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LEAD INDUSTRIES ASSOCIATION

.‘ EAST 42N STREET
NEW YORK 17, M. V.

Deceaber 1k, 19%9

SUBJECT: _"“ULTRA LOW 1088
CERAMIC DIELFCTRICS"

To Nenbers of the Lead Industries Association:

Fnclosed 18 a reprint of an article ertitled “Ultra Low
Loss Ceraxmic Dielectrics,” vhich appeered in a recent issue
of "The Journal of the Americen Ceramic Society.®

This paper vas presented bty Punsg «i Koenig before the
Electronics Divisica ¢f the Anerican Ceramic Scciety at
Asbury Park last fall. As ackrcviedged on the last page, the
vork was made possidble by the LIA fellowahip grant to Rutgers.

AMditiccal ccpies are evailable at no cost in Quartities
up tn 25 and st $9.2C per hundred in larger quantities, ss long
&8 our supply lasts.

Very truly yours,
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Ultra Low Loss Ceramic Dielectrics

by M. M. SUNAG end 1. H. KOG
Sehesl of Coromicn, Rutgery, Moo Sivte Univenslly, Mew Srvapuish, Mow Jovesy

The ebject of this ressan_ was 1o develop ultra

fow lose ceramic dieloctrics. The possible cavses

of the dielectric W0es of coramic bodies were A3t

saslyzed theoretically, Ezpetimeotal bodies,

desigued oa the Sesis of this analysis, provide
for witrs low dislectric loss,

I Intreduction

e trend Gmard hugher freguency clectiane evpuijsanent

has recquired the ceurtent devebqunent of ultra brw bose

crtamx inwlstets  There has bees eatensive wurk
undet warv ab;, thew bses dunng teevnt vears aftheugh
winch of this wieh has et lwrn rejreted in the literature !
Theer cotlwt dats wete reviewed lefae maling the poreent
thesrtwal analvus

K. Pessibir Covses of Dislertric Loss in Coremic
Bodies

1 an 8 ¢ elevine feld v aggderd 1o 8 nmderwr which is
made of & ceriaim dicheeten and the ehectric Gicld dors po net
wirh when avetagrd inet 1o O ode, then Lhe diclectric has mo
dwletew ban  Hut sctual dclrtrns have smme by, in
whub taw the ajqdud ehntrn enetgy 10 finafly ceverted ta
hoat  Sence the electrw feld doee wird n the dicectnic, the

pbase angle hetween the ficdd and electsic current shauld be
brws than W1°, e g, WO° = §, where § i the “Tum angle ™
Csnally sin § (jumrer factar) of tan 8 (disipaticn factor) is
medtuq-cnl\ the bors claaracter of @ diclectric.

Any peucew cuaverting the stared electric energy of the
dickeinic into heat enerry can be & couse of dictectric Jose,
}M&dundmntlndrm-dmlqdm

o a ut dywde (or «f an indweed electric
éan muencot at wlus hich {requency) mith tespect to the
phaw angle of an apphied clectnic fiedd are commnn casaes of
diclectric kom.  These kimaes are «of an electrical origin ia the
mactiacupec sense. When 8 dickectric cmnsts of & mixtere
of twn o w-me materiale, the Mazwell Wagner type of di-

Prewrsted st the Fall Mevting of the !nmn‘n Divindra, The
Amwtnan Cotamee Sacorty, o\d-uy Hut. eraey, Octoloer
I, 19 Recetved Octobwr 322, cupy seceived
Apnd 77, 1050

The writers sre. reapuectively, tewer ich sventant and directar,
ﬁ-h-nl of Cernminy, !hun\ The Mate Universit

Kegas, Tomtracts 1AM 0 o 42877,

! Progrew
ANIRN, Neiwud of Coramics, Kutgers, The Sate University, The
United Mates Army Sgmal Kewrarch Labwutory, Port Moa.
math, New Jerwey.

N 1955.01
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electric Jom appcars.  This boss is due Lo an accumulatiie of
electric charges (n the grain Inmndaries within (be mixture.

Usually, the thearetical diclectric cvnstant and puwer
factor of 8 betergeneous subntance (8 mixture of two of mure
phaws, kle a ceramie bady) are given in tenms of the di-
electnic prigettios of the cumgnment phaves  Several thesics
have been devekqud fegarding this, ruch as - Weioer and
Lichtenecker's fremula,' Hrugpoman's theory,® and Nivwl's
theory'.* Nune of thewe thearses has taken into acormmt the
toes due W the mechanical intetaction hetween phases. Fur
an ultrs fow bow dwelectsie, there is 8 pwibility that this be-
cumes an impurtant part of the mechanism.

Fur example, cvnsider 8 ceramic bady cnlaining peeso-
ehertric material wuch s crystallioc quartz . When an electric
fecld £ with a hich frequency o is ajgdecd to 8 ccramic, each
picuaircitic erystallite in it will 1end (o oxillate with the
tame frequency. The anyglitude windd be very, very small,
since the cnstallites are sarranded by 8 plaw phase.  Puc tn
this iscillatal, saund waves of freqquency o will be groerated
at each crystaflite in the crramic bedy.  The dimipatia of
the sund nave energy deprading ot the elastic yequrtics
of the ceramic will caune & doedectzac bme.

Even thugh 8 ceramic dies 8t cvtain any pieslectne
aaterial, the same kind «f mechanmcnl bac may occur A
simple Mustratioms of this is given in Tig 1, jo0 which a &-
electfic c.nlains 8 kag cvlinder with diclectric cvotant o,
emhedded in 8 It grnenus substasce of diclectric cvostant
w1 ma clectric firdd, F,, is applied, there will be & have
(orque) oa the ned  1f ¢, > . ther the tarqus will have &
tendency tn decrease 8 I o < o the reverse will wocur.
Thus the ud will tend (o make rtational vileatins with &

. pENCTAling & mund wave.

U the flux uv-d i muling a cerumic body is oot sufficent,
oumetous voids will be found in the fired hody.  Since pme
of the raw materials uwd in a ceramic Ixdy are gus foewing
mstcrials, iwes will b prrrduced whea the toady §s Gired.
Therefore, even if suffuient Qux s ued, there will Le viclo
the bedy.  Viads muy wwalken the hinding of the crystulline
phase in the bvdy and will {acilitate the vibeation of the amall

* Karl Lichtene ber, “Inelectric Constant of Natuweal and $ya-
thetic Minture,” Phyad Z,27, 118 58 (1208)

s A G Rrugprnun, "m Cakulatbm of Varime Phyical
Cranstunts of Heter grnews Sulntanoes: 1, Dhicbectrie Comstants
and Conductivites of AMniures Comprued of fudnpic Sub-
cances,” Ana 'hvy, 24, €W 64 (1K)

*R Norwel, “Emrgy hstrsdaten in Mivtares of Two I
elexities in as Electie Fuedd and Cakulatims of the Joma Angle
n Quanstatknary Prorvwes” Anoa Fhvs, 12, 410 (1853)

Los4 Fotrer

icles under the infh of an applied clectric ficld, thes
mlu‘lu-ldﬂ\‘ M\'udsmh--dby
peops tecknique in the mmple preparation.

h the afurementivned cases, the diclectric tomes are
lmdlhehﬂrmmm the ceramic o8 well a8
the diclectric properties of the cenpopest phases  Px-
fenmental tests for examiving the relatnt betwren the di-
electric bum sad the clastic prupenty «f ceranic budies are
meceasary.  The result is mot availabie at peesent bat will be
wndertaken in the wear futmre.

Wallastunite was found 10 be an exccllent orystalkoe phase
for witra buw Fns budies in the earlict wurk.!  The diclectric
loses of much wullastunite 133 txdics are pext cnasdered o3
& function of the widlastamite costemt.

Figure 2(.1) is an asumed diacram of the diclectric loss of o
veries «f wllastonite budies  The upsger dot-dash kine repre-
sents the ks due Lo the wallastunite crystals and the yaatrix
phase (glass and Iead sluminum silicate). The appnaximate
shape «f the curve may I estimated by using Niewt's equa-
thm* Wher the ratin of the dickectne cuostants «f the wol-
lartunite crystafs and the matnx phaw w oearty 1, the curve
can b appemimated by 2 straight koe - The beubes Sae
represents the diekectric hns coued Ly the vands jncluded i
the budy  This hres wowild imcrease rujadly with decreasing
flux qvatent becuwse the lack «f fus will iothaduce many
wids The upper solid Koe reprewents the rusuttant bose
which sight have & minimwm Valur st & certain wmllastomite
cumcutratvg

Assuming that the body has (he preges ammnt of fux and
Bas been jeoperly faticrted. the dickectioc kms dwe to voids
sheld be verv wmall  Therefore, the main part of the &-
electaic s of the ceamic tedy will te duc 10 the wullastonite
crystals and the matit phawe  Sence the dielectric ks of the
wollastunite cryal is fixed, prodaatdy the ted way 0 decreuse
the diclectric hns of the body is to wee 8 matsix with a Jower
dirlecttic ke 1n this cawe, the rewultant diclectnic ks will
s he hacered (as shown by the bawver st of curves i Tig.
2(4)). But, i the dickctne ks of the matriz phase were
kower than that of the wllatomite srystab, then the diclers
tric ke vi. wllastonite cacentrstion cune wuuld st have
s minimum, ssin Fig. 24) 1 such coar, it is better 1o wne
glass itaet! as the diclectric, and there wnaald he 8o teed 10 we
widlsatunite if the purpine s (o make the lowest diclectne
e bodv.

Since the mutrix phase «f the brdy i & glam ot 8 mixture
of & glam and & small amount «f litue crystals the theuretical
dielectric ks of glames in relatim to comyxnitivn can be
enrrriated with the sesultant dickertnie bow of crramic bodies.

Miat glaves cvntain sihomamyzen wetwurks as the mais
structural waits and severa! hinds of pomitive oo Usually,
wune of the funitive ions are beund to 8O petnaks with
rather wrak forces which may be of joow «f cnalent char-
acter.  Becuuse the distributi o of 56 £) networks in the glam
lacks an orientational regularity, there mud be many jas
tential minima fur the poutive wos 1t can be avsumned that

P

vowe s pet

A
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Toble L Polorizebl y of Severol loms According te Pavling

u* oot Ae'* 0OM B»* 000 C'* o0.0013
Na® 01y Mg* OO0 AP OOX &' 0.0163
K om Ca' 047 5 02 Ti'* 0.1%8
Re* § & St Om YV 0.8 It 0.37
Co* :ﬂ Ba't 1.85 La* 1.04 't 0.3
0" 3.8

Toble I Polorizeblities of lors According to Roberks®

Cubin angsbrosm)
r- 238 us nz?7 Mgt 114 8i‘c 22
- a8 Ns* 0.3 Ca'* MO TE* U 8
B 810 K* 423 | 2 81
1~ W4 kb* 83 Bat'r NS
o~ X0 Ca* 713 Pt s
Cu* T2
#' »4
* 0.1

-:zh table shows the high pdariasbilitics of PO, Be'*, T1°,
..

the pusitive jows arc distributed in mecy p ja] wells ac-
cneding G Ui laws of statistical mechanics.
The fuicotial *merey o 8 positive doa with & charge ¢ is
givea by the equation
N eoe®d=Yak
@ (mwst be negative) @ electric potrntial.
E = clectric fid srength, ot the prnitios of the bon.
a o prdarunbilty of the bm

tmagine 8 case whem Na jons of Na glams are replaced by
b «r Ha bme  Since the edectric charge of Fb (o Ha) iom is
twice that of Na ina and the pelarizability is sbioat 3 or 4
times that of Xa jon, the depth of the potertial well fir Fb
(or Ba) iun would be mare than twice that of Na ins, asessung
that ¢ and £ are «of the same valee for the two glases
M«n_lh&wpnmldwvﬂ:mkmﬁn‘lm
culenc ¥ and y of the ions are large. It will be
-Adankllhl&udClh\vmmm
izabidities.
Rmﬂhunhhudpdmnh&wdhmh-zpk
crysalh. The basic equation from which the polanize-
bikities hatr beea cakculated is

@@ T = 3K - DAK + 3)

[ whwollhm«lhﬁnmdhmwkw
-hvo e drcules which it
M\nbchrmw-ltwlt
.= phmhh\ of the tespective nma
A = dirlrctrc cvadant «f the erystal

"sing the vbwrved data of K of a number of cryvtals, thw
pedarizabiFtics have been estimsted and are tabulated ia
‘vable 11

The foregoong equatim is baed om the mka sywtem;
to obtain the polarizatulitics hased on the c.£ 8 wnit system,
the polarizabilities tabulated atane should be divided by
d4v. 1t dhould be moted that the prdarizabilities cbtained by
Ruberts’ include wmd only the electronic parts but alw the
innic parta. The rkdrvtuc polarizabilities can he avumed
to have aft s tant value ireapective of the
mdnmmm-h«hlkh-nmmbulunn“m
iaabiitics should change deprading on the crystal structure,

¢ Khephard Riberts, “Ihiclectric Cimtants and Prdarizabilitiss
of Loms 1n Semple Cryvials and Bariuia Tranate,” Péyr Aer , 79,
1215-20 (1940).

Val. 42, No. 9
...\

Mg 3. Probobiiey of ousape of pusiiive ioas fren gue Indurvilys Yo ounthes.

The structure of glas is more crumplex thes most arystals
su that the palarizabiities of iwas in Lhe glase should be didex-
ent froem thuse histed im Tables | and 11.  Nevertheless, it
can tx asumed that the arders of megnitude are the sare
even though the jons are in the crymalliac of is the glamy
state.

When an clectric feld is applicd o the gless, diclectric
pularizativa, winch is compowed of cecuromic and jomic polar-
ization, wnll appoar.

Polust P
P = Pt P

where Puec 8 dur to the disturtion of the electnm cowd of
the ua by the appilaed field. Pug is duc to the shifting of the
#ous; oae part of which (i) is due (o the small shift in cach
potential well and anutber part of which (P ) it duc o the
rexrraagenxat of the distribution of all the jamitive jums over
ab the priential wells ender the influcnce of the applied elec-
tric fiedd  Since the prdumbibity of excape of cne positive ios
from the prtential well is peopurtional to the exp [ = (L mar-
/4T)} (Fig. 3). P wa muct depend stroaply ou the depth
of this pitential well and the temperature. I the binding
force brtween the graitive k@ and the KO nctwek s sufli-
ciently stnag so that the pdeutial well for the positive ion
8 very deen, then the dicdectric kns due o Mg appears caly
at very kigh frequency, such es infrared aystical frequency,
becare the resteatng farce {6 the shift of the o s struag
the doep praential well  Diclretric boa dur (o Pluq may ap-
pear at very iow frequency but disaggears at bigh frequency
(intermediate radin frequency raage). The svasnm is am
follrws: Sence the rate «f trander «f the postive da from
ane jadential well 10 anther is jnqurtivnal W the exp
1=(Umee £T)L then the rate is snaller fot devjuer potenticl
wells and brrxt temjatature.  If the rute of tranver s samall
and the frequency of the ajphed fiedd s bugh, the prwitive
doas & wnt have sufficwent titne to teack the state of equ-
hbrium drtntatea which G rapidly changing with the
< chectrc fiedd  As a reilt, (here is alwsnt 90 cuotribe.
tcm frum g shen the frequency is wficiently kigh. In
asch caws, Mg 80d Poe cntribute Sithe to the dickectric
Jow in the rads frequency range

The {+db aring ruampde shows the way the degth of the po-
tential well affects the diclectric bra at dffetent frequencien
It has been stated that the bae due ta P ey appears at ap-
proximately the frequency grven by the equation

[ .
- - Aﬂ’(" ?OT

where & 8 ~ 10 sec L Avume that a cvrtain Na glase
shows s high dielntnchmat w, « 1F wr *(alvart } S )
If the Na ina is replaced by I'h 10 Ra ww and the poteatial
depth beoumes tnce that of the Na glase, then for the PL «

N et
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Ry & Dehoviur of o, 00d tun § ot SSorent Iroquoniea.

Ba glas, w, is gives by the following equation, swming »

8 Lhe saone,
r—
*"‘"‘("'n‘)

resulting in w, = 10°° which s a very low frequency. Com-
wquently, there must be slmost wo diclectric boss doe to
P e over the frequency range from about 100 c.p s to sbuat
10" cps  Therefore. glases cumtaining deep pestential wells
am be expected to show a maximum diclettir «as, on the
bne Vi frequency cunve, ot 8 Jow frequency. At about the
frequency funge where (he diclectne constant begins to de-
crease (Fig. 4), the phase of P iy is delaved cvinpared to
the phase of the applied ficld  As & rewalt, high diclsctric ke
sppears.  Canerally spwaking, when the diclectric cunstant.
«, for low frequency is appreciably bigher than the square of
the refractive index w fie optical frequency, & diclectric bos
should be expucted due to Pu, at & ocrtain frequency range
where 4o dw is larye; w is the frequency of the a <. field

The following Mustratien (Table 111, Pig 4) ahows the
behaviar of the diclectric constaat and porwer factor at &if-
ferent frequencies.

-
E A A v ]

| S 1)
Loub il VA AR )

o = dwlctric comiamt &2 say lthd

« = derlectre cmatant mnmediatelv fdkrong the applicd feid
o ® driectric oatant sfter the spplratsm of & cvmstant feld.
I = relasatia i,

(/T ~qtantwbuned (1I/T)qg e
s approaimately 1/7; but will et contribute furtver from 1/7 thes ™ ¢ decnda.

Toble IV. Power Factors of Several Glases According te
Stevels

Lm
Power
Sosvar®
Pure fused SiOy (SO 100°3) ©.00a3
Na glass (SiOy 70.4%; AL, 23%; NeoO 1205 ; CeO
88%) ©.0008
Ba plass (S0 3005 By 1007 ALO, 0% : ReO
0.07%) ¢ 6013
Pb gl (Si0h 3787 AWy 200 Nap) 35%; KO
30%; PYO 54.0%) 0.0010
* 18 wx, 30°C

The foreguing equation is for omly moe relaxativa tisee.
Then there is mare than ome relaxation tume

- - [J
St reRnt iTore t T o™

Actual glaves contain many kinds of potential wells with
various patential depths. The explanation givem above,
however, can explain qualitatively the low loss character of
lasses eontaiming decp priential welh

Examplcs of dielectric koms for scveral glasses are shown ia
Table IV, It i« clear from these data that glasacs contsining
jons soch av Pb o Ra, which bave hich electronic prdariza.
hitities, show appreciably lower diclectric bus thar does
Na glass.  Pure tuwd silice daes st enntada farvign ioas so
that diriectric b due to mic movement should be very
fow. When a glaw contains fureign inas, higher valency, as
well as highet electrmmic pedarizability of the ione, is mecrsesry
far the glass 1o bare a low dicixtnic Joss

(0 Summery of Thooroticol Andlrsee

When a cerumic conssts of two of mre phases, Uw priaci-
pal dielectric koms it due to the dickectric o of the camponent
phases and raay be due aho ta the elastic o of the coramic
bady. To decrense the b, the follwing conditions ere

|reesaary :

(1) The dhelectnic knaes of the companent phases (crymal
phase and binder phase) sbould be as low as prible. A low
diclectric kra of the binder phase can be fealined o it containg
soas such as Pb, Be. 71, Cd. and Ba, which have high valency
and high elecirnmic polarizahility.
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Teble V. BSody Compositiors {wt. %) and Properties
[=X) [ T Y [T [
No. €48 wollastrmite 0.0 38.0 «.0 0.0 [ X 0.0
Na. 6 ball day 0.0 2.0 10.0 2.0 0.0 0.0
carbonate 0.0 15.0 5.0 0.9 8.0 5.0
Land bisllicste 0.0 0.0 150 . 0.0
8.0 80 50
-t-h‘m r) 2100 2100 2100 2{&3 ’1“2 2100
Ma 3
Water lwh‘s 0.00 ©.00 . 0.00 0.00 6.00
Power factor (‘4 ) (at 1 mc. and renm tewp. )® 0.018 0.008 .07 0 014 0.013 0.014
Dielectric comstant® ¢S (B 7.0 [ 3. .4 7.0
Lows factor (% I° o1 0.008 01% 0i0 eot 8.8
. JAN-1-10 L7 L8 7 7 Le 7
® These values are average resudts of a1 ot 30 specincas,
(2) Reduce the lom due Lo clastic causes.  For this pur- (3) Voot Mothods
poac, & i suggested that (a) & nompicsociecttic material be Diclectric constants and power {sctors were messured st
wsed as the principel component of the body; (3) the pris- | mc. and room temp ting a B Q meter,

cipal dickectnic constunts o, ¢,. and ¢, of the principal crystal-
kine phase should be mearly the same and they should be al-
most equal 0 the diclectric constant of 7*.c binder
() i the diffcrence of the diclectric constants of the
relatively large, the grain of the principal phase
wmesrly spherical i shape; (d) the glassy or bi
should cerment the crystabs tight emough to
ersion of electric enargy 10 mechamical ewergy;
body ssust be as dense as prssible.

(3) Cool the cerami. ~ody very showldy, the
the same as far the anneuling of & glass.
ling process, ot
in the glass takes place Ring ia mare stabls
of the metworks and the jona. Iz this casc, the
wells for tiae jous can be expected to be deeprer thas
the enanncaled glass, -

i
il

i

%
3
ki

i

snd then mixed for an additionsl 20 minutes in the Lea-
caster. The ial thut prepared was p d imto disks
2 in. in diameter to pemide close cvmtact of particles and (o
imitiste preliminary chemical reactions during a peefiring to
I0°F. The presed dicks were prefired to climinate the
soids catined by gasvan evolution freem the tponents and
tn minimise intcrnal stresses, which wnuld otherwise de
selop in the grain boundaries, in the final test specimens.

© The prefied disks were cyushed and dry ball milled for
about 15 buatrs 20 jee 8 200-Bacab scteen.  Six ©c. o Saper-
Ind binder (1.5 Ty sulution) weee added per 100 gm. of pumder
and mized in & Lancaster mizer for 30 minutes.  The poowder
was preswd imto sproisnens (disky appeutimately 2 in. &
diamcter and 0.1 in. thick) at 7000 Ih, per 3q is., fired to the

Siver paint was used as the electrodes W provide 8 better
contact with the material because it can flow inlo the minwte
depremions on the surface of the specimen  Care was taken
0 paint 00 enough silver 30 that there was no resistance aa
the mrface, d b the oppasite edpes of the
specituen.  The silvered specimens were dried slowly on 8
St plste for 30 minutes Lo about 500°F. and beid there far
1 bour 10 make sure that all the arganic sulvents of the siver

PCONon Were evap d. The speci weve cooled to
room temperature in 8 desicoatar.

Durning the entire clectrical test period, the humidity and
temmperatare must be fairly crostant to obtain consistent
rezalts. The cnditinns (temperature snd hamidity) cas
be asmcoed to be constant when the eapacitance sod Q
readings with air as the diclectric remain the same.

All of the matured badies, including those shown in Tables
Vand V1, were analyaed by X-ray and petngraphic methods,

V. Discvssion of Resuvine -
Referring to Table U, bodies ES-1, ES-2, and ES-3 were
fuxed with Jead and barium. bodies ES4 and ESS were

Toble V1.  Body Compositions [wt. K} ond Properties

K.

-
~—
”
]

maturiag Wepersture in § hours, saaked st that temp
fur 3 mizutes, and cuoled very slowly (G ruosm temperatare
during approximately 19 howrs.
(N Expocimontel Bodies

Scveral experimental badies were designed basrd o the
previous theoretical discusson.  The compositions of some
of theec houdies are givea in Tables \' and V1,

Nn_ 4248 wrflastonite N0 &0
Prit JS- 1 0.0
Frit )S 2 €00
Maturing trmp. (*F.) 2000 00
Water atmuptum oon 00
Pwer lactd {75) (ot | mc. and neem temp }* 0 OTH O U273
Die [} * [ 3] 73
Lems facve (R)° oM2 o0.193
JAN-1-10 grade 14 s
Parr Conrmitions

Y Ity
0 MO Mo
0, ¥ X
AWy 20 30
NeO 38
KO0 30
20 (X
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fluxed with bismuth and bartum, asd body ES-6 was fhaed
with lead, bismuth and berium.  All of these badies were
found 1o have whira Jow dickectric Joss (L-7 and L&, JAN-1-
10); they pmu:mdhnr; mudifying cations such as Pb°°,
Ba**, and Bi***, which have high valcocy (in cvemparisom
with the alkalis) and hich electronic pwdarizabilities. This
conforms to the previows theoretical explanstioa of deep
poteatial wells,

Table V'l gives two body compositivns in which all of the
glase phases were.prefritied.  The coanpenitirns of the frits
ave alw given io Tablke VL. These two bedics provide a clear
comparisng of the eflect of heavy cations with bich electrrnic
polarizability ng diclectric Jom.

The glaw phase of JK-1 cuntains Na@O and K/ and the
diclectric loss is relatively bigh (lan é = 72X 109, The
md.&;&mm«l&yu’um Where
BaO replaces the alkaks, as in JK-2. the dirlectric comstast
is somewhat increswd.  The power fuctir. however, is sub-
stantially reduced (taz § @ 2.7 ¥ 10 ¢ for JK-2). It ap-
pears that lead and barium together prinide the best fluxing
system of there tried (o date fre ultrs Jow bes ceramic badies.

Toe X-roy patterms show that all of the badics crntain
#-wndlastonite erystals.  Bodies ES-1, ES2 ES-X and ES8
showe a few other praks ideatified as kead aluminum ailicute,
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which is melt 128 in the ternary systems PUO-ALOyr- SOy
(Fig. 5). The calkculated batch compusitivn of melt 124 was
fabricated into a ceramic body.  The budy has a firing range
of 1J0U° to 1460°F. and shows a sclf-glaxing property.
Rodies ES4 and ES-5, which were fluxed with bismuth

instead of Jead, sbow the same peaks as the other ES bodies. -

No report was found in the literature of any bismuth com-
pounds that cvincide with these peaks. A composition
similar W0 medt 128, but wsing BiOy instend of PiX., was
fabricated and fured 10 maturity st 3J000°F, The fired budy
was analyscd by X-ray and sbowed the samme pesks ac melt

125 Prubshly bismeth reacts the same wuy as lead and
forms bismuth aleminum siicute similar ia strwrture to fead
aluemismm slicate.

Thin sectivns of the budies were naed hicalt
Mmmummmmmm
of voids. The crystals, which wrre small and of irreguler
:Iupemdnu&-dnlad_--’haubyxuy

Using cromed \xﬁmdmmwm
wullastoaite crysials are very clearly sees. The remaining
tiny crystab are a mixture of wallastacite crysals and Ieod
l!mu-ﬂﬂuc)ﬂh

It cun be noted that altbough the fired bodics cuntain
wollastonite crystals which have needlelike shapes, they have
wltra kew diclectric Jota.  These snay be explained by the
folbwing: (1) The dickctric of the
phmmn‘hlnﬂydvn (¢ of wollastonite crystal - 615;
cof bedies = T.H; comequenthy lhe-dllnbmduplux-
appraimatedy K2). (2) The wdlastonite cryatals are well
bonded by the tiny arystallites, which haye sl -t viag prp-
my nndlhcghuphw Therefine, the elastic kns due v
vibration of the wullastantite ~rystal may be very small.

V. Conclusions

(1) Exjerimental budics, which were designed oa the
bass of theoretical cunmsiderations, provide far wltrs low
ficlectric Tow .

(2) The ultra Jow kne cerarmic body should be ampsed
of & bow kns principal crystalline phase sach as willastamite
with a binder phase containing hesvy modif v § cations with
Rirh clectrunic gudarizabilities such as Pb*°, Ha*®, aod
Bi*** It sppeary that b and Ra together provide the
best fluving systern of those tried to date far witra bow d&i-
electsic ks ceramics
Acheoiedguent
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