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PIEZOELECTRIC CERAMIC COMPOSYTIONS

BACKGROUND OF THE

eld Inventio . _

' The present invention welated to piszoelectric ceramie
compositions and, more partiocularly, to piezoelectric ceramic
compositions preferably used in vltrasonic notors, wltrasonic
vibrators, pilezoelectric actuators, and the like.

rl the Lt .
{-P-ie-zoe!:eet-rie—]- It is preferable that the piezoelectric

materials (piezoelectrlc ceramioc compositions) used in ultrasonie

motors, ultrasonic vibrators, piezoslsctric actuar.zru, nd the
€ ~CtO
like [axe-desired-bel-have a large mechanical /Meim&?,

less heat genera'tion during the application of a high voltage, a
large piezoclectric constant, and a large amplitude of vibration.
Further, it is important for plezoelectric mataerials
for ultrasonic motors to have stable temperatura characteristics
to be able to provide atable speed of rotation and torqua.
For conventional pilezoelectric ceramic compositions,
however, it is difficult to keep both fof) the mechanical
factor of merit and the piezoelectric constant sufficiently
largs, and it js often-the.cass-thatl. the stadility of the
temperature characteristics is often not sufficient.
Plezoelectric ceramic compositions prepared to satisfy
the above-described requirements as much as poassible often
have firing temperatures as high as 1200 to 1300 °C,
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RY OF THE INV

The mggmmmw present invention
feolvwes) golve the above-deBcribed problems, and -Lit—is—an—obiest
of-the—invention-tel provide a piezoslectric ceramic composition
suitable for ugs as a material for ultrasonic motors, ultrasonic
vibrators, and piszeelectric agtuators, -fwhich has} the

plezoelectric caramioc composition having a large piszoelactric

constant and a large mechanical factor of werit, fis} stablé -find
temperature characteristics, and 4foan-he) m_g__gg_pj;e_@__tg_m

fired at low temperatures.

According to the m_mw present
invention, -fabeve-deseribed—-ebieet—is—achieved—by} a
piezoelectric cerxamic composition has feharacterired—in-that—tt
is—ekpressed.by} & general formula:
aPh (Mn,Sbg 4y Wa,n) o,-beTiq-chZro,

where a, b, and ¢ are in ranges 24af£10, 40<bg52, and 3a<c<58 P
respectively (a, b, and ¢ represent mol %, and a + b + ¢ = .100).
According to another aspect of the preferr
‘gmbodiments of the present invention, .c.the:e_s.s..p:mdad-} a
piezoalectric ceramic composition {characterized-in-that—it-is
ohtained.-by-adding) .compriseg at least one of wmagnesium, cobalt,
and nickel in a ratio of S0 % or less by welght in terms of
Mg (OH),, Co0, N_iO, respeaotivaly, -fse4 lh a composition fexpressed
. by} having a general formula;
aPb (Mn,Sbg.4yWg,.,) O3—bPbLT 10;~¢PHZrO,
wheres a, b, ahd ¢ are in ranges 2<agi0, 405b<52, and 38<c<58,
respectively (a', b, and c represent mol %, and a + b + c = 100).
According to another aspect of the preferred
embodiments of the present invention, there is provided a-
piszoelectric ceramic composition (eharactowized—in—thatits-

expressed-byl} having a general formula:
aPb (anSbanWQx.n) 03"bp bTiOJ"CP b2y 03

— ——— i
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1. 'Field of the Invention The present invention relates to
pi ezoel ectric ceram c conpositions and, nore particularly, topplezaelectric

ceram ¢ conpositions preferably used in ultrasonic motors, ul}fISGREET Has Beey
vibrators, piezoelectric actuators, and the like. 2. Descript]on Gmnmknzp
Rel ated Art It is preferable that the piezoel ectric matert+eals

(pi ezoel ectric ceram c conpositions) used in ultrasonic notors, ultrasonic
vi brators, piezoelectric actuators, and the |ike have a | arge mechani cal
quality factor, |ess heat 3 '

where a, b, Bnd c are in ranges 2gagl0, 405b<52, and 385;558,
réspectively (a,. b, and c represent mol %, and a + b + ¢ = 100)
and fin-that} wherain up t6 3% of lead is replaced by at least
one of calcium, strontium, barium, and lanthanum -[le—cubstibubed-

5  tow-lead-by-S.mol.k or. less). . .

. According to still another aspect' of the preferred
enbodiments of the present invention, there is provided a.
piezoelectric ceramic composition expressed by a geﬁeral {ormula:
aPb (Mn,Sby 4 Wa, ) O:-bPDTL0,~cPb21r0,

10 where a, b, and ¢ are in rangeé 2<ag10, 405bs52, and 38£¢<58,
respectively (a, b, and ¢ represent mel %, and a + b + © = 100),
wherein up to $% of lead is replaced by at least one of calecium,
strontium, barium, and lanthanum® [He-substituted-L0¥—ddidtop5-
nol-%-or-lesa,. characrerized .in that it de.added.with) and -

15 including at least one of magnesium, cobalt, and nickel in a
ratio of 50 § or less by weight in terms.of Mg(OH),, CoQ, and
Nio.

DE PTION Q PREF ODIMENTS
The features of the praaenﬁ invention will now be wora

20 specifically described with reference to a preferred fembedimenty -

smbodiments thereof, '
Materials and additives PbO, Ti0,, Zr0,, MnCo,, Sb0;,

Wo, are weighed to ob;ain the compositions as shown in Tables 1

through 4 and are subjected to vwet mixing using a2 ball mill with

25 a basic composition expressed by a general formula:

aFb (Mn,Sby 1 Wo,.py) 03=bPLT10,-cPL2X0O, (1)
where a + b + ¢ = 100, the ratios of x, a, b, and ¢ baing
varied as shown in Tables 1 through 4. The values of
magnesium, cobalt, and nickel in Tables 1 through 4 are the

30 values of added magnesium, cobalt, and nickel compounds in
terms of Mg(OH),, CocO, and Ni0, respectively.

—_—
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generation during the application of a high voltage, a |l arge piezoelectric
constant, and a large anplitude of vibration. . Further, it is

i nportant for piezoelectric materials for Ultrasonic notors t  TAVE Stabte
tenperature characteristics to be able to provide stable speefl d? i&%‘i"a’r"%ﬁﬁm
and torque. For conventional piezoelectric ceramc conppsiti GACED

however, it is difficult to keep both the nechanical factor of nerit and
the piezoelectric constant sufficiently large, and the stability of the
tenperature characteristics is often not §bfficient.,,

The mixtures obtained as a result of the wet mixing
are calcined for two hours at 850 to 950 °C, and the c¢alcined
materials are subjected to'wet pulverization using a ball mill to
obtain conditionad powders.

5 *  The conditionsd powders are subjscted to press molding.
after being .fadded). combined with water or a binder such as
polyvinyl alcohel and ave fired for two hours at a tewperature of
1100 to 1200 *C. ' )

Next, the ceramice obtained as a yesult of the tiring

10 are ground to be in the form of a disc having a diametexr of zhout
10 mm and a thickness of about 1 mm, and silver electrodes are
applied on both end faces thereof. The ceramics are subjected to
a polarization process for 60 minuteg in an Insulating oil at
80 °C using an slectrica) field of 3 to 4 XV to obtain

15 plezoeleactyic ceramics. _

Tables 1 through ¢ show Lhe meagured characteristics
[measnred_on} of the piszoelectric ceramics obtained.as described
ébova. ) '
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Pi ezoel ectric ceram c conpositions prepared to satisfy the above- described

requi rements as nmuch as possible often have firing tenperatures %
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The asterisked samples in Tables 1 through 4 are

éxamples for comparison which are not in accordance with the

preferred embodiments of tlie invention, and other samples are in
accordance with the Mw&m
nr.assn_inx&nimn

n fthosa} tables 1 Lhrough 4, d31 represents a

plezoalcctric cendtant; Qm represents a mechanical factor of
merit; and C-TC represents the temperature coeffiscient of -an
electrostatic capacity at -20 to 80 °C.

The piezoelectric characteristics vere obtained through
caiculations {on} of ragonance frequancles and antiresonance
frequencies measured by an impedance meter (in accordance with
Japan Elaectronic Material Industrial association Standarad
(EMAS-6100)). The measurement frequancy for the temperature
coefficlent was 1 KHz. . o

In a piezoalectric ceramic composition a¢cording to
the preferyed embodime the prasent invention, ths ratio of
the third coméonent of the basic composition and the ratio
between the oxides, i.s., the values of a, b, and ¢, are defined
as described above bacause ratios foutd putside of this range
will give undesirably small piezoelectric constants (d3l) and
mechanical factors of merit (@m) and poor temperature
coefficients (C~TC). The reasons for such a limitation will be
described {helow—in-detait} in the following pa ragraphs.

An axaminatxon~foniggg the characteristics of the
piezoslectric ceramics (samples) having sample numbers 1
through 23 —{-o:q- jn Tables 1 and 2 indicates that for the samples
(examples for comparison) in which the values of a, b, and
¢ are not in accordance with the preferred embodimanty of the
pregant invention, at least f{either) ong of the piezoelectric .
constant (431) and the mechanical factor of merit (Qm) is
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3

2 SUWARY OF THE I NVENTION  The preferred enbodi nents of the present
i nvention solve the above-descri bed
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extremalj spall or the temperature coefficient (C~TC} is so large

{as—to—dateric:at&;-:ggg the temperature characteristics
deterioratg.
Reforring to the value a, for axanple, for a sample
5 whose value a is less than 2 mol %, such as the samplae No: 7
on Table 1 (the value a is 1.0 mol % for the sample No. 7)
the piezoelectric constant (d3l) anad mechanical factor of merit
(om) are undesirable. As apparent from the sample -No. 17 on
" 7Table 1, for a sample whose value a axceeds 10 mol & (the value a
10  is 12,0 mol % for the sample No. 17), the temperature coefficient
(C-TC) is undesirable fas—well-ac} apd the fpeews pleioalectric
constant (d31) and mechanical factor of merit (Qm) are pPoor.
It is therefore preferable that the value a in the
above-described general formula (1) is in the ranga Eﬁ:eua of
15 m‘z to’10 mol ¥. In _another preferred enﬂ,zgdj.mgnt, the range
- for a is about S to 6 mol §.

Referring to the value b, for exanple, for a sample
whose value b is less than 40 mol ¥ such as the sample No. 18 on
Table 1 (the value b is 38.0 mol % for the sample No. 18), the

a0 plezoelectric constant (d3l) and mechanical factor of merit (Qm) .
are undesirable. Further, as apparent from the samples No., 22
" and No. 23 on Table 2, a sample whose value b exceeds 52 mol %
(the value b is 54.0 mol % and 58.0 mol % for the samples No. 22
and No.' 23, respactively) has an undesirable piezoelectric
25"  constant (d31).

It iz tharefore preferable that the value b in the

abovg~descr1bed general formula (1) i8 in the range {#xem} of

. about 40 to 52 mol %. In another preferred embodiment. the rande
b 3\ [o] - )
30 The value c in the above-described general formula (1}

is a value which is automatically determined by the values
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probl ems, and provide a piezoelectric ceranic conposition suitable for use
as a material for ultrasonic notors, ultrasonic vibrators, and;rtms SHFMTHﬂbss
pi ezoel ectric actuators, the plezoelectrlc ceramc conp05|t|on havi QgiggF “‘;

| arge piezoelectric constant and a | arge nechanical factor <ta
tenperature characteristics, and being adapted to be fired at Iow
t enper at ur es. According to the preferred enbodi nents of the present

i nvention, a piezoelectric ceramc conposrylon has a general formul a:
[err] mhere a, b, and ¢ are in.ranges [err]

a and b because a + b + ¢ = 100. .
Although no limit is placed on the value x for a
piezoslectric ceramic compegition according to the prgferred

embodiments of the present invention, x is praferably in the
5 range from about 35 % to about 48 % (from about 0.35 to 0.48) in.

order to obtain a practicable pjezoelectric caramic having good
characteristics. For example, the piezoelectric ceramic having
sample number 1 whose valua x is less than 35 % (0. 35) is

*

susceptible to warpage and is therafore unpracticabla. In .

i¢

'The samples No. 24 through Ne. 35 on Table z are
piezoelectric ceranics which‘pave been added with magnesium
(magnesium compound) in varying amounts. Those samples indicate

15 that although the addition of magnesium improves the wechanical
factoy of merit (Qm), the mechanical factor of merit.(¢m) is
conversely reduced significantly if the amount of magnesium added
exceeds [0.50) SO § by weight in terms of Mg(QH),.

The samples No. 36 through No. 40 on Table 2 are

20 plezoalectric ceramics which have been added with cobalt (cobalt
compound) in varying amounts. Those samples indicate that the
change in characteristics caused by the addition of cobalt has
the same tendency as that caused by the addition of magnesium as
described above. '

25 The samples No. 41 ihrough No. 45 on Table 2 are
piezoelectric ceramics which have been added with nickel (sickel
compound) in varying amounts. The change in characteristics
caused by the addition of nickel also hasg the same tendasncy as
that causaed by the addition of wagnasium as described above,

30 It is apparent from the samples No. 46 though No, 48
on Takle 3 that the addition of two or more of the elements

h.~_..__
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respectively (a, b, and c represent mol % and a + b + ¢ = 100).

According to another aspect of the preferred enbodi nents of the ﬁ@g@ﬁi;“;:gég?:
a piezoelectric ceram c conposition conprises at | east oq@}gcéb e

i nventi on,

magnesi um cobalt, and nickel in aratio of 50 % or less by weight in ferns
of Mg(OH) 2, CoO N O respectively, in a conposition having a general

f or mul a:

|

[err] where a, b, and c are in ranges [err]

respectively (a, b, and c represent nol ngand a+b+c =100)..

10

15

20

nmagnesium (magnesium compound), cobalt (éobalt compound) , anq
nickel {(nickel compound) provides a piezoaslectric ceranic having
a large piezoslectric constant (d3l1), a larga mechanical factor
of merlt (Qm), and good temperatpre characteristics. As apparent
from the sample No. 49 on Table 3, however, the mechanical factor
of merit (Qm) tends to deteriorate signiricantly when the total
amount of the added magnesium, cobalt, and nickel (the sum of the
added values in terms of Mg(OH),, CoQ, and NiO) exceads -£0+563 50
% by weight. :
It is therefore necessary to adjust the amounts of the
added magnesium, cobalt, and nigkel in terms of Mq(oufi, Co0, and
NiO, respsctivaly, so that-they total at {0583 50 % or less by
weight. . . N
Further, Tables 5 and 6§ show characteristics obtained
by adding combinations of magnesium and cobalt, magnesium‘and
nickal, cobalt and nickel, and magnesium, <¢obalt, and nickel. The
values of maghesium, cobalt, and nickel shown fem}- in Tables 3 '
and 6 are the values of the added magnesium, cobalt, and nickel
compounds in terms of Mg(OH),, CoO, and NiO, respectively., {on}-
In Tables 5 and 6, the samples having asterisked sample nunbers
ars axamples for comparison which are not in accordance with the

preferred embodiments of the present invention, and the remaining
sapples are in accordance with the preferred smbodiments of the

prasent invention,

———
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Accordlng to anot her aspect of the preferred enbodi nents of ththucacut
I nvention, there is provided a piezoelectric ceramc conp05|t|q WﬁﬁWEﬁyH%SBEBv
general formul a: [err] - REPLACED

For simplicity in comparison, the data for the samples
No. 46 through No. 49 shown.Lnn; in Table 3 sre duplicated-%nn}
in Tables 5 and 6.

As apparent from Tables $§ and 6, plezoelectric ceramics

5 having a large plazoelectric constant (d31), a large mechinical"
‘factor of merit (Qm), and good temperature charactaeristics can be
obtained by adding magnesium, cobalt, and nickel in combinations
wherein the amounts of thoge elements in tearms of Mélon)z, Coo,
and NiO, respectively, are in ratios such that they total at

hTs) f0+583 50 % or less by weight. .

The samples No. 50 through No. %4 on Table 4 are
samplas wherein calecium is substituted for a part of lead. For
the samples wherein the substituted amount ig in accordance with
the preferred embodimentg of the present invention, the

15 mechanical facter of merit (Om) is increased while the.
piezoelectric constant (d31) and tempsrature coefficlent (C-1C)
are deteriorated when the substituted amount exceeds 5 mol %
{sample No. 54): The substitution for Jlead (i.e., A~site) also
provides another advantage in that the degres of sintering is

20 improvad.

It is further apparent frem the samples No. ss'through
No. 70 on Table 4 that the addition of magnesium, cobalt, and
nickel to a system in which at lsast one of caleium, strontiunm,
barium, and lanthanum is substituted for a part of lcad, provides

2% the same &ffect as that available in a system wherein 'lead is not
substituted and that the piezoelectric constant (asi) is improved
when the added amounts in terms of Mg(OH),, CoO, and NiO total at
{0503 50 % or léess by weight.

As apparent from the samples No. 57, 60, and 70, even

30 in a system added with magnesium, cobalt, and nickel as described
above, the piezoelectric constant (431) and temperature '
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3 where a, b, and c are in ranges [err]

. A 1 A 8 3 .
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/0

coefficient (C-TC) are deteriorated when the total amount of
substitution with at least one of calcium, strontium, barium, and
lanthanum exceeds 5 mol %.'

It is therefore preferable that the amount of at least

5 one of calcium, strontium, barium, and lanthanum substituted for
a part of lead is 8 mol % or less.

However, the mechanical factor of merit (Gm) tends to
deteriorate even for a sample wharsin lead (i.e., A-site) is
substituted by 5 mol % or lesg‘when tﬁe amount' of the added

10 magnesium, cobalt, and nickel (the sum of the values of them in
terms of My (OH),, Co0, and NiO, respsctively) exceeds 0.50 % by
walght (see sample No. §4).

LEigs.-}. Tables 7 through 11 show eharacteristics

obtained by various combinations of the additjon of the additives

15 magnesium, cobalt, and nlckel and the elements for substitutlon
calcium, strontium, barium, and lanthanum. -t} ;n.Tables 7
through 11, the values of magnesium, cobalt, and nickel are the
valueé of the added magnesium, cobalt, and nickel cowpounds in
terms of Mg(OH),, CoO, and NiO. FPFurther, £on} in Tables 7

20 - through 11, the samplés having asterisked sample numbers are
examples for comparison vhich are not in accordance with the
preferred embodiments of the present invention, and the remaining
samples ara preferred embodiments in accordance with the
preferred embodiments of. the present invention, '
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respectively (a, b, and c represent mol % and a + b + ¢ = 100} and’mnerggQEH;;
up to 5 %of lead is replaced by at |east one of cal cium strohti® EEYH;; 1
bari um and | ant hanum According to still another aspect pf t HEEPLACE
preferred enbodi nents of the present invention, there is provided a

pi ezoel ectric ceramic conpositi'on expressed by a general fornula:

[err] where a, b, and ¢ are in ranges [err] respectively (a, b, and c.
represent nol % and a + b + ¢ = 100), m@E{ein )

3

For simplicity in éomparison, the data for the samples.
No. 50 through No, 70 shown -fon} lp Table 4 as described above
are duplicated fen} in Tablée 7 through 11,

As apparent from Tables 7 through 11, the combination

s of the addition of the aadditives wagneeium, cobalt, and niockel
and the substitution using the elements calcium, strontium,
barium, and lanthanum provides a piezoelectric ceramic having a
large piezoelectric constant (d31), a large mechaniéal factor of
merit (Qm), and good tempernhugg characteristica.

10 As described above, a piezoelectrie ceramic ..
composition according to the p;g:gzggg_gghggiggntﬁ*gghghg
prasent invention expressed by a ganeral formula:

aPb (Mn,Sbp 4, Wisy) 0;~bPbT10,~cPb2Zro,
wherein the values (mol %) of a, b, and c are in ranges 25;510,

15 405bg52, and 38<c<58, roespectively and at least one of magnesium,
‘cobalt, and nickel is added as neaded; and at least one of
caleium, strontium, barium, and lanthanum is substituted for a
part of lead, has a large piezoelectric constant and a large
mechanical factor of merit, has stable temperature

20 characteristics, and consistently provides large vibrations even
under conditions wherein the temperature fluctuates.

In addition, since lt can be fired at a temperature
which is about 100 °c lowar than that for conventlonal
piezoelectric ceramic compositions, it ls possible to obtain a

25 pie2oelectric ceramic having good reproducibility by suppressing
the vaporization of the lead oxide. o

Therefore, a piezoelectrie ceramis composition
according to the preferred enbodinents of the present invention
is advantageous especially as a piezoelectric material for

30 ultrasonic motors, ultrasonic vibrators, piezoelectrié actuators,

. This sp,
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upto 5 %of lead is replaced by at |east one of calcium stroptium ;
barium and | ant hanum and i ncludi ng at | east one of nagneS|unl'mﬂ®aHMﬂwanﬁm1N
nickel in aratio of 50 %or |ess by weight in ternms of [err]
DETAI'LED DESCRI PTI ON OF PREFERRED ENMBCDI MENTS The featuré

present invention will now be nore specifically described with reference to
a preferred enbodi nents thereof. Materials and additives PbO [err]

are wei ghed to obtain'the conpositions aihfhomm in Tables 1 through 4 and

are subjected to wet m xing using a bal W th a-basic conposition
expressed

|

an

prrposes while spacific preferred embodiments have besn .
: d in the ar
. ted by those skille
it will be apprecia be made te.
d additions can
changes .an thereof

described, A A
i 5

various modif cations, : e
:;:tinvention without departing from the spirit an op

ag set forth in the following c¢laims.

—— s

————
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by a general fornula: [err] (1) where a + b + ¢ = 100, the
ratios of x, a, b, and c being varied as shown in Tables 1 throy
val ues of nmgnesium cobalt, and nickel in Tables 1 through 4 ar‘gnshS FH]%’*S BEEN

val ues of added magnesium cobalt, and nickel conmpounds in ter %Pr"r ED
CoO, and N O respectively. .

13

R

wWhat is claiwed is:

1. A piazoelectric ceramic composition expressed by a
general formula: '
faBk-Es
aPb {Mn,Sby 4 Wawpy) O thT.iO;.-chZro‘
8 where a, b, and ¢ represent mol % and are in ranges 2<axi0, -
404bg52, and 385¢g58, and Q. 35<x50 48, respect:.vely, t(a, b, and,
CERpGAS DAl a0d a2 + b + c = 10083,

2. A pilezoelectric ceramic composition -febtained-loy
adding} a3 ‘glaj further c ising at least one of
wagnesium, cobalt, and nickel in a ratio o?ﬁ or less by
weight in terms of Mg(OH),, €60, NiO to {a} the pjezoelectric

5  ceramic composition pexpressed-by-s-gomeral—femmule:

WMWW

at b 4 .= 100},

3. A piézoelectric ceramic composition expressed ‘Ey a
gensral formula: '
—FARBLMANS 42t HI N2} OB PRI~ P Ere ]~
aPb (Mn,Sbg 1o Wayy) 03— bPOTL0;~cPBZro,
5 where a, b, and ¢ rapresgpnt mol % and ara jn rangas 2<aglo,
402bg52, and 3840558, and 0.354x<0.48, respectively, .f{a,.l,.and.
e xepresent mol %,.} and a + b + ¢ = 1004}, [in-whichl whagein up
to 5% of lead is replacad by at least one of calcium, strontium,
barium, and lanthanum -[-rs—s-u—bs’a—:-t-a%eé—#er—lead—by—s—me-l—%—ep
10 RL-T- % DI,
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4. A piezoelectric ceramic composition fexpreased-by—a
SOROTAL =G OEHR )

WHOEG——B ARG G DL G A PRGBS — IS AED Oyt DD LB D AR I BLOLE Byl
MS&x{.&.A&,...mspantanl&pm&mmhmandaemnapmeent:«mob—-%-?—rand--w
Dt G0y ped-neniikel] accor here n 1

lead ig replaced by at least ons of calcium, stront.mm, barium,
and lanthanum ;is.sub;t;tu.ted-#q;—-}ead—by—s—m&—%—or—hss—y and

Ewhich-is added-with] further comprising at least one of
magnesium, cobalt, and nickel in a ratio of -S-B—é or less by

weight in terms of Mg(OH),, CoO, and NioO.
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The mi xtures ob 8 u of the wet mxing are calcined for two

hours at 850 to e cal cined materials are subj ect edsho-vels BEEN |
pul veri zation usi l "to obtain conditioned powders. KeED |
condi ti oned powde ed to prgqgs nolding after being Pnrrhl ned -

with water or a bi nder such as pol yvinyl alcohol and are fired for two

hours at a_tenperature 1100 to 1200[err] C. Next ceranj cs
obt ai ned @s Lesdltoftdefirngaegrcunjt )e {n|the formol a disc
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% for the sanpl es 1Ngs setTand seen

a sanpl e whose val ue
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It is therefore preferable that the valpg b in the above-described-general—
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7 ’ a and b because a + b + ¢ = 100. i Although no linmt is placed on

the value x for a piezoelectric ceram c conposition according to the

preferred enbodi nents of the present invention, x is preferabl ﬂﬂ@s
range from about 35 % to about 48 @6(fron1about 0.35 to 0.48)

obtain a practicable piezoelectric ceram c having good charact |st|c

ne
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Form exanpl e, the piezoelectric ceram c having sanpl e nunber

LY

ABSTRACT OF THE DISCTLOSURE

JThere ds.proxidedesd A piezoaleétric ceramic
+  semposition ig expressed by a ganaral formula:

wvhere a, b, and ¢ are in ranges 25a§10, 4Dﬁb$52, and 38g0g58,
5 and 0.35%x<0.48 respectivaly (a, b, and c represent mol %, and

a +b+c=100). Ths composition has a large piezocelectric

constant and a large mechanical factor of merit, is stable in

temperature characterilstics, and can be fired at low.
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i s about 36Yo rom apout 0.36 to 0.42).

t hrough No. | 3% T 98 al el pi ezoel ectric cer lbsscmﬁtloﬁhpbgéae___b,_e,e;a d—
wi th magnesijui ound) in varying 3pptiai Th aypl o
I ndi cate that : addli ti on of magnesiu ?gf/) ?E@dsrféé'h tﬁlpé%ef """"

factor of rit (er) the nechani cal factor of
reduced sig TV 11 the anmount of ir?gney u
weight in ternms of [err]

Kaudé nge(i‘o?rtg #pged ...
Ctex ¢ paatd _

What is claimed is :
1. A piezoelectric ceramic -composition expressed by a general
formula :
aPb(Mn, Sb, 4,y W 3,.1))05-bPbTiO;-CpbZrO,
where a, b, and c'represent mol % and are in ranges 2<a<10, 40<b<352,
and 38<c <58, and 0.35<x<0.48, respectively, and a + b + ¢ = 100.
2.  Apiezoelectric ceramic composition according to claim 1, further

comprising at least one of magnesium, cobalt, and nickel in a ration of 0.50 %

or less by 'weight in terms of Mg(OH),, CoO, NiO/ to the piezoelectric
ceramic composition.

3. A piezoelectric ceramic composition expressed by a general
formula : ,

aPb(Mn,Sbyy 1,y W 3,.1))0;-bPbTiO,-cPbZrO,
where a, b, and ¢ represent mol % and are in ranges 2<a<10, 40<b<52,
and 38<c <358, and 0.35<x<0.48, respectively, and a + b + ¢ = 100,
wherein up to 5% of lead is replaced by at least one of calcium, strontium,
barium, and lanthanum.

4. A piezoelectric ceramic composition- according to claim 3,
wherein up to 5% of lead is replaced by at least one of calcium, strontium,
barium, and lanthanum and further comprising at least bne of magnesium,
cobalt, and nickel in a ration of 0.50% or less by weight in terms of
Mg(OH),, CoO and NiO.

heet Has Béen Replaced
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The#anpl és No. 36 through No. 40 on Table 2 are .ectric _ceramcs
TN have been addg_gjgvm' tg:tél:obalt (cobal t compoun REHLN@;\ytqgs}g ung's.

Hose BEFH;A&EQ@"% t hefchange in charactgri sg u y f he
adgiti on. of ccﬁ%gbt 335%% _______ Ae |t endency as that ¢faDe dﬁw ddi tf on of
gl W1 SCIT g The sanpl es No=#=theeugh NG = on
TapRElamis) ¢ pPA9EBete f‘?P’%geEeram cs whi ch have been added with nickel

Ckrhwingsp opagad .. o.. ¥apadedg--angunt s. The change in characteristics caused

shalgi ti e@f_,gm_(g&(g@ealsﬁ has the shne tendency as that caused by the
ti1on of maqne5| um as described above™ _

PIEZOELECTRIC CERAMIC COMPOSITIONS

- BACKGROUND OF THE INVENTION

1. Field of the Invention

The présent invention relates to piezoelectric ceramic compositions and,
more particularly, to piezoelectric ceramic compositions_preferably used in
ultrasonic motors, ultrasonic vibrators, piezoelectric actuators, and the like.
2. Description of the Related Art

It is preferable that the piezoelectric materials (piezoelectric ceramic

compositions) used in ultrasonic motors, ultrasonic vibrators, piezoelectric

actuators, and the like have a large mechanical quality factor, less heat

generation during the application of a high voltage, a large piezoelectric
constant, and a large amplitude of vibration.

Further, it is important for piezoelectric materlals for ultrasonic motors
to have stable temperature characteristics to be able to provide stable speed
of rotation and torque.

- For conventional piezoelectric ceramic compositions, however, it is
difficult to keep both the mechanical factor of merit and the piezoelectric
constant sufficiently large, and the stability of the temperature characteristics
is_often not sufficient.

Piez6électric E:eramic compositiohs prepared to satisfy the above-
descnbed requu:ements as much as p0351ble often have firing temperatures as
high as 1200 to 1300 °C | o ) ~

Sheet Has Been Reﬁaced
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't s apparent fromthe sanples No. 46 though No. 48 on Table 3 that the
addltlon of two or nore of the elenents

2. ' REPLACEMENT SHMEET

2 2 MAY 1996

SUMMARY OF THE INVENTION

The preferred embodiments of the present invention solve the above-described

problems, and provide a piezoelectric ceramic composition suitable for use as
a material for ultrasonic motors, ultrasonic vibrators, and piezoelectric

actuators, the piezoelectric ceramic composition having a large piezoelectric

constant and a large mechanical factor of merit, stable temperature

characteristics, and being adapted to be fired at low temperatures.

According to the preferred embodiments of the present invention, a

piezoelectric ceramic composition has a general formula :
an(Mnbe(z _4x)W(3x_1))O3‘beTiO3'CPbZIOS

where a, b, and c are in ranges 2<a<10, 40<b<52, and 38=<c=<38,

respectively (a, b, and c represent mol %, anda + b + ¢ = 100).

According to another aspect of the preferred embodiments of the

present invention, a piezoelectric ceramic composition comprises at least one
of magnesium, cobalt, and nickel in a ratio of 50 % or less by weight in terms
of Mg(OH),, CoO, NiO, respectively, in a composition_having a general
formula : |

aPb(Mn,Sby,. 4 W 3,.1))05-bPbTiO;-cPbZrO,

where a, b, and ¢ are in ranges 2<a<10, 40<b<52, and 38=<c=<358,

respectively (a, b, and c represent mol %, anda + b + ¢ = 100).

According to another aspect of the preferred embodiments of the

present invention, there is provided a piezoelectric ceramic composition

having a general formula :
aP b(Mnbe(2_4x)W(3x_ l)) 03-beTiO3-CPbZ1‘O3

e
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8 nmagnesi um (nmagnesi um conpound), cobalt (cobalt conmpound), and nickel

(ni ckel

conpound) provides a piezoelectric ceram c haw-s

pi-ezoel ectric constant (d31), a |arge nechani cal fadt gepphcrent ‘,(-{@‘i'

22MAY19%

where a, b, and c are in ranges 2<a<10, 40<b<52, and 38<c<358,
respectively (a, b, and ¢ represent mol %, and a + b + ¢ = 100) and

wherein up to 5% of lead is replaced by at least one of calcium, strontium,

barium, and lanthanum.

According to still another aspect of the preferred embodiments of the

present invention, there is provided a piezoelectric ceramic composition
expressed by a general formula :

aPb(Mn,Sb, 4 W x.1))05-bPbTiO,-cPbZrO,
where a, b, and ¢ are in ranges 2<a<10, 40<b<52, and 38<c<58,
respectively (a, b, and ¢ represent mol %, and a + b + ¢ = 100), wherein
up to 5% of lead is replaced by at least one of calcium, strontium, barium,
and lanthanum and including at least one of magnesium, cobalt, and nickel in
a ratio of 50 % or less by weight in terms of Mg(OH),, CoO, and NiO.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The features of the present invention will now be more specifically

described with reference to a preferred embodiments thereof.

Materials and additives PbO, TiO,, ZrO,, MnCO,, Sb,0;, WO, are
weighed to obtain the compositions as shown in Tables 1 through 4 and are
subjected to wet mixing using a ball mill with a basic composition expressed
by a general formula :

aPb(Mn,Sby, 1,,W 3,.1))O;-bPbTiO,-cPbZrO; (1)

where a + b + ¢ = 100, the ratios of x, a, b, and ¢ being varied as shown

in Tables 1 through 4. The values of magnesium, cobalt, and nickel in Tables
1 through 4 are the values of added magnesium, cobalt, and nickel compounds
in terms of Mg(OH),, CoO, and NiO, respectively.

and

© This Sheet Has Been Re laced
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good tenperature characteristics. As apparent fromthe_sanple No. 49 on
Table 3, however, the mechanical factor of nerit ( ﬁéﬁﬂécéo —deteriorate
significantly when the total anount of the added nagflesiu ‘b'élt,"-'aﬁd

ni ckel (the sum of the added values in terns of My( Dlgateg)é ﬁéﬁdg%O)
exceeds 50 % by wei ght. : It is therefore necessaxy—fo dd{ Ut "the-
anmounts of the added magnesi um cobalt, and nickel in terms of M (
CoO and NiO respectively, so that they total at 50 % or |ess by wei ght
Further, Tables 5 and 6 show characterigtics obtained by adding

The mixtures obtained as a result of the wet mixing are calcined for two hours
at 850 to 950 °C, and the calcined materials are subjected to wet pulverization
using a ball mill to obtain conditioned powders.

The conditioned powders are subjected to press molding after being
combined with water or a binder such as polyvinyl alcphol and are fired for
two hours at a temperature of 1100 to 1200 °C. |

Next, the ceramics obtained as a result of the firing are ground to be
in the form of a disc having a diameter of about 10 mm and a thickness of

_about 1 mm, and silver electrodes are applied on both and faces thereof. The
ceramics are subjected to a polarization process for 60 minutes in an
insulating oil at 80 °C using an electrical field of 3 to 4 KV to obtain
piezoelectric ceramics.

Tables 1 through 4 show _the measured characteristics of the

piezoelectric ceramics obtained as described above. -

-

heet Has Been: Reﬁaced _

T \\\l il



conbi nati ons of magnesi um and cobal-t, magnesium and nickel, cobalt and

ni ckel , and nagnesium cobalt, and nickel. The values o nes um. cqﬁ -
and nickel shown in Tables 5 and 6 are the values of th %%%" “HEgHes T

cobalt, and nickel conpounds in terms of My(OH) 2, CoO, [angd,&i f),MAY 1396 ,
respectively. In Tables 5 and 6, the sanpl es having astiec ek.'éﬂl’x‘"ﬁr'fm”ﬁ """" |

nunbers are exanples for conparison which are not in accordance with the
preferred enbodinents of the present invention, and the remaining sanples
are in accordance with the preferred enigodi ments of the present invention.

The asterisked samples in Tables 1 through 4 are examples for comparison
which are not in accordance with the preferred embodiments of the invention,
and other samples are in accordance with the preferred embodiments of the

present invention.
In tables 1 through 4, d31 represents a piezoelectric constant, Qm

represents a mechanical factor of merit; and C-TC represents the temperature
coefficient of an electrostatic capacity at -20 to 80 °C.

The piezoelectric characteristics were obtained through calculations of
resonance frequencies and antiresonance frequencies measured by an
impedance meter (in accordance with Japan Electronic Material Industrial
Association Standard (EMAS-6100)). The measurement frequency for the
temperature coefficient was 1 KHz.

In a piezoelectric ceramic composition according to the preferred
embodiments of the present invention, the ratio of the third component of the
basic composition and the ratio between the oxides, i.e., the value of a, b, and

¢, are defined as described above because ratios outside of this range will give

undesirably small piezoelectric constants (d31) and mechanical factors of merit
(Qm) and poor temperature coefficients (C-TC). The reasons for such a
limitation will be described in the following paragraphs.

An examination of the characteristics of the piezoelectric ‘ceramics
(samples) having sample numbers 1 through 23_in Tables 1 and 2 indicates
that for the samples (examples for comparison) in which the values of a, b,
and c are not in accordance with the preferred embodiments of the present
invention, at least_one of the piezoelectric constant (d31) and the mechanical

factor of merit (Qm) is

This Sheet Has Been
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extremely small or the temperature coefficient (C-TC) is so large that the
temperature characteristics deteriorate.

Referring to the value a, for example, for a sample whose value a is
less than 2 mol %, such as the sample No. 7 on Table 1 (the value a is 1.0
mol % for the sample No. 7) the piezoelectric constant (d31) and mechanical
factor of merit (Qm) are undesirable. As apparent from the sample No. 17 on
Table 1, for a sample whose value a exceeds 10 mol % (the value a is 12.0
mol % for the sample No. 17), the temperature coefficient (C-TC) is
undesirable and the piezoelectric constant (d31) and mechanical factor of merit
(Qm) are poor.

It is therefore preferable that the value a in the above-described general

formula (1) is in the range of about 2 to 10 mol %. In another preferred

embodiment, the range for a is about 5 to 6 mol %.

Referring to the value b, for example, for a sample whose value b is
less than 40 mol % such as the sample No. 18 on Table 1 (the value b is 38.0
mol % for the sample No. 18), the piezoelecfric constant (d31) and
mechanical factor of merit (Qm) are undesirable. Further,' as apparent from
the samples No. 22 and No. 23 on Table 2, a sample whose value b exceeds
52 mol % (the value b is 54.0 mol % and 58.0 mol % for the samples No.
22 and No. 23, respectively) has an undesirable piezoelectric constant (d31).

It is therefore preferable that the value b in the above-described general

formula (1) is in the range of about 40 to 52 mol %. In another preferred

embodiment, the range for b is about 44 to 50 mol %.

The value c in the above-described general formula (1) is a value which

is automatically determined by the values

. ThIS Sheet Has Been RT aced
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t hrough No. 49 shown in Table 3 are duplicated in Tabl:
apparent from Tables 5 and 6, piezoelectric ceranics
pi ezoel ectric constant (d31), a |arge nechanical fact
good tenperature characteristics can be obtained by agdPatg

cobalt, and nickel in conbinations wherein the anmount

For sinplicity in conparison, the data for the sanples No 46

e5=5. and G

r_of 2nRriAY _(19%

aeghesl.um...

S
a and b because a + b + ¢ = 100.

Although no limit is placed on the value x for a piezoelectric ceramic
composition according to the preferred embodiments of the present invention, x
is preferably in the range from about 35 % to about 48 % (from about 0.35 to
0.48) in order to obtain a practicable piezoelectric ceramic having good
characteristics. Form example, the piezoelectric ceramic having sample number

1 whose value x is less than 35 % (0.35) is susceptible to warpage and is

aRERig T & ge E r

therefore unpracticable. In another preferred embodiment, the range for x is

about 36% to 42% (from about 0.36 to 0.42).

The samples No. 24 through No. 35 on Table 2 are piezoelectric ceramics
which have been added with magnesium (magnesium compound) in varying
amounts. Those samples indicate that although the addition of magnesium
improves the mechanical factor of merit (Qm), the mechanical factor of merit
(Qm) is conversely reduced significantly if the amount of magnesium added
exceeds 50 % by weight in terms of Mg(OH),.

The samples No. 36 through No. 40 on Table 2 are piezoelectric ceramics
which have been addéd with cobalt (cobalt compound) in varying amounts. Those
samples indicate that the change in characteristics caused by the addition of cobalt
has the same tendency as that caused by the addition of magnesium as described
above.

The samples No. 41 through No. 45 on Table 2 are piezoelectric ceramics
which have been added with nickel (nickel compound) in varying amounts. The
change in characteristics caused by the addition of nickel also has the same
tendency as that caused by the addition of magnesium as described above.

It is apparent from the samples No. 46 though No. 48 on Table 3 that the

addition of two or more of the elements

-
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terms of [err] CoO and N O respectively, are in ratios such that t hey
total at 50 %or |ess by weight. The sanpl es No. is1ik

Fable 4 are sanples wherein calciumis substituted for F;f'd-r‘"tvt@fw ~e~ac€LETF
t he sanpl es wherein the substituted anount- is in accor nce

preferred enbodi nents of the present invention, the W?'?ﬁgm Qf
merit (Qn is increased while the piezoelectric constant (de.
tenperature coefficient (CTC) are-deteriorated when the substltut ed anount
exceeds 5 nol % (sanple No. 54). The sul:&tltutlon for lead (i.e., A-site)
al so provi des another advantage in that

magnesium (magnesium compound), cobalt (cobalt compound), and nickel
(nickel compound) provides a piezoeléctric ceramic having a large
piezoelectric constant (d31), a large mechanical factor of merit (Qm), and
good temperature characteristics. As apparent from the sample No. 49 on
Table 3, however, the mechanical factor of merit (Qm) tends to deteriorate
significantly when the total amount of the added magnesium, cobalt, and
nickel (the sum of the added values in terms of Mg(OH),, CoO, and NiO)
exceeds_ 50 % by weight. ,

It is therefore necessary to adjust the amounts of the added magnesium,
cobalt, and nickel in terms of Mg(OH),, CoO, and NiO, respectively, so that
they total at 50 % or less by weight.

. Further, Tables 5 _and 6 show characteristics obtained by adding
combinations of magnesium and cobalt, magnesium and nickel, cobalt and
nickel, and magnesium, cobalt, and nickel. The values of magneéium, cobalt,
and nickel shown in Tables 5 and 6 are the values of the added magnesium,
cobalt, and nickel compounds in terms of Mg(OH),, CoO, and NiO,
respectively. In Tables 5 and 6, the samples having asterisked sample
numbers are examples for comparison which are not in accordance with the

preferred embodiments of the present invention, and the remaining samples

are in accordance with the preferred embodiments of the present invention.
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the degree of sintering is inproved. It is further—apparent-tromthe
sanpl es No. 55 through No. 70 on Table 4 that the addiithgps_m pRgnesLam
eobalt, and nickel to a systemin which at |l east one of ca? 51 nti
barium and | anthanumis substituted for a part of IedDat@ ogj g m ‘
effect as that available in a systemwherein lead is lot—ei st it H-ed—arrd
that the piezoelectric constant (d31) is inproved when the. added am)unts I n
terms of [err] CoO and NNOtotal at 50 % or |ess by weight. As
apparent fromthe sanples No. 57, 60, afi 70, even in a system

For simplicity in comparison, the data for the samples No. 46 through
No. 49 shown in Table 3 are duplicated in Tables 5 and 6.

As apparent from Tables 5 and 6, piezoelectric ceramics having a large
piezoelectric constant (d31), a large mechanical factor of merit (Qm), and
good temperature characteristics can be obtained by adding magnesium,
cobalt, and nickel in combinations wherein the amounts of those elements in
terms of Mg(OH),, CoO, and NiO,_ respectively, are in ratios such that they
total at 50 % or less by weight.

The samples No. 50 through No. 54 on Table 4 are samples wherein
calcium is substituted for a part of lead. For the samples wherein the

substituted amount is in accordance with the preferred embodiments of the

‘present invention, the mechanical factor of merit (Qm) is increased while the
piezoelectric constant (d31) and temperature coefficient (C-TC) are
deteriorated when the substituted amount exceeds 5 mol % (sample No. 54).
The substitution for lead (i.e., A-site) also provides another advantage in that
the degree of sintering is improved.

It is further apparent from the samples No. 55 through No. 70 on Table
4 that the addition of magnesium, cobalt, and nickel to a system in which at
least one of calcium, strontium, barium, and lanthanum is substituted for a
part of lead, provides the same effect as that available in a system wherein
lead is not substituted and that the piezoelectric constant (d31) is improved
when the added amounts in terms of Mg(OH),, CoO, and NiO total at 50 %
or less by weight. |

As apparent from the samples No. 57, 60, and 70, even in a system

added with magnesium, cobalt, and nickel as described above, the

piezoelectric constant (d31) and temperature _—
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é‘_dded wi th magnesi um cobalt, and nickel as described_above, the
pi ezoel ectric constant (d31) and tenperature o oo

10
coefficient (C-TC) are deteriorated when the total amount of substitution with
at least one of calcium, strontium, barium, and lanthanum exceeds 5 mol %.

It is therefore preferable that the amount of at least one of calcium,
strontium, barium, and lanthanum substituted for a part of lead is 5 mol % or
less.

However, the mechanical factor of merit (Qm) tends to deteriorate even
for a sample wherein lead (i.e., A-site) is substituted by 5 mol % or less when
the amount of the added magnesium, cobalt, and nickel (the sum of the values
of them in terms of Mg(OH),, CoO, and NiO, respectively) exceeds 0.50 %
by weight (see sample No. 64). '

Tables 7 through 11 show characteristics obtained by various
combinations of the addition of the additives magnesium, cobalt, and nickel
and the elements for substitution calcium, strontium, barium, and lanthanum.

_In Tables 7 through 11, the values of magnesuim, cobalt, and nickel are the
values of the added magnesium, cobalt, and nickel compounds in terms of
Mg(OH),, CoO,. and NiO. Further, in Tables 7 through 11, the samples

having asterisked sample numbers are examples for comparison which are not

in accordance with the preferred embodiments of the present invention, and
the remaining samples are preferred embodiments in accordance with the

preferred embodiments of the present invention.
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For simplicity in comparison, the data for the samples No. 50 through No.
70 shown in Table 4 as described above are duplicated in Tables 7 through 11.

As apparent from Tables 7 through 11, the combination of the addition of
the additives magnesium, cobalt, and nickel and the substitution using the
elements calcium, strontium, barium, and lanthanum provides a piezoelectric
ceramic having a large piezoelectric constant (d31), a large mechanical factor of
merit (Qm), and good temperature characteristics.

As described above, a piezoelectric ceramic composition according to the
preferred embodiments of the present invention expressed by a general formula:

aPb(Mn,Sby, 4,) W 3,.1)) 05-bPbTiO;-cPbZrO;

wherein the values (mol %) of a, b, and ¢ are in ranges 2<a<10, 40<b<52,

and 38 <c <58, respectively and at least one of magnesium, cobalt, and nickel
is added zis needed; and at least one of calcium, strontium, barium, and
lanthanum is substituted for a part of lead, has a large piezoelectric constant and
a large mechanical factor of merit, has stable temperature characteristics, and
consistently provides large vibrations even under conditions wherein the
temperature fluctuates.

In addition, since it can be fired at a temperature which is about 100 °C
lower than that for conventional piezoelectric ceramic compositions, it is possible
to obtain a piezoelectric ceramic having good reproducibility by suppressing the
vaporization of the lead oxide. | |

Therefore, a piezoelectric ceramic composition according to the preferred

embodiments of the present invention is advantageous especially as a piezoelectric

material for ultrasonic motors, ultrasonic vibrators, piezoelectric actuators,

Sheet Has Been Re[ilaced

Y




’trontl um barium and | anthanum substituted for a part’ ef=lead.is.5. rml %
or |ess. However, the nmechanical factor of merit: -(R§ﬁi’. ACends - t@
deteriorate even for a sanple wherein lead (i.e., A-si IA? ‘tgb&u'fed by
5 nol %or |ess when the amount of the added magnesiu &Zﬁ ............ ni ckgl
(the sumof the values of themin terms of My(OH) 2, CoU —armgrNS——_ "
respectively) exceeds 0.50 % by wei ght (see sanple No. 64). Tabl es 7
t hrough 11 show characteristics obtained by various conbinati ons of the
addition of the additives magnesi um colglt, and ni ckel

and the like and is suitable for a variety of industrial purposes.

While specific preferred embodiments have been described, it will be
appreciated by those skilled in the art that various modifications, changes and
additions can be made to the invention without departing from the spirit and

scope thereof as set forth in the following claims.
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What is claimed is :
1. A piezoelectric ceramic composition expressed by a general
formula : |
aPb(Mn,Sb,; 4,)W 3,.1))O5-bPbTiO;-cPbZrO,
where a, b, and ¢ represent mol % and are in ranges 2<a<10, 40<b <52,
and 38<c <358, and 0.35<x<0.48, respectively, and a + b + ¢ = 100.

2. A piezoelectric ceramic composition according to claim 1, further

comprising at least one of magnesium, cobalt, and nickel in a ration of 0.50%
or less by weight in terms of Mg(OH),, CoO, NiO to the piezoelectric

ceramic composition.
3. A piezoelectric ceramic composition expressed by a general
formula :
. aPb(Mn,Sby, 4,)W 3, 1))O5-bPbTiO;-cPbZrO,
where a, b, and ¢ represent mol % and are in ranges 2<a<10, 40<b<52,
and 38<c=<58, and 0.35<x<0.48, respectively, anda + b + ¢ = 100,

- wherein up to 5% of lead is replaced by at least one of calcium, strontium,

barium, and lanthanum.
4, A piezoelectric ceramic composition according to claim 3,

wherein up to 5% of lead is replaced by at least one of calcium, strontium,

barium, and lanthanum and further comprising at least one of magnesium,
cobalt, and nickel in a ration of 0.50% or less by weight in terms of
Mg(OH),, CoO and NiO.
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ABSTRACT OF THE DISCIL.OSURE

PIEZOELECTRIC CERAMIC COMPOSITIONS

_A piezoelectric ceramic composition is expressed by a general formula:
aP b(Mnbe(z _4x)W(3x_1))03"bP bTiO3'CP bZI'O3
where a, b, and ¢ are in ranges 2<a<10, 40<b<52, and 38<c <S58, and

0.35<x<0.48 respectively (a, b, and ¢ represent mol %,anda + b + ¢ =

-100). The composition has a large piezoelectric constant' and a large
mechanical factor of merit, is stable in temperature characteristics, and can be

fired at low temperatures.

No figure suggested
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" PIEZOELECTRIC CERAMIC COMPOSITIONS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to piezoelectric ceramic compositions and,
more-particularly, to piezoelectric ceramic compositions preferably used in
ultrasonic motors, ultrasonic vibrators, piezoelectric actuators, and the like.
2. Description of the Related Art -

It is preferable that the piezoelectric materials (piezoelectric ceramic
- compositions) used in ultrasonic motors, ultrasonic vibrators, piezoelectric
actuators, and the like have a large mechanical quality factor, less heat
generation during the application of a high voltage, a large piezoelectric
constant, and a large amplitude of vibration.

Further, it is important for piezoelectric materials for ultrasonic motors
to have stable temperature characteristics to be able to provide stable speed
of rotation and torque.

For conventional piezoelectric ceramic compositions, however, it is
difficult to keep both the mechanical factor of merit and the piezoelectric
constant sufficiently large, and the stability of the temperature characteristics
is often not sufficient. '

Piezoelectric ceramic compositions prepared to satisfy the above-

described requirements as much as possible often have firing temperatures as

high as 1200 to 1300-°C. S This is the réplacement sheet
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SUMMARY OF THE INVENTION

The preferred embodiments of the present inveﬁtion solve the above-described
problems, and provide a piezoelectric ceramic composition suitable for use as
a material for ultrasonic motors, ultrasonic vibrators, and piezoelectric
actuators, the piezoelectric ceramic composition having a large piezoelectric
constant and a large mechanical factor of merit, stable temperature
characteristics, and being adapted to be fired at low temperatures.
According to the preferred embodiments of the present invention, a
piezoelectric ceramic composition has a general formula :
aPb(M, Sbe 4, W s1,)O5-bPbTIO;-cPbZIO,
where a, b, and ¢ are in ranges 2<a<10, 40<b<52, and 38<c<358,
respectively (a, b, and ¢ represent mol %, and a + b + ¢ = 100).
According to another aspect of the preferred embodiments of the
present invention, a piezoelectric ceramic composition comprises at least one
of magnesium, cobalt, and nickel in a ratio of 50 % or less by weight in terms
of Mg(OH),, CoO, NiO, respectively, in a composition having a general .
formula :
aPb(Mn,Sb, 4, W 3,.1)) 05-bPbTiO;-cPbZrO,
where a, b, and ¢ are in ranges 2<a<10, 40<b<52, and 38<c<58,
respectively (a, b, and ¢ represent mol %, and a + b + c = 100).
According to another aspect of the preferred embodiments of the
pfesent invention, there is provided a piezoélectric ceramic composition
having a general formula :
aPb(Mn,Sby 44 W 3,.1))05-bPbTiO,-cPbZrO,

This is the replacement sheet
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where a, b, and c are in ranges 2<a<10, 40<b<52, and 38<c<58,
respectively (a, b, and ¢ represent mol %, and a + b + ¢ = 100) and
wherein up to 5% of lead is replaced by at least one of calcium, strontium,
:b_arium, and lanthanum.

According to still another aspect of the preferred embodiments of the
present invention, there is provided a piezoelectric ceramic composition
expressed by a general formula :

aPb(Mn,Sby, 4, W 3x.1)) 0;-bPbTiO;-cPbZrO,
where a, b, and ¢ are in ranges 2<a<10, 40<b<52, and 38<c<58,
respectively (a, b, and c represent mol %, and a + b + ¢ = 100), wherein
up to 5% of lead is replaced by at least one of calcium, strontium, barium,
and lanthanum and including at least one of magnesium, cobalt, and nickel in
a ratio of 50 % or less by weight in terms of Mg(OH),, CoO, and NiO.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The features of the present invention will now be more speciﬁcally
described with reference to a preferred embodiments thereof.

Materials and additives PbO, TiO,, ZrO,, MnCO,, Sb,0,, WO, are .

. weighed to obtain the compositions as shown in Tables 1 through 4 and are
subjected to wet mixing using a ball mill with a basic composition expressed
by a general formula :
aPb(Mn,Sb, 1, W 3,.1))O5-bPbTiO;-cPbZrO, (1)
where a + b + ¢ = 100, the ratios of x, a, b, and ¢ being varied as shown
in Tables 1 through 4. The values of magnesium, cobalt, and nickel in Tables
1 through 4 are the values of added magnesium, cobalt, and nickel compounds
in terms of Mg(OH),, CoO, and NiO, respectively.
| This is the replacement sheet
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The mixtures obtained as a result of the wet mixing are calcined for two hours
at 850 to 950 °C, and the calcined materials are subjected to wet pulverization
using a ball mill to obtain conditioned powders.

The conditioned powders are subjected to press molding after being
- combined with water or a binder such as polyvinyl alcohol and are fired for
two hours at a temperature of 1100 to 1200 °C.

Next, the ceramics obtained as a result of the firing are ground to be
in the form of a disc having a diameter of about 10 mm and a thickness of
about 1 mm, and silver electrodes are applied on both and faces thereof. The
ceramics are subjected to a polarization process for 60 minutes in an
insulating oil at 80 °C using an electrical field of 3 to 4 KV to obtain
piezoelectric ceramics.

Tables 1 through 4 show the measured characteristics of the

piezoelectric ceramics obtained as described above.

ihe replacement sheet
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The asterisked samples in Tables 1 through 4 are examples for comparison
which are not lin accordance with the preferred embodiments of the invention,
and other samples are in accordance with the preferred embodiments of the
present invention.

In tables 1 through 4, d31 represents a piezoelectric constant, Qm
represents a mechanical factor of merit; and C-TC represents the temperature
coefficient of an electrostatic capacity at -20 to 80 °C.

The piezoelectric characteristics were obtained through calculations of
resonance frequencies and antiresonance frequencies measured by an
impedance meter (in accordance with Japan Electronic Material Industrial
Association Standard (EMAS-6100)). The measurement frequency for the
temperature coefficient was 1 KHz.

In a piezoelectric ceramic composition according to the preferred
embodiments of the present invention, the ratio of the third component of the
basic composition and the ratio between the oxides, i.e., the value of a, b, and
¢, are defined as described above because ratios outside of this range will give
undesirably small piezoelectric constants (d31) and mechanical factors of merit
(Qm) and poor temperature coefficients (C-TC). The reasons for such a
limitation will be described in the following paragraphs.

An examination of the characteristics of the piezoelectric ceramics
(samples) having sample numbers 1 through 23 in Tables 1 and 2 indicates
that for the samples (examples for comparison) in which the values of a, b,
and ¢ are not in accordance with the preferred embodiments of the present
invention, at least one of the piezoelectric constant (d31) and the mechanical

factor of merit (Qm) is

This is the replacement sheet
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extremely small or the temperature coefficient (C-TC) is so large that the
temperature characteristics deteriorate. |

Referring to the value a, for example, for a sample whose value a is
less than 2 mol %, such as the sample No. 7 on Table 1 (the value a is 1.0
mol % for the sample No. 7) the piezoelectric constant (d31) and mechanical
factor of merit (Qm) are undesirable. As apparent from the sample No. 17 on
Table 1, for a sample whose value a exceeds 10 mol % (the value a is 12.0
mol % for the sample No. 17), the temperature coefficient (C-TC) is
undesirable and the piezoelectric constant (d31) and mechanical factor of merit
(Qm) are poor.

It is therefore preferable that the value a in the above-described general
formula (1) is in the range of about 2 to 10 mol %. In another preferred
embodiment, the range for a is about 5 to 6 mol %.

Referring to the value b, for example, for a sample whose value b is
less than 40 mol % such as the sample No. 18 on Table 1 (the value b is 38.0
mol % for the sample No. 18), the piezoelectric constant (d31) and
mechanical factor of merit (Qm) are undesirable. Further, as apparent from
the samples No. 22 and No. 23 on Table 2, a sample whose value b exceeds
52 mol % (the value b is 54.0 mol % and 58.0 mol % for the samples No.
22 and No. 23, respectively) has an undesirable piezoelectric constant (d31).

It is therefore preferable that the value b in the above-described general
formula (1) is in the range of about 40 to 52 mol %. In another preferred
embodiment, the range for b is about 44 to 50 mol %.

The value c in the above-described general formula (1) is a value which
is automatically determined by the values |

Thi
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a and b because a + b + ¢ = 100.

Although no limit is placed on the value x for a piezoelectric ceramic
composition according to the preferred embodiments of the present invention, x
is preferably in the range from about 35 % to about 48 % (from about 0.35 to
0.48) in order to obtain a practicable piezoelectric ceramic having good
characteristics. Form example, the piezoelectric ceramic having sample number
1 whose value x is less than 35 % (0.35) is susceptible to warpage and is
therefore unpracticable. In another preferred embodiment, the range for x is
about 36% to 42% (from about 0.36 to 0.42).

The samples No. 24 through No. 35 on Table 2 are piezoelectric ceramics
which have been added with magnesium (magnesium compound) in varying
amounts. Those samples indicate that although the addition of magnesium
improves the mechanical factor of merit (Qm), the mechanical factor of merit
(Qm) is conversely reduced significantly if the amount of magnesium added
exceeds 50 % by weight in terms of Mg(OH),.

The samples No. 36 through No. 40 on Table 2 are piezoelectric ceramics
which have been added with cobalt (cobalt compound) in varying amounts. Those
samples indicate that the change in characteristics caused by the addition of cobalt
has the same tendency as that caused by the addition of magnesium as described
above.

The samples No. 41 through No. 45 on Table 2 are piezoelectric ceramics
which have been added with nickel (nickel compound) in varying amounts. The
change in characteristics caused by the addition of nickel also has the same
tendency as that caused by the addition of magnesium as described above.

It is apparent from the samples No. 46 thoﬁgh No. 48 on Table 3 that the

addition of two or more of the elements

This 1% the replacemem sheet
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magnesium (magnesium compound), cobalt (cobalt compound), and nickel
(nickel compound) provides a piezoelectric ceramic having a large
piezoelectric constant (d31), a large mechanical factor of merit (Qm), and
good temperature characteristics. As apparent from the sample No. 49 on
Table 3, however, the mechanical factor of merit (Qm) tends to deteriorate
significantly when the total amount of the added magnesium, cobalt, and
nickel (the sum of the added values in terms of Mg(OH),, CoO, and NiO)
exceeds 50 % by weight. _

It is therefore necessary to adjust the amounts of the added magnesium,
cobalt, and nickel in terms of Mg(OH),, CoO, and NiO, respectively, so that
they total at 50 % or less by weight.

Further, Tables 5 and 6 show characteristics obtained by adding
combinations of magnesium and cobalt, magnesium and nickel, cobalt and
nickel, and magnesium, cobalt, and nickel. The values of magnesium, cobalt,
and nickel shown in Tables 5 and 6 are the values of the added magnesium,
cobalt, and nickel compounds in terms of Mg(OH),, CoO, and NiO,
respectively. In Tables 5 and 6, the samples having asterisked sample
numbers are examples for comparison which are not in accordance with the
preferred embodiments of the present invention, and the remaining samples

are in accordance with the preferred embodiments of the present invention.
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For simplicity in comparison, the data for the samples No. 46 through
No. 49 shown in Table 3 are duplicated in Tables 5 and 6.

As apparent from Tables 5 and 6, piezoelectric ceramics having a large
piezoelectric constant (d31), a large mechanical factor of merit (Qm), and
good temperature characteristics can be obtained by adding magnesium,
cobalt, and nickel in combinations wherein the amounts of those elements in
terms of Mg(OH),, CoO, and NiO, respectively, are in ratios such that they
total at 50 % or less by weight.

The samples No. 50 through No. 54 on Table 4 are samples wherein
calcium is substituted for a part of lead. For the samples wherein the
substituted amount is in accordance with the preferred embodiments of the
present invention, the mechanical factor of merit (Qm) is increased while the
piezoelectric constant (d31) and temperature coefficient (C-TC) are
deteriorated when the substituted amount exceeds 5 mol % (sample No. 54).
The substitution for lead (i.e., A-site) also provides another advantage in that
the degree of sintering is improved.

It is further apparent from the samples No. 55 through No. 70 on Table
4 that the addition of magnesium, cobalt, and nickel to a system in which at
least one of calcium, strontium, barium, and lanthanum is substituted for a
part of lead, provides the same effect as that available in a system wherein

~lead is not substituted and that the piezoelectric constant (d31) is improved
when the added amounts in terms of Mg(OH),, CoO, and NiO total at 50 %
or less by weight.

As apparent from the samples No. 57, 60, and 70, even in a system
added with magnesium, cobalt, and nickel as described above, the

piezoelectric constant (d31) and temperature
This is the replacement sheet
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10

coefficient (C-TC) are deteriorated when the total amount of substitution with
at least one of calcium, strontium, barium, and lanthanum exceeds 5 mol %.

It is therefore preferable that the amount of at least one of calcium,
strontium, barium, and lanthanum substituted for a part of lead is 5'mol % or
less.

However, the mechanical factor of merit (Qm) tends to deteriorate even
for a sample wherein lead (i.e., A-site) is substituted by 5 mol % or less when
the amount of the added magnesium, cobalt, and nickel (the sum of the values
of them in terms of Mg(OH),, CoO, and NiO, respectively) exceeds 0.50 %
by weight (see sample No. 64). |

Tables 7 through 11 show characteristics obtained by various
combinations of the addition of the additives magnesium, cobalt, and nickel
and the elements for substitution calcium, strontium, barium, and lanthanum.
In Tables 7 .through 11, the values of magnesuim, cobalt, and nickel are the
values of the added magnesium, cobalt, and nickel compounds in terms of
Mg(OH),, CoO, and NiO. Further, in Tables 7 through 11, the samples
having asterisked sample numbers are examples for comparison which are not
in accordance with the preferred embodiments of the present invention, and
the r_emaining samples are preferred embodiments in accordance with the

preferred embodiments of the present invention.
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For simplicity in comparison, the data for the samples No. 50 through No.
70 shown in Table 4 as described above are duplicated in Tables 7 through 11.

As apparent from Tables 7 through 11, the combination of the addition of
the additives magnesium, cobalt, and nickel and the substitution using the
elements calcium, strontium, barium, and lanthanum provides a piezoelectric
ceramic having a large piezoelectric constant (d31), a large mechanical factor of
merit (Qm), and good temperature characteristics.

As described above, a piezoelectric ceramic composition according to the
preferred embodiments of the present invention expressed by a general formula:
aPb(Mn,Sb; 4, W 3,.1))03-bPbTiO;-cPbZrO,
wherein the values (mol %) of a, b, and c are in ranges 2<a<10, 40<b<52,
and 38 <c <58, respectively and at least one of magnesium, cobalt, and nickel
is added as needed; and at least one of calcium, strontium, barium, and
lanthanum is substituted for a part of lead, has a large piezoelectric constant and
a large mechanical factor of merit, has stable temperature characteristics, and
consistently provides large vibrations even under conditions wherein the

temperature fluctuates.
In addition, since it can be fired at a temperature which is about 100 °C

Jlower than that for conventional piezoelectric ceramic compositions, it is possible

'to obtain a piezoelectric ceramic having good reproducibility by suppressing the

vaporization of the lead oxide.
Therefore, a piezoelectric ceramic composition according to the preferred
embodiments of the present invention is advantageous especially as a piezoelectric

material for ultrasonic motors, ultrasonic vibrators, piezoelectric actuators,

This is the replacement sheet
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and the like and is suitable for a variety of industrial purposes.

While specific preferred embodiments have been described, it will be
appreciated by those skilled in the art that various modifications, changes and
additions can be made to the invention without departing from the spirit and

scope thereof as set forth in the following claims.
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What is claimed is :

1. A piezoelectric ceramic composition expressed by a general

formula :

aPb(Mn,Sby, 4,y W 3,.1))O05-bPbTiO,-cPbZrO,
where a, b, and c represent mol % and are in ranges 2<a<10, 40<b<52,
and 38 <c <58, and 0.35<x<0.48, respectively, and a + b + ¢ = 100.

2. Apiezoelectric ceramic composition according to claim 1, further
comprising at least one of magnesium, cobalt, and nickel in a ration of 0.50%
or less by weight in terms of Mg(OH),, CoO, NiO to the piezoelectric
ceramid composition. |

3. A piezoelectric ceramic composition expressed by a general
formula :

aPb(Mn,Sb, 4,,W 3,.1))0;-bPbTiO,-cPbZrO,
where a, b, and ¢ represent mol % and are in ranges 2<a<10, 40<b<52,
and 38<c=<358, and 0.35<x<0.48, respectively, and a + b + ¢ = 100,
wherein up to 5% of lead is replaced by at least one of calcium, strontium,
barium, and lanthanum.

4, A piezoelectric ceramic composition according to claim 3,
wherein ﬁp to 5% of lead is replaced by at least one of calcium, strontium,
barium, and lanthanum and further comprising at least one of magnesium,
cobalt, and nickel in a ration of 0.50% or less by weight in terms of
Mg(OH),, CoO and NiO. | |
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ABSTRACT OF THE DISCIL.OSURE
PIEZOELECTRIC CERAMIC COMPOSITIONS

A piezoelectric ceramic composition is expressed by a general formula:
aPb(Mn,Sb, 4,,W 3,.1))03-bPbTiO,-cPbZrO,

where a, b, and c are in ranges 2<a<10, 40<b<52, and 38<c<58, and

0.35<x<0.48 respectively (a, b, and c represent mol %, anda + b + ¢ =

100). The composition has a large piezoelectric constant and a large

mechanical factor of merit, is stable in temperature characteristics, and can be

fired at low temperatures.

No figure suggested
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