, samples were
produced, which were measured similarly to those in the example

4-1. The result is shown in Table 4-3.

156



LST

Table 4-3

Composition Eleetrical Mechanical Characteristics
Sample Characteristics '
No. Srmole | Bamole | Camole | Compone | Mole % of | Thtal | 810, | Component Transverse | Thermal Crack
ratio ratio ratio ntof |semicond | A/B | mole | of additive Ey (3 Rupture Test
a/(a+b+c) | biatb+e) | c/(a+b+c) | semicond | uctorizing % W) Strength | (Scldering Iron
nctorizing | agent (Kgffmm® | Temperature °C)
agent 360°C | 400°C
4-4 Q.35 0.35 0.30 NbyO, 3.00 0.98 | 0.20 None 11.5 34 335 Good Good
4-40 0.35 0.35 0.30 Ta,0F 3.00 0.98 | 020 None 15.4 3.4 275 Good Good
4-41 0.85 0.35 0.30 Y205 3.00 0.98 | 0.20 None 26.6 3.7 32.3 Good Good
4-42 0.36 0.35 0.30 La,0,4 3.00 0.98 | 0.20 None 16.1 3.9 246 Good Good
4+43 0.35 0.36 0.30 CeO, 3.00 0.98 | 0.20 None 14.9 3.5 24.9 Good Good
4-44 0.36 0.35 0.30 PrgOy 3.00 098 | 0.20 None 16.2 3.6 26.5 Good Good
4-45 0.35 0.35 0.30 Nd,; 04 3.00 0.98. | 0.20 None 16.8 3.7 26.1 Good Good’
4-48 0.35 0.35 0.30 Sm,0; 3.00 0.98 | 0.20 None 14.8 3.5 26.9 Good Good
4-47 0.36. 0.35 030 .{ ¥uO; 300 | 098 [ 0.20 None . 19.0 3.8 .26.4 Good Good
4-48 0.35 0.35 0.30 Gd,0, 3.00 0.98 | 0.20 None 16.2 3.6 28.7 Good Good
4-49 0.35 0.35 0.30 Tb,0, 3.00 0.98 | 0.20 None 21.3 3.8 25,1 Good Good
4-50 0.35 0.36 0.30 Dya0, 3.00 0.98 | 0.20 None 18.3 3.5 26.9 Good Good
4-51 0.356 0.35 0.30 Ho,0, 3.00 0.98 | 0.20 None 26.4 3.6 27.5 Good Good
4-52 0.36 0.35 0.30 Ex,0y 3.00 098 | 0.20 None 27.9 4.0 27.9 Good Good
4-58 0.35 0.35 0,30 Tm,0, 3.00 0.98 | 0.20 Nons 24.1 3.9 27.3 Good Good
4-54 0.35 0.35 0.30 Yb,0, 3.00 0.98 | 0.20 None 29.2 3.9 26.3 Good. | Good
4-55 0,35 0.35 0.30 Lu,0p 3.00 098 | 0.20 None 28.2 4,1 244 Good Good
Nb,O,
4-56 0.35 0.35 0.30 +Y,O4 3.00 098 | 0.20 None 22,0 4.0 317 Good Good
Equal :
numbers
of moles
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Since a thermal crack did not arise in the tests where
the temperature of the soldering iron was 360°C and 400°C and
the transverse rupture strength was 18 kgf/mm’ or more in all
the samples 4-4 and 4-40 to 4-56. Hence, it is preferable in
the present invention to use NbO,,, TaO,,. YO,,, LaO,,, CeO,,
Pr0,,,,, NdO,,, SmO0,,, EuO,,,Gdo,,, TbO,,, DyO,,, HoO,,, Ero,,,
TmO,,,, YbO,,,, LuO,, or NbO,, + YO,, (equal numbers of moles) as a
semiconductorizing agent. This corresponds to the kind of
semiconductorizing agent specified in claim 54.

Example 4-4

What is performed in this example 4-4 is comparison of
samples obtained by changing a total A/B.

With fixing other parameters such as a grinding time
after calcining, a density of a formed object, A site mole
ratios, a mole percent and a kind of a semiconductorizing agent,
and a mole percent of s;oz, and performing the same setup as
that in the example 4-1 except for changing the total A/B as
shown in Table 4-4, samples were produced, which were measured
similarly to those in the example 4-1. The result is shown in

Table 4-4.

158



6S1

Table 4-4

Composition Electrical Mechanical Characteristics
Sample . Characteristics
No. Srmole | Bamole | Camole | Compona | Mole % of | Total | 8i0, | Component Transverse | Thermal Crack Test
ratio ratio ratio ntof |semicond | A/B | mole | ofadditive Eyp o Rupture (Soldering Iron
a/(atb+c) | biatb+e) | c/atbc) | semicond | uctorizing % \] Strength | Temperature *°C)
uctorizing | agent (Kgfmm?) | 360°C | 400°C
agent
4-57 0.35 0.35 0.30 NbOy, 3.00 0.80 | 0.20 None Isolated | — 5.0 No Good | No Good
4-58 0.35 0.35 030 | NbOy, 300 | 084 020 | Nome 44 | 26 23.6 Good__| No Good
4-59 0.35 0.35 0.30 NbOy,» 3.00 0.96 | 0.20 None 7.0 3.1 81.7 __Good Good
4-4 0.35 0.35 0.30 NbOgy, 3.00 0.98 | 0.20 None 11.5 8.4 33.6 Good Good
4-60 0.35 0.35 0.30 NbOgs 3.00 1.00 | 0.20 None 9.5 3.3 32.0 Good Good
4-61 0.35 0.35 0.80 NbhOgs 3.00 1.02 | 0.20 None 6.3 3.0 27.7 Good Good
4-82 0.35 0.35. 0.30 NbO, 3.00 1.16 | 0.20 None 51.56 3.2 18,1 Gaod | No Good
4-63 0.35 0.36 - 0.30 NbOgg 3.00 1.20 1 0.20 None Isolated - 7 No Good




The value of the total A/B affects the degree of
sintering of ceramic. The samples 4-57 and 4-63 have too small
and too large total A/B respectively, these could not operate
as varistors because it was impossible to sinter precise
ceramic and they were insulated as a whole by reoxidation
processing. Furthermore, a thermal crack arose when the
temperature of the soldering iron was 360°C.

As shown in Table 4-4, in a range where an amount of SiO,
is few and a lot of semiconductorizing agent is added, in order
to maintain the thermal crack-proof property, it is
indispensable to especlally control an upper limit of the total
A/B. If the total A/B exceeds 1.16, a thermal crack starts
arising at 360°C. If the total A/B exceeds 1.01, a thermal
crack starts arising at 400°C.

That is, since a thermal crack did not arise in the test
where the temperature of the soldering iron was 360°C, and the
transverse rupture strength was 18 kgf/mm® or more, the samples
4-4 and 4-58 to 4-62 are preferable in the present invention.
This corresponds to a range of the total A/B specified in claim
54,

Furthermore, since a themmal crack did not arise in the
test where the temperature of the soldering iron was 400°C, the
samples 4-4 and 4-59 to 4-61 are more preferable in the present
invention. This corresponds to a range of the total A/B
specified in claim 56. In addition, the vicinity of the total

A/B where the B site component is a little rich like the sample
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4-4 is a most preferable range of the present invention.

Example 4-5

What is performed in this example 4-5 is comparison of
samples obtained by changing a mole percent of SiO,.

With fixing other parameters such as a grinding time
after calcining, a density of a formed object, A site mole
ratios, a mole percent and a kind of a semiconductorizing agent,
and a total A/B, and performing the same setup as that in the
example 4-1 except for changing the mole percent of Sio, as
shown in Table 4-5, samples were produced, which were measured
similarly to those in the example 4-1. The témperature of a
soldering iron in a thermal crack test was three kinds of
temperature, that is, 360°C, 400°C and 450°C. The result is

shown in Table 4-5.
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Table 4-5

(4418

Composition Electrieal Mechanical Characteristics
Sample Characteristics
No. Srmole | Bamole | Camole | Compone | Mole % of | Total | Si0, | Component Transverse Thermal Crack Test
ratio ratio ratio ntof |semicond | A/B | mole | of additive Eyp o Rupture | (Soldering Iron Temperature
allatb+e) | batb+e) | elatb+e) | semicond | uctorizing % A7) Strength °C)
uctorizing |  agent (Kgffmm?® | 360°C | 400°C | 450°C
agent
464 0.35 0.35 0.30 NbO,, 3.00 ]098] 0.00 Nong & 3.3 27.2 Good Good Good
4+68 0.35 0.35 0.30 NbOxs 3.00 0.98 | 0.10 None 8.5 3.4 318 Good Good Good
4-4 0.35 0.35 0.30 NbO;, 3.00 0.98 | 0.20 None 115 34 33.5 Good Good. Good
4-68 0.35 0.35 0.30 NbOgs 3.00 0.98 | 0.30 None 13.7 3.6 38.1 Good Good | Good
4-67 0.35 0.35 0.30 NbOy, 3.00 0.98 | 0.60 None 104 34 24.2 Good Good | No Good
4-68 0.35 0.85 0.30 NbOy» 3.00 0.98 | 1.00 Nonse 337.0 29 16.5 No Good | No Good | No Good
4-69 (.35 0.35 0.30 NbO 3.00 0.98 | 1.60 None Isolated - 8.3 No Good | No Good | No Good

e e e



810, is added as a sintering additive. If SiO, is
contained, it becomes possible to stably perform sintering even
if composition fluctuates. However, if its amount increases, it
becomes easy for a themmal crack to arise.

Since a thermal crack also arose in the test where the
temperature of the soldering iron was 360°C, because there was
too much SiO,, the samples 4-68 and 4-69 are not preferable.
Therefore, the samples 4-4 and 4-64 to 4-67 where themlal
cracks did not arise in the test at the temperature of the
soldering iron of 360°C and 400°C and the transverse rupture
strength was 18 kgf/mm* or more are preferable in the present
invention. This corresponds to the mole percent of SiO,
specified in claim 54.

Since a thermal crack arose in the sample 4-67 in the
test where the temperature of the soldering iron was 450°C, the
samples 4-4 and 4-64 to 4-66 where a thermal crack did not
arise even in the test at the temperature of the soldering iron
of 450°C are more preferable in the present invention. This
corresponds to the mole percent of SiO, specified in claim 58.
In addition, the mole percent of SiO, near that of the sample 4-
4 is most preferable in the present invention. In addition,
although a dosage of SiO, in the sample 4-64 is zero nominally,
in fact, Si0, is contained in each raw material as an impurity,
and hence actual S10, content of the sample 4-64 does not become

Zero.
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What is performed in this example 4-6 is comparison of
samples where a kind and an amount of an additive were changed.
With fixing other parameters such as a grinding time after
calcining, a density of a formed object, A site mole ratios, a
mole percent and a kind of a semiconductorizing agent, a total
A/B, and a mole percent of SiO,, and performing the same setup
as that in the example 4-1 except for changing the kind and
amount of an additive as shown in Table 4-6, samples were
produced, which were measured similarly to those in the example

4-1. The result is shown in Table 4-6.
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Table 4-6

Composition Electrical Mechanical Characteristics
Sample Characteristics
No. Srmole | Bamole | Camole | Compone | Mole % of | Total | 8i0, | Component | Mole % Transverse | Thermal Crack
ratio ratio ratio ntof |[semicond | A/B | mole | of additive of By o Rupture Test
al(a+b bla+bre) | ellatbie) | semicond | uctorizing % additive Strength (Soldering Iron
uctorizing [ agent (Bgfmm? | Temperature *C)
_agent 360°C | 400°C
4-70 0.36 086 | 030 NbOge 3.00 ]098] 020 _MnO 0.01 15.6 4.0 30.7 Good Good
471 0.35 0.35 0.30 NbOy. | 300 |088] 020 | MnO 0.08 150 | 41 81.3 "Good | Good
472 0.35 0.35 0.30 NbO, 300 1098 020 MnQ 0.60 19.6 4.2 3L1 Good Gooed |
473 0.35 0.36 0.80 NbO 300 098] 020 MnO 1.00 £6.3 44 24.6 Goad Good
4-74 0.86 0.35 0,30 NbOy; 3.00 |0.98 ]| 020 MnO 2,00 | Isolated | — 17.3 No Good | No Gopd
475 0.36 0.35 0.30 NbOyeo 3.00 0.98 | 0.20 Cos0, 0.01 13.1 34 25.4 Good Good
476 0.35 0.36 0.30 NbOus | 300 | 088 020 | CosO, 0.50 221 | 37 33.4 Good |  Good
477 0.35 0.35 0.30 NbOy; | 300 | 098] 020 | CoO, [ 100 288 | 8.7 248 | Good | Good
4-78 0.35 0.35 0.30 NbO,_,! 3.00. | 098 | 0.20 Cos0, 2,00 lsolated - 16.9 No Good | No Good
4-79 0.35 0.35 0.30 NbOge 300 | 098 | 020 MoOy 0.20 12.0 3.8 24.7 Good | Good
4-80 0.36 0.35 0.30 NbOps 3.00 | 098 | 0.20 WO, 0.20 11.8 36 25.1 Good Good




S

An additive has the action of adjusting electrical
characteristics such as the varistor voltage E,, and the
nonlinear coefficient a. Mn enlarges the varistor voltage E,,
and the nonlinear coefficient o, and Co enlarges varistor
voltage E,,. In addition, it is found that Mo and W have the
action of enlarging the nonlinear coefficlent a. Although not
shown in Table 4-6, it is found that other elements such as Li,
Na, Ni, Cu, Zn, Sc, Fe, Ga and In also have the same action.

Since the samples 4-74 and 4-78 had é too large amount of
dosage, the degree of sintering was blocked and the ceramic was
insulated by the reoxidation processing. Therefore, the samples
4-70 to 4-73, 4-75 to 4-77 and 4-79 to 4-80 each having the
mole percent to a principal component, which is 1.00 or less
and the transverse rupture strength is 18 kgf/mm’ or more are
preferable in the present invention. This is included in the
kind and mole percent of an additive specified in claixh 59.

Example 4-7

What is performed in this example 4-7 is comparison of
samples where a grinding time after calcining, that is, a
specific surface area of each grain after grinding, and a
density of a formed object were changed.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, a
total A/B, and a mole percent of Si0O,, and performing the same
setup as that in the example 4-1 except for changing the

grinding and forming conditions as shown in Table 4-7, samples
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were produced, which were measured similarly to those in the

example 4-1. The result is shown in Table 4-7.
Table 4-7
Grinding | Specific | Density | Density | Transverse Thexmal Crack
Sample | Time | Surface of of Rupture Test
No. After Area | Formed | Sintered | Strength (Soldering Iron
Presinte | (m%g) | Object | Object ps | (Kgfmm? | Temperature °C)
ring (h) PE (g/em®) 360°C | 400°C
_(g/em®)
4-81 1 0.563 2.60 4.568 15.13 No Good | No Good
4-82 b5 2,33 2.60 4.66 15.60 - i No Good | No Good
4-83 24 4.52 2.60 4.567 14.35 No Good | No Good
4-84 60 7.29 2.60 4.66 14.83 No Good | No Good
4-85 100 10.43 2.60 4.54 12.81 No Good | No Good
4-86 1 0.63 2.80 4.85 19.02 No Good | No Good
4-87 5 2.33 2.80 4.92 18.08 No Good | No Good
4-88 24 4.52 2.80 4.92 19.11 No Good | No Good
4-89 50 7.29 2.80 4.86 19.27 No Good | No Good
4-90 0 0.23 3.00 . 4.99 22.57 Good | No Good
491 1 0.53 3.00 5.02 23.60 Good Good
4-92 5 2.33 3.00 5.01 23.35 Good Good
4-93 10 3.32 3.00 5.09 24.82 Good Good
4-84 24 4.52 3.00 5.12 25.41 Good Good
495 50 7.29 3.00 5.11 21.83 Good Good
4-96 100 10.43 3.00 5.03 22.81 Good | No Good
4-97 0 0.23 3.20 5.03 25.00 Good | No Good
4-98 1 0.53 3.20 5.10 26.22 Good Good
4-99 5 2.33 3.20 5.03 25.80 Good Good
4-100 24 4,52 3.20 6.11 24.65 Good Good
4-101 50 7.29 3.20 5.16 23.48 Good Good
4-102 0 0.23 3.40 5.14 26.72 Good | No Good
4-103 1 0.53 3.40 5.23 26.92 Good Good
4-104 i) 2.33 3.40 6.31 28.83 Good Good
4-105 24 4.52 3.40 5.19 29.88 Good Good
4-106 50 7.29 3.40 5.34 27.93 Good Good
4-107 1 0.53 3.60 6.11 22.93 Good Good
4-108 5 2.33 3.60 5.22 22.85 Good Good
4-109 24 4.52 3.60 5.13 23.92 Good Good
4-110 50 7.29 3.60 5.28 21.86 Good Good
4-111 100 10.43 3.60 6.13 23.55 Good | No Good

As for the notation of composition, the content of SrO is

expressed as a moles,

the content of BaO is b moles,

the

content of CaO is c moles, the content of TiO, is d moles, the
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content of NbO,,, is f moles, and the content of Si0, is g moles.
The composition was fixed as a/(a + b + ¢} = 0.35, b/(a + b +
¢) = 0.35, c/{a + b + c) = 0.30, £/d x 100 = 3.00, (a + b +
c)/(d + £) = 1.16, and g/d x 100 = 0.30 to produce samples.

In each sample in this example, the total A/B has
comparatively large composition as 1.16.

In the samples 4-81 to 4-85, by changing the grinding
time after the calcining with 1 to 100 hours with making the
density of a formed object pg be 2.60 g/cm’ lower than usual.
The specific surface area of the grain after grinding is
changed with 0.53 to 10.43 m?*/g. In these samples, the
transverse rupture strength was lower than 18 kgf/mm’, and
thermal cracks arose 'also in the test where the temperature of
the soldering iron was 360°C and 400°C. This may be because
sufficient bending strength cannot be obtained since the
density of a sintered object after sintering considerably
dropped to 4.66 g/cm’ or less due to the low density pg of a
formed object.

In the samples 4-86 to 4-89, the density pg of each

formed object was made to be 2.80 g/cm’ as is usual, and the
specific surface area of each grain after grinding was changed
with 0.53 to 7.29 m’/g. Although bending strength was secured
as the transverse rupture strength was over 18 kgf/mm’ in these
samples, thermal cracks arose in the tests where the

temperature of the soldering iron was 360°C and 400°C. Since

requiring the grinding time of 50 hours, the sample 4-89 is not
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preferable from the point of manufacturing efficiency.

In the samples 4-90 to 4-96, the density pg of each
formed object was made to be 3.00 g/cm®, and the specific
surface area of each grain after grinding was changed with 0.23
to 10.43 m’/g. In these samples, siixce the transverse rupture
strength greatly exceeded 18 kgf/mm?, the bending strength was
secured. Furthermore, a thermal crack did not arise in the
tests, where the temperature of the soldering iron was 360°C and
400°C, except for the samples 4-90 and 4-96. Since requiring
the grinding time of 50 hours, the samples 4-95 and 4-96 are
not preferable from the point of manufacturing efficiency.

In the samples 4-97 to 4-101, the density pg of each
formed object was made to be 3.20 g/cm’® as is usual, and the
specific surface area of each grain after grinding was changed
with 0.23 to 7.29 m*/g. In these samples, the transversé
rupture strength greatly exceeded 18 kgf/mm®, the bending
strength was secured. Furthermore, a thermal crack did not
arise in the tests where the temperature of the soldering iron
was 360°C and 400°C » except for the sample 4-97. Since
requiring the grinding time of 50 hours, the sample 4-101 is
not preferable from the point of manufacturing efficiency.

In the samples 4-102 to 4-106, the density pg of each
formed object was made to be 3.40 g/cm’, and the specific
surface area of each grain after grinding was changed with 0.23
to 7.29 m’/g. In these samples, since the transverse rupture

strength greatly exceeded 18 kgf/mm’, the bending strength was
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secured. Furthermore, a thermal crack did not arise in the

tests where the temperature of the soldering iron was 360°C and
400°C, except for the sample 4-102. Since requiring the
grinding time of 50 hours, the sample 4-106 is not preferable
from the point of manufacturing efficiency.

In the samples 4-107 to 4-111, the density pg of each
formed object was made to be 3.60 g/cm’, and the specific
surface area of each grain after grinding was changed with 0.53
to 10.43 n’/g. In these samples, the transverse rupture
strength greatly exceeded 18 kgf/mm’, the bending strength was
secured. Furthermore, a thermal crack did not arise in the
tests where the temperature of the soldering iron was 360°C and
400°C, except for the sample 4-111. However, since it
remarkably reduces the life of dies to make the density of a
formed object be 3.60 g/cm’, these samples 4-107 to 4-111 are
not preferable.

Therefore, by performing the grinding so that the
specific surface area of each grain after the grinding may
become between 0.53 and 4.52 m’/g inclusive, and making the
density of a formed object be between 2.80 and 3.40 g/cm’
inclusive, it becomes possible to obtain the sufficient bending
strength and thermal shock-proof property of the sintered
ceramic. In addition, it becomes possible to avoid such
inconvenience that manufacturing becomes inefficient because
the grinding time becomes long too much, and maintenance cost

increases due to the shortening of life of forming equipment
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and dies.

Farthermore, in this example, although a range of the
specific surface area is between 0.53 and 4.52 m’/g inclusive,
in consideration of an error range of specific surface area
measurement, the preferable range in the present invention
becomes between 0.5 and 5.0 m’/g inclusive. This corresponds to
claims 52 and 53.

Example 4-8

What is performed in this example 4-8 is comparison of
samples where a grinding time after calcining, that is, a
specific surface area of each grain after grinding, and a
density of a formed object were changed.

With fixing other parameters such as A site mole ratios,
a mole percent and a kind of a semiconductorizing agent, a
total A/B, and a mole percent of SiO,, and performing the same
~setup as that in the example 4-1 except for changing the
grinding and forming conditions as shown in Table 4-8, samples
were produced, which were measured similarly to those in the

example 4-1. The result is shown in Table 4-8.
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Table 4-8

Grinding | Specific | Density | Density | Transverse | Thermal Crack Test

RBample { Time | Surface of of Rupture (Soldering Iron
No. After Area | Formed | Sintered | Strength | Temperature °C)

Presinte | (m%g) { Object | Object ps | (Kgfmm?® [ 360°C | 400 °C
ring (h) pg {g/em?)
{glem?)

4-112 1 0.52 2.60 4.55 18.76 No Good | No Good

4-113 b 2.89 2.60 - 4.61 19,23 No Good | No Good

4-114 24 4.83 2.60 459 17.98 No Good | No Good.

4-115 50 7.26 2.60 4.63 18.46 No Good | No Good

4-116 100 11.06 2.60 4.70 16.64 No Good | No Goed
4-117 1 0.52 2.80 4.83 22.65 Good Good
4-118 B 289 2.80 4.98 24.67 Good Good
4-119 24 4,83 2.80 492 26.31 Good Good
4-120 . 50 7.26 2.80. 4.89 22.90 . Good Good
4-121 0 0.30 3.00 4.98 23.20 Good Good
4-122 1 0.52 3.00 5.05 27.23 Good Good
4-123 b 289 3.00 4.99 26.98 Good Good
4-124 10 3.32 3.00 5.13 28.45 Good Good
4-125 24 4.83 3.00 5.08 29.04 Good Good
4-126 50 7.26 3.00 5.11 25.46 Good Good
4-127 100 11.06 3.00 4.99 22.44 Good Good
4-128 4] 0.30 3.20 5.02 28.63 Good Good
4-129 1 0.52 3.20 5.12 29.85 Good Good
4-130 5 2.89 3.20 5.09 29.43 Good Good
4-131 24 4.83 3.20 5.21 28.28 Good (Good
4-132 50 7.26 3.20 5.16 22.41 Good Good
4-133 0 0.30 3.40 5.14 30.36 Good Good
4-134 1 0.562 3.40 5.22 30.55 Good Good
4-136 i3 2.89 3.40 5.25 32.46 Good Good
4-136 24 4.83 3.40 8.19 33.561 Good Good
4-137 50 7.26 3.40 5.06 24.38 Good | Good
4-138 1 0.52 3.60 5.44 26.56 Good Good
4-139 5 2.89 3.60 5.38 26.48 Good Good
4-140 24 4.83 3.60 5.41 27.56 Good Good
4-141 50 7.26 3.60 5.13 26.49 Good Good
4-142 100 11.06 3.60 5.22 23.54 Good Good

As for the notation of composition, the content of SrO is

expressed as a moles,

the content of Ba0O 1s b moles,

the

content of Ca0 is c moles, the content of TiO, is 4 moles, the

content of NbO,,, 1s £ moles, and the content of SiO, is g moles.

The composition was fixed as a/{a + b + c)
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c) = 0.35, ¢/{a + b + ¢) = 0.30, £/d x 100 = 3.00, (a + b +
c)/(d + £) = 0.98, and g/d x 100 = 0.20 to produce samples.

Each sample in this example 4-8 has the improved
composition that the total A/B is 0.98 that is quite lower than
- those of the samples in the example 4-7, and that the mole
percent of SiO, is 0.2 which is lower than that of the samples
in the example 4-7.

In the samples 4-112 to 4-116, the density pg of each
formed object was made to be 2.60 g/cm’ lower than usual, and
the specific surface area of each grain after grinding is
changed with 0.52 to 11.06 m’/g by changing the grinding time
after calcining with 1 to 100 hox:;rs. In these samples, the
transverse rupture strength was near 18 kgf/mm®, and thermal
cracks arose also iﬁ the test where the temperature of the
soldering iron was 360°C and 400°C. This may be because
sufficient bending strength could not be obtained since the
density of a sintered object after sintering considerably
dropped to 4.70 g/cm’ or less due to the low density pg of a
formed object.

In the samples 4-117 to 4-120, the density pg of each
formed object was made to be 2.80 g/om® as is usual, and the
specific surface area of each grain after grinding was changed
with 0.52 to 7.26 m*/g. The bending strength was secured since
the transverse rupture strength was over 18 kgf/mm? in these

samples, and a thermal crack did not arise even in the tests

where the temperature of the soldering iron was 360°C and 400°C.
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However, since requiring the grinding time of 50 hours, the
sample 4-120 is not preferable from the point of manufacturing
efficiency.

In the samples 4-121 to 4-127, the density pg of each
formed object was made to be 3.00 g/cm’, and the specific
surface area of each grain after grinding was changed with 0.30
to 11.06 m?’/g. In these samples, since the transverse rupture
strength greatly exceeded 18 kgf/mm’, the bending strength was
secured. Furthermore, a thermal crack did not arise in the
tests where the temperature of the soldering iron was 360°C and
400°C. Nevertheless, since requiring the grinding time of 50 .
hours, the samples 4-126 and 4-127 are not preferable from the
point of manufacturing efficiency.

In the samples 4-128 to 4-132, the density pg of each
formed object was made to be 3.20 g/cm’ as is usual, and the
specific surface area of each grain after grinding was changed
with 0.30 to 7.26 m’/g. In these samples, since the transverse
rupture strength greatly exceeded 18 kgf/mm®’, the bending
strength was secured. Furthermore, a thermal crack did not
arise in the tests where the temperature of the soldering iron
was 360°C and 400°C. Since requiring the grinding time of 50
hours, the samplé 4-132 is not preferable from the point of
manufacturing efficiency.

In the samples 4-133 to 4-137, the density pg of each
formed object was made to be 3.40 g/cm’, and the specific

surface area of each grain after grinding was changed with 0.30
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to 7.26 m’/g. In these samples, since the transverse rupture
strength greatly exceeded 18 kgf/mm?’, the bending strength was
secured. Furthermore, a thermal crack did not arise in the
tests where the temperature of the soldering iron was 360°C and
400°C. Since requiring the grinding time of 50 hours, the
sample 4-137 is not preferable from the point of manufacturing
efficiency..-

In the samples 4-138 to 4-142, the density pg of each:
formed object was made to be 3.60 g/cm’, and the specific
surface area of each grain after grinding was changed with 0.52
to 11.06 m’*/g. In these samples, since the transverse rupture
strength greatly exceeded 18 kgf/mm’, the bending strength was
- secured. Furthermore, a thermal crack did not arise in the
- tests where the temperature of the soldering iron was 360°C and
400°C. However, since it remarkably reduces the life of dies to
make the density of a formed object be 3.60 g/cm’, these samples
4-138 to 4-142 are not preferable.

Therefore, by performing the grinding so that the
specific surface area of each grain after the grinding may
become 0.52 to 4.83 m’/g, and making the density of a formed
object be between 2.80 and 3.40 g/cm’® inclusive, it becomes
possible to obtaln the sufficient bending strength and thermal
shock-proof property of the sintered ceramic. In addition, it
becomes possible to avoid such inconvenience that manufacturing
becomes inefficient because the grinding time becomes long too

much, and maintenance cost increases due to the shortening of
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life of forming equipment and dies.

Furthermore, in this example, although a range of the
specific surface area is between 0.52 and 4.83 m?’/g inclusive,
in consideration of an error range of specific surface area
measurement, the preferable range in the present invention
becomes between 0.5 and 5.0 m*/g inclusive. This corresponds to
claims 52 and 53.

According to the above Tables 4-1 to 4-8, it is possible
to provide a manufacturing method of obtaining varistor ceramic
which is provided with the above-described preferable range of
transverse rupture strength and 1s excellent in the thermal
shock-proof property, so long as the composition, content,
grinding time after calcining, that is, specific surface area:
of each grain after the grinding, and density of each formed
object of each component are within the range of the present
invention.

Many widely different embodiments and examples of the
present invention may be constructed without departing from the
spirit and scope of the present invention. It should be
understood that the present invention is not limited to the
specific embodiments and examples described in the

specification, except as defined in the appended claims.
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WHAT IS CLAIMED IS:

1. A voltage-dependent nonlinear resistor ceramic of a
composite perovskite-based semiconductor ceramic containing a
first component consisting of oxides of Sr, Ba, Ca and Ti, at
least one component of a second component consisting of at
least one kind of oxlide selected from oxides of R (Y and
lanthanoids) and a third component consisting of at least one
kind of oxide selected from oxides of M (Nb and Ta), and a
fourth component consisting of an oxide of Si, said ceramic
substantially containing no Mg and having a composition of 0.10
s af(a+b+c) <0. 40, 0.30 < b/(a+ Db+ c) = 0.50, 0.20 <
c¢/(a+b+c) <050, 0.84<(a+b+c+e)/{d+ £f)=<1.16,
1.0 = (é + £)/d x 100 < 10.0, and g/d x 100 < 0.6, where a is
the number of moles calculated for Sr of said first component
as SrO, b is the number of moles calculated for Ba of said
first component as BaO, ¢ is the number of moles calculated for
Ca of said first component as Ca0, 4 is the number of moles
calculated for Ti of said first component as TiO,, e is the
number of moles calculated for R of said second component as
YO,,,, CeO,, PrO,, TbO,, and RO,, (other lanthanoids)
respectively, £ is the number of moles calculated for M of said
third component as NbO,, and TaO,,, respectively, and g is the
number of moles calculated for Si of said fourth component as

Sio0,.

2. The voltage-dependent nonlinear resistor ceramic as
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claimed in claim 1, wherein a composition of said first
component is 0.30 < a/{(a + b + c) = 0.40, 0.30 s b/{a + b + ¢)

= 0.40, and 0.25 < c/(a + b + ¢) = 0.35.

3. The voltage-dependent nonlinear resistor ceramic as
claimed in claim 1 or 2, wherein a composition of said first
component 'and of said at least one component of said second and

third components is 0.96 < {a + b + ¢ + e)/(d + £) =< 1.01.

4. The voltage-dependent nonlinear resistor ceramic as
claimed in any one of claims 1 to 3, wherein a composition of
said at least one component of said second and third components

is 1.0 < (e + £)/d x 100 < 4.0.

5. The voltage-dependent nonlinear resistor ceramic as
claimed in any one of claims 1 to 4, wherein a composition of

sald fourth component is g/d x 100 = 0.3.

6. The voltage-dependent nonlinear resistor ceramic as
claimed in any one of claims 1 to 5, wherein sald ceramic
further contains a fifth component consisting of at least one
kind of oxide selected from oxides of Li, Na, Mn, Co, Ni, Cu,
Zn, Sc, Fe, Ga, In, Mo and W, and wherein a composition of said
fifth component is 0 < h/d x 100 < 1.000, where h is the number
of moles calculated for Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga,

In, Mo and W which are contents of said fifth component, as
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Li0,,, NaO,,, MnO, CoO,,, NiO, CuO, ZnO, ScO,,. FeO,,, Gal,,,

InO,,,, MoO, and WO,.

7. A voltage-dependent nonlinear resistor comprising said

ceramic as claimed in any one of claims 1 to 6.

B. The voltage-dependent nonlinear resistor as claimed in
claim 7, wherein sald resistor comprises electrodes formed on
at least one surface of sald ceramic, and wherein said

electrodes consist of Cu or material mainly made of Cu.

9. The voltage-dependent nonlinear resistor as claimed in

claim 8, wherein said electrodes consists of a Cu alloy.

10. The voltage-dependent nonlinear resistor as claimed in
claim 8, wherein said electrodes consist of Cu containing glass

frit.

11. A voltage-dependent nonlinear resistor ceramic containing
oxides consisting of at least one kind of Sr, Ba and Ca, and Ti,
said ceramic comprising a surface provided with a compressive

stress.

12. The voltage-dependent nonlinear resistor ceramic as
claimed in claim 11, wherein said compressive stress is 15 MPa

or more when an X-ray stress constant is -100 MPa/degree.
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13. The wvoltage-dependent nonlinear resistor ceramic as
claimed in claim 11, wherein sald compressive stress is 25 MPa

or more when an X-ray stress constant is -100 MPa/degree.

14. The voltage-dependent nonlinear resistor ceramic as
claimed in claim 11, wherein said compressive stress is 40 MPa

or more when an X-ray stress constant is -100 MPa/degree.

15. The voltage-dependent nonlinear resistor ceramic as
claimed in any one of claims 11 to 14, wherein said ceramic
contains a first component consisting of oxides of Sr, Ba, Ca
and Ti, at least one component of a second component consisting
of at least one kind of oxide selected from oxides of R (Y and
lanthanoids) and a third component consisting of at least one
kind of oxide selected from oxides of M (Nb and Ta), and a
fourth component consisting of an oxide of Si, wherein values
of a/(a+b+c), b/(a+Db+c)and c/(a+b + c) in trilinear
coordinates exist on a line segment connecting a point (0.2,
0.0, 0.8) and a point (0.0, 0.4, 0.6), or in a range where a/(a
+ b + c) and b/(a + b + ¢) are larger than said line segment,
and wherein a composition of said ceramic is 0.84 < {a+b+c
+e)/(d+ £f) =<1.16, 0.75 < (e + £)/d x 100 < 10.0, and g/d x
100 < 0.6, where a is the number of moles calculated for Sr of
said first component as SrO, b is the number of moles

calculated for Ba of said first component as BaO, ¢ is the
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number of moles calculated for Ca of said first component as
Ca0, 4 is the number of moles calculated for Ti of said first
component as TiO,, e is the number of moles calculated for R of
sald second component as YO,,, CeO,, PrO,,, TbO,, and RO,, (other
lanthanoids) respectively, £ is the number of moles calculated
for M of said third component as NbO,, and TaO;,, respectively,
and g is the number of moles calculated for S1 of said fourth

component as Si0,.

16. The voltage-dependent nonlinear resistor ceramic as
claimed in any one of claims .11 to 14, wherein said ceramic
contains a first component consisting of oxides of Sr, Ba, Ca
and Ti, at least one component of a second component consisting
of at least one kind of oxide selected from oxides of R (Y and
lanthanoids) and a third component consisting of at least one
kind of oxide selected from oxides 6f M (Nb and Ta), and a
fourth component consisting of an oxide of Si, wherein wvalues
of a/{(a+ b+ c), b/{a+ Db+ c) and c/(a} + b + ¢) in trilinear
coordinates exist on a first line segment connecting a point
(0.5, 0.0, 0.5) and a point (0.2, 0.2, 0.6), a second line
segment connecting a point (0.2, 0.2, 0.6) and a point (0.1,
0.4, 0.5), a third line segment connecting a point (0.1, 0.4,
0.5) and a point (0.1, 0.5, 0.4), or a fourth line segment
connecting a point (0.1, 0.5, 0.4) and a point (0.2, 0.8, 0.0),
or a value of a/{a + b + c) exists in a range larger than said

first to fourth line segments, and wherein a composition of
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sald ceramic is 0.84 < (a+b +c +e)/(d + £f) < 1.16, 0.75

= (e + £)/d@ x 100 < 10.0, and g/d x 100 < 0.6, where a is the
number of moles calculated for Sr of said first component as
Sr0, b is the number of moles calculated for Ba of said first
component as BaO, c¢ is the number of moles calculated for Ca of
said first component as Ca0, d is the number of moles
calculated for Ti of saild first component as TiO,, e is the
number of moles calculated for R of said second component as
Y0,,,, Ce0,, Pr0;,, TbO,, and RO,, (other lanthanoids)
respectively, £ is the number of moles calculated for M of said
third component as NbO,, and TaO,,, respectively, and g is the
number of moles calculated for_ Si of said fourth component as

s10,.

17. The voltage-dependent nonlinear resistdr ceramic as
claimed in any one of claims 11 to 14, wherein said ceramic
contains a first component consisting of oxides of Sr, Ba, Ca
and Ti, at least one component of a second component consisting
of at least one kind of oxide selected from oxides of R (Y and
lanthanoids) and a third component consisting of at least one
kind of oxide selected from oxides of M (Nb and Ta), and a
fourth component consisting of an oxide of Si, wherein values
of a/{a + b +c), b/(a+b+c) and c/{a + b + ¢) in trilinear
coordinates exist on a fifth line segment connecting a point
{0.4, 0.2, 0.4) and a point (0.2, 0.4, 0.4}, a sixth line

segment connecting a point (0.2, 0.4, 0.4) and a point (0.2,
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0.5, 0.3), a seventh line segment connecting a point (0.2, 0.5,
0.3) and a point (0.3, 0.5, 0.2), an elghth line segment
connecting a point (0.3, 0.5, 0.2) and a point (0.6, 0.2, 0.2),
or a ninth line segment connecting a point (0.6, 0.2, 0.2) and
a point (0.4, 0.2, 0.4), or in a range surrounded by said fifth
to ninth line segments, and wherein a composition of said
ceramic is 0.84 < (a+ b +c +e)/(d + £f) < 1.16, 0.75 = (e +

£)/d x 100 < 10.0, and g/d x 100 < 0.6, where a is the number

of moles calculated for Sr of said first component as SrO, b is
the number of moles calculated for Ba of sald first component
as BaO, ¢ is the number of moles calculated for Ca of said
first component as Ca0, 4 is the number of moles calculated for
Ti of said first component as TiO,, e is the number of moles
calculated for R of said second component as YO,,, CeO,, Pr0,,,.
TbO,,, and RO;,, (other lanthanoids) respectively, £ is the number
of moles calculated for M of said third component as NbO,, and
TaO;,, respectively, and g is the number of moles calculated for

Si of said fourth component as SiO,.

18. The voltage-dependent nonlinear resistor ceramic as
claimed in any one of claims 15 to 17, wherein a composition of

said first component and said at least one component of said
second and third components is 0.96 < (a + b + ¢ + e}/(d + £)

s 1.01.

19, The voltage-dependent nonlinear resistor ceramic as
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claimed in any one of claims 15 to 18, wherein a composition of
said at least one component of said second and third components

is 0.75 < (e + £)/d x 100 =< 4.0.

20. The voltage-dependent nonlinear resistor ceramic as

claimed in any one of claims 15 to 19, wherein a composition of

said fourth component is g/d x 100 =< 0.3.

21. The voltage-dependent nonlinear resistor ceramic as
claimed in any one of claims 15 to 20, wherein said ceramic
further contains a fifth component consisting of at least one
kind of oxide selected from oxides of Li, Na, Mn, Co, Ni, Cu,
%n, Sc, Fe, Ga, In, Mo and W, and wherein a composition of said
fifth component is 0 < h/d x 100 < 1,000, where h is the number
of moles calculated for Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga,
In, Mo and W which are contents of said fifth component, as
LiO,,, NaO,,, MnO, CoO,,, NiO, CuO, ZnO, ScO;,, FeO,,, Gal,,

InO,,, MoO, and WO,.

22. A manufacturing method of a voltage-dependent nonlinear
resistor ceramic, comprising a step of performing reduction
sintering to obtain a ceramic containing. oxides of at least one
kind of Sr, Ba and Ca, and Ti, and a step of performing
reoxidation of said obtained ceramic to generate a compressive

stress in a surface of said ceramic.
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23. The manufacturing method as claimed in claim 22, wherein
said method further comprises a step of weighing raw material
powder so that a weighed powder has a predetermined composition,
a step of mixing the weighed powder, a step of performing
calcining of the mixed powder, a step of grinding a calcined
object, a step of forming the ground object, a step of
performing the reduction sintering of the formed object, and a
step of performing the reoxidation of the reduction sintered.

object.

24. The manufacturing method as claimed in any one of claims
22 and 23, wherein said reduction sintering performing step and
said reoxidation performing step generate a compressive stress
of 15 MPa or more in the surface of said ceramic when an X-ray

stress constant is -100 MPa/degree.

25. The manufacturing method as claimed in any one of claims
22 and 23, wherein said reduction sintering performing step and
said reoxidation performing step generate a compressive stress
of 25 MPa or more in the surface of said ceramic when an X-ray

stress constant is -100 MPa/degree.

26. The manufacturing method as claimed in any one of claims
22 and 23, wherein said reduction sintering performing step and
said reoxidation performing step generate a compressive stress

of 40 MPa or more in the surface of said ceramic when an X-ray
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stress constant is -100 MPa/degree.

27. The manufacturing method@ as claimed in any one of claims
22 to 26, wherein a temperature in said reoxidation pexrforming

step is between 850°C and 1050°C inclusive.

28. The manufacturing method as claimed in any one of claims
22 to 26, wherein a temperature in said reoxidation performing

Step is between 900°C and 1000°C inclusive.

29, The manufacturing method as claimed in any one of claims
22 to 28, wherein a time of said reoxidation performing step is

32 hours or less.

30. The manufacturing method as claimed in any one of claims
22 to 28, wherein a time of said reoxidation performing step is

between 0.25 hour and 16 hours inclusive.

31. The manufacturing method as claimed in any one of claims
22 to 28, wherein a time of said reoxidation performing step is

between 0.5 hour and 8 hours inclusive.
32. The manufacturing method as claimed in any one of claims

22 to 31, wherein a partial pressure of oxygen in said

reoxidation performing step is 0.1 atmospheric pressure or more.
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33. The manufacturing method as claimed in any one of claims
22 to 32, wherein said ceramic contains a first component
consisting of oxides of Sr, Ba, Ca and Ti, at least one
component of a second component consisting of at least one kind
of oxide selected from oxides of R (Y and lanthanoids) and a
third component consisting of at least one kind of oxide
selected from oxides of M (Nb and Ta), and a fourth component
consisting of an oxide of Si, wherein values of a/(a + b + c),
b/{a + b + c) and c/{(a + b + ¢) in trilinear coordinates exist
on a line segment connecting a point (0.2, 0.0, 0.8) and a
point (0.0, 0.4, 0.6), or in a range where a/{a + b + c) and
b/(a + b + c) are larger than said line segment, and wherein a
composition of said ceramic is 0.84 < (a + b + ¢ + e)/(d + f)
< 1.16, 0.75 <= (e + £)/d x 100 < 10.0, and g/d x 100 < 0.6,
where a is the number of moles calculated for Sr of said first
component as SrO, b is the number of moles calculated for Ba of
said first component as BaO, ¢ is the number of moles
calculated for Ca of said first component as Ca0, d is the
number of moles calculated for Ti of said first component as
TiO,, e is the number of moles calculated for R of said second
component as YO,,, CeO,, Pro,,,, TbO,, and RO,, (other
lanthanoids) respectively, £ is the number of moles calculated
for M of said third component as NbO,, and TaO,,, respectively,
and g is the number of moles calculated for Si of said fourth

component as SiO,.
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34. The manufacturing method as claimed in any one of claims
22 to 32, wherein said ceramic contains a first component
consisting of oxides of Sr, Ba, Ca and Ti, at least one
component of a second component consisting of at least one kind
of oxide selected from oxides of R (Y and lanthanoids) and a
third component consisting of at least one kind of oxide
selected from oxides of M (Nb and Ta), and a fourth component
consisting of an oxide of Si, wherein values of a/(a + b + ¢},
b/{a + b + c) and ¢/(a + b + ¢} in trilinear coordinates exist
on a first line segment connecting a point (0.5, 0.0, 0.5) and
a point (0.2, 0.2, 0.6), a second line segment connecting a
point (0.2, 0.2, 0.6) and a point (0.1, 0.4, 0.5), a third line
segment connecting a point (0.1, 0.4, 0.5) and a point (0.1,
0.5, 0.4), or a fourth line segment connecting a point (0.1,
0.5, 0.4) and a point (0.2, 0.8, 0.0), or a value of a/(a + b +
c) exists in a range larger than sald first to fourth line
segments, and wherein a composition of said ceramic is 0.84
s{a+b+c+e)f(d+f)=<1.16, 0.75 < (e + £}/d x 100 < 10.0,
and g/d@ x 100 < 0.6, where a is the number of moles calculated
for Sr of said first component as SrO, b is the number of moles
calculated for Ba of said first component as BaO, ¢ is the
number of moles calculated for Ca of said first component as
Ca0, 4 is the number of moles calculated for Ti of sald first
component as TiO,, e is the number of moles calculated for R of
said second component as YO,,, CeO,, PrO,,, TbO,, and RO,, (other

lanthanoids) respectively, £ is the number of moles calculated
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for M of said third component as NbO,,, and TaO;, respectively,
and g is the number of moles calculated for Si of said fourth

component as SiO0,.

35. The manufacturing method as claimed in any one of claims
22 to 32, wherein said ceramic contains a first component
consisting of oxides of Sr, Ba, Ca and Ti, at least one
component of a second component consisting of at least one kind
of oxide selected from oxides of R (Y and lanthanoids) and a
third component consisting of at least one kind of oxide
selected from oxides of M (Nb and Ta), and a fourth component
consisting of an oxide of Si, wherein values of a/(a + b + c),
b/{a + b + ¢c) and ¢/(a + b + ¢) in trilinear coordinates exist
on a fifth line segment connecting a point (0.4, 0.2, 0.4) and
a point (0.2, 0.4, 0.4), a sixth line segment connecting a
point (0.2, 0.4, 0.4) and a point (0.2, 0.5, 0.3), a seventh
line segment connecting a point (0.2, 0.5, 0.3) and a point
(0.3, 0.5, 0.2), an eighth line segment connecting a point (0.3,
0.5, 0.2) and a point (0.6, 0.2, 0.2), or a ninth line segment
connecting a point (0.6, 0.2, 0.2) and a point (0.4, 0.2, 0.4),
or in ; range surrounded by said fifth to ninth line segments,
and wherein a composition of said ceramic is 0.84 < (a + b + ¢
+e)/(d + £) < 1.16, 0.75 < (e + £)/d x 100 < 10.0, and g/4d x
100 < 0.6, where a is the number of moles calculated for Sr of
said first component as SrO, b is the number of moles

calculated for Ba of said first component as BaO, c is the
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number of moles calculated for Ca of said first component as
Ca0, d is the number of moles calculated for Ti of said first
component as Ti0,, e is the number of moles calculated for R of
said second component as Ybs,z, CeO,, Pro0,,., TbO,, and RO,,, (other
lanthanoids) respectively, £ is the number of moles calculated
for M of said third component as NbO,, and TaO,,, respectively,
and g is the number of moles calculated for Si of said fourth

component as SioO,.

36. The manufacturing method as claimed in any one of claims
33 to 35, wherein a composition of said first component and

said at least one component of said second and third components

is 0.96 < (a+b+c+e)/(d+ £f) <1.01.

37. The manufacturing method as claimed in any one of claims
33 to 36, wherein a composition of said at least one component
of said second and third components is 0.75 < (e + £)/d x 100

< 4.0.

38, The manufacturing method as claimed in any one of claims
33 to 37, wherein a composition of said fourth component is g/d

x 100 = 0.3.

39. The manufacturing method as claimed in any one of claims
33 to 38, wherein said ceramic further contains a f£ifth

component consisting of at least one kind of oxide selected
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from oxides of Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga, In, Mo
and W, and wherein a composition of said fifth component is 0 <
'h/d x 100 = 1.000, where h is the number of moles calculated
for Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga, In, Mo and W which
are contents of sald fifth component, as LiO,,,, NaO,,,, MnO,

C00,,;, NiO, CuO, ZnO, Sc0,,, FeO,,, GaO,,, InO,,, MoO, and WO,.

40. A manufacturing method of a voltage-dependent nonlinear
resistor ceramic, comprising a step of performing reduction
sintering to obtain a ceramic containing oxides of at least one
kind of Sr, Ba and Ca, and Ti, and a step of performing
reoxidation of said obtained ceramic, a temperature in said
reoxidation performing step being between 850°C and 900°C
inclusive and a time of sald reoxidation performing step being
between 0.25 hour and 32 hours inclusive, or a temperature in
sald reoxidation performing step being between 900°C and 1050°C
inclusive and a time of said reoxidation performing step being

between 0.1 hour and 32 hours inclusive.

41. A manufacturing method of a voltage-dependent nonlinear
resistor ceramic, comprising a step of performing reduction
sintering to obtalin a ceramic containing oxides of at least one
kind of Sr, Ba and Ca, and Ti, and a step of performing
reoxidation of said obtained ceramic, a temperature in said

reoxidation performing step being between 900°C and 950°C

inclusive and a time of said reoxidation performing step being
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between 0.5 hour and 16 hours inclusive, or a temperature in
said reoxidation performing step being between 950°C and 1000°C
inclusive and a time of said reoxidation performing step being

between 0.25 hour and 16 hours inclusive.

42. The manufacturing method as claimed in claim 40 or 41,
wherein a time of said reoxidation performing step is adjusted

to control a varistor voltage value.

43. The manufacturing method as claimed in any one of claims
40 to 42, wherein said method further comprises a step of
welghing raw material powder so that a weighed powder has a
predetermined composition, a step of mixing the weighed powder,
a step of performing calcining of the mixed powder, a step of
grinding a calcined object, a step of forming the ground object,
a step of performing the reduction sintering of the formed
object, and a step of performing the reoxidation of the

reduction sintered object.

44. The manufacturing method as claimed in any one of claims
40 to 42, wherein said method further comprises a step of
weighing raw material powder, a step of mixing the weighed
powder, a step of performing calcining of the mixed powder, a
step of adding a part of contents so as to adjust a composition
of a calcined object to a predetermined component, a step of

grinding the adjusted object, a step of forming the ground
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object, a step of performing the reduction sintering of the
formed object, and a step of performing the reoxidation of the

reduction sintered object.

45, The manufacturing method as claimed in any one of claims
40 to 44, wherein said reoxidation performing step comprises a

single continuous heat treatment process.

46. The manufacturing method as claimed in any one of claims
40 to 44, wherein said reoxidation performing step comprises a

plurality of separate heat treatment processes.

47. The manufacturing method as claimed in any one of claims
40 to 46, wherein said ceramic contains a first component
consisting of oxides of Sr, Ba, Ca and Ti, at least one
component of a second component consisting of at least one kind
of oxide selected from oxides of R (Y and lanthanoids) and a
third component consisting of at least one kind of oxide
selected from oxides of M (Nb and Ta), and a fourth component
consisting of an oxide of Si, and wherein a composition of said
ceramic is 0.30 < a/(a + b + ¢) = 0.40, 0.30 < b/(a + b + C)

< 0.40, 0.25 < c/{a+ b +c) =0.35, 0.84< (a+Db+c+ e)/(d
+ f) s 1.16, 0.75 < (e + £)/d x 100 < 10.0, and g/d x 100 =< 0.6,
where a is the number of moles calculated for Sr of said first
component as SrO, b is the number of moles calculated for Ba of

said first component as BaO, c is the number of moles
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calculated for Ca of said first component as CaO, 4 is tge
number of moles calculated@ for Ti of said first component as
Ti0,, e is the number of moles calculated for R of said second
component as YO,,, CeO,, Pr0,,, TbO,, and RO,, (other
lanthanoids) respectively, £ is the number of moles calculated
for M of said third component as NbO,, and TaO;, respectively,
and g 1s the number of moles calculated for Si of said fourth

component as SioO,.

48. The manufacturing method as claimed in claim 47, wherein
a compos:l.tion of said first component and said at least one
component of said second and third components is 0.96 < (a+b

+c+e)/(d+ £f) < 1.01.

49, The manufacturing method as claimed claim 47 or 48,

ﬁxerein a composition of said at least one component of said

second and third components is 0.75 < (e + £)}/d x 100 < 4.0.

50. The manufacturing method as claimed in any one of claims

47 to 49, wherein a composition of said fourth component is g/d

x 100 =< 0.3.

51. The manufacturing method as claimed in any one of claims
47 to 50, wherein said ceramic further contains a fifth
component consisting of at least one kind of oxide selected

from oxides of Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga, In, Mo
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and W, and wherein a composition of said fifth component is 0 <
h/d x 100 < 1.000, where h is the number of moles calculated
for Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga, In, Mo and W which
are contents of said fifth component, as LiO,,, NaO,,,, MnO,

Co0,,, NiO, CuO, ZnO, ScO,,, FeO,,, Gal,,, InO,,, MoO, and WO,.

52. A manufacturing method of a voltage-dependent nonlinear
resistor ceramic, comprising a step of weighing raw material
powder containing oxides of at least one kind of Sr, Ba and Ca,
and Ti so that a weighed powder has a predetermined composition,
a step of mixing the weighed powder, a step of performing
calcining of the mixed powder, a step of grinding a calcined
object, a step of forming the ground object, a step of
performing reduction sintering of the formed object, and 'a step
of performing reoxidation of the reduction sintered object,
said grinding step being performed so that a specific surface
area of each grain after the grinding becomes between 0.5 and
5.0 m®’/g inclusive, said forming step being performed so that a
density of the formed object becomes between 2.80 and 3.40 g/cm’

inclusive.

53. A manufacturing method of a voltage-dependent nonlinear
resistor ceramic, comprising a step of weighing raw material
powder containing oxides of at least one kind of Sr, Ba and Ca,
and Ti so that a weighed powder has a predetermined composition,

a step of mixing the weighed powder, a step of performing
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calcining of the mixed powder, a step of adding a part of
contents so as to adjust a composition of a calcined object to
a predetermined component, a step of grinding the adjusted
object, a step of forming the ground object, a step of
performing reduction sintering of the formed object, and a step
of performing reoxidation of the reduction sintered object,
sald grinding step being performed so that a specific surface
area of each grain after the grinding becomes between 0.5 and
5.0 m*/g inclusive, said forming step being performed so that a
density of the formed object becomes between 2.80 and 3.40 g/cm’

inclusive.

54. The manufacturing method as claimed in claim 52 or 53, |
wherein said ceramic contains a first component consisting of
oxides of Sr, Ba, Ca and Ti, at least one component of a sécond
component consisting of at least one kind of oxide selected
from oxides of R (Y and lanthanoids) and a third component
consisting of at least one kind of oxide selected from oxides
of M (Nb and Ta), and a fourth component consisting of an oxide
of Si, and wherein a composition of said ceramic is 0.10 < a/{a
+b+c) = 0.40, 0.30 < b/{a+ Db +c) <0.50, 0.20 < ¢c/(a + b +
c) =0.50, 0.84 < {a+b+c+e)/(d+£f)=<1.16, 0.75 = (e +
f)/4 x 100 < 10.0, and g/d x 100 < 0.6, where a is the number
of moles calculated for Sr of said first component as SrO, b is
the number of moles calculated for Ba. of said first component

as BaO, ¢ is the number of moles calculated for Ca of said
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first component as CaO, d is the number of moles calculated for
Ti of said first component as TiO,, e is the number of moles
calculated for R of said second component as YO,,, CeO,, PrO, ..
TbO,,, and RO,, (other lanthanoids) respectively, £ is the number
of moles calculated for M of said third component as NbO,,, and
TaO,,, respectively, and g is the number of moles calculated for

8i of said fourth component as SiO,.

55. The manufacturing method as claimed in claim 54, wherein
a composition of said first component is 0.30 < a/(a + b + C)
< 0.40, 0.30 < b/{(a + b + c) = 0.40, and 0.25 < c/(a + b + ¢c)

= 0.35.

56. The manufacturing method as claimed in claim 54 or 55,
wherein a composition of said first component and said at least
one component of said second and third components is 0.96 = (a

+b+c+e)/{(d+ f) < 1.01.

57. The manufacturing method as claimed in any one of claims
54 to 56, wherein a composition of said at least one component
of said second and third components is 0.75 = (e + f£f)/d x 100

< 4.0.

58. The manufacturing method as claimed in any one of claims

54 to 57, wherein a composition of said fourth component is g/d

x 100 < 0.3.
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59, The manufacturing method as claimed in any one of claims
54 to 58, wherein said ceramic further contains a fifth
component consisting of at least one kind of oxide selected
from oxides of Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga, In, Mo
and W, and wherein a composition of said fifth component is O <
h/d x 100 < 1.000, where h is the number of moles calculated
for Li, Na, Mn, Co, Ni, Cu, Zn, Sc, Fe, Ga, In, Mo and W which
are contents of said fifth component, as LiO,,, NaO,,,, MnO,

C00,,;, NiO, CuO, ZnO, Sc0,,, FeO,,, Gal,,, InO,,, MoO, and WO;.
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