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Pféﬂoelectric'CEranics BACKGROUND OF THE I NVENTION Field of the Invention
The present invention relates to piezoelectric ceramics which is applied
‘to a piezoelectric ‘device such as a ceranic oscillator, a ceramc filter
or a ceramc discrimnator, for
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Piezoelectric Ceramics

5 The present invention relates to piezoelectric ceramics

which is applied to a piezoelectric device such as a ceramic

oscillator, a ceramic filter or a ceramiﬁ discriminator, for
example, and more particularly, it relates to piezoelectric
ceramics which is applied to a surface mounted type

0 piezoelectric component, to which heat resistance is required.

. In general, pfezoeleétric ceramics which is mainly composed
| of lead titanate zirconate (Pb(Ti, 2Zr;_,)03) is widely applied to
a ceramic filter or‘the like. Furthe?, there are proposed

5 piezoelectric ceramics, to which small amounts of various
additives are added for improving piezoelectric characteristics
thereof.

In particular, piezoelectric ceramics which is applied to a

ceramic piezoelectric filter having a flat group delay time

..‘..
o

(hereinafter referred to as GDT) characteristic and small phase

distortion must have a small mechanical quality factor Qm. As to

PR

+ such piezoelectric ceramics having a small mechanical quality
. factor Qm, known is piezoelectric ceramics which is prepared by
adding niobium oxide, antimony oxide or tantalum oxide to lead

15 titéhate zirconate (Pb(TizZrl_z)Os). or that prepared by
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P
exanple, and nore particularly, it relates to piezoelectric ceramcs which
Js applied to a surface nounted type piezoelectric conponent, to which
heat resistance is Tequired. Description of the Background Art In
general, piezoelectric ceramcs which is mainly conposed of |lead titanate
zirconate (Pb(TizzZr[err]-z)(Jerr]) is widely applied to a ceramc filter
or the like. Further, there are proposed piezoelectric ceramcs, to which
snall anounts of various additives aré added for inproving piezoelectric
chavacterlstlcs t her eof . In particular, piezoelectric ceramcs which
i's ipplled to a :

partially replacing Pb atoms of lead titanate zirconate with a

rare earﬁh element.

On the other hand, a materiil which is prepared by diffusing
Mn in Pb(2Zrg 52Tig 4g)0z is reported as piezoelectric ceramics

5 containing a small amount of component diffused therein (M.
Takahashi and S. Takahashi; Japan, J. Appl. Phys. Vol. 9, N6. 8,
pp. 1008 (1879)})).

However, the aforementioned conventional piezoelectric
ceramics having a small mechanical quality factor Qm is

0 generally increased in piezoelectric constant d to be applied to
an actuator, or mainly aimed at increasing an electromechanical
coupling factor K for application to a broad-band filter. Thﬁs,
such piezoelectric ceramiqs,generally has a low.Curie
temperature énd insufficient heat resistance.

5- Some of the aforementioned conventional piezoelectric
ceramics having small mechanical quality factors Qm have a high
Curie temperature. When the temperature is increased in a
soldering step or the like, however, the electromechanical
coupling factor K is reduced gé cause extreme displacement of

20 resonance and antiresonance frequencies if electrodes provided

across the piezoelectric ceraﬁics are not short-circuited but

opened. . '

When such a conventional piezoelectric ceramics having a

small mechanical quality factor Qm is applied to a surface

mounted type filter element, therefore, the filter
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cé” m ¢ piezoelectric filter having a flat group delay tine (hereinafter
referred to as GDT) characteristic and small phase distortion nust have a
*smal | nechanical quality factor Qm As to such piezoel ectric ceranics
haV|ng a small nechanical quality factor Qn known is piezoelectric
ceram cs which is prepared by adding niobium oxide, antinony oxide or
tanfalumoxide to lead titanate zirconate (Pb(Ti Zrl-z)O3), or that
prepared by ° 2

characteristics are extremely deteriorated upon .exposure to a

high temperature of about 250°C in a reflow soldering step.
Further, the aforementionedrmatérial prepared by diffusing

Mn in Pb(Zr0'52T10.48)03 is unsuitable for a filter element, due

to high temperature dependence of resonance and antiresonance

W

fregquencies.

"In order to overcome the aforementioned disadvantages, an
objeét of the present invention is to provide piezoelectric
0 ceramics, which is provided not only with a small mechanical
quality factor Qm but with excellent heat resistance and
suitably employed for a.filter element having a flat group dglay
time characteristic and small phase distortion to be applicable
to surface mounting.
i5 _ The .present invention has been proposed in order to solve
the aforementioned problems. According to a wide aspect of the
present invention, provided is piezoelectric ceramics which is
expressed in PbZr,_,Ti, Oz, where z = 0.45 to 0.54. Up to 8 mole
percent of the Pb atoms is replaced with at least one element
0 selected from a group of Ca, Sr and Ba, while the piezoelectric
ceramics contains Mn in a range of 0.005 to 0.9 percent by weight
of the whole in terms of MnO,. In the piezoelectric ceramics
according to'the present invention, 0.1 to 8 mole percent of the

Pb atoms is replaced with at least one element selected from the

group of Ca, Sr and Ba as described above, whereby temperature
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tially replacing Pb atons of lead titanate zirconate with a rare earth
nment . On the other hand, a material which is prepared by diffusing
in Pb(Zr0 52Ti 0..48) 3 is reported as piezoelectric ceranm cs containing
mal | anmount of conponent diffused therein (M Takahashi and S

ahashi; Japan, J. Appl. Phys. Vol. 9, No. 8, pp. 1006 (1979)).

Fﬁgrver, t he af orenenti oned conventional piezoelectric ceramcs having a
I

| mechani,cal quality factor Qnis generally increased in piezoelectric
stant d to be applied to

coefficient of resonance frequency is reduced.

According to a specific aspect of the present invention, up
to 5.0 mole percent of the PbZrlszizb3 is further replaced with
at least one element selected from a group of La, Ce, Pr, Nd, Sm,

5 Eu and Gd, whereby the mechanical quality factor Qm is reduced..

According to another specific aspect of the present
invention, at least one element selected froﬁ a group of Sb, Nb,
W and Ta is added to the piezoelectr;c ceramics in a range of up
to 2.9 percent by weight.of the.overall piezoelectric ceramics in

10 terms of Sb,04, Nb,Og, w03 and/or Tazosl whereby the mechanical
quality facfor Qm is reduced.

In the pie;oelectric ceramics according to the present
invention, Mn is contained in the range of 0.005 to 0.9 percent
by weight in terms of MnO, as described above, whereby heat
15 resistance is improved. This Mn is diffused to be contained in
the piezoelectric ceramics after the same is fired. In other
words, ceramics which is composed of the elements excluding Mn is
fired so that Mn is thereafter diffused in the as-obtained
sintered body, to be contained therein in the aforementioned
0 specific range. Due to such diffusion, the Mn exists in the
graim boundary _with higher coneentration than that in the grains
of the piezoelectric ceramics.

According to the present invention, as hereinabove

RS . i . . . . . .
described, Mn is contained in the piezoelectric ceramics having

1) a small mechanical quality factor Qm and a high Curie temperature
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an adctuator, or mainly ainmed at increasi'ng an el ectronechanical coupling
factior K for application to a broad-band filter. Thus, such piezoelectric
ceralmcs generally has a low Curie tenperature and insufficient heat

resi st ance. Sone of the aforenentioned conventional piezoelectric
cerap cs having small mechanical quality factors Qn have a high Curie
tenperature. When the tenperature is increased in a soldering step or the
| i ke} however, -the el ectronmechanical coupling factor Kis reduced to cause
extrgnme displacenent of resonance and antiresonance frequencies if

el ecirodes provided .across the piezoelectric ceramcs are not

shorf-circuited but  opened. . .
by diffusion to exist in the grain boundary with relatively

higher concentration, whereby resistivity of the piezoelectric
ceramics is reduced. Therefore; ‘the biezoelecfric ceramics is
prevented from reduction in polarization as described later. so
5 that changes of resonance and antiresonance frequencies can be
reduced also when the piezoelectric ceramics is applied to a
filter. '

When polarized piezoelectric ceramics is heated and then
cooled to the room temperature .on standing, pyroelectric charges
10 are generated in this piezoelectric ceramics. An electric field
is applied by such pyrdelectric charges in a direction opposite
to that of polarization of the piezoelectric ceramics..to lower
the degree of polarization. |

According to the present invention, Mn is introduced into
15 the piezoelectric ceramics, in order to quickly annihilate the
pyroelectric charges and prevent reduction of the degree of
polarization. ‘Particularly when Mn is contained in the
piezoelectric ceramics by diffusion at a temperature of 900 to
1100°C, for example, resistivfty of the piezoelectric ceramics
{0 i; reduced so that the pyroelectriq charges are quickly
discharged. ?herefore, it is;possible to effectively prevent
the electric field, which is opposite to the direction of
polarization; from application over a long time. Thus, it is
possible to suppress reductioﬁ of polarization, so that changes

5 of resonance and antiresonance frequencies can be reduced when

[
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VWheén such a conventional piezoelectric ceramcs having a small nechani cal
quality factor Qmis applied to a surface nmounted type filter el enent,
*therefore, the filter . .
characteristics are extrenely deteriorated upon exposumghggwﬁﬁmggg

S (1)

the piezoelectric ceramics is applied to a filter element, for

example.

When the piezoelectric ceramics according to the present

invention is applied to a piezoelectric component, such as a

piezoelectric filtgr, for example, which is surface-mounted by

[4)]

reflow soldering, it is consequently possible to‘reduce
deterioration of characteristics caused by a high temperature of
up to 250°C, particularly deviation in the passband of the filter
and the reduction of the passband width, to sufficiently cope

) with surface mounting.

Due to the aforementioned speéific composition according to
the present invention, it is possible to obtain piezoelectric
ceramics having a high electromechanical coupling factor K,
small temperature changes of resonance and antiresonance
5 frequencies, and a small mechanical quality factor Qm (not more
than 100, for example).

When the inventive piezoelectric ceramics ié applied to a
ceramic filter (piezoelectric filter) element, therefore, it is
possible to attain excellent characteristics including a flat
0 group delay time (GDT) characteristic and small phase distortion
over a wide frequency band, th;reby suppressing bit errors with
i respect to digital signals. fhus, thg piezoelectric ceramics

according to the present invention is particularly significant

as a material for a piezoelectric filter element for digital

) signals.




Fuyther, the aforenentioned material prepared by diffusing M in Pb(Zro0
521 0.48)03 is unsuitable for a filter elenent, due to high tenperature
“dependence of resonance and antiresonance frequenC|es SUMVARY OF THE

| NVENTI ON In order to overcone the aforenentioned dlsadvantages an
object of the present invention is to provide piezoelectric ceramcs,
which is provided not only with a small nmechanical quality factor Ch\but
wi th excell ent heat resistance and suitably enployed for a filter el enent
haying a flat group delay tine characteristic and small phase distortion
tofbe applicable .to surface nounti ng.

The foregoing and other objects, features, aspects and.
advantages of the present invention will become more apparent
from the following detailed description of the present invention

when taken in conjunction with the accompanying drawings.

Fig. 1 illustrates an energy dispersive X-ray spectrum of
grains in a sample No. 2 of piezoelectric ceramics according to
Example 1 of the present invention;

Fig. 2 illustrates an energy dispersive X-ray spectrum of
P grain beundary in fhe eample No. 2 of the piezoelectric ceramics
according to Example 1 of the present inventien;

Fig. 3 illustrates an energy dispersive X-ray spectrum of
gra%ns in a sample No. 22 of piezoelectric ceramics according to
Example 2 of the present invention; and
5 . -Fig. 4 illustrates an energy dispersive X-ray spectrum of
grain boundary in the sample No. 22 of the piezoelectric ceramics

according to Example 2 of the present invention.

Unlimited Examples of the present invention are now

described, to clarify the present invention.

Example 1-

Respective raw materials of PbO, SrCOz, Lay0z, CeOp. Pry0z,
Nd5,0z, Smy03z, Euy0gz, Gd203. T102 and ZrQ, for forming
piezoelectric ceramics were welghed out to attain compositions

shown in Table 1, and wet-blended in a ball mill. The mixtures
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MTm

ect Has Been

HII\IH lI||||

O



TRe present invention has been proposed in order to solve the
orenment i oned problens. According to a wide aspect of the present
vention, provided is piezoelectric ceramcs which is expressed in
Zr1-zTizO3, where z = 0.45 to 0.54. Up to 8 nole percent of the Pb atons

s{ replaced wwth at | east one elenent selected froma group of Ca, Sr and

Bq whil e the piezoelectric ceramcs contains M in a range of .0.005 to

D percent by weight of the whole in terns of MhQ2. In the.piezoelectric
cefamcs according to the present invention, 0.1 to 8 nole percent of the

Pbjatonms is replaced with at | east one el ement selected fromthe group of

Cal Sr and Ba as described above, whereby tenperature

obtained by such wet blending were dried and thereafter calcined

_._U_‘.m

at 800 to 800°C for 2 hours. The calcined materials were wet-

ground in a ball mill, to obtain mixed powder materials.

Caking additives such as water or polyvinyl alcohol were

added to the mixed powder materials, which in turn were press-

w

molded apd thereafter fired at a temperature of 1150 to.1250°C
for 2 hours, to obtain discoidal samples of ceramics having
diameteré of 10 mm and thicknesses of 1 mm. These samples were
coated with the mixture of MnC03 powder and varnish, and then
0 dried. Thereafter the samples were heated at a temperature of
900 to 1100°C for 2 hours, to be subjected to diffusion.
Thereafter the samples were polished into thicknesses of 0.5 mm,
and silver electrodes were applied at both ends of the samples.
Thereafter the samples were polarized in insulating oil of 80°C
33 for 30 minutes with an electric field of 2 to 3 kV/mm, to obtain
samples of piezoelectric ceramics (vibrator samples). For the
purpose of comparison, samples of piezoelectric ceramics
(vibrator samples) were prepared in a similar manner to the
above, in ranges which were out of the scope of the present
invention.

As to these samples, specific resistance values p,
electromechanical coupling factors Kp and mechanical quality
factors Qmp ih radial vibration, and temperature coefficients

*.‘(expressed as Fr-TC) of resonance frequencies Fr at temperatures

of -20°C to 80°C.

——————
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4 coefficient of resonance frequency is reduced. According to a
spg¢cific aspect of the present invention, up to 5.0 nole percent of the
PbAr[err]-zTizO3 is further replaced with at |east one el enent sel ected
frgma group of La, Ce, Pr, Nd, Sm Eu and Gd, whereby the mechanica
quglity factor Qmis reduced. According to another specific aspect of
t hg present

(S]]

Further, these vibrator samples were introduced into a
thermostat of 250°C for 3 minutes to be subjected to heat
treatment, extracted from the thermostat with electrodes applied
at both ends of the samples being in open states, and thereafter
allowed to stand for about 1 hour. Then, changes AFr and aFa of
resonance and antiresonance frequencies Fr and Fa were measured.

Table 1 shows the results of the as-measured
characteristics, i.e., specific resistanee values p,
electromechanical coupling factors Kp, mechanical quality
factors Qmp, temperature coefficients (Fr-TC) of resonance
frequencies Fr, and changes oFr and oFa of the resonance and
antiresonance frequencies Fr and Fa, of the respective samples.

Referring to Table 1, symbols A, x, B, ¥y, z and ¢ represent
respective components and rates of addition thereof in the
following formula:

Pbl_x_yAxB Zrl_zTiZOS + u(wt.%)MnOZ P (1)

Y
Namely, A'represents the types of the elements (at least one
of Ba, Sr and Ca) substituting for Pb, and X represents rates
(mole percent) thereof. On the other hand, B represents the
types of the elements (at least one of La, Ce, Pr, Nd, Sm, En and
Gd) substituting for Pb, and y represents rates (mole percent) .

thereof. Further, z represents rates (mole percent) of Ti, and ¢«

represents contents (percent by weight) of Mn02 in the samples of

‘piezoelectric ceramics.

Referring to Table 1, asterisks (#) show comparative
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ventiqn, at |east one elenment selected froma group of Sb, Nb, Wand Ta
added to the piezoelectric ceramcs in a range of up
ight of the overall piezoelectric cceramics in ternms of Sbh2CG3, Nb2C6, W3
amd/ or Ta205, whereby the nmechanical quality factor Qnis reduced.

the piezoelectric ceramcs according to the present invention, M is

to 2.9 percent by

cdntained in the range of 0.005 to 0.9 percent by weight in ternms of M2
ag descri bed above, whereby heat resistance is inproved. This M is

dijff fused to be contained in the piezoelectric ceramcs after the sane is
fifred.

v

In other .words, ceram cs which is conposed of the el enents

cl udi ng

samgqegsof piezoelectric ceramics, which were out of the scope of
the present invention.

. 1t has been recognized from +he kesults of measurement of
the respective samples shown in Table 1 and other samples (not
shown in Table 1) that the temperature coefficients Fr-Tc of the
resonance frequency Fr were disadvantageously increased when the
amounts of replacement with A (Sr, Ba and/or Ca) were less than
0.1 mole percent, while the Curie temperatures were rediced and
the changes aFr and AFa of the resonance and antiresonance
frequencies Fr and Fa after heating were increased to
deteriorate heat resistance, when the amounts of replacement
with A (Sr, Ba and/or Ca) exceeded 8 mole percent in total.

It has also been recognized that the Curie temperatures
were reduced to deteriorate heat resistance when the amounts Y
exceeded 5.0 mole percent.

It has further been recognized that the electromechanical
coupling factors Kp were reduced when the rates z of Ti exceeded
54 mole percent, while tﬁe Curie temperatures were reduced to
deteriorate heat resistance when the rates z were less than 45
mole percent.

Comparing’an inventive sagple (e.g., the sample No. 2) with
the comparative sample No. 1 which was out of the séope of the
present inveﬂtion, it is unde;§tood from Table 1 that the
specific resistance (resistivity) p of the sample No. 2

according to Example 1 of the present invention was smaller by at

: - 10 - B
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fifded so that Mh is thereafter diffused in the as-obtained sintered body,
tofoe contained therein in the aforenentioned specific range. Due to such
di ffusion, the Mh exists in the graimboundary with higher concentration
th that in the grains of the piezoelectric ceramcs. According to
t hef present invention, as hereinabove described, M is contained in the
pi egoel ectric ceramcs having a small nmechanical quality factor Qmand a
high Curie tenperature

jeast 1 figure than that of the comparative sample No. 1
containing no Mn.
As to the invéntive sample No. 2, elements existing in

grains and grain boundary were analyzed with an analitical

electron microscope. Figs. 1 and 2 illustrate the energy
dispersive X-ray spectra of grain and grain boundary.

1t is understood from Figs. 1 and 2 that Mn which was
introduced into the sample No. 2 by diffusion was distributed in
the grain boundary with higher concentration than that in the
grain of the piezoelectric ceramics. In other words, it is
understood that the specific resistance (resistivity) p éf this
piezoélectrié ceramics was reduced due to such uneven
distribution of Mn in the grain bounda;y of the piezoelectric
éeramics.

It is also understood that the changes AFr and aFa of the
resonance and antiresonance frequencies Fr and Fa after heating
were extremely reduced as the result of such reduction of the
specific resistance p, as shown in Table 1. Further..the
mechanical quality factor Qmp of the sample No. 2 was
substantially identical to that of the sample No. 1 containing no
Mn, while its electromechanic$4 coupling factor Kp was
-éonSiderably larger than that‘of the sample No. 1. Thus, it is
understood that the characteristics of the sample No. 2 were
improved also in these points.

When the amount of Mn is 1gss than 0.005 percent by weight

———
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5 by diffusion to exist in the grain boundary with relatively higher
_cohcentration, whereby resistivity of the piezoelectric ceramcs is -
refluced. Therefore, the piezoelectric.ceramics is prevented fromreduction
i n}pol ari zati on as described |later, so that changes of resonance and
angiresonance frequencies can be reduced al so when the piezoelectric
cejamcs is applied to a filter. When pol ari zed pi ezoel ectric
cegamics is-heated and then cooled to the roomtenperature on standing,
pygoel ectri c charges '

in terms of MnO,, sufficient effects cannot be attained as to
improvement of the characteristics such as the specific

resistance (resistivity) p and the frequency chahges.AFr and

aFa, while the mechanical quality factor Qmp and the frequency
5 changes AFr and AFa are disadvantageously increased when the .
amount of Mn exceeds 0.9 percent by weight. Therefore, the
amount of Mn is preferably in a fange of 0.005 to 0.9 percent by
weight in terms of MnO,.

Example 2

Respective raw materials of PbO, SrCOz, TiO,, Zr0,, Sb,0z,
Nb205; WOz and Tay0g for forming piezoelectric ceramics were
weighed out to attain compositions shown in Table 2, and wet-
blended in a ball mill. The as-obtained mixtureg were subjected
to steps aﬁsolutely identical to those of Example 1, to obtain
vibrator samples of polarized piezoelectric ceramics. As to |
these samples, the respective characteristics, i.e., specific
resistance values p, electromechanical coupling factors Kp,
mechanical quality factors Qmp, temperature coeffieicnts (Fr-TC)
of resonance frequencies Fr apd changes AFr and aFa of resonance
and antiresonance frequencies Fr and Fa wefe measured similarly
to Example 1. _Table 2 shows the results,

ﬁeferring to Table 2, symbols A, x, B, z, « and é represent
respective components and rates of addition theréof in the
following'formula (2) respectively:

Pby_,A,Zr;_,Ti, 05 + B(WL.%)B + a(Wwt.%)MnO, ... (2)
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e generated in this piezoelectric ceramics. An electric field is applied
_by such pyroelectric charges in a direction opposite to that of

ppl ari zation of the piezoelectric ceramics, to |lower the degree of

ppl ari zati on. According to the present invention, M is introduced

| pto ‘the piezoelectric ceramcs, in order to quickly annihilate the

pyroel ectric charges and prevent reduction of the degree of polarization.
Pgarticularliy when Mh is contained in the piezoelectric ceramcs by

ffusion at a tenmperature of 900 to 11000C, for exanple, resistivity of
Ee pi ezoel ectri¢c ceramics is reduced so that the pyroelectric charges are

i ckly discharged. Therefore, it is possible to effectively prevent
Namely, A represgnts types of the elements (at least one of

QO+ o

Ca, Sr and Ba) substituting for Pb and x represents rates (mole
percent) thereof, while E_rebresents fypes of the édditiVes {(at
least one of Sby0z, Nby05, WOz and Tay0g) and f represents rates

(percent by weight) thereof. Further, z represents rates (mole

[4)}

percent) of Ti, while « represents contents (percent by weight)
of MnO,.

Referring to Table 2, asterisks (=) show.comparative
samples of piezoelectric cerami;s; whicy were out of the scope of
0 the present invention.

It has been recognized from the results of measurement of

the respective samples shown in Table 2 and other samples (rot

shown in Table 2) that the temperature coefficients Fr-Tc were

disadvantageously increased when the amounts of replacemen£
5 with A (Sr, Ba and/or Ca) were less than 0.1 mole percent, while
the Curie temperatures were reduced and the changes aFr and aFa
of the resonance and antiresonance frequencies Fr and Fa after
heating were increased to deteriorate heat resisténce, when the
amounts of replacement with A.(Sr, Ba and/or Ca) exceeded 8 mole
percent in total.

It has also been recognigeg that the Cu:ie temperatures -
were reduced to deteriorate heat resistance when the amounts § of
B (SbO,, szds. WOz and/or Tas0g) exceeded 2.9 mole percent.

It has further been recognized that the electromechaniecal

coupling factors Kp were reduced when the rates z of Ti exceeded

I
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th% electric field, which is opposite to the direction of polarization,
frpmapplication over a long tinme. Thus, it is possible to suppress
reflucti on of pol arization, so that changes of resonance and antiresonance
frequenci es can be reduced when t he piezoelectric ceramcs is
applied to a filter elenment, for

54 mole percent, while the Curie temperatures were reduced to

deteriorate heat resistance when the rates z were less-than 45

-— -

mole percent.
Comparing an inventive sémple {e.g., the sample No. 225

5 with the comparative sample No. 21 which was out of the scope of

the present inverition, it is understood from Table 2 that the

specific resistance (resistivity) p of the sample No. 22

according to Example 2 of the present invention was smaller by at

least 1 fugure than that of the comparative sample No. 21

containing no Mn.

--As to the inventive saﬁple No. 22, elements existing in
grains and grain boundary were analyzed with an analitical
electron microscope. Figs. 3 and 4 illustrate the energy
dispersive X-ray spectra of graihs and grain boundary.

It is understood from Figs. 3 and 4 that Mn which was
introduced into thé sample No. 22 by diffusion was distributed in
the grain boundary with higher concentration than that in the
grain of the piezoelectric ceramics. In other words, it ié
understood that the specific resistance (resistivity) p of.this
piezoelectric ceramics was reduced due to such uneven
distribution of Mn in the grain boundary of the piezoelectric
ceraﬁics.

It is also understood that the changes aFr and aFa of the
resonance and antiresonance f?equencies Fr and Fa after heating'

-.were extremely reduced as the result of such reduction of the

-
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canpl e. When the piezoelectric ceramcs according to the present
vention is applied to a piezoelectric conponent, such as a piezoelectric
lter, for exanpte, which is surface-nmounted by reflow soldering, it is
nsequently possible to reduce deterioration of characteristics caused by
hi gh tenperature of up to 250[err]C, particularly deviation in the
ssband of the filter and the reduction of the passband width, to
fficiently cope wth surface nounting. : Due to the aforenentioned
ecific conmposition according to the present invention, it is possible to
tain piezoelectric ceramcs having a high electronechanical coupling
ctor K, ' '

specific resistance p, as shown in Table 2. Further, the

mechanical quality factor Qmp of the sample No. 22 was
substantially identical to that 6f the sample No. 21 containing

no 'Mn, while its electromechanical coupling factor Kp was

considerably larger than that of the sample No. 21. Thus, it is
understood that the characteristics of the sample No. 22 were
improved also in these points,

When the amount of Mn is less than 0.005 percent by weight
in terms of MnO,, sufficient effects cannot be attained as to
improvement of the characteristics such as the specific
resistance (resistivity) p and the frequency changes oFr and

~aFa, while the mechanical quality factor Qmp and the frequency
changes AFr and sFa are disadvantageously increased when the
amount exceeds 0.8 percent by weight. Therefsre. the amount of
Mn is preferably in a range of 0.005 to 0.9 percent by weight in
terms of MnO,.

Although the present invention has been described and

illustrated in detail, it is clearly understood that the same is

by way of illustration and example only and is not to be taken by
way of limitation, the spirit and scope of the present invention

being limited anly by the terms.of the appended claims.
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S t enperature changes of resonance and antiresonance frequencies, and
a Il mechani cal quality factor Qn(not nore than 100, for exanple). -
Wh the inventive piezoelectric ceranmcs is applied to a ceranmc filter

(pipzoelectric filter) element, therefore, it is possible to attain
exckll ent characteristics including a flat group delay tine (GDT)
chagacteristic and snmall phase distortion over a w de frequency band, .
t hefeby suppr.essing bit errors with respect to digital signals. Thus, the
pi egoel ectric ceramcs according to the present invention is -particularly
sigpificant as a material for a piezoelectric filter elenment for digital
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spmpl e No. 2 of piezoelectric ceramcs according to Exanple 1 of the
pgkesent invention;: Fig. 2 illustrates an energy dispersive X-ray
ectrumof grain boundary in the sanple No. 2 of the piezoelectric
cgram cs according to Exanple 1 of the present invention; Fig. 3

i ljl ustrates an energy dispersive X-ray spectFun1of grai-ns—in a sanple No.
of piezoeglectric ceramcs according to nple 2 of the present

Grain boundary in the sampl o Ko 53 STlmﬂ"ﬂH WLERELN s < 2¥n s

WHAT IS CLAIMED 1IS:

F§g. 1 illustrates an energy dispersive X-ray spectrumof grains in a !l

1. Piezoelectric ceramics being expressed in PbZrl_zTizos,
where z = 0.45 to 0:54, 0.1 to 8 mole percent of said Pb atoms
being replaced with at least one element selected from Ca, Sr and
Ba,

said piezoelectric ceramics containing Mn in a range of

0.005 to 0.8 percent by weight of the wholé in terms of MnO,

2. Piezoelectric ceramics in accordance with claim 1,
wherein up to 5.0 mole percent of said Pb atoms is replaced with
at least one element selected from a group of La, Ce, Pr, Nd, Sm,

Eu and Gd.

3. Piezoelectric ceramics in accordance with claim 2,

wherein said Mn is contained by diffusion.

4. Piezoelectric ceramics in accordance with claim 3,
wherein said Mn exists in a boundary region with higher
concentration than that in ceramic particles of said

piezoelectric ceramics.

- —

5. Piezpelectric ceramics in accordance with claim 1,
wherein said at least one element selected from Sb, Nb, W and Ta

is contained in a range of up to 2.9 percent by weight in terms of
Rl

/

szos, Nb205. W03 and/or Ta205. e

e A
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brding to Exanple 2 of the present invention. DESCRI PTION OF THE

FERRED EMBODI MVENTS Unlimted Exanples of the present invention are
described, to clarify the present invention. Exanple 1

ective raw materials of PbO SrCO3, La2(3, Ce

3, &d2@3, Ti® and zZr for forming pi ezoel e

[$)}

hed out to attain conpositions shown in Table "1, can ed in a

mill.

The m xtures

8. Piezoelectric ceramics in accordance with claim 5,

" wherein said‘Mn is contained by diffusion.

— -

7. Piezoelectric ceramics in accordance with claim 8,
wherein said Mn exists in a boundary region with higher
concentration than that in ceramic particles of said

plezoelectric ceramics.
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obt ki ned by such wet blending were dried and thereafter calcined at 800 t
9003C for 2 hours. The calcined materials were wet- ground in a ball mll
to @btain nixed powder materials. Caking additives such as water or
pol gvi nyl al cohol were added to the m xed powder materials, which in tur
werqd press- nolded and thereafter fired at a tenperature of 1150 to

125¢[ err]C for 2 hours, to obtain discoidal sanples of ceram cs having
dianfeters of 10 mm and thi cknesses of 1 nmm These sanples were

ABSTRACT OF THE DISCLOSURE

Disclosed herein is piezoelectric ceramics composed of lead
titanate zifconate, which is expnesséd in PbZrl_zTizO3, where.z
= 0.45 to 0.54, with 0.1 to 8 mole percent of the Pb atoms being

replaced with at least one element selected from a group of Ca,

wn

Sr and Ba, and containing Mn in a range of 0.005 to 0.9 percent by

weight of the whole in terms of MnO,.

heet Has Been Reraced

i i i
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ted with the m xture of MhCO3 powder and varnish, and then dried.
reafter the sanples were heated at a tenperature of 900 to 1100[err]C
2 hours, to be subjected to diffusion. Thereafter the sanples were

i shed into thicknesses of 0.5 mm and silver electrodes were applied at

bofh ends of the sa Thereafter the sanples were polarized in

i nqul ati ng &fyraty Map nF fr“]"t‘ﬁ‘g orlt8o FiRHaER Mt h an el ectric fieldP by2 to

kVAmm to obtain sanples of piezoelectric ceramcs (vibrator sanpleé% For

pur pose of conparison, sanples of piezoelectric ceramics (vibrator

| es) were prepared in a simlar manner to the above, in ranges which

out of the scope of the present invention. .

FIG. 1
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FIG.2
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to these sanples, specific resistance values p, el ectronechanical
upling factors Kp and nechanical quality factors Qmp in radial

©r< o

bration, and tenperature coefficients (expressed as Fr-TC) of resonance,
equenci es Fr at tenperatures of -20[err]Cto 80[err]C
Murata Manufacturing Co., Ltd. F-081-EP tM/ri 2 /2
|
| FIG.3 .
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Further, these vibrator sanples were introduced into a t her most af - of% %

250[err]C for 3 mnutes to be subjected to heat treatnent, extracted from
the thernostat with el ectrodes applied at both ends of the sanples being
in open states, and thereafter allowed to stand for about 1 hour. Then,
changes [err]Fr and [err]Fa of resonance and antiresonance frequencies Fr

and Fa were neasured. Tabl e 1 shows the fesuRbBLATENMENTaSHIEESS Ur a&d

characteristics, i.e., specific resistance vaIudgibﬁCﬁﬁﬂHDﬂﬂ@mﬁdhaﬁH@%hiil
coupling factors Kp, mechanical quality facto ggﬂﬂpmutbnpﬂﬂﬁéwtﬁto;mgaiJ&
coefficient rs 10 frequenci es| Af, Banthghansgsd [ e1o]faged i
[err] Fa of ﬁﬁgﬁﬁ%§§;g§§e£§§gﬁ?g§§iresonance f r pofevisiaa thﬁ@&iﬁﬁmoégg&bﬁm
respective sanmpl §§ez0e1ectric Ceramics
DATE OF RECEIPT...2s{4%. ...

BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to piezoelectric ceramics
which is applied to a piezoelectric device such as a ceramic
oscillator, a ceramic filter or a ceramic discriminator, for
example, and more particularly, it relates to piezoelectric
ceramics which is applied to a surface mounted type
piezoelectric component, to which heat resistance is required.
Description of the Background Art

In general, piezoelectric ceramics which is mainly composed
of lead titanate zirconate (Pb(TizZrl_z)Os) is widely applied to
a ceramic filter or the like. Further, there are proposed
piezoelectric ceramics, to which small amounts of various
additives are added for improving piezoelectric characteristics
thereof.

In particular, piezoelectric ceramics which is applied to a
ceramic piezoelectric filter having a flat group delay time
{hereinafter referred to as GDT) characteristic and small phase
distortion must have a small mechanical quality factor Qm. As to
such piezoelectric ceramics haﬁing a small mechanical guality
factor Qm, known is piezoelectric ceramics which is prepared by
adding niobium oxide, antimohy oxide or tantalum oxide to lead

titanate zirconate (Pb(TizZrl_z)Os). or that prepared by



Referring to Table 1, synbols A, x, B, y, z and [err] represent respective
conponents and rates of addition thereof in the follow ng fornula:
Po[err]Alerr]Blerr]Zr[err]Ti[err]derr] + [err](w.% VhQ2 ... (1)
Nanely, A represents the types of the elegents (at | east one of Ba, Sr and
Ca) substituting for Pb, and x represents“rates (nole percent) thereof. On
the other hand, B represents the types of the elenents (at |east one of

La, Ce, Pr, Nd, Sm En and Gd) substituting for Pb, and y represents rates
(mol e percent) thereof. Further, z represents rates (nole percent) of Ti,

g?d Lerr]  rSRESANYY X010 1nt PROAESAS &Y 1PNk M2 rb8nbRE SR £S
rare earth element.

On the other hand, a material which is prepared by diffusing
Mn in Pb(Zrg goTig 4g)0z is reported as piezoelectric ceramics
containing a small amount of component diffused therein (M.
Takahashi and S. Takahashi; Japan, J. Appl. Phys. Vol. 9, No. 8,
pp. 1008 (1973)).

However, the aforementioned conventional piezoelectric
ceramics having a small mechanical quality factor Qm is
generally increased in piezoelectric constant d to be applied to
an actuator, or mainly aimed at increasing an electromechanical
coupling factor K for application to a broad-band filter. Thﬁs,
such piezoelectric ceramics generally has a low Curie
temperature and insufficient heat resistance.

Some of the aforementioned conventional piezoelectric
ceramics having small mechanical quality factors Qm have a high
Curie temperature. When the temperature is increased in a
soldering step or the like, however, the electromechanical
coupling factor K is reduced to cause extreme displacement of
resonance and antiresonance fregquencies if electrodes provided
across the piezoelectric ceramics are not short-circuited but
opened.

When such a conventional piezoelectric ceramics having a
small mechanical quality factor Qm is applied to a surface

mounted type filter element, therefore, the filter



pi ezoel ectric ceram cs. Referring to Table 1, asterisks (*) show

conparative 10 sanpl es of
pi ezoel ectric ceram cs, which were out of the scope of the present
i nventi on. It has been recognized fromthe results of measurenent of

t he respective sanples shown in Table 1 afdd ot her sanpl es (not

characteristics are extremely deteriorated upon exposure to a
high temperature of about 250°C in a reflow soldering step.

Further, the aforementioned material prepared by diffusing
Mn in Pb(Zr0.52T10.48)05 is unsuitable for a filter element, due
to high temperature dependence of resonance and antiresonance
frequencies.

SUMMARY OF THE INVENTION

In order to overcome the aforementioned disadvantages, an
object of the present invention is to provide piezoelectric
ceramics, which is provided not only with a small mechanical
quality factor Qm but with excellent heat resistance and
suitably employed for a filter element having a flat group delay
time characteristic and small phase distortion to be applicable
to surface mounting.

The present invention has been proposed in order to solve
the éforementioned problems. According to a wide aspect of the
present invention, provided is piezoelectric ceramics which is
expressed in PbZr;_,Ti_ Oz, where z = 0.45 to 0.54. Up to 8 mole
percent of the Pb atoms is replaced with at least one element
selected from a group of Ca, Sr and Ba, while the piezoelectric
ceramics contains Mn in a range of 0.005 to 0.9 percent by weight
of the whole in terms of MnO,. In the piezoelectric ceramics
according to the present invention, 0.1 to 8 mole percent of the
Pb atoms is replaced with at least one element selected from the

group of Ca, Sr and Ba as described above, whereby temperature



shown in Table 1) that the tenperature coefficients Fr-Tc of the resonance
frequency Fr were di sadvant ageously increased when the anounts of

repl acenent with A (Sr, Ba and/or Ca) were less than 0.1 nole percent,
while the Curie tenperatures were reduced and the changes [err]Fr and
[err]Fa of the resonance and antiresonancé frequencies Fr and Fa after
heating were increased to deteriorate heat resistance, when the anpunts of

repl acenent

with A (Sr, Ba and/or Ca) exceeded 8 nole percent in total.

It has al so been recognized that the Curie tenperatures were reduced to

deteriorat ecgdribgeht! A Fedhitindd e ARGy As p¥aREARY 5. 0 ol e percent.

According to a specific aspect of the present invention, up
to 5.0 mole percent of the PbZr,_,Ti Oz is further replaced with
at least one element selected from a group of La, Ce, Pr, Nd, Sm,
Eu and Gd, whereby the mechanical quality factor Qm is reduced.

According to another specific aspect of the present
invention, at least one element selected from a group of Sb, Nb,
W and Ta is added to the piezoelectric ceramics in a range of up
to 2.9 percent by weight of the overall piezoelectric ceramics in
terms of Sb,0z, Nby05, WOz and/or Ta,0g, whereby the mechanical
quality factor Qm is reduced.

In the piezoelectric ceramics according to the present
invention, Mn is contained in the range of 0.005 to 0.9 percent
by weight in terms of MnO, as described above, whereby heat
resistance is improved. This Mn is diffused to be contained in
the piezoelectric ceramics after the same is fired. In other
words, ceramics which is composed of the elements excluding Mn is
fired so that Mn is thereafter diffused in the as-obtained
sintered body, to be contained therein in the aforementioned
specific range. Due to such diffusion, the Mn exists in the
graim boundary with higher concentration than that in the grains
of the piezoelectric ceramics.

According to the present invention, as hereinabove
described, Mn is contained in the piezoelectric ceramics having

a small mechanical quality factor Qm and a high Curie temperature



It has further been recogni zed that the el ectromechanical coupling factors
Kp were reduced when the rates z of Ti exceeded 54 nole percent, while the
Curie tenperatures were reduced to deteriorate heat resistance when the
rates z were less than 45 npole percent. Conparing an inventive
sanple (e.g., the sanple No. 2) with the5Conparative sanple No. 1 which
was out of the scope of the present invention, it is understood from Table
1 that the specific resistance (resistivity) p of the sanple No. 2
according to Exanple 1 of the present invention was smaller by at

by diffusion to exist in the grain boundary with relatively
higher concentration, whereby resistivity of the piezoelectric
ceramics is reduced. Therefore, the piezoelectric ceramics is
prevented from reduction in polarization as described later, so
that changes of resonance and antiresonance frequencies can be
reduced also when the piezoelectric ceramics is applied to a
filter.

When polarized piezoelectric ceramics is heated and then
cooled to the room temperature on standing, pyroelectric charges
are generated in this piezoelectric ceramics. An electric field
is applied by such pyroelectric charges in a direction opposite
to that of polarizatibn of the pieéoelectric ceramics, to lower
the degree of polarization.

According to the present invention, Mn is introduced into
the piezoelectric ceramics, in order to quickly annihilate the
pyroelectric charges and prevent reduction of the degree of
polarization. Particularly when Mn is contained in the
piezoelectric ceramics by diffusion at a temperature of 800 to
1100°C, for example, resistivity of the piezoelectric ceramics
is reduced so that the pyroelectric charges are quickly
discharged. Therefore, it is possible to effectively prevent
the electric field, which is opposite to the direction of
polarization, from application over a long time. Thus, it is
possible to suppress reduction of polarization, so that changes

of resonance and antiresonance frequencies can be reduced when



| east 1 figure than that of the conparative sanple No. 1 containing no M.
As to the inventive sanple No. 2, elenents existing in grains and grain
boundary were anal yzed with an analitical electron mcroscope. Figs. 1 and
2 illustrate the energy dispersive X-ray spectra of grain and grain
boundary. It is understood fromFig§. 1 and 2 that M which was

the piezoelectric ceramics is applied to a filter element, for
example.

When the piezoelectric ceramics according to the present
invention is applied to a piezoelectric component, such as a
piezoelectric filter, for example, which is surface-mounted by
reflow soldering, it is consequently possible to reduce
deterioration of characteristics caused by a high temperature of
up to 250°C, particularly deviation in the passband of the filter
and the reduction of the passband width, to sufficiently cope
with surface mounting.

Due to the aforementioned specific composition according to
the present invention, if is possible to obtain piezoelectric
ceramics having a high electromechanical coupling factor K,
small temperature changes of resonance and antiresonance
frequencies, and a small mechanical gquality factor dm (not more
than 100, for example).

When the inventive piezoelectric ceramics is applied to a
ceramic filter (piezoelectric filter) element, therefore, it is
possible to attain excellent characteristics including a flat
group delay time (GDT) characteristic and small phase distortion
over a wide frequenc& band, thereby suppressing bit errors with
respect to digital signals. Thus, the piezoelectric ceramics
according to the present invention is particularly significant
as a material for a piezoelectric filter element for digital

signals.



I ntroduced into the sanple No. 2 by diffusion was distributed in the grain
boundary wi th higher concentration than that in the grain of the

pi ezoel ectric ceramics. In other words, it is understood that the specific
resi stance (resistivity) p of this piezoglectric ceram cs was reduced due
to such uneven distribution of Mi in the‘grain boundary of the

pi ezoel ectric ceram cs. It is also understood that the changes
[err]Fr and AFa of the resonance and antiresonance frequencies Fr and Fa
after heating were extrenely reduced as the result of such reduction of

Ll SherL e " e PORgBaRsp R b sl cRARLASE. LUBeotEClag oo
advantages of the present invention will become more apparent
from the following detailed description of the present invention
when taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 illustrates an energy dispersive X-ray spectrum of
grains in a sample No. 2 of piezoelectric ceramics according to
Example 1 of the present invention;

Fig. 2 illustrates an energy dispersive X-ray spectrum of
grain boundary in the sample No. 2 of the piezoelectric ceramics
according to Example 1 of the present invention;

Fig. 3 illustrates an energy dispersive X-ray spectrum of
grains in a sample No. 22 of piezoelectric ceramics according to
Example 2 of the present invention; and

Fig. 4 illustrates an energy dispersive X-ray spectrum of
grain boundary in the sample No. 22 of the piezoelectric ceramics
according to Example 2 of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Unlimited Examples of the present invention are now
described, to clarify the present invention.

Example 1

Respective raw materials of PbO, SrCOz, Las0z, CeOy, Pry0sz,
Nd,0z, Smp03z, Eug0z, GdpOz, TiOp and ZrOp for forming
piezoelectric ceramics were weighed out to attain compositions

shown in Table 1, and wet-blended in a ball mill, The mixtures



substantially identical to that of the sanple No. 1 containing no WMn,
while its el ectronechani cal coupling factor Kp was considerably | arger
than that of the sanple No. 1. Thus, it is understood that the
characteristics of the sanple No. 2 were _inproved also in these points.
When the anount of Mh is |ess than 0.005 Bercent by wei ght

12

obtained by such wet blending were dried and thereafter calcined
at 800 to 900°C for 2 hours. The calcined materials were wet-
ground in a ball mill, to obtain mixed powder materials.

Caking additives such as water or polyvinyl alcohol were
added to the mixed powder materials, which in turn were press-
molded and thereafter fired at a temperature of 1150 to 1250°C
for 2 hours, to obtain discoidal samples of ceramics having
diameters of 10 mm and thicknesses of 1 mm. These samples were
coated with the mixture of MnCOS powder and varnish, and then
dried. Thereafter the samples were heated at a temperature of
800 to 1100°C for 2 hours, to be subjected to diffusion.
Thereafter the samples were polished into thicknesses of 0.5 mm,
and silver electrodes were applied at both gnds of the samples.
Thereafter the samples were polarized in insulating oil of 80°C
for 30 minutes with an electric field of 2 to 3 kV/mm, to obtain
samples of piezoelectric ceramics (vibrator samples). For the
purpose of comparison, samples of piezoelectric ceramics
(vibrator samples) were prepared in a similar manner to the
above, in ranges which were out of the scope of the present
invention.

As to these samples, specific resistance values p,
electromechanical coupling factors Kp and mechanical quality
factors Qmp in radial vibration, and temperature coefficients
(expressed as Fr-TC) of resonance frequencies Fr at temperatures

of -20°C to B80°C.



in terms of MhQ2, sufficient effects cannot be attained as to i nprovenent
of the characteristics such as the specific resistance (resistivity) p and
t he frequency changes [err]Fr and [err]Fa, while the nechanical quality
factor Qmp and the frequency changes [err]Fr and [err]Fa are

di sadvant ageousl y increased when the anodnt of M exceeds 0.9 percent by
wei ght. Therefore, the anount of M is preferably in a range of 0.005 to
0.9 percent by weight in ternms of MQ2. Exanpl e 2 Respective
raw materials of PbO SrCO3, Ti2, ZrQ2, Sb2G3, Nb2C, WJerr] and Ta206

for formng pi ez_qglletcﬁé:i C 1 HIAiBrWEb? samples were introduced into a
thermostat of 250°C for 3 minutes to be subjected to heat
treatment, extracted from the thermostat with electrodes applied
at both ends of the samples being in open states, and thereafter
allowed to stand for about 1 hour. Then, changes AFr and aFa of
resonance and antiresonance frequencies Fr and Fa were measured.

Table 1 shows the results of the as-measured
characteristics, i.e., specific resistance values p,
electromechanical coupling factors Kp, mechanical guality
factors Qmp, temperature coefficients (Fr-TC) of resonance
frequencies Fr, and changes aFr and aFa of the resonénce and
antiresonance frequencies Fr and Fa, of the respective samples.

Referring to Table 1, symbols A, x, B, y, z and « represent
respective components and rateé of addition thereof in the
following formula:

Pby _y_yAgBoZry_,Ti Oz + a{wt.%)MnO, el (1)

-x-y"xCy
Namely, A represents the types of the elements (at least one
of Ba, Sr and Ca) substituting for Pb, and x represents rates
(mole percent) thereof. On the other hand, B represents the
types of the elements (at least one of La, Ce, Pr, Nd, Sm, En and
Gd) substituting for Pb, and y represents rates (mole percent)
thereof. Further, z represents rates (mole percent) of Ti, and «
represents contents (percent by weight) of MnOs in the samples of

piezoelectric ceramics.

Referring to Table 1, asterisks (#) show comparative



wei ghed out to attain conpositions shown in Table 2, and wet- blended in a
ball mll. The as-obtained m xtures were subjected to steps absolutely
identical to those of Exanple 1, to obtain vibrator sanples of polarized
pi ezoel ectric ceramcs. As to these sanples, the respective
characteristics, i.e., specific resistant® values p, electromechani cal
coupling factors Kp, nechanical quality factors Qw, tenperature
coeffieicnts (Fr-TC) of resonance frequencies Fr and changes [err] Fr and
[err]Fa of resonance and antiresonance frequencies Fr and Fa were neasured

Si”1|ar|ysy%%gﬁéﬂ%P5? ﬁéeIQBhFc%r BOE% %er el §én L were outeg?r{ﬁémkéope of

Tabl e 2, err represe
the present invention.

It has been recognized from the results of measurement of
the respective samples shown in Table 1 and other samples (not
shown in Table 1) that the temperature coefficients Fr-Tc of the
resonance frequency Fr were disadvantageously increased when the
amounts of replacement with A (Sr, Ba and/or Ca) were less than
0.1 mole percent, while the Curie temperatures were reduced and
the changes AFr and aFa of the resonance and antiresonance
frequencies Fr and Fa after heating were increased to
deteriorate heat resistance, when the amounts of replacement
with A (Sr, Ba and/or Ca) exceeded 8 mole percent in total.

It has also been recognized that the Curie temperatures
were reduced to deteriorate heat resistance when the amounts y
exceeded 5.0 mole percent.

It has further been recognized that the electromechanical
coupling factors Kp were reduced when the rates z of Ti exceeded
54 mole percent, while the Curie temperatures were reduced to
deteriorate heat resistance when the rates z were less than 45

mole percent.

Comparing an inventive sample (e.g., the sample No. 2) with
the comparative sample No. 1 which was out of the scope of the
present invention, it is understood from Table 1 that the
specific resistance (resistivity) p of the sample No. 2

according to Example 1 of the present invention was smaller by at



respecti ve conponents and rates of addition thereof in the follow ng

formula (2) respectively: Po[err]Alerr]Zr[err]Ti[err](err] +
[err] (WM. 9B + [err] (WM. M2 ... (2)
13 Nanely, A represents types of the elenments (at |east one of

Ca, Sr and Ba) substituting for Pb and xlﬁepresents rates (nole percent)
thereof, while B represents types of the additives (at

least 1 figure than that of the comparative sample No. 1
containing no Mn.

As to the inventive sample No. 2, elements existing in
grains and gfain boundary were analyzed with an analitical
electron microscope. Figs. 1 and 2 illustrate the energy
dispersive X-ray spectra of grain and grain boundary.

It is understood from Figs. 1 and 2 that Mn which was
introduced into the sample No. 2 by diffusion was distributed in
the grain boundary with higher concentration than that in the
grain of the piezoelectric ceramics. In other words, it is
understood that the specific resistance (resistivity) p of this
piezoelectric ceramics was reduced due to such uneven
distribution of Mn in the grain boundary of the piezoelectric
ceramics.

It is also understood that the changes AFr and AFa of the
resonance and antiresonance frequencies Fr and Fa after heating
were extremely reduced as the result of such reduction of the
specific resistance p, as shown in Table 1, Further, the
mechanical quality factor Qmp of the sample No. 2 was
substantially identical to that of the sample No. 1 containing no
Mn, while its electromechanical coupling factor Kp was
considerably larger than that of the sample No. 1. Thus, it is
understood that the characteristics of the sample No. 2 were
improved also in these points.

When the amount of Mn is less than 0.005 percent by weight



| east one of Sb203, Nb205, W3 and Ta205) and [err] represents rates
(percent by weight) thereof. Further, z represents rates (nole percent) of
Ti, while [err] represents contents (percent by weight) of MQ2.

Referring to Table 2, asterisks (*) show cgnparative sanples of

pi ezoel ectric ceram cs, which were out of t€he scope of the present

I nventi on. It has been recognized fromthe results of neasurenent of
the respective sanples shown in Table 2 and ot her sanples (not shown in
Table 2) that the tenperature coefficients Fr-Tc were disadvantageously

I ncreased whep { g, QUGS ,Of shPP1BEEHE L rrects cannot be attained as to

improvement of the characteristics such as the specific
resistance (resistivity) p and the frequency changes aFr and
aFa, while the mechanical quality facfor Qmp and the frequency
changes AFr and aFa are disadvantageously increased when the
amount of Mn exceeds 0.9 percent by weight. Therefore, the
amount of Mn is preferably in a range of 0.005 to 0.9 percent by
weight in terms of MnO,.

Example 2

Respective raw materials of PbO, SrCOgz, TiOp, Zr0y, Sby0z,
NboOg, WOz and Tay0p for forming piezoelectric ceramics were
weighed out to attain compositions shown in Table 2, and wet-
blended in a ball mill. The as-obtained mixtures were subjected
to steps absolutely identical to those of Example 1, to obtain
vibrator samples of polarized piezoelectric ceramices. As to
these samples, the respective characteristics, i.e., specific
resistance values g, electromechanical coupling factors Kp,
mechanical quality factors Qmp, temperature coeffieicnts (Fr-TC)
of resonance frequencies Fr and changes aFr and aFa of resonance
and antiresonance frequencies Fr and Fa were measured similarly
to Example 1. Table 2 shows the results.

Referring to Table 2, symbols A, x, B, z, « and § represent
respective components and rates of addition thereof in the
following formula {(2) respectively:

Pby_gA Zr _,Ti Oz + B(wt.%)B + e(wt.%)MnO, ... (2)



with A (Sr, Ba and/or Ca) were less than 0.1 nole percent, while the Curie
tenperatures were reduced and the changes [err]Fr and [err]Fa of the
resonance and antiresonance frequencies Fr and Fa after heating were
increased to deteriorate heat resistance, _when the anounts of replacenent
with A (Sr, Ba and/or Ca) exceeded 8 m)l@3 percent in total. It has
al so been recogni zed that the Curie tenperatures were reduced to
deteriorate heat resistance when the anounts [err] of B (SbQ2, Nb205, W3
and/ or Ta205) exceeded 2.9 nol e percent. It has further been

recogni zed that gl gl ecir, 15k ypeUBET fie TR KR 241 BakRIYHED £
of Ti e

when the rates z excee
Ca, Sr and Ba) substituting for Pb and x represents rates (mole

percent) thereof, while B represents types of the additives (at
least one of Sby,0z, NbyOg, WOz and Tas05) and B represents rates
(percent by weight) thereof. Further, z represents rates (mole
percent) of Ti, while « represents contents (percent by weight)
of MnO,.

Referring to Table 2, asterisks (#) show comparative
samples of piezoelectric ceramics, which were out of the scope of
the present invention. |

It has been recognized from the results of measurement of
the respective samples shown in Table 2 and other samples (not
shown in Table 2) that the temperature coefficients Fr-Tc were
disadvantageously increased when the amounts of replacement
with A (Sr, Ba and/or Ca) were less than 0.1 mole percent, while
the Curie temperatures were reduced and the changes AFr and aFa
of the resonance and antiresonance frequencies Fr and Fa after
heating were increased to deteriorate heat resistance, when the
amounts of replacement with A (Sr, Ba and/or Ca) exceeded 8 mole
percent in total.

It has also been recognized that the Curie temperatures
were reduced to deteriorate heat resistance when the amounts § of
B (SbO,, NbyOg5, WOz and/or Tas0g) exceeded 2.9 mole percent.

It has further been recognized that the electromechanical

coupling factors Kp were reduced when the rates z of Ti exceeded



14 54 nole percent, while the Curie tenperatures were reduced to
deteriorate heat resistance when the rates z were less than 45 nole
per cent . Conparing an inventive sanple (e.g., the sanple No. 22)
wi th the conparative sanple No. 21 which was out of the scope of the
present invention, it is understood from¥dble 2 that the

54 mole percent, while the Curie temperatures were reduced to
deteriorate heat resistance when the rates z were less than 45
mole percent. ‘

Comparing an inventive sample (e.g., the sample No. 22)
with the comparative sample No. 21 which was out of the scope of
the present invention, it is understood from Table 2 that the
specific resistance (resistivity) p of the sample No. 22
according to Example 2 of the present invention was smaller by at
least 1 fugure than that of the comparative sample No. 21
containing no Mn.

As to the inventive sample No. 22, elements existing in
grains and grain boundary were analyzed with an analitical
electron microscope. Figs. 3 and 4 illustrate the energy
dispersive X-ray spectra of grains and grain boundary.

It is understood from Figs. 3 and 4 that Mn which was
introduced into the sample No. 22 by diffusion was distributed in
the grain boundary with higher concentration than that in the
grain of the piezoelectric ceramics. In other words, it is
understood that the specific resistance (resistivity) p of this
piezoelectric ceramics was reduced due to such uneven
distribution of Mn in the g:ain boundary of the piezoelectric
ceramics.

It is also understood that the changes aAFr and AFa of the
resonance and antiresonance frequencies Fr and Fa after heating

were extremely reduced as the result of such reduction of the



specific resistance (resistivity) p of the sanple No. 22 according to
Exanple 2 of the present invention was smaller by at |east 1 fugure than
that of the conparative sanple No. 21 containing no M. As to the
i nventive sanple No. 22, elenments existing in grains and grain boundary
were anal yzed with an analitical electr m croscope. Figs. 3 and 4
illustrate the energy dispersive X-ray spectra of grains and grain
boundary. It is understood fromFigs. 3 and 4 that M which was

i ntroduced into the sanple No. 22 by diffusion was distributed in the

O el sur bt RESHEEABRACH LS IR I TRORE 31 WAl (he
mechanical quality factor Qmp of the sample No. 22 was
substantially identical to that of the sample No. 21 containing
no Mn, while its electromechanical coupling factor Kp was
considerably larger than that of the sample No. 21. Thus, it is
understood that the characteristics of the sample No. 22 were
improved also in these points.

When the amount of Mn is less than 0.005 percent by weight
in terms of MnOs;, sufficient effects cannot be attained as to
improvement of the characteristics such as the specific
resistance (resistivity) p and the frequency changes aFr and
aFa, while the mechanical quality factor Qmp and the frequency
changes aFr and aFa are disadvantageously increased when the
amount exceeds 0.9 percent by weight. Therefore, the amount of
Mn is preferably in a range of 0.005 to 0.9 percent by weight in
terms of MnO,.

Although the present invention has been described and
illustrated in detail, it is clearly understood that the same is
by way of illustration and example only and is not to be taken by
way of limitation, the spirit and scope of the present invention

being limited only by the terms of the appended claims.



understood that the specific resistance (resistivity) p of this
pi ezoel ectric ceram cs was reduced due to such uneven

in the grain boundary of the piezoelectric
understood that the changes [err]Fr and [
antiresonance frequencies Fr and Fa after
as the result of such reduction of the

di stribution of M

is al so

resonance and
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ceranics.
frr]Fa of the

ﬁeating were extrenely reduced
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specific resistance p, as shown in Table 2. Further, the nechani cal
quality factor Qmp of the sanple No. 22 was substantially identical to
that of the sanple No. 21 containing no Mh, while its el ectromechanica
coupling factor Kp was considerably larger than that of the sanple No. 21
Thus, it is understood that the characte¥{stics of the sanple No. 22 were
I nproved al so in these points. When the anmount of M is less than

0. 005 percent by weight in ternms of M2, sufficient effects cannot be

attained as to inprovenent of the characteristics such as the specific
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resistance (resistivity) p and the frequency changes [err]Fr and [err]Fa,
whil e the nmechanical quality factor Qwp and the frequency changes [err]Fr
and [err]Fa are disadvantageously increased when the anount exceeds 0.9
percent by wei ght herefore the amount of WMh is preferably in a range of
0.005 to 0.9 per H Haw ' terms % M2, A-t-hough .t he
present inventi o bed and i1l ustratedTHIS SBEE HASiBEENS
clearly understood t hat* tHb §ane is by way of illusg ratuﬂfﬂywtmmanple
only and is not to be taken by way of limtation, tRESprTTt—and—scope of

E:Ih:i &rsfasent mPAv,Ierité %’ﬂaxﬁ%b”?s':i mted only by the terns of the appended

1. Piezoelectric ceramics being expressed in PbZrl_zTizos,
where z = 0.45 to 0.54, 0.1 to 8 mole percent of said Pb atoms
being replaced with at least one element selected from Ca, Sr and
Ba,

said piezoelectric ceramics containing Mn in a range of

0.005 to 0.9 percent by weight of the whole in terms of MnO,

2. Piezoelectric ceramics in accordance with claim 1,
wherein up to 5.0 mole percent of said Pb atoms is replaced with
at least one element selected from a group of La, Ce, Pr, Nd, Sm,

Eu and Gd.

3. Piezoelectric ceramics in accordance with claim 2,

wherein said Mn is contained by diffusion.

4, Piezoelectric ceramics in accordance with claim 3,
wherein said Mn exists in a boundary region with higher
concentration than that in ceramic particles of said

piezoelectric ceramics.

5. Piezoelectric ceramics in accordance with claim 1,
wherein said at least one element selected from Sb, Nb, W and Ta
is contained in a range of up to 2.9 percent by weight in terms of

Sb203, Nb205, WO3 and/or Ta205.
\_
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6. Piezoelectric ceramics in accordance with claim 5,

wherein said Mn is contained by-di?fusion.

7. Piezoelectric ceramics in accordance with claim 6,
wherein said Mn exists in a boundary region with higher
concentration than that in ceramic particles of said

piezoelectric ceramics.

ThlS Sheet Has Been Replaced
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PIEZOELECTRIC CERAMICS

ABSTRACT OF THE DISCLOSURE

Disclosed herein is piezoelectric ceramics composed of lead
titanate zirconate, which is expressed in PbZrl_zTizos, where z
= 0.45 to 0.54, with 0.1 to 8 mole percent of the Pb atoms being
replaced with at least one element selected from a group of Ca,
Sr and Ba, and containing Mn in a range of 0.005 to 0.9 percent by

weight of the whole in terms of MnO,.

—

laced

“\\ii\\\‘\\\\\\\\\\\\\\i\\\



[err]

17

FIG.1

Pb

‘ Pb
F)
b Ti Pb pb %! zZr

FIG.2

Pb

Pb
S (R PO

A ppél 2




[err] CLAIMS 1. Piezoelectric
ceram cs being expressed by PoZr[err]Ti[err](err], where z = 0.45 to
0.54, 0.1 to 8 nole percent of said Pb atons
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: : BoSI714 Tp0s
being replaced wt-h at | east one el enent selected fromCa, Sr and Ba.
said piezolectric ceramcs containing Mh in a range of 0.005 to 0.9
percent by weight of the whole in terms of Mh(Jerr], characterized in that
said M1 exists in a grain boundary with hlgher concentration than that in
the ceramic grains of said piezoelectric ceramcs. 2. Piezoelectric
ceram cs in accordance with claiml1l, wherein further up to 5.0 nole
percent of -said Pb atonms is replaced with at |east one el enent selected
fromlLa, -Ce, Pr, Nd, Sm Eu and 'Gd. 3. Pi ezoel ectric ceramcs in
accor dance mnth cIa|n11 ‘wher ei n :

20

PIEZOELECTRIC CERAMICS

ABSTRACT OF THE DISCLOSURE

s
Disclosed herein is piezoelectric ceramics composed of lead
titanate zirconate, which is expressed in PbZr,_,Ti Oz, where z
= 0.45 to 0.54, with 0.1 to 8 mole percent of the Pb atoms being
replaced with at least one element selected from a group of Ca,
Sr and Ba, and containing Mn in a range of 0.005 to 0.9 percent by
weight of the whole in terms of MnO, .
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at | east .one “el ement sel ected from Sb, Nb, Wand Ta is contai ned ‘;‘l’lﬁ‘?f73'4 s
range of up to 2.9 percent by weight in terns of Sb[err]Jerr],
No[err]Cferr], WJerr] and /or Ta[err]Jerr]. 6.

Pi ezoel ectric ceramcs in accordance with claim5, wherein said Miis

cont ai ned by-diffusion. ™ '
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CLAIMS

1. Piezoelectric ceramics being expressed by PbZri.;TizOa,
where z = 0.45 to 0.54, 0.1 to 8 mole percent of said Pb atoms
being replaced with at least one element selected from Ca, Sr and
Ba.

said piezolectric ceramics containing Mn in a range of
0.005 to 0.9 percent by weight of the whole in terms of MnOz,

characterized in that said Mn exists in a grain boundary with

higher concentration than that in the ceramic grains of said

piezoelectric ceramics.

2. ~ Piezoelectric ceramics in accordance with claim 1, wherein
further up to 5.0 mole percent of said Pb atoms is replaced with

at least one element selected from La, Ce, Pr, Nd, Sm, Eu and Gd.

3. Piezoelectric ceramics in accordance with claim 1, wherein
at least one element selected from Sb, Nb, W and Ta is contained
in a range of up to 2.9 percent by weight in terms of Sb;0a3,

Nb,Og, WOz and /or Ta,O0g.
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7. Piezoelectric ceramcs in accordance with claim®6, wherein salfd 4

exists in a boundary region with higher concentration than that in ceramc
particles of said piezoelectric ceramcs. :

_19_
ABSTRACT

PIEZOELECTRIC CERAMICS

Disclosed herein is piezoelectric ceramics composed of lead
.titanate zirconate, which is expressed in PbZry_,Ti, Oz, where z’
= 0.45 to 0.54, with 0.1 to 8 mole percent of the Pb atoms being
replaced with at least one element selected from a group of Ca,
Sr and Ba, and containing Mn in a range of 0.005 to 0.9 percent by

weight of the whole in terms of MnO,.
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