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(54) Title: PIEZOELECTRIC ACTUATOR UNIT AND METHOD FOR MANUFACTURING THE SAME

(57) Abstract: A piezoelectric actuator unit which
undergoes less change in the amount of displacement
and shows high durability in continuous operation under
a high voltage and a high pressure over a long period
of time is provided. The piezoelectric actuator unit
including a multi-layer piezoelectric element (1) having
piezoelectric layers (5) and metal layers (7, 7a, 7b)
with the piezoelectric layers and the metal layers being
stacked one on another, and a case (3) which houses the
multi-layer piezoelectric element, wherein at least one
of the plurality of metal layers is stress relieving layer
which consists of a plurality of partial metal layers that
are scattered throughout the entire region between two
piezoelectric layers which adjoin the partial metal layers
in the direction of stacking, and voids, and a peel-off
section is formed at least in a part of the interface
between the stress relieving layer and the piezoelectric
layer that adjoins therewith.
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DESCRIPTION

PIEZOELECTRIC ACTUATOR UNIT AND

'METHOD FOR MANUFACTURING THE SAME

FIELD OF THE INVENTION
- The present invenfion relates to a piezoelectric
-’actuaéor unit_used'in;,fSr éxample, fuel injeqtibn apparatus:
of.ﬁutomobile éngine, liqﬁid ihjéction apparatus of iﬂkljet
printéf or fﬁe like, pregisiéﬁ positiohing de&iée or

" vibration preventing device for optical‘apparatus cr the like.

| _BACKGROU.ND"QF' THE 'INVE‘N'I?ON A
"Tﬁere.have béén knoWn piezoelectric.actuator.ﬁnitg

_comp;ising é multifiayér‘piezoeléctric element (ﬁay_be

- hereinafter referred tovsimply as an element); which is
Constitutedlfroﬁ piezbeleétrié layers aﬁd iﬁternal eléctroae
layers madé'of a métal stéckedvaiternétely one on another,
housed-in a cése that is formgd from a metal or a plastic
~material.. The multi-layer piezoelectric elementé can be
divided into two categories: fired-at-once type and stacked
type. Among these, the multi-layer piézoelectric element of
fired-at-once type is more advantageous for the reason of
possibility to make the layer thickness smaller, higher

durability, lower operating voltage and lower manufacturing
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-cost.

s

Fig. 6(a) is a perspective view of a multi-layer.
piezoelectric element of the prior art. This multi—layeﬁ

piezoelectric element is constituted from a stack 103 and

_ external electrodes 105 formed on a pair of opposing side
‘faces thereof. The stack 103 is formed by stacking
" piezoelectric layérs lOl.and‘internal electrode.layers 102

‘alternately one on- another. The internal'electfodes 102 are.

not:formed.oﬁef the entire'principal surfaces,bf the -
piezoeléctric.layers 101, but have a sé—called:partial

electrode structure. Fig. 6(b) is an'explOded perspective

‘Viéw of a pért of(the_element éhown iniFig. 6(af explaﬁatory
of the partial-electrodevst;uctufe. As.shown in fig. 6(b),v
'tﬁe'internél‘electrqdes‘102 are stackéd’in a staggered manner
' so as to belexposqual£ernately'on the left sidé face of the
.. stack 103 in one layer and theﬁ‘on the right éidé face of the

stack 103 in the next layer. With this constitution, ‘the

internal electfodes 102 are cohnéctedlto a pair of external
ele;trédes inAevery other layer. Inactive layers 104 are
stacked on both end faces of the stack 103 in the direction
of stacking.

The multi—layér piezoelectric element is covered on the
surface with a resin or thé like, so as to isolate the
electrodes of different polarities from each other. Then the

multi-layer piezoelectric element is housed in a case formed
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fpoﬁ a mefal'dr a pléstié material, thereby éompletingAav
piezoelectric actﬁator unit. The piezoeléctric actdétor unit.
having the constitutibn described above,luhlike multi—layer_
electronics components such as cépacitor, undérgoes
continuoué aimensional’change.when opérated,:

The multi-layer piezoelectric element having the partial

electrode structure shown in Fig. 6(a), (b) has.a region

‘(active region) 103a where the internal electrodes 102 of .

different”polafities oppose -each other via the piezoelectric
layer 101 so as to generate an electric field,;and a region

(inactive region) 103b where;internal electrodes of differeﬁt

A‘polarities do not,oppose each other via the piezoelectric

layer 1Olvandftherefore.an4electric field is.nbt géneratedf"

' DISCLOSURE OF THE INVENTION.

~ As shown in'Fig._6(a) and Eig.'6(b), the,multi—layer

_piezoelectric element having the partial ‘electrode structure

has an éctive‘region A where.métal layers 107'of different
polérifies oppose each other Via the piezoelectric layer 105,
and an inactive region B where metal layers 107 of different
polarities do not oppose each other via the piezoelectric
layer 105.' Therefore, when the piezoeiectric actuator unit
is driven, since only the active region A undergoes
displacement while the inactive region B doés not, stress is

concentrated in the interface between the active region A and
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the inactive region B, which may beéome the start point of
the growth~of'créck. a
" Also as shown 'in Fig. 6(a), the multi-layer

piezoelectric element 101 has inactive layers 113 stacked on

both end faces thereof in the direction of. stacking.

' Therefore, when the piezoelectric actuator unit is driven,
-since the inactive layérs 113 do not undergo displacement,

‘Stress is concentrated iﬁ the interféce between the layers

undérgoing.displaéement and the inactive layeré, which may :
become the.sﬁart_point'of’the growth of crack.
The crack described above may deVelopﬁfrom the interface

toward a side face (on the inactive region B side) of the

.stack 109, but may also develop toward thevinsidev(on the

'active region A side).of the stack 109. When an.electric

field is generated in the space between the opposing metal

- . layers 107, the active region A expands in the direction of

‘the electric field due to the reverse pieZOélectric;effect;

and shrinking disblacemenp churs in a plane perpendicglar to
thglexﬁansion; Wﬁen-the piezoelectric léyers 105 expand in
the direction of the electricAfield, the entire element ldl
expands in the direction of stacking. 1In case the element
101 is housed in a case or frame that constrains the
expansion, a compressive stress is generated as a reaction
thereto in the element 101.

A crack which has started in the interface and grown to
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rthe'aétive_region 103a side may develop in the direction of

thickness offthe‘piezoelectric layers 105 while defl%cting or
branching depending on the staté of the stress. When a crack
which develops in the direction of thickness of the

piezoelectric layers 105 occurs between the opposing metal

‘layers- 107, short-circuiting may take place between the;metal

layers 197 and make,thé amount of'displacemént of the

‘piezoeélectric actuator unit smaller.

' Moreover, as the piezoelectric actuator unit becomes

smaller in size and is required to make larger amount .of

" displacement under a higher pressure in recent years, it is-

subjected to higher-electric field. 'There_is.fﬁrther

requirement for the piezoelectric actuator unit to endure
'continuous operation over a long period of time.. To meet
these requirements, such a multi-layer piezoelectric element

- is proposed that has a stress relieving layér_provided inside

thereof (refer'to,~fpr éxamplé, DE10234787A1.and DE10307825A1

). Howéver,-the piezoeleétric'aCtuatdr unit of the prior art

havingvthe stfess felieving layer in the multi-layer
piezoelectric element does nof necessarily have the
durability to endure the conditions of continuous operation
under a high pressure over a long period of time.

An object of the present invention is to provide a
piezoelectric actuator unit which uhdergoes less change in

the amount of displacement and shows high durability in
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. cOntidﬁous_operation under a high voltage andAa‘high pressure‘

over a long peridd of time, and a method for manufaé%uring
the same.
The piezoelectric actuator unit of the present invention

comprises a multi-layer piezoelectric element having a

‘plurality of piezoelectric layers and a plurality of'metal
- layers with the piezoelectricglayers and the metal layers

'beingfstackedﬂone on another, and a dase which houses the

multi—layér'piéZOelectric elemént, wherein at least one of

the plurality\ofvmetal'layeré is stress relieving layer which

~consists of a plurality of‘partial'metal layers that ‘are

scéttered.throughout the entire region between two

piezoelectric layers which adjoin the partial metal layefs in
'the'direction of étacking; and‘voids, and a peel—off section
' is formed at least in a part of the interface between the

- . stress relieving layer and the piezoelectric layer that

aajoins therewith.

The piezoelecfric actuétorVUnit of the present invention
preferébly haé sﬁch a constitution as-a plurality of the
stfess relieving layers are disposed in the direction of
stacking of the multi-layer piezoelectric element; The
piezoelectric actuator unit of the present invention more
preferably has such a cbnstitution as the stress relieving
layers are disposed in a regular arrangément in the direction

of stackiﬁg of the multi-layer piezoelectric element.
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The method for manufacturing the piezoelectric actuator
unit of the present invention comprises a process ofﬁmaking

the multi-layer piezoelectric element which includes the

"stress relieving layer consisting‘of the plurality of partial

metal layers that are scattered throughout. the entire region .-

‘between two piezoelectric layers adjoining in the difection
- of stacking and Vcidsﬁ'and a process of‘forming_thelpeel—off

‘section at least in a-paft of'the-interfaCe between the

stress relieving'layer and the piezoelectric layerAthat’

adjoins therewith by applying polarization treatment under

' the condition that the multi-layer piezoelectric element is-

hcnsed in the case.

According to the present invention, since at least one ..

' of the plurality of metal layers is the stress relieving.

layer which consists of a plurality of the partial metal

- layers that are scattered throughout the entire region<

between two piezoelectric layers adjoining in the direction
of stacking and the voids, and the peel-off section is formed -
at ‘least in a part of the interface between the stress

relieVing layer and the piezoelectric layer which adjoins

-therewith, cracks can be prevented from growing in the

direction-of thickness of the piezoelectric layer

Specifically, since the stress relieving layer consisting of

the plurality of the partial metal layers and the voids has a

lower strength of bonding with the piezoelectric layer than
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Other’metél iéyers, étreés génerated-in_the élemept 10l
causes peeling td'start in-thé peel—off section andjbroceed
aloﬁg the interface between_the'stregs relieviné layer qnd
the piezoelectric layer.tﬁat:adjoins‘therewith. As a résult;

cracks can be prevented from growing in the direction of

"thickness -0of the piezoelectric layer, so that the amount of

displacément.of the element 101 can be suppfessed from

‘changing.

BRIEF‘DESCRIPTION OF THE DRAWINGS
Fig. 1(a). is a‘perspective'View'showing the

piézoelectriC'actuator unit according to the embodiment of-

the present invention, and Fig. 1l(b) is a sectiOnal view of

(a).

Fig. 2(a) is a perspective view showing the multi-layer

- plezoelectric element of the embodiment, and Fig. 2(b) is a

partial perSpeétiﬁe view showing the-piézoelectric layers énd
the metal layers béing stécked'one Qn‘another,shown in‘Fig.
2(a}. | |

Fig. 3 is a partially enlarged sectional view showing
the structure of stacking the multi-layer piezoelectric
element according to the embodiment.

Fig. 4 is a partially enlarged sectional view showing
the structure of stacking the stress relieving layer

according to the embodiment.
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Figu 5 is a sectional view schematically showing the

injection apparatus according .to the embodiment of ‘the

present invention. -

Fig. 6(a) is a perspective view showing the multi-layer:

piezoelectric element of the prior art, and Fig.. 6(b) is a

‘partial perspective view showing the piezoelectric layers and

the metal layers being.stacked one on another.

‘DESCRIPTION OF REFERENCE NUMERALS

[0040]

1:

3:

3af

'7a:

- Tb:

11:
13:
15:
17:
- 19:
31:
33;

35:

the multi-layer piezoelectric element

case
lid
piezoelectric layer

metal layer “

internal electrodé layer

stress relieVingﬁlayer
étack
exﬁernal'electrode
iﬁactive‘layef
peel-off layer

filling material
no-electrode section
container

injection hole

valve
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'10{

378 fuel passage

39: cylinder
41:  piston
43: piezoelectric actuator unit

71: partial metal layer (metal particles):

‘72: void.

"BEST MODE FOR CARRY OUT THE INVENTION

<PiééoelectricxaCtuatof'unit>

The pieépelectric'a;tuafor unit aécprdin§>to one-
embodiment-ofbthe presen£~invention will now be described;ihv
defail with péferenge to the accombanying drawings, Fig;

l(a) is a perspective view showing the piezoeléctric‘actuator

»Unit accordingltofthis embodiment, and Figl(b) is a sectional

" view thereof.

As shown in Fig. 1(a) and Fig. 1(b), the:piezoélectric
actuator unit.comprises,the.multi—layer pieéoeiectric elemént
1 and the cése 3 which hbﬁses the mulfi—layer“piezoelegﬁric
elemenf.l. The cése 3 may be made of plastics, but is
preferably made of a metal of-high durability, and is more
preferably made of stainless steel. A lid 3aa of the case 3
is preferably made of the same material as the case 3. The
multi-layer piezoelectric element 1 is preferably interposed
between the 1lid 3aa and the bottom of the case 3. For

securing the multi-layer piezoelectric element 1 in the case
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3, securing means such as a positioning pin or -an adhesive is
used.
In order to maintain insulation between the case 3 and

the multi-layer piezoelectric element 1, and protect the

multi-layer piezoelectric element 1.from the ambient

"atmosphere and moisture, it is preferable to fill a space
- between phe'case 3 and the multi-layer piezoelectric element

‘1 with a filling material 17. The filling material 17 is

preférably.formed‘from a resin, barticularly siliconeArésin,
urethane-resin or,époxy ;esin; SO és to accomﬁodate thé'
deformation‘of the‘multi;layer piezoeleétric element i during
opération. | |

Fig.'Z(a)'isfaiperspeCtive view showing the ﬁulti—layeri

'pieZOelectric elemént.l according to this embodiment, and Fig.

2(b) is an exploded pefspective view of a part of the multi-

- layer piezoelectric element 1 explanatory of the internal

structure of the multi-layer pieioelectric element 1 shown in
Fig.'2(a).'-Fig. 3 is an’eﬁlargéd secﬁional view of a ;égion
aropnd.the stfessirelieving layer‘of the.multi—layer
piezoelectric element 1 according to this embodiment. Fig. 4
is a sectional view showing the stress relieving layer
depicted in Fig. 3 in a further enlarged view.

As shown in Fig. 2(a) and Fig. 2(b), the multi-layer
piezoelectric element 1 comprises the stack 9 which has a

plurality of piezoelectric layers 5 and a plurality of metal
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-layéré 7 with the piezoelectric layers'5 and'the.metal layers.

—

7 being stacked dne on another. Inactive layers 13, 13 
formed from piezoelectric material are stacked on both end

faces of the stack 9 in the direction of stacking. A pair of

external,electrodes 11, 11 are formed on a pair of opposing

'side faces of the stack 9.

The pair of external electrodes 11 are connected with

‘lead wires (not’ shown) by soldering. The lead Wirés.are :

conﬁected to ah external power source (not shown). A’
pfedetermined voltage is applied from the external power '

source through the lead wires between the adjacent internal

‘eléctrode léyers 7a('so that the.piezoélectricilayers'5
_undergd aisplécement_dug tGlthe feverée piezpeledtric effect?
'Tﬁelinécti§e layers 13 do not undergé aisplacemeﬂt'even whén
a Vo;tage ié applied since the internal electrodé layef 7a is
- provided only'on'éne.principal.surface withouﬁ the interpai

‘electrode layer 7a provided .on the other principal surface.

The plurality of metal.layersl7 consist of the inpernal
electrbde layérs 7a which function as the internal electrodes
and the stress relieving layefs 7b which have the stress
relieving function. The internal electrode layer 7a is not
formed over the entire principal surface of the piezoelectric
layers 5, but is formed in the so-called partial electrode
structure. .In other words, a no-electrode section 19 exists

where the internal electrode layer 7a is not formed on the
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principal surface of the piezoelectric layers 5. The
plurality of.the internal electrode layers 7a having ‘the
partial electrode structure are disposed so as to be exposed

alternately'on'the‘Qpposing side faces‘of the stack 9. 1In

this constitution, the internal electrodeflayers-7aﬁare

‘electrically connectéd alternately to the pair of external
*electrodes Il, 11. .In-this embodiment, the pair of external

‘electrodes 11, 11 are formed on the opposing side faces dﬁ

the stack 9, bﬁt'may also be formed on adjacent side faces.:

At least. one of the plurality of-metal layérs 7 is the

stress relievihg layer 7b. AS_Shown in Fig. 4, the stress

relieving léYer 7b qonsists mainly of a plurality Qf:partial

- metal layers (métal-particies) 71 that are scatteréd
':thrOughout the entire region between the two piezoélectric
layers 5, 5 adjoining in‘the‘direction of stacking, and the

- voids. The plurality of partial metal layeis,7l are

preferably isolated;froﬁ_each'otﬁer by7£he'voids 72;.for the
purpoée‘of insulation. When_the plurélity of .partial metal
layers'71 are.isolated from each other by the voids 72 in
this Way,.the stress relieving layer 7b does not function as
the internal electrode and therefore does not short-circuit
the external electrodes 11, 11 of oppoSite polarities.

When the stress reliéving layer 7b consists of metal and
voids as described above, both the metal and the voids can

deform under a stress, and therefore piezoelectric actuator
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‘unit Having hign durability can be obtained. In case the

stress relieving layer 7b consists of the plurality'of
partlal metal layers 71 which are dlsposed in the state of
being isolated from each other by the v01ds 72, a part of the

plezoelectrlc layers 5 adjacent to the stress rellev1ng layer

"7b, .which faces the voids 72, does not undergo displacement
even whenva‘voltade is'applied to the element-l. Therefore,

'the plezoelectrlc layers 5 adjacent to the stress rellev1ng ,'

layer 7o undergoes smaller amount of dlsplacement so that
concentratlon,of_stress~of the,element‘at a po;nt can be
avoided. On the other hand,:the portion of the piezoelectric

layer 5 which faces the voids 72 can~deform easlly, and is-

,llkely to deform under a stress durlng operatlon so as to
'prOV1de a better effect of re11V1ng the stress (stress

| relieving effect of the piezoelectric layer).

Void ratio in the stress relieving layer_7b is

~preferably in a range from 20% to 90%. In order to ensure

durability'and.streSS relieving effect at the same time, void
ratlo ls more‘preferably in a range from 40% to 90%, and
furthermore preferably from 60% to 85%. By setting the void
ratio to 20% or more, it is made possible to prevent the-
force of the stress relieving layer 7b to constrain the
piezoelectric layer 5 from increasing, so that generation of
internal stress can be suppressed as the amount of

displacement of the element 1 increases. By setting the void



10

15.

20

25

WO 2008/047460 _ A PCT/JP2006/321442

15 ¢

'rétiO'Eb 90%’dr>less, it is made possible to suppress the .

strength of the stress relieving layer 7o from decreasing.
' Void ratiQ'iﬁ'the-internal electrode layer 7a is
preferably in a range from 5% to‘70%, more préferably from 7%

to 70%, and furthermore preferably from 10% to 60%. . By

‘controlling the void ratio within this range, -it is made-
" possible_to allow theupiezoelectric layers 5 to deform
’smoothly and.maintainjsufficiént electriéal conductivity/ and

therefore the amount of displaCement of the multi—layér

piezoelectric element 1 can be suppreséed from_decreasihg.
By settingfthe'void'ratio'in;the internal electrode layer 7a

to 5% or more, it is made possible to prevent.the force of-

the internal electrode layer 7a to constrain the

'pieZOelectric layer 5 from beéoming excessively high. By

setting the void ratio in the internal electrode layer 7a-

- within 70%, it is made possible to prevent a part of the,

metal that.édnétitutes the interﬁal electrode layer 734 from
becoming extremely thin br being isplétedL Thus it is made
possibie to méintéin sufficient electrical conductivity of
the ihterﬁal eleétrode layer 7a and prevent the strength of
the internal electrode layer 7a from decreasing.

The peel-off section 15 is formed at least in a part of
the interface between the stress relieving layer 7b and the
piézoelectric layer 5 which adjoins the'former. With such a

constitution as described above where the stress relieving
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-layer'7b consists of a plurality of the partial.metal layers

71 separated by the voids 72 with the peel-off sectign 15

provided in the interface with the piezoelectric layer 5,

"progressive stress relieving function is achieved such that -

the plurality of partial metal layers 71 peel off the

‘piezoelectric layer 5 successively after starting at the-
'peel—off“section.iS éo as to absorb stress, when the element

‘1" is Subjected to stress.

'_f‘Also as the voids 72 exist-betWeen_the partial metal
léyers 71,.tﬁe stress .relieving layer 7b and the
piezoelectric layer '5 can be prevented from coming apart from

éach other at once throughout the entire interface

,therebetween.'4More0ver, since the metal that Conétitutes the
'partial metal layer 71 is softer than the piezoelectric
-material'particles that constitute the piezoelectric layer 5,

- the partial metal layer 71 has higher effect of relieving the

stress than'the‘piezoelectric layer. - Thefvdids 72 also have
the efféct of cusﬁioningln As a result, the piezoelect;ic
actpatér unif.having very high stress relieving effect and
high durability can be obtainéd. |
The reason why the effects described above are achieved
is supposedly as follows. When the piezoelectric actuator
unit is driven to generate a stress in the mulfi—layer
plezoelectric element 1, the stress is éoncentrated inithe

stress relieving layer 7b which has the lowest strength.
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17: 

'andiﬁg strength between thé‘piezqelectric material particles

-

and the metal particles which are made of different materials

is lower .than the‘bonding strength between the piezoelectric

‘material particles'and.the bonding strength between the metal

particles. Also the stress relieving layer 7b consisting of

‘a plurality of the partial metal layers 71 has smaller area
of bonding with the,piéZOelectric layer 5 in comparison to

‘'other internal électrbde'layers Ta. As a result, the bonding

strength between the stress reliéving layer‘7b.and,thé

piezoéléctricﬂlayef 5 is less than the-bonding,strength}

' petween the internal electrode layer 7a and the piezoelectric

layer .5. Théreféfe,vwhén the stress is generated in the-

element 1, stress'is.likely‘to be’concentrated”between'the

'Scattered partial’metal layers 71 and the piezoelectric layer

5. When the stress réiiéving layer 7b is subjected to the

" stress, the partiél'metal layers 71'peel of f the
- _piezoelectric layer 5 successively'so as ‘to absorb thé stress.

This process of peel-off starts in thé peel-off section‘15

which is formed at least in a part of the interface between
the stress relieving layer 7b and the piezoelectric layer 5
adjoining therewith.

Also as the plurality of partial metal layers 71 are
scattered throughout the entire region between the two
piezoelectric layers 5, stress can be absorbed regardless of

whichever the direction the element 1 is subjected to the
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‘stress. Also because the partial metal layers 71 are

scattered, the stress relieving layer 7b does not function as

the internal electrode. Therefore,. the amount of

" displacement of the element 1 does not change even when the -

peel-off of the stress relieving layer.7b. from the peel-off

“layer 15 proceeds, and thereforé'stable displacementjcan—be

maintained over a‘long periodjof time.
Since the bonding sfrength between the piezqelectrié
matérial 11 is higher than -the bonding strength between the

piezoelectric layer 5 which is non—metéllic'matérial.and the

' metal layer 7, a crack generated in the interface between ‘the

stfess_reliéving layer 7b consisting of the plufality'of-the

partial metal layers 71 and the piezéelectriC'layer 5 cannot-

propagate into the piézoelectric layer 5. Thus it is made

possible to prevent the crack from penetrating the
~.- plezoelectric layer 5 in the‘direction of thickness'thereof,

_'and‘preventithe intefnal electrode layers'7a which-oppose"

each other.from short-cirquiting.

Mbreovef, evén when all the partial metal layers 71
provided in the stress relieving layer 7b have peeled off'the
piezoelectric layer 5 after a long period of operation, the
element 1 is housed in the case 1 and therefore never breaks
off. In addition, the stress relieving layer 7b with all the
partial metal layers 71 of which have peeled off has smaller

force to constrain the relative movement between the
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piezoeieetric layers 5 provided on both sides in the stacking

-

'direction, thusAallowing the relative movement between the

piezoelectric layers 5, so as to remain functional as the

stress relievingflayeru. Thus it 'is made possible to provide

a piezoelectric actuator unit | which shows: hlgh durablllty in

'contlnuous operatlon under a high voltage and a hlgh pressure

over a lpng period of~time.

in case there'ere feWer voids 72 in the stress relieviﬁg
layef b eﬁd much non—metallic,'insulating material is
ihcluded, stfess_may be ednceﬁtrated ih.the pertion of the
insulating materia;'during operation of the eiement 1, thus'

giving rise to the pessibility of crack to be:generated by"

the concentrated*Stress.and_deVelop in the directien of

'fthiCkness of the piezoelectric layer 5. When the stress.

relieving layer 7b includesja number of voids 72, in contrast,

- presence of the voids 72 makés it easier for the paftial.

metal layers 71 te defofm when the partial metal layers 72"
are'subjected'to the stress,‘so‘as to’disperse'the strees.
Thus tﬁe piezoelectric layer 5 is prevenfed from being
penetrated by crack in the direction of thickness.

When the multi-layer plezoelectric element 1 undergoes
displacement due to the piezoelectric effect, presence of the
voids 72 causes the piezoelectric layer 5 to be partially
clamped. Thus the force of constraining the piezoelectric

layer 5 becomes smallef than in the case where the metal
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layerf7 clamps. the piezoelectric layer 5 over the entire
surface thereof. 'This makes it easier for the piezoelectric
layer 5 to undergo displacement and increases the amount of

displacement. - As a result, it is made possible to provide a

piezoelectric actuator unit which shows a. larger amount of

‘displacement and high durability.

Proportion of the voids 72 in the streés-relieving layer

o) (Véid‘ratio)'can be détermined by observing a section of

the:multi—layef piezoelectric element 1 cut in the direction

| of stacking. . Specifically, the area of the voids 72 included

in the stress relieving. layer 7b in the section of the

elément 1 is measured, and the total- area of the voids 72 is

divided by the area?oflthefentire’stréss relieVing layer 7b, -
withlthe’division‘multiplied by 100. The void ratio may be
" determined, for example,‘by.applying-a known technique of -

. image processing to an image obtained by means of a scanning

~electron microscope -(SEM) .

The stress relieving'iayer 7b is'preferably disposéd in
plu;ality in ﬁhe sfacking direction of the element 1. This
constitution enables it to disperse the stress generated iﬁ
the element 1 over a plurality of positions, so as to further
improve the durability. 1In this case, the plurality of
stress relieving layers 7b are preferably disposed via a
plurality of ﬁhe piezoelectric layers 5. This is because

disposing the stress relieving layers 7b continuously in the



10

15

20

25

WO 2008/047460 PCT/JP2006/321442

21

- element 1 causes the stress generated in the element 1 to be

pe

concentrated -in the stress relieving layer 7b which is formed
continuously.__When the plurality of the stress relieving
layers 7b are disposed via a plufality of the piezoelectric :

layers 5, in contrast, stress. can be effectively distributed:

in the element 1. The plurality of the stress relieving-
“-layers 7b are more preferably disposed in a regular

‘arrangement in the stacking direction of the element 1, which

leads_to.unifoim'distribution of stress in the'stacking
direction of .the element 1.
The stack-9 has preferably a shape of prism having

polygonal cross section. This is because, in. case the stack

.9 has a dylindrical~shape,fiayers'formed in a'Shape of" true

' circle with high precision must be stacked since deviation

from'truejcircle-results'infmiSalignment of the central axis.

-'Thus it is difficult to employ a manufactufing method .

designed for mass production based on fire-at-once process.

Layersjformedein substanfially'cireuler shape.may be stacked
and, after being fired in case it is preferable, ground on
the circumference into cylindrical shape. But this process
makes it difficult to align the center axes of the metal
layers 7 wifh high precision. Polygoﬁal prism configuration,
in.contrast, enables it to form the metal layers. 7 on the
piezoelectric layer 5 having a predetermined datum line, and

stack the layers in alignment with the datum line. As a
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:fesﬁlf} tﬁe center akiS'Can:be;formea as the axis of
foperafion byfa ménufacturing method designed fér mas;‘
proauction so as to make a deviée having high durabilityr
Thevstress_relieving layers .7b aré ﬁreferabiy
constitutéd maihiy from silver. With this. constitution, the
'stfeSS'relieving iayers 7b cantbe fiféd'togefher.with the
piezoelegtric layér 5 ét;the'same time. Moreover, éince
‘silver has high'heaf condUctiVityf héat can be dissipated’
effibient;Y'evén'Qhen iocal.heating occurs in,a'pért of the:
élement 1 duéﬂto‘stress concéﬁtration.' Also because thé.
'séress reiieVihg layers 7b are_éonstitutedfmainly from silver,
thé‘partiallmetal_lQYers 71 without oxide film formeﬁ thereon

~ ¢an be formed. - Thus, since the partial metal layérs 71

 having high flexibility.can be formed, the effect of

relieving stress is imprOved; The stress relieving layers 7b

- - may be formed, for example, from silver-palladium alloy. The

internal eléctrode layef 75 may be'formédfvforvexample;_frbm
silver-palladium alloy.

‘-Iﬁ,this émboaiment, it is preferable that such a metal
compoﬁnd is included in the métal layer 7 as the main
component that proportion M1 (% by weight) of palladium and
proportion M2 (% by weight) of silver in the metal layer 7
(the internal electrode layer 7a and the stress relieving
layers 7b) satisfy relations of 0 < Ml < 15, 85 £ M2 < 100

and M1 + MZ = 100. This is because a proportion of palladium
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‘highéf.than 15% by weight results in high spécific resistance

-

of the metal layer which causes the metal layer 7 to generate
heat when the multi-layer piezoelectric elément 1 is operated
continuously, while the heat-affects the piezbelectric layer

5 which 'has temperature dependency, thus deteriorating the

‘displaCement-characteristic. As a result, the amount of-

displacement.of the multi—layer piezoelectric -element 1 may

‘decrease.

““When_the éxtefnal electrode 11 is formed, the_extérnal

electrode 11 and the metal layer 7 are'joined together

'through'mutualAdiffusion of metallic components between these

members. In casé,the.proportion of palladium. in the metal:

layer 7 is higher than ;5% by.weight,ihardness”of:the poftion )
Vdf the external eléctrode 11 where tﬁe‘chponent»of the metal
.laye; iS'diffused méy'beCome'higher, thus resulﬁing‘in lower
- durability of the multi-layer ﬁiezoélectricleiement-l that

undergoes dimensional change during operation.

In order to suppress silvér included in the metal‘layer
7 fromlmigrating into the piezoelectric layers 5, it is:
preferable to control the proportion of palladium in a range
from 0.001 to 15% by weight. In order to improve the
durability of the multi-layer piezoelectric element 1,
proportion of palladium is preferably in a range from 0.1 fo
10% by weight. When high heat conductiﬁity and high

durability are required, proportion of palladium is



WO 2008/047460 o . . PCT/JP2006/321442

24 .

-prefefably in a rangé frbmlo.S.to_9k5%.by weight. Whenhéven
higher durability'is required;‘proportion'of palladiﬁﬁ.is
more preferably in a range froh 2 to 8% by weight.
Whén'the;proportion of silvérAiﬂ the metal layer 7 is
~less than485% by weight, specific resistance'of~the'metal
‘layer 7 becomes ﬁigher. This may leaa'to.a éignificént.-
~-amount of héat geheratéd'from_the'metai.laye£»7.during
’Confiﬁuous operatioﬁ of fhe multi;layer piezoelectric.elemeﬁt"
l.'QIn Qrdér to Sﬁppréés silver inciuded in the metalVlayef“7
from migratiﬁg into the piezoélectgic layers SJIit is
ﬁreferable:fo cont;él the~pr9poftion of silver in the metal'
| LayérA7 in é range from'85 to 99;999% by weighf; In drder‘to
,imprové the dufability Qf the muiti—iayer piezdeléctric -
éiement 1,lproportipn of silver is pfefe:ably in~a'range'from
950 to 99.9%Aby wéight{..Whén higher durability ié reqﬁired,
- proportion of silver ;s preferably in a range fr§m.90.5 to
1 99.5% by weight. When éven.higher'dﬁrabili£y is reqﬁirea,.
proporﬁion of'siiver is hore préferabiy in a range‘from 92 to
98% by‘weight;
Compositions of the stress relieving layers 7b and the
internal electrode layer 7a may be determined as follows.
The stack 9 is cut off along the interface between the stress
relieving layers 7b and the piezoelectric layer 5 so as to
expose the stress relieving layers 7b, and a part of the

stress relieving layers 7b is sampled; The sample of the
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strésé'reiie§ing layérs 7b islsubjected to chemical analysis
such as ICP kinduction coupled plasma) emission anal}Sis, sé
as fo determine the compositionl_ A section of the multi-

layer piezoeiectric element i-Cut"in the stackiné direction

may also be analyzed by a method such as EPMA (Electron Probe

‘Micro Analysis). Observation of the metal layer in a section
- of the multi-layer pieioelectric element 1 under an SEM

"(scanning electron microscope) or a metallurgical microscope.

may reveal the existence of .non-metallic component such as :

voids 72 and/or metal components such as ceramics. In such a

- case, too,.the'compdsition in a regioh other than the voids"

72 may be ahalyzed by EPMA or the like.

It is preferable,thatfthe piezoélectric layei15 inciudes

.pErbvskite type oxide as the main component. When the
bpiezoelectric layer 5 is formed from perovskite type

- piezoelectric ceramic material such as barium titanate -

(BaTiOs3), for example, it has high piezdéleétric stréin
constaﬂt dg'which enables it to increase the amount oﬁ
displaéement,landlalso enables the piezoelectric layer 5 and
the metal layer 7 to be fired at the same time. It is alsb
preferable that the piezoelectric layer 5 includes perovskite
type oxide consisting of lead titanate zirconate (PbZrO;-
PbTi03), that has a relatively high vélue of piezoelectric
strain constant ds;, as thé main componént.

A method for manufacturing the piezoelectric actuator
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'unit df'the present'invention_will now be described. A

—

method for manufacturing the multi-layer piezoélectric

element 1 will first be described. First, a calcined powder

‘of a piezoelectric ceramic material constituted from

perovskite type oxide consisting of PbZrOs;— PbTiO3 or the

‘like, a binder made 6f an organic polymer. such as acrylic
' resin or butyral resin'and a plasticizer such -as DBP (dibutyl

'phthalate) or DOP (d10cty1,phthélate) are mixed so as.to.ﬁormv

a slurry. .The slurry is formed into ceramic green. sheets,

which'would'become the piezoelectric léyersb5,,by a known

. method such as doctor blade proéess or calender roll process

or other tape_molding method.

Then a metél'pOwder sdqh as Silver—palladiumithat'

.ConStitutes the metal layer 7, a binder and a plasticizer are

mixed to prepare an electrically'conductive paste which is

- applied onto the top surface of théAgreen sheets by~screen

printing method or the like to a thidkhéss bf 1 to 40 pm.

In the'portioh'wheré the Stress felieving layers 7b is
to be formed,'an eiectrically conductive paste prepared by
adding resin beads such as acrylic beads to a metal powder
such as silver-palladium, and mixing a binder, a plasticizer,
etc. therewith may be printed. Alternatively, the
electrically conductive paste may also be printed after
forming a dot pattern, so that the partial metal layers 71

which have been sintered are constituted from metal particles
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-isoléfed froﬁ.each ofher.by thérvoidé 12, for the purpose of
insulationp .\Also such a procésé‘may,be émployed as1é_dot -.
pattern of silver is formed,by_fhinlfilm forming techno;ogy
such as sputtering, an eleétrically éonductive péste is
printed‘tﬁereon'and plurality“of the partial-ﬁetal layers 71

'afe,formed~through HUCleétion bf the‘metal particles'during
sintering. | |

‘The stress rélievind-léyers ib ﬁay also be formed by’
priﬁting.ah'eléct£icéiiy conducﬁiye paste ipcluding a metal
powder such és silver—pa;ladiﬁm wiéh the propbrtion Qf Silver
set higherfthah that inwﬁhe eleétfically cOn&uctive paSte
uséd for the.intérnal_electrode iZéy SO as tO;ééuselphe

.Siiverlto diffuse'by £he-effectA6f the gradiént of

’ Céncentration'formeq by the differenée“in the concentration
of silver bétween the'ﬁetal layers'during‘firing; SO tﬁat the

© - partial metal layeérs 71 are constituted from ﬁeﬁal particles

‘'16a isolated from each‘other by the voids %2, fof thé'pﬁrpbse

of insﬁlatidn. Iﬁ this baée, the metal powder may also be a

mixfuré of silver powder and palladium pbwder of controlled

proportions, rather than the éowder of silver-palladium alloy.

Silver powder or palladium powder may also be added to the

powder of silver-palladium alloy, with the composition of the

mixture being controlled thereafter. It is preferable to use
alloy powders of compositions controlled separately, in order

to make uniform dispersion of the metals in the paste and
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-unifofmlcomposition within the same pléne-of the internal

electrode layers 7a and the stress relieving 1ayer»ib.
" A plurality of the green sheets having the electrically
conductive paste printed thereon are stacked one on another,:

and the 'stack is heated at a predetermined temperature to

‘remove the binder. The stack is then fired at a temperature

in a range from 900_to'1200°C_thereby to make the stack 9.

When the metal powdér_such'as silver-palladium that
conétitutes‘thé metal layer 7 is'added to the green sheet

that forms of the inactive layer 14, or a slu:ry consisting

" of the metal pbwder such as silVer—palladiUm that constitutes

the metal 1éyer 7, an inorganic compound, a binder and a-

plasticizer is printed on the green sheets whern the green

 sheets that form the inactive layer 14 are stacked, shrinking

behavior and shrinking'rate_can‘be matched between the

- inactive layer 14 and the other portions during sintering,

‘thus making it possible to form the stack 9 of high dénsity.

The method of making the stack 9 is not limited to that

described above, and any manufacturing method may be employed

~as long as the stack 9 can be made in such a constitution as

a plurality of the piezoelectric layers 5 and a plurality of

the metal layers 7 are stacked alternately one on another.
Then an electrically conductive silver-glass paste 1is

prepared by adding a binder to a glass powder, and the paste

is printed on the external electrode forming surface of the
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‘Stack”9, and the stack is baked at a temperature that is

higher than‘the'softening‘poiﬁt of the glass and is/%ot
higﬁer than the melting point (965°C). Thus the external
electrode'll is;fo;med from‘fhe élecfrically conductivel
silver—glésé paéte.

At this time, the paste that coﬁétitutes the éxternal

electrode 11 may be.applied in multiple layers and then baked

‘at onice, or a single layér may be'baked. For the reason of .

convenience in mass .production, it is preferable that

multiple layers are formed and then baked at once. Wheh'the

- layers having different contents of the glass component are’

to be_formed{ the,laYers may be formed while varying the-

quantity of the glass component included in each layer one by

.dneg When it is necessary to form a very thin glass-rich

layer in contact with'ﬁhé piezoelectric layer 5, a glass-rich

- paste may be printed on the stack 9 by scréenAprinting

‘process or the like, and the multiple Sheets may be~stacked

thereoﬁ.

| Tﬁen the'multi—layer piezoelectric element 1 formed as
described above is housed in a cylindricél case made of a
metal such as stainless steel, and the space between the case
3 and the multi-layer piezoelectric element 1 is filled with
the filling material 17 such as silicone resin which forms an
insulation layer. At this time, such a procedure may also be

employed as the multi-layer piezoelectric elemeht 1 is placed
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in a éylindrical jig which is then filled with a resin, the
multi-layer piezoelectric element 1 coated with the resin is
then taken outlof'the jig and is put into the cylindrical

case 3 made of metal.

The case 3'is then sealed with the 1id 3a. While

- sealing may be carried out by bonding by means of adhesive,
-soldering or. brazing,‘Welding‘is preferablé for . the reason of

'high‘durability. In thié:case,'a plurality of holes may be

drilled.in,thefside face of the cylindrical.case 3, in which
cése the case 3 acts like a spring so that such a
pliezoelectric actuator unit is obtained as the multi-layer

piezoelectri¢ element 1 is subjected to compressive stress' in

‘the stacking direction, when the 1lid 3a is welded}:

- Then a DC voltage from O;l to 3 kV/mm is-épplied between

the pair of external eleétrodes 11 via lead wires which are

' - connected to the external electrqdes 11 so as to apply'

polarization treatment to the element 1;- Tﬁis qauses“the
piezoelectric actuator unit inédrporating the element 1 to
expénd.with the sfress generated thereby.acting on the stress
relieving layer 7b. As a result, among the plurality of
partial metal layers 71 that are scattered throughout the
entire region between two piezoelectric layers 5, a part
where higher Stress is concentrated peeis off the adjacent
piezoelectric layer 5 so as to form a péel—off section (slit).

Since the stress is most likely concentrate in the side face
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-of,ﬁhé”element;l, the paftialvmetal layers 71 located on the

side face bfzthevelement 1 peels-off the piezoelectrié-layer

5, so as to form such a peel-off section as shown in Fig. 3.

‘Application of the polarization reversal treatment, in

particular, can-cause'expansibn and shrinkage of. the element -

'l-to,océurlviolently'in a short time, and therefore ﬁhe_peel—

~off section 15 can'be,fopmed‘effectively.

At this time,»in'casé-the'polariiatioh treatment is

carried .out. without placing the multi-layer piezoelectric

’ element 1 in the'gase 3, the multi—layér piezoelectric
| ~element 1 is not held sufficiently when:the'multi—layer

'pieioelectriC'element 1 'expands. As.a result, the multi-

layer piezoelectric element 1 is not able to expaﬁd in ‘the

\staCking direction without deviation in accordance to the .

misalignment of'stackiﬁg'between»the internal electrode

- layers 7a and to the variation in the insulation distance on

the side face of the:élementﬁl}' Thus strain occurs.in the

direction of expansion andbit,bécomes'impOssible’tolcoqtrol
the'stress generatéd in the side face-of'the element 1, -
eventually resulting in cracks.in the piezoelectric layer 5.
When the multi-layer éiezoelectric element'l is housed in the
case 3, 1in contrast, expansion of the multi-layer
piezoelectric element 1 can be réstricted within the stacking
direction, and it is made possible to control so that the

peel-off section 15 is formed only in the stress relieving
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4‘layer 7b that consists of thé plurality of partial metal '

layers 71 which are scattered throughout the entire-region

between two piezoelectric layers 5. When the case 3 is

‘rendered with the property of Spring, in particular, thé

piezoelectric actuator unit can expand only when.the tensile

‘stress excels the compressive stress as the compressive . -

stress-ig generated in.¢ounter to the eXpansion.. Accordingly,

since the stress relievin@ layer 7b consiStinguqf the_

plurality of partial metal layers 71 which arerscattered

throughout.the entire region between two piezoelectric layers

5 does not fundtion as the. internal electrode, the

rsurroundingrpiezbelectric layers 5 do dot'contributevto the

expansion so tﬁat-compressiV¢ stréSs is concentrared thereinf
uhiike'the'piezoelectric layers 5 whiéﬁrexpand; thus
resultinggiﬁ the formafidnlof»peel—off section iS;

Moreover, a wiring qomprising mésh—lor‘cémeShaped-metal
may be‘joined énro.thé duterlsurface-bflthé‘exrernalA
electrodes 11 by means OfAén electrically conductive adhesive
or by soldering. éuch a wiring allows it to flow a large
current in the vicinity of theAinternal elegtrode and
decrease the current flowing in the external electrodes 11,
when the actuator is operated at a high speed by supplying a
large current. Accordingly, it is made possible to prevent
theAexternal electrodes 11 from undergoing wire breakage due

to local heating, thus greatly‘improving the durability.
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‘ Thé eiedtrically'coﬁduétivé-parficles are more
pfeferébly4n§h;Spherica1'partiélés having.such_shépeg,aé
flakes.orvacicular particleé, 'Whenﬂthe electrically |
conductive parﬁicles are noﬁ-épheriqal pafticles éﬁch as
flakés Or,ééiCular pérticle$, the electricaily.condﬁctive

i?afticles can be firmly entwihed With“each other, ﬁhéreby
increasing ﬁhe-shear.strengthjof the electrically conductive
adhesive. .
1‘One embodiméﬁt ofvﬁhe preSenflihvention hés described,-
although the ﬁdlt;—léyer’piezbélecfric'eiement;l ofvthé' |
: pfesent invention iS'nofjlim;ted to the‘émbodiment.described
-abdve, and variéus modificatidns‘can.bé made wifhin fhé scope
of the présentAinveﬁtion; |
Fér egample,nWHileﬁall the metal'iéyers are made of .
'alloy in the.émbodimenﬁ desqfibed above, suéh a cbn$titﬁtion
.may alsé be employed as part'of‘the‘metal layéps is fofmgd
_ffom an alloy and the rest is formed from a metéi_elémeﬁt.
While the metal layers include the same components in FHe
emquiment describéd’above, the metal layers may also consist
of two or more kinds which inciude different elements as tﬁe
main components.
As will be apparent from the foregoing description, the
piezoelectric actuatorvunit Qf this embodiment is capable of
not only obtaining a large amount of displacement but also

maihtaining high reliability even when the multi-layer
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_«piezoéiectric‘element 1 is subjected to a transient surge

-~

voltage due to a noise in the power source, or the -

piezoelectric actuator unit is operated continuously over a

long period of-time under conditidns of high temperature,

high humidity, high electric £ield and a high pressure.

<Injection apparatus> .

Fig. 5 is a Séctidnal view schematically showing an

injection apparatus according to one embodiment of the

preéént.inventidh. As shown in Fig;:5, the injection~"

apparadatus of this;émbodiment comprises'a piezoelectric

. actuator unit 43 of the present invention exemplified by the

'embbdiment described above being housed in a container 31

which has a injection hole 33 formed at one end théreof.
Disposed in the container'31 is a needle valve 35 which is.

capable of opening énd'blbsinglthe injection hole 33. The

- . injection hole 33 is provided with a fuel passage 37 disposed

so0 as to communicate.therewith in accordance to the»moVemeht

of thelheedle valve 35. ’Thé_fuél passage 37 is connected to
a f@el source‘that‘is provided outsidé of the apparatus, so
as to'recéive a fuel supplied thereto at a high pressure tﬁat
remains.always constant. When tﬁe needle valve 35 opens the
injection hole 33, the fuel that fills the fuel passage 37 is
injected at a predetermined level of high pressure into a
fuel chamber of an internal combustion éngine (not shown).

The needle valve 35 has an enlarged top portion where
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the inner diameter is made larger. A cylinder 39 of the

contaiher 31.hasvthe piezoelecfric{actuat@t unit 43,ﬁprovided
witﬁ'the multi—laYer piézoelecfﬁicvelement'l, housed the;ein.
Disposed at the bottom end.of‘ﬁhe'uni£.43'is a piéton 41
which makés.sliding motion wiph respect to‘the-cyliﬁder 39.

In such an injection apparatus, when the,pieZOeIectric

<actuator‘unit 43 éxpandsvin response to a voltage applied

thereto, the piston 41 isapresSéd so that the needle valVe 35

plugs,the.injeétion hole 33, thereby.stopping the supply of"

fuel.  When fhe vpltage'is'removed, the piezoelectric .

. actuator unit 43 shrinks-and a Bellevilié'spring 45 pushes:

'badk the piston 41, ‘so that the injection hole 33

communicates with - the fuel passage 37 and.the fuel is

ldisCha;ged.

. The present inVentidn relates to the piezoelectric

© ~actuator unit, although the present invention is not limited

to the embodiment deséribed above, and various modifications

can be_made within.the scbpe of the present invention.‘ The
pie;oeiectric actuétér unit of the preseﬁt invention can be
used in, for example, fuel injéction apparatus of automobiie
engine, liquid injection apparatus of ink jet printer or the
like or a drive unit used in precision positioning device or
vibration preventing device for an optical apparatus, sensor
element mounted in combustion pressure sensor, knocking

sensor, acceleration sensor, load sensor, ultrasound sensor,
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-pressuré sensor, yaw rate senso:gor the like, or used as a

-~

circuit component mounted in piezoelectric gyro,
piezoelectric switch, piezoelectric transducer, piezoelectric
breaker or the like, as long as the piezoelectric property is’

utilized.

‘[Example]

A piézoélectric,aétuator'unit'having a multi-layer
piezoelectric element ‘was made as follows. First, a calcined

powdér of ‘a. piezoelectric ceramic material constituted from

, lead titanatelzirgonate{(PbZrO3—PbTiO3)‘having méan particle

’

. size of O.4-pm as the main\cqmpdnent; a binder and a

plaéticizer were mixed to form a slurry which was formed into

ceramic green sheets that would become the piezOelectriC'

“layers_S having thickness of 100 pm afte: firing.

An electrically cdnductivefpaste, prepared by addihg a

- binder to the alloy consisting mainly of silver-palladium so

as to have the:composition shown in' Table 1, was applied to

one side of thé,cefamic green,sheet'by screén,printing‘method.
Then 300.piecés of‘the ceramic green éheets were stacked and
fired at é temperature of IOOOEC for 2 hours after holding'
the temperature at 800°C for 2 hours.

In the portion where the stress relieving layers 16 was
to be formed, an electrically conductive paste prepared by
adding silver in excess and a binder to'silver—palladium

alloy so as to have the composition shown in Table 1 was
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~printed. The stress relieving,layers 16 constituted from a

plurality offmetal particles l6a which are'insulateddfrom

each other was disposed in the SOullayer, the 100th layer, -

the 150%™ layer, the ZOOm'layer and the 250t layer The

stress relieVing layer 16 was printed in the- shape shown in

"Fig. 1(b) so that a junction section 17 can be formed

Then a mixture of Silver,powder of flake-=1like partiCles_'

‘having mean particle size of 2 pum and amorphous'glass,powder,

having softening'point of 640°C including silicon having mean

particle size of 2 pym as the main component'was mixed with- 8

,' weight parts of binder in proportion'tO'lOd weight parts in-
ytotal,of silver powder and glass powder, so as to‘prepare the
,electrically conductive silVer—glaSs paste by fully mixing

'the'powders The electrically conductive Silver glass paste

thus prepared was printed onto to external electrodes 11 of

- the stack 9, and was baked at 700°C for 30 minutes thereby to

form the external electrodes 11.

Then the multi-layer piezoelectric element 1 was placed

in a container made of spring steel and Was‘filled with-

silicone resin. A 1lid 3 made of spring steel was welded
thereon, thereby making the piezoelectric actuator unit.
Then with lead wires connected to the external
electrodes 11, an AC electric field having sinusoidal
waveform of 20 Hz from O to 2 kV/mm was'applied between the

positive and negative external electrodes 11 via the lead
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 wirés forr15rminutes-so as ﬁdlapply polarization treatmént.
At thié time;lnoise can‘be>heérd which is:éharécteri;tic to
the.phenomenon Qf'peel—off sectiqn‘(slit) being fdrmed by
polarization. -Results are éhbwn in Téble 1 for‘a.éase where -
single poléfization wds applied and a case-whefe.siﬁgle
:boiarization revefse'treatment waé apélied by applyiﬁg an AC
electric\fiéld having éinusoidal waveform of:20 Hz ffom 0 to
2:kV/mmVWas applied for 15;minUtésAwi£h the polarities,ofw§hé
lead¥wirgs-fevér3éd. The piezoeléctf;c actuator_unit~héving
, the‘muiti—layér-piezoeleqtric éléméht 1 as shéwnnin Fig; 1-
.wés made'as-deécribed abéve. |
. When é‘DC Voltage'of 150 V wasfapplied td.fhe mﬁ;fi—
layer.pieZpeleétriC«elémgnt 1, ali'piezoelect;ic éétuator
'uhits showed di$placements in the staéking directioh.,

Then ‘an AC voltagé of 150 Hz from 0 to +150 V was

- .applied to the piezoelectric actuator unit at the room

temperature, to carry out continuous operation of 1 -x 10°
cycles.f |

Measurement of the peel-off section was carried out by
observing a cut section of the multi-layer piezoelectric
element under an SEM and a metallurgical microscope, after
removing the multi-layer piezoelectric element from the
actuator unit that had been subjected to the operation test.
In order to observe the sections of all‘the metal layers

stacked, the element was cut so that the section lies along
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the'stéCking directi6n and connectS‘poftions of the two
exterﬁal eiedtrbdes near the centers thergof. .Leﬁgt£4§f the
peei—off_section was détermined by measuring the observed
section and averaging the'meésureﬂenfs._ The resﬁlfs are

shown iniTablé;l.
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As shown in Table 1, sample No. 9 made as Comparative
Example without forming the stress relieving layer sﬁowed a

small amount of displacement due to the stress concentrated

[ '

in the interface between the metal layer_and the
piezoelectfic layer,rwhich ﬁeSulfed’in a crack.thatx‘
ipenetrated-the piézoelectric material“betweenftﬁe»inﬁernalv
-eiectrod@s.. | |
‘Samples Nos. 1 fhrough 8 made és'Examples of the present

invéntion(.ih éohgrast; showed effective amqun£ of_
displacement iequired for a piézééiect#ic aétﬁator_unit 

o without significanf decréase in the amoﬁnt bf-displacement"
 aftérAcontihugﬂé'ope;ation of 1 x 109 cycles, aﬁa-

piezoelectric actuator unit"haviﬁg'high durabiliti'was'méde.
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CLAIMS

.1. A pieéoelectric actuator uhit comprising;

a multi—layervpiezoéléétriénelement having a
plurality.of piezoeleCtric layers and a pluralitY‘of metal
layers, thé piezoelectric layers énd ﬁhe metal layérS'béing
~ stacked one on éﬁéther;,and |

a caéé-whicb‘hoﬁseéithé‘mﬁlti-iayer-piezQelectric
elemént; | | |

'whéreiﬁﬂat.leastJerof the plurélity of metal Layeis
is stress réliéving‘layef Which,consists of a plurality of
partial metal,lay$rS.thét are;scattérea throughout the
'éntirevregion bethéen two éiezoeiéctriq layers-Whiéh.adjéin
the.partial‘metal”iayers'in the diréction ofvstaéking, aﬂd
voids, | . | |

wherein a péél—off-secfion~is formed at'least-in a ‘

_ bért of~the"iﬁterfacé betweeh the sfrgss relieving iayer

and the piezoelectric layer that adjoins therewith.'

2. The piezoelectric actuator unit according to claim 1;
Wherein a plurality of the stress relieving layers
are disposed in the direction of stacking of the multi-

layer piezoelectric element.

3. The piezoelectric actuator unit according to claim 2;
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'Wherein’the stress relieving layers are disposed in  a
regular arrangement in the direction of stacking'of7fhe

multi-layer piezoélectric element.

4. A method for manufacturing,the plezoelectric

actuatdr unit which has a multi-layer piezoelectric element

“having a“pluiality of piezOeleetric layers and'a-plurality,

of metel_layers)”the piezoelectric layers and the metal
layefs being'stécked one on another, and a case which':

houses the'multi—layer'p;ezoelectric‘element, the method

'comprising:'

a process of making the multi;layer piezoelectric

element which includes the 'stress relieving layer.-

consisting of_the plurality of_partial metal layers that .

are scattered throughout the entire regien between two

inezoelectric layers adjoining in the direction of stacking

and voids; and

alﬁrocess of.fermieg'the peel-off section at least in
a part df,the interface between the.stress relieving layer.
and the piezoelectric layer that adjoins therewith by
applying polarization treatment under the condition that

the multi-layer piezoelectric element is housed in the case.

5. A piezoelectric actuator unit comprising:

a multi-layer piezoelectric element having a
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:plurality of piezoelectric layers and a plurélity of metal

layers, the piezoelectric layeré:and the metal layersﬂbeing

. stacked one on anOther; and .

a case which houses the‘multi—layer piezoelectric
element,’

wherein at least one of the metal layers is comprised

“of a pluralify of partial metal poftions and voids, the

partiél metal portions are scattered throughout the entire,
régidn between two piezoelebtric layers which adjoin the
partiél metal=portions'in,thé direction of stacking,

wherein at least one of the partial metal_portions is

V‘disCOnnected‘from'the piezoelectric layer that adjoins

therew;th.v
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