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Properties of Barium-Strontium Titanate Dielectrics

By Elmer N. Bunting, George R. Shelton, and Ansel S. Creamer

The results on barium-strontium titanates are given for heat treatments, absorption,
shrinkage, thermal expansion, dielectric constant (K) at —60° to 85° C, and also for @, the
reciprocal of the power facter, at 25° C for frequencies of 50 to 20,000 kc¢/s. A few measure-
ments of K and @ were made at 3,000 mc/s. Specimens matured (absorption less than 0.1
percent) at 1,250° to 1,430° C. K valuesranged from 34, for Ba0:4Ti0,, to several thousand
for specimens with compositions on the BaTiO;-SrTiO; join. Specimens having the com-
position BaO:5Ti0; were unique in that their temperature coefficient of K was practically
zero. @ values ranged from 50 to 100 for test pieces containing over 40 percent of BaO,
and from 400 to 10,000 for those with less than 40 percent of BaO. K values did not change

appreciably with frequency. Linear thermal expansions between 25° and 700° C ranged

from 0.6 to 0.84 percent. Many of these specimens could be used in radio equipment.

I. Introduction

The properties of titanates containing barium
and strontium have been investigated only
recently [1, 2, 3],} although dielectrics containing
titanium have been used in radio equipment since
1925 [4], and the high values of the dielectric
constant of some of the oxides of titanium have
been known since 1903 [5]. Many patents have
been issued covering the preparation of dielectrics
from titania in combination with such oxides as
MgO, ThO,, Zr0O,, SiO, and as titania-filled or-
ganic plastics. Some of the titanates were con-
spicuous because they exhibited outstandingly
high values of the dielectric constant [1]. Al-
though many data have been published [1, 2, 3]
on specific titanates, a knowledge is desirable of
the properties of such materials over a wide range
of compositions. In 1944 a systematic study of
ceramic dielectrics, of which this paper consti-
tutes the first report, was undertaken at the
request of the Army Signal Corps.

II. Preparation of Specimens

A stock of titania, designated TMO, together
with chemically pure quality barium and strontium

! Figures in brackets indicate the literature references at the end of this
paper.
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carbonates, were used in the preparation of all
specimens with compositions shown in figure 1.
Three other grades of titania were tested also.

i BaO

Ficure 1.—Ternary diagram for the system BaO-SrO-TiO,,
showing compositions studied.

BXBaO; S=8r0; T=TiOa.

The chemical analysis, furnished by the maker,
and some properties of each of the four grades
are given in table 1.
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TasLe 1.—Composition, specific surface, and crystal form of four brands of commercial titantum dioxide, and also the heat-
treatments and propervies of specimens prepared from these materials

Composition = Tielactnio Ro(c(i){))rgfcal
: ) . : A constant
Grade designation S%S;’:éfeicb Crystal form o | Heat treat;;lfns for 1hr Sggtnull{- Atlijs;.lr‘gx- (é()dag S%T)C gz)(;wiirzgeg%
Ti02 Si0, Aly03 “kcl's and 1,000
ke/s
Wt9, Wt 9%, Wt % cm?/g RG Llod Percent Percent
1, 100 1, 305 14.1 3.33 76 182
T™MO . . 98.7 0.25 0.2 39,000 | Rutile._________ l 1,100 1, 350 16. 6 0.72 87 1, 000
1, 100 1, 400 17.6 .02 91 5, 200
1,100 1,305 7.5 | 10. 50 42 7
WD.__ 08.7 4 03 36,000 |- ____ U0 1, 100 1,350 9.5 9.62 49 6
1, 100 1,425 oo .. 7.02 (e) (2)
1, 100 1, 305 18.3 0.00 97 7,000
LT, 98.2 .5 el 27,000 |---_. QRN ' 1,100 1, 350 19.6 .01 98 7,700
1, 100 1, 400 18.9 .01 98 8, 800
A S 98.8 0 1.2 8, 000 ‘ Anatase_..._____ 1, 400 None 15.8 .00 7 4,700
|

a Compositions furnished by maker.

b Determined by R. L. Blaine with the Lea-Nurse apparatus, air-permeability method.

¢ Determined by X-ray diffraction by H. F. MecMurdie.
d Values obtained after final heat treatment.

¢ Conductance too high for measurement.

f Also contains 0.45%, alkali.

Weighed batch constituents were added to
distilled water containing a wetting agent (2 drops
of acrosol per 250 ml of water), and the suspension
stirred for 1 hr with a high-speed stirrer. After
drying the caked mixture it was passed through a
No. 50 sieve and moistened with 10 percent, by
weight, of a 2 1/2-percent starch suspension.
The moist powder was then dry-pressed at 10,000
Ib/in.? into cylinders (5/8 in. in diameter by 3/4 in.
long), which, after drying, were heated at 1,100°
to 1,245° C for 1 hr. These calcined cylinders
were pulverized and passed through a No. 325
sieve. After moistening with 5 percent, by weight,
of a 2 1/2-percent starch suspension, the powder
was dry-pressed at 20,000 lb/in.? into the form of
disks 1/8 in. thick and of various diameters rang-
ing from 1/4 in. to 1 in.

In all heat treatments, the cylinders and disks
rested on platinum foil supported by alumina
plaques. After heating the specimens overnight
to about 1,000° C in an electrically heated furnace,
the maturing temperature of 1,250° to 1,430° C
was attained in 3 to 5 hr, using a heating rate of
about 3 deg C a min, and was held for either 1 or
2 hr within +5 deg C of the desired temperature.
The furnace heating chamber was heated on all
sides and was uniform in temperature within
+5 deg C. All temperatures were measured with
calibrated Pt to Pt-Rh thermocouples.

338

III. Test Methods

Absorption was determined by immersing the
weighed specimen in chemically pure carbon
tetrachloride, where it remained while the liquid
was boiled for 5 hr and allowed to cool. After
quickly drying the surface of the specimen, it was
weighed in a stoppered bottle. Carbon tetra-
chloride was used instead of water to avoid any
hydration of the specimens. Any gain in weight
was divided by the density of the CCl, in order to
find the equivalent gain, had water been used.
Percentage absorption equals equivalent gain in
weight, divided by dry weight, multiplied by 100.
The percentage of shrinkage was obtained from
the diameter of the mold used, minus the average
diameter of the matured specimen, divided by
the diameter of the mold, multiplied by 100.

The dielectric constant (X), and the @-value,?
were obtained from measurements on a Boonton
“Q” meter, type 160-A, whose condenser had
been calibrated against a calibrated precision con-
denser. This meter was operated in a cabinet
controlled at 25° + 0.5° C and a relative humidity
of 40 percent or less. The titanate specimens
were heavily coated on both sides with a silver

2 This value constitutes a “figure of merit’’ in radio-circuit design, and
when greater than 10, is nearly equal to the reciprocal of the cosine of the
phase angle (§). High Q-values for inductors and condensers are necessary
for good selectivity in tuned circuits.
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paste and heated to 750° C in an electric muffle
furnace to give silver electrodes about 0.01 in.
thick. Any extraneous silver on the side of a
disk was removed with fine sandpaper. Speci-
mens were kept at a relative humidity of 40 per-
cent or less and at room temperature for several
hours and then at 25° 4+ 0.5° C for % hr before the
measurements were made. Disks with a capacity
greater than the capacity used in the variable
condenser in the instrument were measured in
series with a suitable condenser.

The capacitance from which the dielectric con-
stant was computed was determined at 1,000 ke/s,
and temperatures ranging from —60° to 485° C,
by the resonant circuit® capacity substitution
method. The specimens were held between brass
electrodes in an insalated chamber 1 ft* in vol-
ume. This chamber could be cooled with dry ice
or heated by a heating coil, and was controlled to
+0.25° C. Measurements were made at +40°,
4+60°, +80°, +85°, +70°, +50°, +30°, +20°,
4007 =400, 807 505, ~—30% —10%, and
+10° C. Prior to each measurement, the tem-
perature of the specimen was maintained constant
for 15 or more minutes.

Measurements at a frequency of 3,000 me/s were
made on specially shaped specimens in the Massa-
chusetts Institute of Technology coaxial wave
guide instrument [6].

Thermal-expansion determinations were made
by the interferometer method at a heating rate of
2% to 3 deg C a minute.

IV. Results and Discussion

One of the difficulties encountered in the prep-
aration of titanate dielectrics is the lack of
uniformity in commercial grades of titanium
dioxide. The four grades investigated varied not
only in composition but also in grain size and

3 A Hartley oscillator containing a No. 71A tube was used. This was
powered on the filament and plate by storage batteries. Resonance was
determined on a loosely coupled pick-up circuit, tuned by a precision con-
denser, and current was indicated by a vacuum thermocouple, using a
galvanometer, lamp, and scale.
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crystal structure. Consequently, matured speci-
mens of impure TiO, did not exhibit identical
properties, as illustrated by the data in table 1.
Such results, showing grade WD to be the least
satisfactory for preparing dielectries of this type,
may not warrant the rejection of a given grade
for the preparation of diclectrics that contain
other materials, such as BaO or SrO. In the
experiments on three grades (table 2), the choice of
grade was immaterial so far as the properties of
matured specimens of SrTiO; was concerned.
The maturing temperature and other properties of
specimens may vary considerably for some speci-
mens when different grades of TiO, are used.

In table 3 data are given on the composition,
heat treatment; absorption; shrinkage; dielectric
constant (K); and @, the reciprocal of the power
factor, for matured specimens of the titanates
studied.

TaBLe 2.—Properties of barium and strontium titanate
specimens prepared from threc grades of commercial

Heat treat- ‘ Reciprocal

Dielectric

ments & it (Q) of

Gradeof | | Shrink- | Absorp- (I?)”‘]\Il:‘)_llgt(‘ power
TiO2 [ age tion 218U e Ml factor at
Temper- o an(li“.l/,:)l)o 25° C and
[ h 1,000 ke/s

ature l i
|

Specimens of BaO:Ti02

ey hr | Percent | Percent l
TMO & } 1, 385 2 | 10. 6 0. 05 : 1, 500 100
| ) T 1, 400 1 10. 9 .03 | 1, 650 74
JoT e % 1, 400 1| 6.9 1.07 1, 300 144
Specimens of SrO:Ti0;
| |
TMO-:-_ = 1,375 2 | 15. 2 0. 01 264 8, 000
77§ IR Ik 1,400 1 14. 8 .01 270 7,600
¥ e NSO 1,400 1 16. 3 .01 270 8, 000

Specimens of 57.4%, SrO:Ti02+42.6%, of BaO: TiO;

TMO i o 1,420 2 13.7 0.00 680 10, 000
100 P 1,430 1 10.7 2.4 655 31
Feemas ey b 1,430 1 9.7 2.22 605 4, 800

= All preparations were given a preliminary calcination at 1,245° C for 1 hr.
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TasLe 3.—Composition, heat treatment, absorption, shrinkage, dielectric constant, K, and €), of bodies in the system

BaO-SrO-TiO,

Heat treatment trnes e e 0
5 - ielectric constant, eciprocal, @, of power-
Composition weight K, at 25° C and— factor at 25° C and—
: Proportion of No. 1 No. 2 Ab- :
Specimen _ | Shrink-
designation endoxfnjeorir;lbers " i;)glzl) Ao
" 1hr e 50 | 1,000 | 20,000 | 50 | 1,000 | 20,000
E20 | B0 |- MO o of Dariibae ke/s | Ke/s | kejs | kejs | Kefs | kefs
Sr0:12Ti0; Ba0:18TiOz
Weight | Weight
percent | percent | Percent | Percent | Percent | ° C . hr | Percent | Percent
ST12 100 QR[Sagtnine 9.8 90. 2 1, 100 1, 310 1 0.00 16. 2 113 113 114 2, 500 3, 500 2,000
18BS6. . 36 64 6.2 3.5 90.3 1,100 1,275 il .00 16.6 83 82 82 1, 200 5,400 6, 700
BT 8 S 0 100 QNG| - 90. 4 1,100 1,275 1 .00 15.0 75 74 74 260 1,000 7,000
Sr0:4TiO: Ba0:6TiO:
{218 b7 SRR T 100 1013 (e 24.5 75.5 1,100 1,350 1 0.00 18.0 148 147 152 800 4,000 1, 300
75 25 6.2 18.3 75.5 1,100 1, 310 1 .01 17.9 120 119 121 5,400 4,000 1,400
45 55 13.2 11.3 75.5 1, 100 1,275 1 .00 179 78 77 76 | 3,400 | 3,400 3, 900
25 75 18.1 6.3 75.6 1, 100 1,275 1 .06 16.3 53 53 51 >500 1, 550 3,700
0 100 v Ve 1| S 75.7 1,100 1,275 i .01 14.0 46 45 44 85 400 2, 200
7 T
Sr0:3.4Ti02 Ba0:5Ti02
H1E SR ENIERE N 18 82 22.7 5.0 72.3 1,100 1,285 1 0.06 16. 2 44 43 42 265 | 1,600 4,000
BIRh e 0 100 20.7 |- 72.3 1,100 1,325 1 .04 12.0 39 37 37 | 1,500 | 2,300 1,300
Sr0:2.7Ti02 Ba0:4TiO:
15 85 27.4 5.0 67.6 1,100 1, 300 1 0.01 16. 4 43 43 42 |>2,000 | 10,000 5,000
8 92 30.4 2.0 67.6 1, 100 1, 300 1 .01 15.4 37 37 36 |>1, 600 2,400 4,000
0 100 320l o ts 67.6 1,100 1,330 1 .03 16.9 34 34 35 [>1, 600 2,000 3, 700
Sr0:2Ti02 Ba0:3Ti0:
(4):13) CECRORNE 39.3 60.7 1,100 1,330 1 0.09 16.3 186 185 185 1,600 | 4,500 2, 600
16.0 6.2 33.1 60.7 | 1,100 1, 300 1 .00 19.1 163 162 161 1,700 | 2,200 1,000
34.0 13.2 26.0 60.8 1,100 1,315 1 .00 19.9 121 120 119 5,100 2,100 1, 200
48.5 18.1 21.1 60.8 1,100 1,315 1 .00 19.2 90 90 90 | 3,900 2, 500 1, 900
60. 8 23.7 15.4 60.9 1,100 1, 290 1 .00 19.0 75 75 74 | 3,300 1, 600 1, 600
71.8 28.0 111 60.9 1,100 | 1,260 1 .01 18.1 64 64 63 | 2,900 | 2,100 2, 600
84.1 32.8 6.3 60.9 1,100 1, 260 1 .00 17.4 51 50 49 | 2,300 1, 200 2,000
¢ 92.0 36. 2 2.8 61.0 1, 100 1, 260 it .00 17.5 49 49 48 |>2,000 1,200 2, 600
BWMBe R S 0.0 100. 0 SOR0 5 61.0 1, 100 1, 260 1 .03 17.4 44 44 43 720 650 00
28r0:3Ti02 Ba0:2.2TiO2
\ | |
({1 IS s 46.3 53.7 1, 100 | 1, 310 1 0.02 16. 2 200 200 196 450 2, 600 3, 500
28.5 13.2 33.1 53.7 | 1,100 1, 350 1 .02 17.9 153 151 149 270 650 1, 500
39.0 18.1 28.2 53.7 1, 100 1, 360 1 .09 T 153 150 149 560 680 1, 600
51.0 23.7 22.6 53.7 | 1,100 1, 310 L .02 17.3 148 147 145 1,700 1, 500 1, 600
60. 5 28.0 18.3 53.7 1, 100 1, 290 ‘ 1 ‘ .06 17.6 134 133 138 600 550 700
71.0 32.8 13.5 53.7 1, 150 1, 295 1 .00 17.6 154 153 153 1,200 850 500
79.3 36.7 9.6 53.7 1,150 1,295 | 1 .00 17.5 210 205 200 500 480 250
87.5 40.5 5.8 53.7 1,150 1, 295 i .00 16.9 256 255 255 385 170 90
94.0 43.5 2.8 53.7 1,150 1, 295 3 .00 15.4 215 215 210 130 100 50
100.0 46,8 | e oess 53.7 1, 150 1, 250 1 .00 12.9 97 95 92 140 75 40
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Tasre 3.—Composition, heal treatment, absorption, shrinkage, dielectric constant, K, and ), of bodies in the system
BaO-SrO-TiO,—Continued

Composition weight

Hrat treatment
RN O AR e D'electric constant,
| K, at 25° C and—

Reciprocal, @, of power-
factor at 25° C and—

Specimen on mmhers Nol | N? | corp. |Shrimk
designation of join IO RS
Tem-
o | a0 | mos | 1 | 222 |rume &, | o |y | 00w
| ’ ! o
Ba0:2Ti02

B i \ * ‘ Flaad ‘

Weight | Weight ; \ ‘ [ ‘

percent | percent | Percent | Percent | Percent | ° °C | hr |[Percent|Percent {
7 S30 LR Sl M TR A SR 100 | 49.0 ... | 5.0 1,100 ‘ 1, 290 ‘ 1 .02 ‘ 16.4 204 | 200 197 100 70 35

i ! \ 1 ; \ | ;

SrO:TiO; 2Ba0:3Ti0z
100.0 L1 8 PO e 56.4 43.6 1,200 1,375 2 0.01 15.2 260 260 260 | 5,500 | 8,000 [ 10,000
89.0 11.0 6.2 50. 2 43.6 1,100 1,350 ¥ .01 16.2 260 255 246 370 1, 300 7,000
76.4 23.6 13.2 43.2 43.6 1,100 1,350 1 .09 16.2 290 285 280 500 850 2,400
67.7 32.3 18.1 38.3 43.6 1, 100 1,310 1 .07 e 315 310 300 2,100 1, 900 2,400
57.7 42.3 23.7 32.7 43.6 | 1,100 1,310 1 .06 17.9 380 375 385 | 1,300 | 1,000 900
50.0 50.0 28.1 28.2 43.7 1, 100 1, 290 1 .02 2 (4 460 450 465 1, 000 800 500
40.0 60.0 33.7 22.6 43.7 1,100 1, 290 “§ .03 18.0 670 660 645 650 520 325
27.8 72.2 40.5 15.7 43.8 1,100 1,290 1 .03 17:8 1= 070 950 950 210 190 95
17.0 83.0 46.6 9.6 43.9 1,100 1,290 1 .04 17.5 | 1,090 1,070 1,070 110 100 45
10.0 90.0 50. 5 5.6 43.9 1,200 1, 285 2 +02 15.1 910 895 885 80 80 35
5.0 95.0 53.3 2.8 43.9 1, 200 1, 285 2 .00 14.7 845 850 850 80 60 30
0.0 100. 0 86, Kl ohase i 43.9 1, 250 1, 300 1 .01 10.8 910 900 890 70 50 25
‘ —_—
SrO:Ti02 BaO:TiO;

| | |
90. 2 9.8 ‘ 6.2 50.8 43.0 1,245 1, 385 2 0.03 14.3 300 300 295 5,000 | 4,700 10, 000
79.9 20,17 [ 1802 - A4 B - 42.8 1,245 1,400 1 .03 15.0 365 355 345 |>2,300 | 10,000 10, 000
72.5 27.5 [ dusiL 40.0 | 41.9 1,245 1, 400 1 .03 14.6 415 415 405 |>2, 700 8, 000 10, 000
64.0 36.0 | 23.7 35.0 | 413 1, 245 1,400 1 .10 13.3 510 515 505 | 3,000 7,200 10, 000
57.4 | 42,6 28.0 32.4 ‘ 39.6 1,245 1, 420 2 .00 13.7 660 680 | 670 [>5,000 | 10,000 9, 000
0.0 | 50.0 32.8 28.2 ‘ 39.0 1,245 1,420 2 .01 14.3 870 900 900 5, 700 8, 500 1, 700
39.0 | 61.0 40. 1 ‘ 22.0 37.9 | 1,245 1,420 2 .00 13.2 1, 600 1, 600 1, 600 2,000 | 4,500 1, 200
34.8 65.2 | 42.8 19.6 | 37.6 ] 1,245 1,400 1 .02 12.5 2, 600 2, 600 2, 600 1, 100 1, 700 1, 800
A2 s i el 32.4 67.6 44.4 18.3 37.3 1,245 1, 400 3l .01 12.5 | 3,300 3,300 3,300 700 1,000 900
(150 IR Sl I i 29.0 7.0 | 46.7 16.3 i 37.0 | 1,245 1,420 2 .00 12.8 6,000 | 6,000 6, 000 250 550 200
MBAC S e EE 26.8 73.2 | 48.1 15.1 36.8 | 1,245 1, 400 1 .00 12.3 7,000 7,000 7,000 110 380 165
BBASTE D o pa 23.8 [ 76.2 | 50.1 13.4 | 36.5 | 1,245 1,420 2 .00 12.4 7, 500 7, 500 7, 500 30 110 50
(= 371 PR POy T 2.4 | 785 51.7 12.0 36.3 | 1,245 1,400 | 1 .00 157 3, 300 3,300 | 3,300 27 110 45
IR:5: - 'R1B 53.5 10.4 | 36.1 1,245 1,400 1 .01 1.5 2,300 | 2, 300 2,300 30 105 45
16.2 | 83.8| 55.1| 9.1| 358| 1,245 | 1,420 2 .00 | 114 1,900 | 1,900 1,900 35 120 60
10.0 | 90.0 | 59.1 | 5.6 35.3 1,245 1,385 2 .08 13.0 1, 500 1, 500 1, 500 40 110 60
0.0 | 100.0 BEITEI 34.3 1,245 1,385 2 .05 10.6 1, 500 1, 500 1, 500 80 100 50

3Sr0:2Ti02 Ba0:TiO2
= |

BERR. i Tn s sy 40.0 60.0 39.4 26.4 34.2 1,245 1,425 2 0.02 13.2 300 300 300 15 50 165
3 LT8Rl SN 29.0 71.0 46.6 19.2 34.2 1,245 1,425 2 .06 14.6 900 900 900 400 850 700
BRSO S et o 24.7 75.3 49.5 16.3 34.2 1,245 | 1,425 2 .02 15.9 1, 600 1, 600 1, 600 350 700 400
BR3R e Sl i 16.3 83.7 55.0 10,7 34.3 1,245 1,430 2 .01 13.5 | 4,400 | 4,400 4,400 35 155 80
PBEeY i b 10.0 90.0 59.1 6. 6 34.3 | 1,245 | 1,425 2 .00 15.6 | 2,400 | 2,400 | 2,400 50 150 75
[ DA e SR A O S R 0 T 4 i o 52.0 48.0 | 1,200 1, 400 1 0.02 17.5 238 237 238 | 2,100 | 5,000 2,900
i e TR R i LA T g R T o D 54.0 46.0 1,200 1, 400 i .00 18.2 257 256 256 4,400 | 3,900 2,900
o) 1 P S B s ey L e 30 B SR ol P 58.0 42.0 1,200 1, 400 .00 15.6 196 196 195 | 3,600 1, 900 1,100

|
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The range in composition of the specimens is
illustrated by the diagram in figure 1.* Some of
the preparations with compositions indicated by
points on the join 3SrO :2Ti0,-BaO.TiO,(fig. 1),
even though mature, disintegrated after several
months storage in porous paper envelopes. As
stability of capacitors after prolonged exposure to
moisture in the air is important, several specimens
of SrO.TiO, and those with compositions repre-
sented by points on the BaO.TiO,-Sr0.TiO, join
were remeasured for K and € after storage under
room conditions for 6 months or more. The
values of K and ¢ had not changed,which indicated
that no disintegration had occurred.

Two objects of the heat treatments were (1) to
expel the CO, from the carbonates, and (2) to
induce reactions among the remaining oxides so
that mature specimens (less than 0.10 percent of
absorption) resulted. Although a single heat
treatment sufficed for a few preparations, a prelimi-
nary heat treatment for calcining most of the
batches was necessary. One advantage of calcina-
tion was the elimination of difficulties experienced
in dry-pressing disks from the extremely fine-
grained original materials.

In calcining the batches, a relatively high tem-
perature was unsatisfactory. When such tem-
peratures approached those for maturing the disks,
the resulting calcines were more difficult to pul-
verize and to form into compact dry-pressed disks
than were the calcines produced at temperatures
100°C or more below those of the final heat treat-
ments. Possibly an objection to calcining at
relatively low temperatures is the high shrinkage
(10 to 20 percent) that occurs on maturing.
Such an objection is more than offset by the
ability to produce practically nonabsorbent speci-
mens from these calcines, whereas the “high cal-
cined” material was much more difficult to mature.
In this study, over 500 disks were made because of
the difficulty in finding the narrow range in tem-
perature at which many of the specimens matured.

In the second heat treatment for preparation of
mature specimens, the maximum temperature
varied from 1,250°C, for BaO :2.2 TiO,, to 14,30°C
for specimens with compositions in the join
Ba0.Ti0,-35r0 : 2Ti0; (fig. 1). Although the time
at the maximum temperature of the heat treat-

4 The abbreviated designation of the composition of specimens is evident
from a comparison of column 1 with 2 and 3 in table 3. Thus, STy2 is an
abbreviation for SrO : 12TiOs.
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ments was varied widely, 1 to 30 hr, a duration of
1 or 2 hr was sufficient for calcining the batches
and maturing the specimens. Approximate matur-
ing temperatures are indicated in figure 2.

710z (14:00)

, 875 (1275)
k875 (1325)
k B7z (1330)

(1330)57; T ( 1260)
(13/0)S2 73 s B72.2(/250)
(1400)557 8 307z (’290)
(/3;%?r 5 (1300)
% B7 (/385)

Sro Bao

F1cuRE 2.—Maturing temperature after sintering.treatment.
B=Ba0; S=Sr0; T—TiOs.

In the determination of the dielectric constant
and €, the advantage of specimens with low values
of absorption (0.1 percent or less) is apparent from
the data on specimens 7MO (table 1), which are
typical for all specimens studied. Although the
values of K and ¢ decrease as the absorption in-
creases, the amount of change in K is much less
pronounced than that in ¢. The values of K were
duplicated usually within 1 or 2 percent, but vari-
ations of several percent in the values of § were
not uncommon.

The data in table 3 show the effect of variation
in composition on the dielectric constant (K).
Values of 91 to 98 for mature specimens of titania
prepared from grades TMO, A, and R, table 1, are
within the range of values obtained by other in-
vestigators [1, 2], for the dielectric constant of such
material. Additions of BaO to TiO, resulted in (1)
gradually decreasing values of K (at 25° C) from
98 to a minimum of 34 (BaO:4Ti0,), followed by
(2) increasing values of K to a maximum of 1,500
(BaO:Ti0,). The values of K increased rapidly
when the content of BaO was increased from 46.3
to 65.7 percent.

By contrast, additions of SrO to TiO, caused the
values of K to increase gradually from 98 to 260
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(SrO:Ti0,). Similarly, increasing values of K resulted from small alterations in the composi-
were observed in some specimens containing both — tions in the join BaO :Ti0,-Sr0O:Ti0,, as shown in
BaO and TiO, when the SrO content was increased table 3.

and the concentration of TiO, maintained con- The dielectric constant (K), measured at 1
stant. This is illustrated by compositions on the  me/s, was affected also by the temperature of the
joins BaO:18Ti0,-Sr0:12Ti0,, BaO:6TiO,-SrO: specimens, as indicated by the data in table 4.
4Ti0,, and BaO:3TiO-SrO:2Ti0,, as shown in  The values for 30°, 50°, and 80° C, can be found
table 3. However, increasing the content of SrO by interpolation for most of the specimens. The
with the concentrations of TiO, constant, but less  smallest variations in K were observed for speci-
than 61 weight percent, caused the values of A mens with binary compositions in the range 61.0
to increase rapidly to a peak and then to decrease. to 75.6 weight percent of TiO, and 24.4 to 39.0
This is illustrated by compositions on the joins  weight percent of BaO, whereas the largest varia-
Ba0:2.2Ti0,-25r0 : 3Ti0,, 2Ba0 : 3T10:-Sr0 : Th0s,, tions in K were found for specimens that had
and BaO : TiO,-SrO : Ti0,. At 25° C, changes in the  compositions represented by points in the join
dielectric constant ranging from 1,000 to 3,000  BaO:TiO,-SrO :Ti0,.

TABLE 4.— Dielectric constant, at 1 mc/s, from —60° to +85° C, and temperature coefficient of dielectric constant at 0° C

Values of K at (° C) Tempera-

ture co-

Specimen @ designation | efficient.

—60° ‘ —50° | —40° | —30° | —20° | —10° | 0° | 410° | +20° | 440° | 460° | 4700 | 4850 | Of K8t

ppm

105. 7‘ 104.5  103.3 102.3 101. 2 100. 3 99. 5 98.7 97.9 96. 4 95. 1 94.3 93. .‘l‘ —850
106. 2 104. 9 103. 6] 102. 5 101. 5 100. 4 99.3 98. 6/ 98.0 96. 8 95. 5 94. 0/ 93.6( ...
131 128 126 123. 5 121. § 120 118 116. 5! 115 112. 5 110 109 107 —1350
90. 7 89. 5! 88. 4 87.5 86. 6 85. 8] 85.0 84.4 83.7 82.7 81. 6 81. 2 80. 4 —830
80. 5 79.7 78.9 78.3 77.6 77.0 76. 5 76.0 75.4 74.3 73.4 73.0 72.5 —750
S B O D 186 180 174 168 163 159 155 152 149 143 138 135 131 —2500
BB S N 152 147 142 138 135 132 128 126 123 118 114 112 110 —2200
BB SO I e S 88.5 86.4 84.7 83.4 82.3 81.2 80. 2 79.2 78.0 76.2 74. 8 74.2 73.5 —1300
(Sl e e e e e o S 56.3 55. 8] 55. 4 55.0 5. 6 54.3 54.0 53.7 53.3 52. 5 52.0 51.7 51.3 —650
B o 46.5 46.3 46.2 46. 0 45. 8 45. 6 45.4 45.3 45.1 44.9 44.7 44.6 44.5 —370
B S e e 43.1 43.0 42. 9 42. 8] 42. 8 42.7 42. 7] 42.6 .42. 5 42.3 42.3 42.2 42.2 —200
L e e 36.7 36.7 36.7 36.7 36. 7 36.7 36. 7 36.7 36.7 36.7 36.7 36.7 36.7 (1]
44.0 43.7 43. 5 43.3 43.1 42.9 42.7 42:6 42.5 42.4 42.3 42.3 42.2 —380
36.8 36. 8 36. 8 36. 8 36.9 36. 9 36.9 37.0 37.0 37.2 37.3 37.3 37.4 +100
33.0 33.1 33.2 33.3 33.4 33.5 33.6 33.7 33.7 33.9 34. 0] 34.0 34.0 +260
(S L R e A 255 244 233 224 214 206 200 195 189 180 171 167 162 —3000
50 KT B SR MR et e 220 207 197 190 183 178 173 168 164 156 149 146 141 —2300
I o 6 foe L R VP S NI Tk 160 151 145 140 135 132 128 126 123 118 114 112 109 —2400
112 108 105 103 100 98 96 94 92 89 86 84 82 —2200
92.8 89. 5 86.7 84.5 82.0 80. 0 78.5 77.0: 76.0 73.5 71.2 70.3 69.0 —1900
78.9 76.3 74.0 72.0 70. 2 68. 6 67.4 66. 2 65.2 63.4 61.8 61. 2 60. 3 —1800
55.9 54.8 53. 9 53.2 52. 6 52.1 51.8 51.4 51.1 50. 4 50.0 49.8 49.4 —730
52.4 52.0 51.5 51.1 50. 8 50. 4 50.1 49.8 49.5 49.0 48. 6 48.4 48.1 —640
44.6 44. 5 44.5 44. 4 44.3 44.3 44.2 44.1 44.1 43.9 43. 8 43.8 43.7 —160
274 262 250 240 230 221 213 207 202 193 184 179 173 —3200
210 201 191 183 176 168 162 158 154 146 139 136 132 —3100
230 216 203 192 183 175 167 161 155 144 134 131 126 —4100
241 220 202 190 179 170 162 156 150 140 131 128 122 —4400
216 198 182 170 159 151 145 140 135 127 118 115 111 —4100
303 277 253 230 208 194 181 170 160 145 132 127 123 —5900
288 292 296 297 293 284 269 246 226 187 162 152 12 R I
227 234 239 243 249 | 252 254 256 256 247 226 214 11 R SR
174 181 ‘ 185 192 196 } 198 201 204 207 216 225 231 P N R SR
85. 2‘ 86. 6 88.0 89.3 90. 8 92.0 93.2 94. 1 95.1) 96. 8 98. 5, 99.5 101 -+1200
163 | 168 ‘ 173 | 177 ! 182 | 187 i 1921 196 | 200 | 204 | 210 | 214 [ 221 -+2600

See footnotes at end of table.
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TABLE 4.— Duelectric constant, at 1 me/s, from —66G° to +85° C, and temperature coeflicient of dieleciric constant at 0° C—Con.

Valves of K at (° C) ‘Tcmpura-
ture co-
Specimen = designation ‘ | | ‘ | | | 1‘ efficient,
| —00° | —50° l —40° | —30° | —20° | —10° ‘ 0° \ +10° | +20° | 440° | 460° | 4700 | 5o | Of KAl
| | | | | | | 1
3 \ ‘ l ‘ ‘ ‘ | | ppm
5 ) 6 P 340 320 305 | 280 | 275 | 265 | 257 250 243 227 | 215 | 208 200 | —3400
S 7S B L Tr e 231 222 214 206 | 200 } 194 | 189 184 181 173 166 163 158 ‘ —2600
7S [ R SR S S SO o, 360 | 342 325 312 300 “ 289 279 269 262 244 | 231 224 215 —3£00
| ‘ \ !
(271 b e P R 367 | 345 ‘ 330 ‘ 315 300 j 260 | 280 270 261 246 | 232 226 ! 219 ! __________
B2 el iiies | 382 359 340 324 i 309 | 295 [ 282 [ 271 | 260 241 | 226 221 ‘ 213 | —4400
479 442 412 38 | 362 | 341 320 304 | 289 | 270 | 2350 242 | 229 l —5700
560 505 460 425 | 395 370 350 330 | 317 290 267 | 258 | 245 — 5600
825 710 630 570 520 | 475 | 435 | 405 385 345 ‘ 310 ! 295 ‘ 280 ‘ —6200
B2S5 1290 1090 940 820 720 | 640 | 570 | 520 470 420 ! 370 ‘ 350 320 I = 10700
1760 1650 1480 1270 109 | 970 ‘ 860 | 780 700 | 575 | 490 450 410 | ___
1160 1190 1200 1210 | 1200 1180 1130 1080 1015 825 ‘ 675 1 610 530 |
920 950 980 1010 1025 1045 1055 1060 1085 1090 980 910 800 | ...
735 775 810 845 880 910 | 940 970 995 1055 [ 1120 1155 | 1425 [ =s==soo=tr
610 640 ‘ 670 700 730 755 780 | 805 825 | 870 | 920 | 945 | 980 |_________.
600 630 | 660 | 690 720 745 80 82 870 %00 | 620 | 935 ! 980 [+oeeeeees
‘ ‘ ? ‘ 1 % ‘
466 | 424 } 397 | 3881 348 343 | 325 313 303 283 ! 264 } 256 | 247 1 —3800
622 565 520 485 450 | 422 397 380 362 332 306 | 297 279 —5000
827 755 690 635 580 535 500 460 430 385 345 | 330 311 —7600
1415 1210 | 1020 870 770 690 630 580 535 470 420 z 395 367 | —9200
3000 | 2150 | 1500 1210 1020 850 780 | 710 645 550 480 | 450 | 410 |._________
STB 50 MRS 13400 1‘ 6300 | 3700 2400 1850 1450 1200 1020 925 750 1 625 | 580 520 | ...
3200 : 3450 4000 } 5800 | 11500 7200 ‘ 4000 | 2500 1900 1270 950 850 (74 () | RS
3720 3640 | 3800 | 4200 5400 | 12000 1 10000 5000 3600 ‘ 2000 1320 1170 970 (_____._ .
3340 3300 | 3300 3400 3800 5700 | 15000 11000 6000 2450 1550 1320 1070 | .
2180 2370 | 2400 2400 2450 2800 3600 10000 8500 3200 1820 1370 1190
1970 2230 | 2750 2750 2750 2750 | 3200 5000 13800 4700 2360 1850 | 1420
1240 1400 | 2180 2060 1980 1680 2020 | 2300 3000 7500 3100 2400 } 1720
1450 | 1700 2570 2450 2350 2350 2350 2350 2600 11000 4800 | 3300 | 2370
1250 | 1400 1600 | 1850 2150 2150 2050 2100 2200 3100 8500 5200 | 3200 |
940 1 1050 | 1250 | 2000 1820 1710 1650 1650 ! 1700 2050 7300 6500 ‘ 3740 ‘
780 830 | 900 950 1100 1700 1600 1500 | 1450 1410 1600 2050 | 8200 !
| | | ©
BS37 1670 5 1800 ‘ 2270 2000 1600 1350 1100 950 820 €90 560 500 435 .
3 2330 2400 } 2600 2600 3650 4000 3080 2300 1850 1220 920 820 690 j_____.o.o
1290 1650 | 1950 2050 2100 2150 2300 2600 3300 1320 2380 | 1950 1420
1250 1350 | 1550 1800 2450 2400 2300 2250 2200 3000 7500 : 6000- |- 2100 |- - -
805 815 | 860 910 980 1060 1160 1310 1570 1360 1300 | 1330 | 1440 |_______ ..

a For compositions, see tables 1 and 3.
b Grade designation (table 1).

The effect of temperature, over the range —60°
to +85° C, upon the dielectric constant of speci-
mens in the system BaO-TiO, is illustrated by
ficure 3. In diagram A the negative temperature
coefficient of K for titanium dioxide is indicated
by the curve TiO,. It is seen that increasing the
content of BaO in the specimens (to approxi-
mately 28 weight percent), as in BaO:5TiO,,
resulted in a reduction of the negative tempera-
ture coefficient. Attention is directed to the
specimen containing 27.7 percent of BaO, because
the dielectric constant remained unaltered by
changes in temperature within the range —60°
to +85° C, as shown by the curve BaO:5TiO,.
Certain irregularities in the dielectric constant
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appeared when the concentration of BaO was
more than 28 weight percent. Specimen
Ba0:4Ti0, (32.4 percent of BaO) had a slightly
positive temperature coefficient of K as well as
the lowest observed value for K, as shown by the
curve Ba0:4TiO, in diagram A, figure 3. A
further increase of 6.6 percent of BaO resulted not
only in a higher value of K but also in a slightly
negative temperature coefficient, as illustrated by
curve BaO:3Ti0O, in diagram B. As the concen-
tration of BaO increased within the range 39 to
65.7 weight percent (BaO:3TiO, to BaO.TiO,),
the dielectric constant of the specimens exhibited
more pronounced changes with temperature as -
well as increased values of K, as illustrated by
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Temperarure, °C

Ficure 3.—Variation of dielectric constant with temperature, at 1,000 kc/s, for specimens with compositions in the binary
system, Ti0s~BaTiOs.

diagrams B, C; and D (fig. 3). It should be noted
that the scales were altered in the ordinate of
diagrams C'and D, because of the high values of K.

Other investigators [1, 2] have found consider-
able variation in dielectric constant with changes
in  temperature ~of specimens prepared from
BaO.TiO,. In the present study, diagram 1),
figure 3, shows the character of the dielectrie-
constant—temperature curve for these specimens.
Although a peak value of 11,800 K was observed
at 118° C, variations of as much as 1,000 or more
in the values of &K were caused by small changes
in temperature within the range of 110° to 125° C.
The rapid variation of K with temperature occurs
at a reversible change in crystal structure from
pseudocubic to the cubic perovskite structure [2],
indicated by X-ray studies.

Additions of SrO to specimens containing BaO
and Ti0O,, denoted by the joins in the diagram of
figure 1, resulted in negative temperature coeffi-
cient of K for most of the specimens, as shown
in the last column of table 4. Coefficients were
not computed for all the specimens because of the
irregularities in the curves of dielectric constant
versus temperature.

The portion of the ternary diagram in which
peaks were observed in the dielectric-constant—
temperature curves is indicated in figure 4. These
peaks were a maximum for specimens with com-

Titanate Dielectrics

positions indicated by points in the join BaO.Ti0,-
SrO.TiO,. The curve with a peak at 41° C
(fig. 5) for one of these specimens, SB21, resembles
the curve for BaO.TiO, (fig. 3, D). It was found
that increasing the content of SrO in this series of
compositions on the SrO.Ti0,-BaO.TiO, join re-
sulted in decreasing the temperature at which the
peak in dielectric constant occurred (fig. 6). Ex-

trapolation of the curve indicates a peak for
770,
Wt %
0, 90
20 80
20
Peak K (iFany)
below -60°
AV4 AV N AV AVA AV AV
Sr0 10 20 30 40 0 6 1 80 90  Ba0

F1cUure 4.—Relation between the temperature at which the
peak dielectric constant cccurs and compositions in the
BaO-SrO-TiO; system.

B=Ba0; S=8r0; T=TiO.
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SrTi0O; at a temperature of approximately —240°
C. Similar data by other investigators indicate
that this peak is near —260° C [7].

Figures 7, 8, and 9 show the lines of constant
values of K at —60°, 0°, and +60° C with varia-
tions in composition over a portion of the ternary
system BaO-SrO-Ti0,. These diagrams indicate

I
1400 T T T ] 'F( T T T I 1
- X 7 =5
12000 582/ -
| 51.7 7o BaO
L 120 9% SrO —
36.3 % 770>
10000 o heating Peak K=13,800
X caa//h_q i ar 41°
8000~ 7
— X _‘
6000 — o x\ .
L J, v —
4000~ /{ \ 7]
—o..?(—o) \
2000 r— ]
(o)
0 ) S | S | S | A S | B
-60 -z20 0 40 80 20 60
°c

Ficure b.—Variation of diclectric constant with temperature,
at 1,000 kels, for specimen SB21 with composition on the
SrTi0;-BaTiOs join.

the changes in the values of K that result from
simultaneous alterations of both temperature and
composition.

Despite the relatively low dielectric constant
(37) of specimens having the composition BaO:
5Ti0,, the zero temperature coefficient of K is
noteworthy. It was found, however, that an
addition of 5 percent of SrO to this composition
led to a negative coefficient, as in specimens 5BSS8
(table 4). Specimens 4BS8 also had a low nega-
tive coeflicient, whereas 4BS9 had a positive co-
efficient. Thus, specimens having zero tempera-
ture coeflicient of K are limited in composition to
a small region in the vicinity of the composition
indicated by the point BT5, figure 1. For some
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Peak H
ternp.

100

50

-/00

=150

Sr7i05 20 80 Balits

40 60
wr o,

Freure 6.—Variation of the temperature at which the peak
dielectric constant occurs with composition on the SrTiO;-
BaTiO; join.

uses, such as delay lines, the dielectric with zero
temperature coefficient is desirable.

The dielectric constant was not affected by
variations in frequency within the range 50 to
20,000 ke/s. It is believed that the slight differ-
ences in observed values of K are within experi-
mental error.

Sro

30 40 50 60

0 20

Ficure 7.—Constant K with varying compositions at —60°C.
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The variation in values of @ caused by altera-

tions in composition and frequency is shown by
the data in table 3
mens had relatively high values

Although most of the speci-
of Q (400 to

7702

Sr0

0 20

Ficure 8.—Constant K with varying compositions at 0° C.

10,000), those containing more than 46.0 percent
of BaO exhibited low values of from 50 to 100.
With specimens having a constant and relatively
low content of TiO,, an increase in the concentra-

Ti0;

& 10 20 30 40 &0 60 o

Ficure 9.—Constant K with varying compositions ct +60°C

tion of SrO was accompanied by increased values
of @), as illustrated in table 3. As an absorption
of over 0.01 percent was attended by a lower
ralue of ¢, some of the specimens with absorptions
over 0.01 percent probably exhibited values of ¢
lower than the best obtainable.

Titanate Dielectrics

TasrLe 5.—Dielectric constant K, and ), the reciprocal of
the pow er factor, at ,2,) C and 1 mce/s and 3,000 mc/s

‘ « | K at 3,000

B8 7 e, ‘ 71 1,000 74

\
Specimen designation | K at lmc,ls‘ Qat 1 me/s | ')‘]l:“ ’/\“m

| 1
BaO: 3Ti0._____________ 43 3, 600 42 460
B 5 6 SRR 75 2,400 76 520
310

The data in table 3 show little correlation of ¢
with frequency. In some instances, a specimen
had low @ at 50 ke/s and fairly hl(’ll @) at 20,000
ke/s, for example, BT6. Often a duplicate speci-
men exhibited a high @ at all frequencies. As an
example of the variation in @ values of specimens
receiving the same preparation and heat treat-
ments, the data i table 6 are given. Although
the variation in the dielectric constant is not
the ¢ values show a very large variation.
However, the specimen with the highest absorp-
tion has the lower ¢ value. The reason for
these differences is not apparent, but it may be
connected with a number of factors, such as the
size of crystals and pores, as well as the state of
oxidation of the titanium compounds.

Variations in the properties of specimens of the
same composition, SB50, which received different
heat-treatments, are given in table 7. These
specimens have a fairly large maturing range
with small variation in dielectric constant. Simi-
lar data could be given for most of the other
compositions of low BaO content.

large,

TABLE G.mep('rl{cs oy svecimens of SrTiOs, sintered for
1 hr at 1,245° C and heated at 1,350° C for 1 hr

Dielectrie constant (K), | Reciprocal (0) of power
. 25° C factor, 25° C
Absorption Shrink- =

age |
11,000 20,000 1,000 20,000
ke/s ke/s

ke/s ke/s

50 ke/s 50 ke/s

Percent
14.8 268 264 260 450 1, 350 3, 500
15.0 249 246 243 | 2,100 | 3,200 4,800
15.0 258 254 249 900 4, 000 8, 000
14.8 253 250 245 1, 000 1,350 4, 500
15.2 260 | 260 260 5, 500 8,000 10, 000
15.0 252 249 245 900 | 4,000 8, 000

Percent

3417



TABLE 7.—Properties of specimens of SB50, sintered at
1,246° C for 1 hr, and heated at 1,350° C, 1,385° C, and
1,420° C for 2 hr

Dielectric constant (X), | Reciprocal (9) of power
| 25°8@ factor, 25° C
Heated |Absorp-| Shrink- _
2 hr tion | age
- 1,000 | 20,000 | - w0 | 1,000 | 20,000
‘ S0kefs | Yefs | kels | 0K | Kejs | kefs
S — i -
° C | Percent| Percent ‘
1,350 __ 0.02 | 14.3 870 900 890 2, 900 6,100 1, 660
1,350 _ .05 14.3 870 ‘ 890 900 3,400 | 5,800 1, 300
1,385 __ .05 | 14.2 870 | 870 860 | 5,400 | 7,000 | 1,600
1,385 __ .07 | 143 870 ; 870 890 5, 700 7, 500 1, 400
1,420 __ .01 3 14.3 860 ‘ 860 870 | 2,800 | 8,500 1,700
1,420 __ .02 ‘ 14.3 870 ‘ 860 870 | 2,300 7, 500 1,200
|

In the specimens having a high BaO content,
and low @, values, the variations in the dielectric
constant and the @ values are more nearly equal, as
shown by the data’in table 8. In general, for
specimens having a low BaO content, the varia-
tions in the dielectric constant, for well vitrified
samples, are much less than the variations in the
@ values, although for specimens of high BaO
content, and low @ values, these variations are
more nearly equal.

TaBLE 8.—Variations in properties of some specimens
containing over 40 percent of BaO

Speci- Heat treatments iAb_ a%f)l’netle(?(r)m{;yl( l(ifo}()l(}g(ég?;c{tgz
L] [sorp-
e | Tem- | | Tem| ftion| 5 |; o0 20,000/ 50 |1,000/20, 000
e Time s e ke/s | kes | kefs |ke/s| ke/s | kefs
Per-
°C hr e hr | cent
1,245 1| 1,375 2/ 0.001,930(1,850) 1,810/ 33| 74 60
SB16...{ 1,245 .. __ 1,385 2 .05/1,8901,840| 1,820/ 36 112 62
1,245 ____| 1,420 2| .001,920/1,850 1,790/ 36/ 119 62
Bl {1,200 1] 1,310 2 .05 860 830 820 83 61| 28
=11 1,200 1,285 2 .00 840| 820 810/ 74 52| 27
BT {1,245 1] 1,385 2| .05[1,460/1,410| 1,360 79| 93| 50
'''' 1,245 ____| 1,425 2| -0811,48011,450| 1,410/ 82 84 44
Bta __| 1,245/ }1 i { .0311,690 1,650| 1,670| 134| 74 28
Btb .| 1,245 _____ l g il.071,330’1,300 1,330 98| 144| 78
|

& BaTiO3; made with TiO;, grade WD,
b BaTiO3; made with TiO,, grade R.

Coating the specimens, particularly those having
relatively high absorption, with wax or paraffin
increased the values of . The improvement,
however, was not permanent, for on standing a
gradual decrease in @ was noted.

At a frequency of 3,000 me/s, a greater difference
was observed in the values of ¢ than of K com-
pared with their respective values found at a
frequency of 1 me/s, as indicated by the data in
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table 5.  As most specimens had a dielectric
constant that was too high for determination by
this method, only these three specimens were
measured at 3,000 me/s.

The thermal expansion of the specimens was
high, ranging from 0.59 to 0.84 percent between

K
T T T 1 e B L L el

015

Y Exparsion
o
3

S
g

S

20 40 60 80 00 20 “o 180
o
C

F16urg 10.—Thermal expansion for a specimen of BaTiO;

and for SB16 (table 3) in the region of the peak dielectric
constant, over the range 25° to 170° C.

Solid lines for dielectric constant and broken lines for thermal expansion.

room temperature and 700° C, despite the wide
variation in composition (table 9). Figure 10
illustrates a peculiar feature of the expansion
curve for specimens with compositions in the join
BaO:TiO,-5rO:Ti0,.  The flat section of these
curves oceurred in the range of temperature
characterized by a peak in the dielectric constant.

TaBLE 9.— Linear thermal expansion

Temperature range from 25° C to—

Specimen des-

% 2 |
TR 100° | 200° | 300° | 400° | 500° | 600° | 700° | 800° | 900°

(e C C C (o] C ©
,,,,,,,,,, — S T S | R
Per- | Per- | Per- | Per- | Per- | Per- | Per- | Per- | Per-
cent | cent | cent | cent | cent | cent | cent | cent | cent

TiOy - .. 0.06 | 0.14 | 0.23 | 0.32 | 0.41 | 0.50 | 0.60 | 0.69 | 0.79

BTIS .05‘ 4| .23 | 81| 41| .50 | .59 || _____

BT6 06| .14 | .24| .33 | .43 | .54 | .64 |

BT5 . __ 06| .15 | .24 | 34| 45| .57| .68 |

BT ... 06| .14 | .23 | .32| .41| .51 | .60 | .70 |.__.__

BT3 ... .06 .16 |-.26 | .37 | .48 | .50 | .71 || _____

BT22. ... 061 .16 | .26 | .37 | .49 | .61 | .72 | _____| ____.

B 07 .16 | .28 | 40| .52 | .65 | .78 | | .. _.

BT 05| 13| .25 (.38 | .52 | .66 | .80

SB64. .. 07| .18 | .30 | .42 .55 | .67 | .80

SB29. . 07| 19| 32| .44 | 58| .71 | .84 | .| _____

SB2OFs_.__..| .07 .19| .20 | .41 | .54 | .68 | .79

SBI6. ... 04| 16| .28 | .41 | .55 .68 | .81 | |

ST 07| 17| 29| .40 | .51 | .63 | .74 ||

ST2. . 06 .16| .26 | .36 | .46 | .55 | .65 | .75 |._____
‘ .25 | .35 | .44 | .55 | .65 |._____|____.

ST4 .. | ‘06‘ .15

23% MgF: added.

Although the construction of a phase diagram
for this system was outside the scope of this in-
vestigation, there were indications, based on
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maturing temperatures, o\f the existence of com-
pounds in various regions of the diagram, figure 2.
For example, a binary compound in the region
of Ba0:4TiO; is suggested by the maturing tem-
perature, dielectrie constant, and X-ray spectro-
gram. In fact, a comparison of X-ray patterns
for all the specimens in the system BaO-TiO,
indicated the formation of other compounds in
addition to Ba0:4Ti0O, and BaO:Ti0,.> The ma-
turing temperature of 1,350° C for specimens in
the region 18 percent BaO, 28 percent SrO, 54
percent Ti0, is suggestive of a ternary compound,
but the suggestion is not supported by data on
the dielectric constant or by X-ray patterns.

V. Conclusions

Mature specimens (absorption less than 0.10
percent) can be made from mixtures of titanium
dioxide with barium and strontium carbonates,
which have compositions represented by points in
the system BaTiOz-SrTiO3-TiO,. The dielectric
constant of these specimens varies from 34 to
several thousand, whereas the @ values vary from
about 50 to several thousand. Most of these
specimens exhibit a large negative temperature
coefficient of dielectric constant, which is not too

6 The authors are indebted to H. F. McMurdie for the X-ray spectrograms
and their interpretation.

Titanate Dielectrics

great in some to prevent their use as bypass and
coupling condensers. A few have positive tem-
perature coefficients, although that of one speci-
men (BaO:5TiO,) is practically zero. When
properly fabricated, some of these titanate bodies
could be used also as filter or storage condensers,
and as delay lines for microwave signals.
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