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bar resomator 16 ot the ceaber of the Plgure, esd obhove 1t is & bedaler reson-
gtos® vhich is wed far testing ceranic riogs re thay vould Ue cpplied ins e loa-
gitudinal vidwabtor. Yo (ro foregivied ore sows cervmic cewplins, cows dbefore
and some after teetiug.

OPRRES NEADURRMERT MULHODS

Tiw meln problom fn Chis wark vaw to outailn A acourstd weeouremsert of the
streep at vhichk fedlwmo occuered. The woetl appoalismg wpprocch for repid wexd
conveaiont tosting vas to aeasere the displacement =t thoe ard of the resomstor,
weing the capneltive plokep proviously illustrated, awd derive thw styeoss from
this dots. P 2 shaple Ealf-amee resosptor the enemtion et e top of Figure 3
givos the releticn between the svress =t the center {To) cud the displacewment ot
the omd ({2g). Modificatioms ve uwirved of this forumla Por the composite retal
carenic strweture sre comsidewved in the Appondin. =pd they cre found 4o hovo

rogligible efYoct in this auparliont.

The cliycelt of the tapecitive plehup iz wloo slwun i Figue 3. A cshomt
cosfianuer {C,) is wmed S» puralind vith the vibreting cepacites to winluwive
the effects of owway capecidy aml yveduce the venwitivity to e cowmvaniowt velwn,
Yo adapted this electroatutic tivendacer (o cboolute mavowrengats, calsuleg-
ing 1te sapoitivity 5w the meacured crp Jongth, poderdoiwg voltuge, w8 cap-
scitiss. Repectelility o Ghe displacewnul recrwesent was shout ¢+ 105, the
priscipel wavistion beleg in the speowrenewt of the gap lewpth. Thie errar
comld Bo redwcol by sebting e gap elsctricalily, cad we will cdopit Ads wmethoy
vhos we obtnls wore sophlacoie’d vievtxoenics swploylmg m a.6 .. ratdwr than o d ¢
carzier,

For o mavw direct usosurssx.t of stresw, o vesiotasos vire siveiw gouge
ver mowbted om the cleol rosowetor cdtecewt to the ceammic, The ¢iremit
cuploged 1s ebovn ot thw xight o Figure 3. Forr tho ber recomytor tis yowelitn
vore within T of Oxwee oblsived frow the copacitive plckoy, bud for the twbe
resoEator the otraln giege comeiobtertly gnvo values 1.6 Limes us great as thooe
from thw cepacitive piokup. Xt vas covaoluded thatl the tukbe d¥d wot wot wo o
almple loggitwfiaal rosometor, wvom Wosgh ito lenglh to dimmobter rubtio was 8
asf 1ts tungential dduplircasset, os renswed by o phomograph pickep ~lomg it
lomgth, 4id mot diflexr oppreocisbly Fram ¢ 0ime wavy. Thoe sbhiais gouwge we nobd
cosrvomiest for rowbinme weeowemmmwts, but the corvection rhetar whii:Rk It peorided
var epplisd Ge all doto obdufmed ca the tube recosetoes vith the capocitive

plckgp.

Vhile the o wpewvuvessnt morthods descrided chowve vere the smin omre uued,
A saudber of Othor pmuAbhode were ocpesy-mkied with 40 check e validity of i
rosults. Tue displocowmt of thy oxd of Phe resoweler vos hecked optically,
1nitinlly by @irect viouing thvough w wicrotcope asd letwr by optisel later-
fovegve msthods wing aw imbsrforamtor. Phe nderoscope uacdovoment of dis-
placesent comfirmed the copasttive plckup recults both fox Lhe tibe wull the
bar rescsatons, though the estimrted nccurwcy odtairkebie with the wicroscope
wos @0t weery high, %he luferfreuietur wes uwwd vith the bor rescs:tor we showm
In ¥ pure &, AR accelazvweder ww ctded Ro the el of thw tap to nonlior the
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wibretion cmplit:xie, and ths mirrar for the fnterforometer wos temporarily
arffixed to the top of the mccelercmeter. When tho capacitive pickup wvas again
ussd, the atlrror was remcvad and o correction for its meas was applied to the
accelercawter calihvation. The interfarameter results egreed vith the cspaci-
tive pickup rosulso vithin the latter's accurecy expectatioro.

The otrens At the center of the regonator was checked with a plemoceremic
Toarce guuge. Thio ccoeicted of a thin tavium titanate pleto vhich vas incor-
porated in the rasonator sandvich between the driving cerenic apd the steel.
The ceramic plate wvas 1/6" thick and was annulay shaped for the tube resopatos
and circular for the tar resorator. The elxctramechenicn] circuit and sensi-
tivity equation fox tde force gruge {# chown in Pigwe Sl. The compliance of
the cexamic plat® may bs computed from the nuaterinl propertics with edequate
accwracy, and e other perawcsters of ithe suruitivity equation can be measured.
7ber electromeclenical ratio X was datoarained statically bty subjecting the
resorator to longitwiical. preooure 4n a hydroulic presa apd measuring the voli-
ag® doveloped acrosa & large otorage condenvel with on electrometer when the
pragsure wao relsacad. e caliviation of ke reciatsncy strain gauge vas also
checlind 1n thic sadny. in fadepaideont estinnte of Ny vas derived from dynamic
meagurencnts of the 431 piefceloctric commtany of the plate; since the relation
d:3/«‘u w 2.69 Lolda f‘aiﬂ,y vell for the coaemic caployel Lvrespective of its
degrce of polarssation, <33 could Le catimsied; axd fron this velue and the
dimensionn of ke plate iy cculd be celcnl..ved.

When an average wog “uken of the static Ny and the Qramic Ny to odbtain
the force ghuge consient, the roaulting mexoweerents cf streso agreed with tho
renistonce atrain gouge resuliiz within 105 2ar botb the ttde and bar resonators.
These various clocks gaw coullderce Lo £he belied thet inth stress ond dis-
pigcerant weie huing seamnnd aceuretaly anl tiet the fallure of the stress and
Yoplicenint dnta 10 Jido in the cace of tha tube resomitcr was dus to some un-~
krym faatize o) the rode of vilbrotion.

Apot’ar - ace vhich ven tried wng o caleunlule the stress from the voltag:
ar 11 4o the Lascrator, uvaing ite meacurcd egquivalent cirecuit paremetera. ‘Tho
al:ctrrazimnder l cireuit ond the equation foxr strcos ar given in Figure 5B,

This zathad van not wongidored ¢2oirable vor goneral uce bLecouss of 4ts fndirscs-

nos and Seccnds acy non-lincar charactoxivgdics ol the equivalent circuid para-
atecs veold ledd te mneoarvect rooults ot high stiens lewuln. The possidbility
0. nra-liny druplng or of non-lipeay joint complinnce cemainly exioted, but
s cheekyng B other mythedn 14 wio oullicient o wm thin oxperimsnt &t low
gro06% levaisn, 2% greatly above the terels at wbich the equivalest clircudt
vooaabars el determinal.  The atoess doieradnel by thils sethod wae in fair
a;ceezent (003 ¢ Letter) wiih that doetomined by tha cipocitive pickup method
2o beth Lowy €2 ard thr rod pooonntor 'hus, (ke nolivd tailed to detect
Lor Jarge cuvor sPich exiated in tho copaitivo pickun (eveinipation of otreos
1n tle Ceb vasoater, 63 revealed oy thw ctradin puge senciemsnt. This was
Lo by axpnoted iince Dol Lo copacitive roekup mhbod aml the equivalent cir-
oL mathed o rered o Ui cornmmaon tr the wedn off rwm\tion ccenforms to
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RESULTE (¥ STARIGTH TESTS

In tha tosd program to date we hmwe drivon these resonctors to faillure
atout 80 times. The cleaning procedure priocr 1o bonding in this initiald work
wed rather rudimentary: The ceramic picces were gcyubbed in escetone for adbout
tvo niputes and the metal surfoces vere wipsd with acetooe. The pressure
applied during Londing wan juet thet due to gravity, with tlho resonators stand-
ing vertically. A

The failuxes wore classified into three main categories: Ceressmic breaks,
bond breaks, ari mixed bond @nd ceramic broaks. Figure 6 shovs the dats on
tin ceranmic breeks, encomracsing three diflerent types of sauples. The rings
vore 1/2" wide bty 1/2" thick by 3-3/8" Giameter end were fabricated at the
hdervater Souxc. labovatory. The diake wers 1-1/B" in &fomatar, and the 1/2°
disks wore fabricuted at USL, while the 1/0" dinl: vere of cocmyercial magufac-
ture. The ring: were cewinted to common stael, while the dicks vere cumentat
to stainless stcel. The data fv the fourth coluum of tha Teble, ladeloed
Epoxy I Bere, w7 cbtaipad on ringe which wsxe oloctroded for redial ficld
oxcitation; thi: permittod their bonding ourfaces to bo fres of ellver. Far
all other samplcs bdonding wes dopg o the silvered swfoces of the ceramic.

The coment listed iog the laot column is & propricfury cyanocecrylate
monomer vhich iz very fagt cotting and ryoduces thin bondn. Bond thicknesses
1u the 2 to € mil range were ohtodned with the opoixy ceouents, excopt that the
dsta in column 3, lmbeled thick Joint, 18 for a4 cawenv .ayer 1/16" thick. This
large thickness o obtained oy using & fev omell ppaecer blocks of cured epoxny
in the joint. GSince coramic nolarized in 3ilicone oil had bd a sbop reputa~
t:.on of boiug difficult to cozant, we included samples of thin type (columno
2 apd 6). During cleaning theco aarplod wore sodied n ucevons for & longer
pericd tran the others.

Since all of the data b Figure 6 are for puie corsmlc breeks, the vari-
sbleo of thn cerenting procodwras are not really relavant, cxcept the curing
tozperatura which FRY csvae prectreucing of the corawic. The epoxy comentn
vare cured iu Une Lempercture range 65-750 C, Thr cycusacrylste coment, on
tne other haidi, :n £ 1001 temperatwe curirg adhesive, and <he fact that a
aneber of cevuw ¢ breake were cbtained with this comeat suguosts that the cur-
1:g temperntury wed were pot a daninaat imctor in luaniticg cercmif atrengtiv.

e data xoomals no prorcnccad difforences 4ip strangth tetroea rings and diskes
between 1/2% ardl 1/47 dieks . or hetwoen US), end cowmeve iel covamic, I¢ elmo
1adicator Lot wlaricaticrs ip silicone oit e une of wiustv2lly thick joints
dres pob cecacrititiiy paccludfe echicrensat of hond strorth qo geeoat 03 the
averogr ceratle novengeli.

Psgure |, reoote éatd on hood bvedlinge, wheroe the crispic omerged
uwagcdthac., Che cyanetcrylaie cement wgpecowd o oufior cphesive failure, thkt
1., © Lhun Wwye - yar2ined o cach surlase aftar eloavagr. Yith the epaxios,
or e odber toodl failiae of ednecion At Jhe cormnide ourfecs occurred. It
moes.ed Lhan e Ly of feslive condd b ledsersd By dme coved cleaning pro-
cocwtes awnd ity anve vyt prtetd in dbntedivectnon, i e fou cnees pooy
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edbesion of the nilvar clacirodes contributed to theeo Liwhksy in fact, sows
clectrode fatlurys were oxperlienced nt stressez well below 1000 p.s.i., bat
thess ssnples vxre digcardad as cbviously defective. Silver edbesion was not
commonly tho wenk link in the Joint; Pigure & indicateo the adility of the
electrodeo to hold vhen tha ceranic caild not survive.

The data af Figura 8 1o for droaks vharxe a sudetaniial part of the ceremic -
broks gwxy and reansned with the netal movber. Part of {ha hreak waa aloog the
slue line; #o improw:l clsaning right reduce this type of cuswalty.

Ap eroxy cowent winilch cured at 15° C wvas triod brilefly, since its reported
strength 18 gresier thar hat of ths epoxies which cure ot lover temparatures.
To avoid cooling ths ceraaic thrcugh iie Cuwrls point (Whure z largs strein
cccura) lead litarate zirccunts rathor than barium titanute wae uced, and the
caxples vare of tte ring Lype. ‘'Tho thernal siresecs prored ﬂmecuive, vith
the carenic fNecivring befare the altermating styece conld be raised to a
zsqgurable lewcl. Neat lavar buffer ripgs 1/2" thick were 1oldcd 20 the steel
tubes, and o PIT cerenic wms comentod to T inwar surfacec. This efrort at
alleoviating the tlhermnl) sirevses proved insufPicfent, and the cerawic again
troke &t lov atress.

In erother cxpemivent, &n attept wo cade <o elininalte thermal strespes
vhile ugirg the Spexy I caxont, by employing @ rocy Sougpositure cure of eight
cays duatiad. ™o risg szuples weroe uwsed and the fefilurss occurred at 2400
end ¥300 r.8.1. Sowtror, the fajlures vero of the bomd Lraak type (Pigurce T);
60 tois expexrimenl ¢T.a irlonclusiws,

ECLUBICERS

Jurasriging  ve note thetl tha arerage ceremic given th 1n these tests was
oent 2800 pak.i. Ris f0 only sbont cne-ifth thit oF un early published
value for darius titrnite, vhied vee derived from static dunding teste.® Since
orer o i opo~~‘ orall G0 tha ggqusre o the slloesable suiress, thiz 4ifference
tas greatv signif.cooko 0 t‘r.n:dmer design: The Tow shiangit of the ceramic
exrhnElzes Lo uperianen o includix;g' echinicald baas \“cm.‘n in tranofucer
caaigrs visnewor feanibla,  Ioprovermates dn cerdwis foovicasion techniques gre
rended vodelh Wil oy Lc :1d 2 otrogger material AU povsant Loproved cerwsalc atrengith
1M TOUe Yiind 'ty wennd then Awupreved adhusive shoewgnb.
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™o squaticn rolating stross and displacement given in Pigwe 3 is for s
regonatar of hovogeoeous xaterinl. Actually the resoostor conteins in addd-
tice to the metel 8 layer of ceramic and two thin layers of cemont. These
layars are o thin cowparnd wvith the total length of the resctstor that the
aimple equation of Figure 3 comtinuss to apply gquite wvell to this composite
resomatar. This corncluaion requires werification, hoveser; so the more com-
Rlicaded equaticns vhich do pot neglect the effect of the different layers
are presented and Lllustinted dbulow.

8ince the resopator s symectrickl adoyt its cexter St is eufficient to
~cnnidar only the balf of the reacnator to the rirhd of the nodal plane, as

skowm dbelow.
o
P
S Xee ks
Ny : \
A e e e e
PR I . 1y
S 2 3
L T m et L e th i s tamarite et et 4 me -t aee ——— e
PR ; . d
//IAV AY . N
/",/.Q YT /‘\,;‘-' 4] y\s" 9

Asgning niane wewre aropegaticon (n the dar, the bBeaic ecustions required are;

Dlorlarament 7’?’{:\‘ = L ?)::-»- Ceon /K)\ ‘K / Ke o2
z
Gloregs 7("\ - (0C %_)' N b m { KX -& )
e, TAL o e A
Igodance A O A KX-—(S)
[PRIAN ! J(l‘&' . am \

Wiere Yo {s the caapler amplitafle of the irsveliog wava going to the right,
1 SR 18 rn.h\.ml to tir traveling wave splitdes by thes cquation:
NN
GV ¥ UE D e tires vordables given oy tbc equaticos are com-
ciovmis norose Lo soumkizaries of the sectichs of the bu.  In spplying these
‘q.‘Ob.OII‘ each cnedten of thr vr will bare its o coondizete systom, with

X ow U At the 1zl hmnd erd of tha sectias.

Giner Y5 v av the node v bave from the ¢loplac:ment equation: K 'Ua.
Do T o2 D AL T Tite aerd ve ese f oz Lhw gtreas Nh‘\tmn. Kada = 53 .
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The satross and displacemmt equations may be uoed to dexive the folloving

relations for the stroas uat the verious baamdnries in torms of the displace-
wnt at te free end, $,,

T w &<, Cod §r Coa da
Cm(k D -T2 Yeoa (K, &)

T o <0G Ca Mndp 9 Ya g,
COQ (K'L pq_" X’L) ”

7:-: = G, AU Oa gal‘-

a4

LN
]

The mateyvia) propertias required are:

Bosdum Titeoate C = 4500 w/e ¢ - 2.25x107
(Ce:civ additive) §cm

Stainlesn Steel : C = 4930 u/s £¢ o 3.91x107
{Typo 30%) g-sec

We will consider Dicet a ventohingly thin baxi and will destewmaine the
sifect of a 1/27 thuck ceramic pioco on the stross-disy soement relotion far
she bar rogonaltar, Thr resopant froquency for very thin bosds {and 1/2"
azarien) ues found to be G c.p.s. Applyleg the sguatiymne adove to this
rase ve have:

\ _ § \ 1 .
SO 0, = % KU = 0BG
t Y ) A - _ S
Ara &y oF BTET oM SNE e 3SR
WA NI Na

O X »}f\ Ao A A = 18700 Y= 51T

@3(", a--3
! i 4y (Sq\ il T tn
EEDSUPLEN Sy ¢ N L.’D( PRI S = ..OOO CX/\ e
e (100 u; i ey T e3('353¥
1
1 . v . e . 2
. LML = G o ]C -
L o o —'-,..‘* . / . 3 \3;},

oL seen v whe strers-Grmplacement veliationz ottanaed by thin moxe exact,
oo U da Tew T apuaciedly 1ron tae agrmple walatsar of Figure 3.
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case vhere the adhesive layer was {ntentionally made
s oxperimest was 1/ thick and the adhesive
of Rpoxy I vas 1/16° thiek. The rescoant freqwency was 3200 c.p.s.,
vas
to

‘35636-9.‘.
The demmity of & block of cwred Spaxy I vas measured and found to be 1710 kg/e3.
Thtmzntaphto%plthlumﬂnloctvdﬁpmqlu The thia-dond
3:

Tomds = - @2 Tom(k0-T4) = 576 Tm L sss

§1 = 1543 = Ks), @ 3563 C.ps.

@ 3280 cps. ¥, =k, = SRS X543 = L2

Tomd, = 8S Tamsse y S
T L 1.Ca M - GE\T;E&

g
Tomd,y = 6.03 = - &S o e ) o
AQM oy G-63 = ;’:f’:: ICVV\ ’\}\10\:“ J’;.)

11 (0 P N
noroY = 38 e ~
it _' LRI LSalal S.00 Cal-3
- - C = B -
1 S L Qe w Q 2. Cl
C C -~ C"L' -2
4D nCe
3 “1 \jIB( -7 L. Lo LR RO 80(?5'\< {0
‘ : D OISS S . Lo N L Re i
! P Y y ol A‘S:‘.L J..-L? Py Yo - Lo Ca
1 t D~ - . T - Whahhiht T
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The result is Oz = 2840 w/s.

Bafore calculating the stresses ve rvcheck the walucs f the required
rarumstere end cdtain:

K = ,vlha Ky, = L0036 €1Ca m HLP10T
7 5. w1588 Tamye 675 X, = 1.428
Then the stress equetions are:
7; = oo Ceals

d:\xn Ak, I-L—O‘QK'tD + aim i 0, .Lamﬁi]

= LeTqwec, gw 966 e, %

ay

.y he e s

+~ L/\‘}\ P

'1_k ‘1_\3* CU")I'\ 9.‘ \

-

»
= 906 e, s I IR NI
NGNS ‘\-;_\_1_?3" =z o6 (_3(_3&,?“

- - g (\ C
ca & 89 we ~5C g

Whisin the 1/16" thick bond cnuned & very noticeable chanss in rmoonant tre-
queency, it caused tie struge o differ bdbut &l frewm that given by the simple
relation of Figure
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STRESS -~ DISPLACEMENT RELATION

LRt

Wy = angular resonant freq.

©C = spec¢. acous. mpedance
of metal

L]
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' Cs Cbl

1: | a —)
T

= Cs+Coi +N/Chy € A= area of ceramic

N C A Plate
P X, = thickness of

cerarmic pldate

N. = daa A — LC3+Cb|2e
|

T sl Cuk Cs*Co 2 NICy

A. PIEZOELECTRIC FORCE GUAGE
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