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Solid-State Reactions and Dielectric Properties 
Systems Magnesia-Zirconia-Titania and 
Zirconia -Titania 1 

In the 
Lime-

1. W . Coughanour, R. S. Roth, S. Marzullo, and F. E. Sennett 

A st udy of solid-state r eact ions and dielectric properties was made for t h e ternary sys
tems MgO-ZrOz-Ti0 2 and CaO-Zr02-TiOz. The compat ibility r elations were determin ed 
for each , and an est imate of t he extent of t he solid-solution areas was obtained . One tern ary 
compound having the formula CaO·ZrOz· 2Ti02 was discovered . An X-ray diffraction 
powder pattern of t his compound is in cluded. 

Cera mic dielectric-test pieces were prepared from co mpositions within these sys tems. 
Data are given for the valu es of J{ an d Q at 50 ki locycles per second, and at 1 and 20 mega
cycles pel' econd . The variat ions of t hese valu cs with chan ges in temperature were ob
served at a rreq uency of 1 mcgacycle per second. 

1. Introduction 

Thi is the four th paper on a program of stud of 
olid- tate r eactions occurring in various ceramic

oxide systems, and of th e propertie of dielectrics 
obtainable from those system . It cover the sys
tems MgO-Zl'02-Ti02 ancl OaO-Zr02-Ti02. Portion 
of tbe binary boundary-systems have been studied. 
previously by other investigators. The MgO-Ti02 
dielectrics have been described by Ricke and 
Ungewiss [1] 2 and by Shel ton, et al.[2]. The propcr
tie of OaO-Ti02 dielectric have been determined 
by Bun ting, et al. [3], and a limited amount of daLa 
on the Zr02-Ti02 and M gO-Zl'02 dielectrics have 
been obtained by Shel ton [4]. The MgO-Zr02 bodics 
were found to have a dielectric constant ([{) of les 
than 20 and a positive temperature coefficient of [{. 
The Zr02-Ti02 specimens have [{ value of Ie s Lhan 
100 and have a negative temperature eoefficienL. 
Rieke and ' ngewiss [1] have reporLed on the ceramic 
and dielectric properties of specimens in Lhe M gO
Zr02-Ti02 system, but no literature referencc were 
found pertaining to the ternary system OaO-Zl'02-
Ti0 2. 

2 . Materials and Methods 

2 .1. Ma terials 

The following substances were used as sources of 
the component oxides in the study of solid-state 
reactions: 

MgO- VV a ter-clear cr.vs tals of periclase of over 
99-perccnt purity, ground to pass a 325-mesh sieve, 
using a mullite mortar and pestle. 

OaO- Reagent grade calcium carbonate of nomi
nal 99.5-pcrcent purity. 

Ti02- A highly pmified grade of rutile of over 
99 .9-perecnt pmity. 

Zr02-Dense zirconia of over 99-percent purity, 
calcined at 1,450° 0, ground in a steel-ball mill, 
acid-Lreated, washed, and dried. 

1 T his stud y was sponsored by the Offi ce of Ordn ance Research , D epartment 
of the Army. 

, Figures in brackets indicate thr li teratu re references at the end of this paper. 

The ubsLance used in the fabrication of the 
dielectric-test composition were t.he following : 

MgO- Th e same as used in Lhe stud.y of olid
state reactions. 

Ti02- The same grade a used for solid-state 
r eactions was used in the MgO-Zr02-Ti02 .Y tem. 

Ti02- A less highly pmilied grade of rULile, de ig
nated TMO, was used in the aO-Zr02-Ti02 y tem. 
'l'hi material had a pmity of 9 .7 percen t, the 
principal impmities being Si02 and A120 3 • 

CaO:Ti02- A commercial O'rade of perovskite. 
Thi material had a pmi L of 96 .5-percen t, th 
principal impuritie being MgO, Si02, and Al20 a. 

OaO:Zr02-A commercial grade of calcium zircon
ate. This material was about 96-percent pure, and 
the principal impuriLie were Si02, Al20 3 , and Hf02. 

Zr02-The same a used in Lhe study of solid-state 
reacLions. ' 

2 .2 . Sample Preparation 

Oompositions arc designated on a molc-ratio 
basis. 0 corrections were mad for the percentage 
of purity of the raw materials. 

The raw material in sufficien t amount to yield 
10-g samples were weighed to Lhe nearest millig'ram, 
and thoroughly mix:ed in the dry state. The com
positions were then mixed wiLh about 5 weight per
cent of a 5 weight percent tarch-solution binder, and 
1-in.-diameter disks were formed at a pressme of 
5,0001b/in2. The pressed disks, 1'e ting on platinum 
foil , were calcined for 4 hI' at 1,000° to 1,200° 0 in 
an oxidizing atmo phere. After the calcined disk 
were pulverized, using a mulli te mortar and pestle, 
the sample were ready to be used either for the 
solid-state studies or for forming dielectric-test 
specimens, depending upon the raw materials chosen. 

2.3. Study of Solid-State Reactions 

In. the study of solid-state reactions, two methods 
of heat treatment were used. In many cases, a con
ventional platinum-wound quench furnace was used . 
The temp erature in the furnace was measured with a 
Pt versus Pt- 10-percent-Rh thermocouple and wa 
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controlled by a modified Roberts-type controller. 
The quenching technique was used in order that 
high-temperature solid solutions could be observed . 
For quench tests a small amount of the prepared 
sample was placed in a platinum envelope, which was 
then suspended in the furnace. The test tempera
ture ranged from 1,200° to 1,550° C and was main
t ained constant for a given length of time. Equilib
rium conditions were usually reached in less than 
3 hr. After this r eaction time, the sample was 
quenched, usually in air. In some cases, water or 
carbon tetrachloride was used as the quenching 
medium. 

Alternatively, samples were heated to tempera
tures as high as 1,750° C, in an oxide-resistor furnace 
[5], and were cooled r elatively slowly. The qu enched 
or slowly cooled specimens were then analyzed by 
X -ray diffraction and petrographic methods. 

These procedures and methods of sample selection 
are, in general, similar to those discussed by Foster 
[6a] . In the interpreta tion and plotting of th E' 
results, th e discussions of Foster [6a] and Barrett 
[6b] were applied . 

2.4. Preparation of Dielectric-Test Specimens 

The calcined mixtures were moistened with about 
5 weight percent of starch-solution binder, and disks 
about Ys in. thick and Yz to 1Yz in. in diameter were 
formed at a pressure of 10,000 to 15,000 Ib jin2 • The 
pressed disks were fired for Yz to 1 hr on platinum 
foil in an oxidizing atmosphere, and were cooled 
relatively slowly. Maturing temperatures varied 
from 1,400° to 1,650° C, depending upon the com
position and the raw materials. For maturing tem
peratures up to 1,550° C, a platinum-wound resist
ance furnace was used. T emperatures were measured 
with a Pt versus Pt- 10-percent-Rh thermocouple 
and were controlled by an automatic commercial 
instrument. For maturing temperatures higher than 
1,550° C, an oxide-resistor furnace [5] was used. 
This furnace was manually controlled, and tempera
tures were measured with a calibrated optical 
pyrometer. 

A specimen was considered to be properly matured 
when its equivalen t water absorption was 0.1 percent 
or less of the dry weight. The absorption was deter
mined by placing the weighed sample in carbon 
tetrachlorid e. The liquid was boiled for 5 hI' and 
allowed to cool ; the specimen was removed from the 
liquid, quickly surface-dried, and weighed in a 
stoppered bottle. From the gain in weight, the 
equivalent water absorption was calculated. 

Some compositions could not be properly matured, 
in which case, dielectric tests were performed on 
test pieces having the lowest obtainable absorption 
value. 

2 .5. Determination of Dielectric Properties 

The test specimens were coated on each side with 
a silver paste and fired to 750° C to give silver elec-

trodes about 3 to 5 mils thicJc Th e specimens were 
then cooled overnight. Preliminary determinations 
were made at a temperature of 25° ± 0.5° C, and 
at a controlled relative humidity of 40 percent or less. 

At frequencies between 50 kc and 20 Mc and at 
temperatures between 25° and 250° C, the dielectric 
constant (K) and the Q-value (when greater than 10, 
the Q-value is very nearly equal to the reciprocal of 
the power factor ) were determined by measurements 
on a Q-meter. 

For measurements at temperatures greater than 
25° C, the specimens were placed on an electric 
hotplate covered by a muffle and were connected to 
the Q-meter by 10-in . leads. The temperature was 
controlled by m eans of a variable autotransformer 
and was measured by means of a thermocouple 
inser ted into a silvered ceramic disk adjacent to the 
specimen . Correction factors for the capacitance 
and inductance of the lead wires were applied. 

For measurements in the temperature range be
tween - 50° and 0° C , th e specimens were placed in 
an insulated chamber cooled by dry ice. The tem
perature was controlled by a thermostat and was 
measured by means of a liquid-in-glass th ermometer. 
The measurements were made at a frequency of 1 ::'1c 
and were obtained by using a type 820A twin-T 
impedance circuit combined with a model HRO- 50T 
radio r eceiver. Corrections were applied for the 
capacitance and inductance of the lead wires. 

3 . Results of Solid-State Reaction Studies 

3 .1. The MgO -Zr02-Ti0 2 System 

The four binary compounds occurring in the 
boundary systems are 2MgO·Ti02, MgO.Ti02, 
MgO·2Ti02 [7], and Zr02·Ti02 [8]. There are no 
binary compounds in the MgO-Zr02 system [9]. 
For the study of the t ernary fields , 31 selected com
positions were subjected to sui table heat treatment 
and, after quenching or cooling, were analyzed by 
X-ray and petrographic methods. The data result
ing from these tests are listed in table 3. The com
patibility relations derived from these data, together 
with the location of the compositions, are indicated 
in figure 1. No ternary compounds were observed, 
and the binary joins established for the subsolidus 
equilibrium relations ar e MTz-ZT,3 MT2-Zr02, MT
Zr02, and M2T -Zr02' The estimated solid-solut ion 
areas are indicated in figure 2. No attempt was 
made to locate the solid-solution limits with a high 
degree of accuracy. The heat treatment of samples 
was not uniform from one part of the system to 
ano ther ; therefore, figure 2 is no t to be considered an 
isothermal section of the diagram. The figure does, 
however , indicate the general trends of solid-solution 
formation within the system at temperatures below 
the solidus. 

3 M = M!':O , C=CaO, Z=ZrO" and T = Tio,. 'rhus, in this shorthand notation, 
MT,= MgO·2TiO, . 

• 
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MgO~----------------------------------------~~ Zr02 

FIGURE 1. Compatibility relations in the system MgO-ZrOz-
TiO,. 

The prepared com positions are indicated and plotted according to mole ratios. 
O. Compositions nsed in the study of solid·state reactions; 
• • compositions used in the study of diclectric properties; 
(). compositions used for both studies. 

o One Phase Area 

MgO~~----------------------------~--------~~ Z r02 

FIGURE 2. E stimated tl'ends of solid-solution development in the 
system MgO-ZrO,-TiO, over the temperature range 1,400° to 
1,750° C. 

The dashed line near the ZrO, apex of the figure indicates the approximate 
location of a two-phase area, which thcoretically would separate the cubic ZrO, 
field on the left from the te tragonal ZrO, field on the right in a true isothermal 
section of tbe pbase diagram. 

In the binary system MgO-Zr0 2' single-phase cubic 
Zr02 solid solutions are obtained by quenching the 
specimens from a temperature in excess of 1,400° 0, 
as indicated in table 1. R elatively slow cooling from 
the same temperature results in an exsolution process 
giving cubic Zr02 and some monoclinic Zr0 2, and 
MgO. Very slow cooling from high temperatures, 
or quenching from 1,200° 0, resul ts in only MgO and 
monoclinic Zr0 2 with no cubic Zr02. No quenched 
specimens contained bo th cubic and monoclinic 
Zr02. It is assumed that the te tragonal Zr02 modifi
cation canno t be retained at room temperature by 
quenching and tha t all monoclinic Zr02 found in the 

T ABLE 1. Results of study of solid-state reactions in the system 
MgO-ZrO~-Ti02 

Hcat treat- Phases identified by x-mont a Mole Binary join or ray and/or petrographic 
rat io ternary field means (all in solicl-solu-

M :Z: T 'rime Temper- tion form. unless other-
ature wise indicated) 

--------
hI' °C 

13:5 :31 M 'J',-ZT __________ 2 1,500 MT,+Z'I'+traccTiO,. 
J: l :3 _____ do __ ______ ____ I 1,550 MT,+Z'l'. 
1:2:'1 _____ do __ __________ 1 I , GOO Do. 
4:1 :8 MT,-ZrO' ______ ___ 2 1,500 MT,+tracc ::VIT (no ZrO, 

3:2:6 _____ do _____ _______ at all). 
2 1,500 M 'L' ,+monoclinic ZrO,+ 

trace zrr. 
1 :1:2 _____ do ___ ___ __ ____ 28 b 1,500 Do. 
1:1:2 _____ do __ ____ __ ____ 2 1,525 MT,+monoclinic ZrO,. 
1:9:2 _____ do ______ __ ____ 1 1,670 monoclinic ZrO ,+trace 

MT,. 

9:1:9 MT-ZrO' ______ __ _ 2 1,500 MT+trace monoclinic 
ZrO,. 

3:1:3 _____ do ____ _____ ___ 2 1,525 M'l'+monoclinic ZrO,+ 
trace MT,. 

3: 2:3 _____ do ______ ______ 1,610 MT+monoclinic ZrO,+ 
trace cubic Zr02. 

1:1:1 ____ Ao ______ ______ y. 1,625 MT+monocllnic ZrO,. 
1: 1: 1 _____ do _________ ___ 72 b 1,400 MT+cubic ZrO,. 
1:3:1 _____ do _________ ___ y. 1,750 Cubic ZrO,+moaoclinic 

ZrO,+tracc MT. 
1:9:1 ____ Ao ___ ___ ______ 

!-~ 1,700 Monoclinic ZrO,+traec 
cubic ZrO, . 

10: 1:5 M,T-ZrO, ________ 2 1,500 M,T'+small amo unt 
cubic ZrO,. _____ do ___ _________ 6: 1:3 2 1,500 M{l' '+cubic ZrO,. 

6:2:3 _____ do ___ ___ ______ 1 1, 610 Do. 
2:2:1 _____ do _____ __ _____ y. 1,750 M,1' °+cubic ZrO,. 
2:2: 1 __ ___ do ______ ______ 72 b 1.200 M{ rc+monoclinic Zr02o .. 
2:3: 1 _____ do ___ _______ __ y. 1,700 Cubic ZrO,+trace M{r'. 
2:4: 1 _____ do ____________ y. 1,750 Cubic ZrO,. 

1:1:4 M'l' ,-ZT-TiO, __ __ 1,425 M'I',+Z1'+1'i O,. 
1: 1:9 _____ do ___ ___ __ ____ I. 425 MT,+ ' l'iO,+trace ZT. 
1: 1: 19 do ____ ________ 1,550 'riO,+MT,. 
1 :3:9 _____ do ___ ____ _____ 1, 425 TiO,+MT,+ZT. 

2:3 :6 MT,-ZT-ZrO' _____ 2 1,500 MT,+Z1'. 
1: 2:3 _____ do ____________ 5 1,450 MT, +ZT+monoclinic 

ZrO,. 
2:1 :3 MT-M'r,-ZrO, ___ 4 1,450 MT,+cubic ZrO,+ M 'r. 
2:6:3 ___ __ do ____________ 16 b 1,500 Cubic ZrO,+mouoelinic 

ZrO,. 
3:2:2 M{J'-MT·ZrO, ___ ~~ 1,625 M{r' + M 'l' +cubic and 

monoclinic ZrO,. 
3:3:2 _____ do __ __ ___ . ___ 1,610 M,To+cubie ZrO,. 

3:3 : 1 MgO-M,T-ZrO, __ >~ 1,650 Cubic ZrO , + M gO ' + 
trace M { l"' c. 

5:5:1 __ do ___ ________ )1 1,650 Cubic ZrO,+MgO o. 
1:9:0 M gO-ZrO' ________ 1 1,670 Cubic ZrO,+monoclinic 

ZrO,. 
1:9:0 _____ do ______ __ ____ 

72 b 1,490 Cub ic 7- .-0 , . 
1:9:0 _____ do ___ __ ____ ___ 80 b I, 200 Monoclinic ZrO,+ small 

amount MgO. ' _____ do ______ _ • ____ 1:4:0 1,610 Cubic ZrO,+small 
amou nts of MgO ' and 
monoclinic Zl'Oz. 

1: 1:0 _____ do ______ . : __ __ 1,610 Cubic ZrO,+monoclinic 
ZrO,+MgO .' 

1: 1:0 _____ do ____ _____ ___ 48 b I, 515 CubiC ZrO,+MgO.' 
1:1:0 _____ do ___ ___ ____ __ 80 b I, 200 Monoclinic ZrO,+MgO.o 

• E ach sample bad been calcined at least once prior to the recorded heat treat· 
ment and cooled slowly, unless otbcrwise indicated . 

b 'rbe specimen was quenched from the temperature indicated. 
° No solid-30lution formation was noted in this substance. 

X-ray patterns is actually tetragonal ZrOz at tem
peratures above 1,000° O. Data were obtained by 
the quenching technique for compositions in the 
MgO-Zr02 system . These data indicate tha t for 
compositions higher in MgO conten t than 10 mole 
percen t, there is no two-phase region of tetragonal 
and cubic Zr0 2 at tempera tures above 1,500° O. The 
apparent disagreemen t of these results with those of 
Duwez, Odell, and Brown [gal is believed to be due 
to their having obtained their data from "rapidly 
cooled," but not quenched, specimens. 
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Within the ternary system , cubic Zr02 solid solu
tions can be found which are s table to a greater or 
lesser extent, depending on the Ti02 conten t of the 
specimen . Samples on th e M 2 T -Zr02 join show cubic 
Zr02 solid solut ions with stability relations similar 
to those in th e M gO-Zr0 2 system . However , com
positions on the MT-ZrOz join must be cooled faster 
than those on the M gO-Zr02 and M 2T-Zr02 joins in 
ordor to maintain th e cubic solid solutions. Furnace
cooled specimens, although actually cooled fairly 
rapidly, show lit tle or no cubic Zr02, but the same 
ma terials, whon quench ed , show only cubic Zr02 
solid solutions, wi th no monoclinic Zr02. All sam
ples in th e two-phase region of tho MT2-Zr0 2 join 
showed MT2 and monoclinic Zr0 2. E von quench ed 
samples did no t contain cubic Zr02. 

3.2 . The CaO-Zr02-Ti0 2 System 

The binary compounds occurring in the boundary
systems are CaO·T i0 2 and 3CaO·2Ti02 [10,8b], 
Zr02·Ti02 [8], and CaO·Zr02 [11] . 

For th e investiga tion of th e ternary fields, 22 
selected samples wer e quenched from various tem
por'atures and were examined by X -ray diffraction 
and p etrographic means. From th e results of th ese 
tests, which are listed in table 2, a ternary compound, 
CZT2, was discovered and th e arrangemen t of com
position t riangles was determined. The binary joins 

TABLE 2. Results of study of solid-slate l'eaction in the system 
CaO-Zr0 2-Ti02 

t 

Mole 
ratio 

C:Z : T 

1:1 :2 
2: 1 :3 
1 :2:3 
1 :4:5 
1: 1:4 

1:4 :2 
1: I: 1 
1 :4: 1 
2: 1: 1 
5:2:2 

9:6:2 
7:1 :4 

3: 1:6 
1 :3:6 
2:2:3 

2:9:6 

2:2: 1 
3:4: 1 
2:4: 1 

6:1 :4 

4: 1: 1 
16 : 1:4 

Dinary join or 
ternary fi eld 

OT·CZT, ...... _. _ 
_____ do . ______ ._. __ 
CZ'1',·ZT_. _ .... __ 

._. __ do . ________ ._. 
OZ'1',·'1'iO, _. __ . __ 

OZT,·ZrO' ________ 
CT-ZrO' .. ________ 

_._ .. do ... ____ . ____ 
O'1'·OZ __ . ________ 
C{l', ·CZ_. ______ ._ 

_ .. __ do_ .. ____ .. ___ 
_ .. __ do .. __________ 

CT-OZT,-TiO, . . . 
CZ'1',·Z'1'·TiO, .... _ 
C '1'-OZT,·ZrO,_ .. 

CZT,·ZT·ZrO' ____ 

O'1'·CZ·ZrO' .... __ 
.. _ .. do_ .... __ .. _ .. 
____ . do ___ . ___ .. ___ 

OT·CZ·C3'1." ______ 

C,T , ·CZ·OnO .... _ 
.... _do .... ________ 

H eat treat
ment a 

Tern· 
'rime pera

ture 

liT ° c 
24 1, 450 
2.5 1,450 

24 1, 450 
3 1,450 
3 1, 450 

3 1,500 
3 1,550 
3 1,550 
5 1, 550 
5 1,550 

3 1,550 
3 1,550 

3 1,400 
14 1,450 
16 1,450 

43 1,450 

16 1, 450 
3 1,550 
3 1,550 

3 1,550 

1, 550 
1,550 

P hases identified by X·ray 
and/or petrographic nlcans 

(ss=solid solution) 

OZT,. 
CT+OZT, (little or no ss). 
OZ'I',+ZT (small amount ss). 

Do. 
OZT, ss+'1'iO, ss. 

CZT'2 ss+monoclinic Zr02ss. 
O'1'+eu bic ZrO, ss. 
Oubic ZrO, ss, 
(CT-CZ) ss. 
(03T ,·OZ) ss+small amount 

OaO .· 
(O,T ,-CZ) ss. 
C{1',+(C3T ,-CZ) ss+small 

amount OaO, 

CT ss+OZT, ss+TiO, ss. 
OZT, ss+Z'1' ss+TiO, S5. 
CZT, ss+C1'+monoclinic 

Zr02 SS. 
OZ'1',+Z'1' ss+monoelinie 

Z1'02 S8. 
(CT-CZ) ss+eubie ZrO, ss. 

Do. 
Small amollllt (C'1'·CZ) ss+ 

eu bie ZrO, ss. 

(O'1'·OZ) 
O{J', . 

ss+small amollnt 

(C{1',·CZ) ss+OaO. 
O,T ,+(C{1',·OZ) ss+CaO. 

a E ach sample was quenched, ill air, from the temperature indicated. Each 
sa mple bad been previously calcillcd at least once . 

found to exist in the subsolidus tempera ture r ange 
were CT-CZT2' CZT2-Ti02, CZT2-ZT, CZT2-Zr02, 
CT-Zr02' CT-CZ, and C3T T CZ. These compati
bili ty relations, together with th e location of pre-

T AB I,E 3. X -ray powder diffraction pattem of the compound 
CaO·Zr02· 2Ti02, using Cu Kal radiation 

28 d R.I." 20 d R.I." 

14.28 6.2 7 74. 98 1. 27 3 
15.68 5.6 6 75.63 J. 26 10 
16. 99 5.2 8 76. 19 1. 25 5 
19.53 4.5 4 76.74 1. 24 3 
20. 41 4.35 4 80.96 1.18 4 

22.42 3. 96 14 81. 72 1.177 9 
23.54 3. 78 5 82.38 1. 169 16 
24.59 3.62 3 82.70 1. ]66 15 
25. 16 3.57 2 84. 50 1. 146 7 
25.87 3. 44 3 84. 62 1.144 7 

26.76 3.33 14 85.28 1. 137 17 
27.59 3. 23 26 85.70 1.133 7 
29.04 3.07 2 86.84 1.121 8 
29.39 3. 04 3 87.00 J. 1I9 8 
30.51 2. 93 ]00 87.49 1. 114 5 

30.75 2.91 78 87.81 1.1 11 8 
32.07 2.79 56 88.09 !.l08 7 
33.26 2.69 3 88.46 1.1O{ 7 
35.83 2. 50 54 90.69 1. 083 2 
36.03 2.49 19 91. 83 1.072 3 

37.68 2.39 5 92.57 1. 066 5 
38.48 2.34 4 94.83 1. 046 5 
39.39 2.29 21 95.97 1. 037 5 
39.5.5 2.28 14 96. 25 1. 036 6 
40.57 2. 22 4 96.58 1.032 7 

40. 77 2.21 3 96.94 1. 029 7 
42.23 2.14 7 97.25 1. 026 10 
42.74 2.1 1 4 97.87 1.022 6 
43.50 2.08 5 98.49 1. 017 4 
44.32 2.04 8 100.99 0.9983 3 

44. 48 2. 04 10 101. 32 .9959 5 
45.07 2. 01 ]6 101. 76 . 9928 5 
47. 76 1. 90 13 102. 98 .9843 4 
48. 05 1. 89 9 103.68 . 9796 10 
48.37 1. 88 6 ]04. 92 . 9714 7 

48.82 1. 86 7 ]05.76 .9659 5 
50.23 1. 81 27 106.17 .9634 4 
50.72 1. 79 67 ]07.88 . 9528 5 
51. 32 J. 78 ]0 108.33 . 9501 5 
51. 63 1.77 15 109.82 . 9413 2 

52.28 1. 75 7 110. 96 . 9348 4 
52.52 1. 74 66 113.76 . 9197 5 
52.64 1. 74 58 115.53 . 9106 5 
52.99 1.73 4 115.90 . 9088 5 
53.47 1.71 7 117. 11 .9028 9 

.04.01 1. 69 5 119.16 .8932 6 
55. 39 1. 66 6 120.09 .8890 5 
55.74 1. 65 4 120.37 .8878 6 
56. 12 1.64 3 122.88 . 8769 4 
57. 57 1. 59 4 125.19 . 8676 12 

58.06 1. 59 5 126. 28 . 8634 11 
58. 26 1.58 7 126. 45 . 8628 9 
59.69 1. 55 8 127. 61 .8584 5 
59.97 1..54 32 128.00 . 8569 7 
60.57 1. 53 12 128. 79 . 8541 7 

60.78 1. 52 20 129. 95 . 8501 6 
6J. 22 1. 51 42 131. 26 . 8456 6 
62. 76 1. 48 17 132. 82 . 8405 7 
62. 94 1. 48 24 133.62 . 8379 7 
63.26 1. 47 14 143. 76 .8104 5 

63.81 1. 46 15 145. 92 .8056 4 
65.33 1. 43 3 146.35 .8047 2 
65.88 1. 42 6 147.53 . 8022 9 
66.87 1. 39 2 148.59 .8001 10 
69.25 1. 36 8 148.96 . 7994 7 

69.69 1. 35 7 149.71 . 79i9 9 
70. 44 1. 34 4 160.63 .7815 6 
71, 93 1. 31 7 163.75 . 7781 4 

" RI. is the intensity of the diffraction peaks relative to tbe strongest peak. 

194 



pared compositions, are sbown in figure 3. The 
compound CZT2 forms large well-developed crystals 
when heated. Its optical properties are biaxial 
negative with optic axial angle (2V)=8 0° to 85°, and 
indices of refraction a~2.23, {3~2 .27, and 1' '''2.30. 
It has a distorted pyroehlore-type structure, with 
orthorhombic or lower symmetry. Its X -ray powder 
pattern is given in table 3. The composition of this 
compound may be written as (Ca, Zr)Ti20 r to show 
its rela tion to the pyrochlore structure [12], which 
is (Na, Ca) (Nb, Ta)0 6F or A2B2X r . This is believed 
to be th e first published paper on a compound having 
a pyrochlore-type structure with no pentavalent ions 
as essential elements in the B position of the struc
ture. 

The indexed powder pattern for CaZr03 is given 
in table 4. It bas been indexed as orthorhombic 
with: 

a~.fi X pseudo cube= 5.587 A, 
b ~ 2 X pseudo cube= .00 A, 
C~ 2 X pseuclo cube= 5.758 A, 

in a manner imilar to that don e for CaTiOa• and 
CaSn03 [13). 

The estimated solid-solution limits for this system 
are shown in figure 4. H ere, also, the figure is no t 
intended to represen t an isothermal section of the 
diagram, but to show only approximate solid-solution 
areas, as samples within the system are heated to 
sub olidus temperatures. 

The relative stab ility relations of the cubic Zl'02 
solid solu tions within this system are essen tially 
similar to those in the MgO-Zr02-Ti02 system. 
The cubic solid solu tion in the CaO-Zr02 ystem is 
more stable than that in the MgO-Zr02 system. Its 
stabili ty also decreases with increasing Ti02 conLent. 

1:1: 4 

3 ' 1.6 
o 1: 1:3 

CaO''-----------~:__---------=:~ZrOz 

FIGURl<J 3. Compatibility Telations in the system CaO-ZrOr 
TiOz. 

'l'hc compositions studied arc indicated and plotted according to mole ratios. 
0, Compositions used in the study of solid-state reactions; 
e, compositions used in the study of dielectric properties; 
(), compositions used for both studies. 

Quenched specimens on the CT -ZrOz join show cubic 
Zr02 olid olution, while tho e on the ZT2-Zr02 
join show only monoclinic ZrOz. 

TAB [,E 4. I ndexed X -TaU powdel' pattern of the orthorhombic 
compound CaO· ZrOz, using CuIe",! radiation 

20 d R .I. ' hkl 28 d R .I. ' Itkl 
------ -----

22.19 4. 00 84 101 75.60 1. 26 4 402 
24.84 3.58 5 111 75.82 1. 25 4 252 
31. 06 2. 88 40 002 78.39 1. 22 3 224 
31. 56 2.83 100+ 12l 79.92 1.20 4 422/153 
32.02 2.79 50 200 82. 44 1. 169 4 044 

35.73 2.51 4 201 84.50 1. 146 3 440 
37. 30 2.41 6 130 86. 13 1. 128 2 314 
37.50 2.40 6 211 88.40 1. 125 2 105 
38.42 2.34 2 022 87. 70 1. 112 4 343/262 
39. 30 2.29 3 220 90.40 1. 086 3 125 

40.62 2.22 5 131 91.16 1. 078 4 244 
41. 88 2. 16 4 122 91. 49 1. 075 8 J63 
45.22 2.00 74 202/040 92.49 1. 066 9 361 
46.34 1. 96 4 032 92.62 1. 065 8 442 
46.67 1. 94 3 212 93.42 1. 058 5 521 

50. 23 1. 81 14 103 100. 43 1. 002 3 404 
50.91 1. 79 24 222 100.70 1.000 2 080 
50.93 1. 79 26 141 103.20 0.9828 4 145 
51. 57 1. 77 9 301 103. 70 .9795 3 305 
55.54 1. 65 29 123 104.78 . 9723 4 424 

55.89 1. 64 26 042 105. 18 .9697 3 181 
56.50 1. 63 16 240 108. 11 .9514 4 305 
56.78 1. 62 40 321 109. 10 . 9455 4 106 
61. 75 1.50 3 133 109.23 . 9448 5 363 
64.70 1. 44 4 004 109.62 .9425 4 280 

65.87 1. 42 20 242 110. 25 . 9359 4 523 
66.93 1. 40 5 400 111.60 .9313 2 182 
69.32 1. 35 4 024 118. 55 .8960 5 444 
69.89 1. 34 8 143 1l9. 02 .8939 3 282 
70.50 1. 33 2 060 120. 86 .8856 3 226 

70. 97 1. 33 4 341 122.70 .8777 2 143/471 
71. 50 1. 32 3 420 126. 74 .8617 3 165 
73.99 1. 28 4 204 130.67 . 8<176 6 501/316 
74.82 1. 27 14 323 137.35 .8269 3 246 
74.89 1. 27 16 161 143.86 .8102 6 642 

• R .I. is tbe intenSity of tbe difTraction peaks relatil'e to the strongest peak. 

TiOZ 

One Phose Area 

Two Phose Area 

Three Phose Area 

Ca O"''-------------=1,------l.~------=~ Zr02 

FIGURE 4. Estimated trends of solid-solution development in the 
system CaO-Zr02-Ti02 over the temperature range 1,4500 to 
1,5500 C. 

The dashed line near the ZrO, apex of tho figure indicates the approximate 
location of a two-phase area which theoretically would separate the cubic ZrO, 
field on the left from the tetragonal ZrO, field on the right in a true isothermal 
section of the phase diagram. 
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4 . Results of Dielectric Testing 

4.1. The System MgO-ZrOz-Ti0 2 

The dielectric properties obtained for test speci
mens from the MgO-Zr02-Ti02 system are listed in 
tables 5, 6, and 7. 

In the MTz-ZT-TiOz field of the system, K varied 
from 40 to 80, and the average temperature coef
fi cients of the dielectric constant (TOK) were found 

to be negative. In the other areas of the system, 
K was found to vary between 15 and 20 and the 
TOK-values were positive and between 100 and 200 
ppmr C. The Q-values were, for the most part, high 
in all parts of the system . These results are in gen
eral agreement with t hose reported by Riecke and 
Ungewiss [1] . The values of the observed properties 
for any given specimen composition , as expected, 
seemed to be an average of the values for the ap
propriate end members. 

T AB LE 5. Results of dielectric testing in the system MgO-Zr02-Ti02 

Mole 
ratio 

:'vI:Z :T 

4: 1:4 
3: 1:3 
2:1: 2 
3:2:3 
6:2:3 
2: 1: 1 

1: 1: 19 
1: 1:9 
1: 1: .'5 
1: 1:4 
1:3:19 
1:3:9 

2: 1:3 
3: 1:2 
3:2:2 
3:3:2 

9:1:3 
9: 1: 1 
5: 1: 1 
3: 1:1 

Mole 
ratio 

M:Z :'I' 

2:1 : 1 
1 :1: 4 
1:1:5 
1:1 :9 

2: 1 :3 
3:1 :1 
9:1: 1 
9:1 :3 

Mole 
ratio 

M:Z:'I' 

2 1 1 
I 1 4 
1 1 5 
1 1 9 

2 1 3 
3 1 1 
9 1 1 
9 1 3 

H eat treatment Equiva- Dielectric con stant, 1(, 

I 
ReCiprocal, Q, of power factor at 25° C 

Linear len t at 250 C and- and-

B inary join or ternary field shr ink- water 

1 Me 1 20 Mc I 
T empera- age absorp-

Time 
t U l'C 

tion 50 kc 50 kc 1 Mc 20Mc 

------
hr ° C % % M'1'-ZrO' __________________________ 2 1, 500 13.2 O. 06 17 18 18 500 5, 000 6,000 _____ do _____________________________ 1 1,550 13.0 .13 18 18 17 30 400 4, 000 

_____ do ____ _________________________ 1 1,550 13.0 . 04 17 18 17 200 3, 000 la, 000 
_____ do _____________________________ 2 1,500 11.6 . 21 18 17 17 200 3,000 .1, 000 
M ,T-ZrO' _________________________ hi 1,625 IJ.2 . 00 19 19 19 400 1, 000 800 

_____ do _____________________________ 
~" 1,625 10. 0 . 00 20 20 20 300 1. 000 600 

M'l"'z-Zrr-1"'iOz _____________________ ? 1, 4'25 14.8 . 10 76 76 76 700 10, 000 I, 000 
_____ do _____________________________ 2 1, 425 16. 4 . 00 75 75 75 6,000 10, 000 1,400 
_____ do _____________________________ 2 1, 425 15.6 · 00 52 52 52 4,000 10, 000 3, 000 _____ do _____________________________ 2 1, 425 15.5 . 10 42 41 41 150 2,000 :l, 000 _____ do _____________________________ I 1,500 14.6 .23 80 79 79 200 1. 300 4, 000 _____ do _____________________________ 1 1,500 13. 8 . 10 65 64 65 70 700 2,000 

M'I'-MT,-ZrO, ____________________ 1 1,550 13. 2 · .15 18 18 18 500 2, 000 820 
JYI{r -M'l:'-ZrOz ____________________ 1 1, 550 11. a . 04 16 17 17 170 1, 000 1,000 

_____ do _____________________________ 

'" 1,650 11. a . 12 21 21 21 400 700 600 
_____ do _____________________________ 

'" 1,650 9.6 · 02 28 2S 28 400 700 500 

M gO-M{I'-ZrO,. __________________ 

'" 1,625 11.0 . 15 14 14 14 100 2,000 3, 000 
_____ do _____________________________ 1 1,550 11.6 . 08 13 J3 13 80 1, 000 2,000 
_____ do _____________________________ 1 1,610 11. 2 .09 15 16 15 200 1, 000 1, 000 _____ do _____________________________ 1 1, 6:.15 16.3 . 05 20 20 20 1,000 960 430 

T AB LE 6. Variation of dielectric constant with temperature of some specimens in the system MgO-Zr02-Ti0 2 

Value of I( at 1 :\1cand-

Binary join or ternary field 

-50° C 0° C 50° C 1000 C 1500 C 200° C 250° C 

M {l'-ZrO, ______________________________________ 19. 4 19.5 19. 7 19. 8 19.9 20. 1 20.2 MT,-Z'1'-TiO, __ __ ______________________________ 41. 9 41.3 40. 7 40. 0 39.3 39. 0 38. 6 _____ do _________________________________________ 
53. 5 52.5 51. 3 50.2 49.2 49.2 47. 5 _____ do _________________________________________ 78.5 76.2 73.2 70. 7 68. 6 66.4 64. 7 

MT-MT,-ZrO, _________ ________________________ 17.5 17. 7 17.8 17.9 18. 1 18.2 18.3 
M gO-M,T-ZrO' ________________________________ 19,4 19. 5 19.6 19.8 19. 9 20. 0 20.2 _____ do _________________________________________ 14.6 14. 9 15. a 15.1 15. 2 15.3 15. 4 

_____ do _________________________________________ 17. 17. 9 18. 1 18.2 18. 3 18.4 18. 6 

TABLE 7. Variation of Q with temperature of some specimens in the system MgO-Zl'02-TiOz 

Binary join or ternary field 

M ,'1'-ZrO, _________________________________________________ _ 
MT,-Z'l'-'l'iO, _____________________________________________ _ 

_____ do _____________________________________________________ _ 
_____ do _____________________________________________________ _ 

MT-M'l' ,-ZrO, ___ __ _______________________________________ . 
M gO-M{l'-ZrO, __________________________________________ . 

_____ do _______________________ . _____________________________ . 
. ___ _ do ____________________________________________________ _ 

-50° C 

570 
5,000 

10,000 
10, 000 

4, 000 
840 

1, 400 
1, 900 

196 

0° C 

620 
5,000 

10, 000 
10, 000 

4, 000 
930 

1, 400 
1,900 

Val ue of Q at 1 M c and-

50° C 100° C 150° C 200° C 

470 580 630 430 
5, 000 5,000 5, 000 3,000 
5,000 8, 000 8, 000 6, 000 
8,000 5, 000 4,000 3,500 

3,000 2,500 2,200 1, 700 
970 940 840 690 

1, 400 1, 950 1, 400 900 
2,400 1, 610 1, 950 1, 090 

Average 
tempera-
tme coef-
fieient of 
1( from 
-50° to 
2500 C 

ppm/" C 
+ 135 
- 280 
- 410 
- 660 

+ 150 
+ 130 
+ 180 
+ 150 

2500 C 

280 
800 

3,000 
3,000 

850 
520 
710 
700 



4.2. The System CaO-Zr02-Ti02 70~----~----~----~-----'------'-----'--' 

The dielectric properties obtained for specimens 
from this system are given in tables 8, 9, and 10. 

The value of K varied from about 164 for the 
compound OT to about 24 for the compound OZ. 
The ternary compound OZT2 was found to have a K 
of about 48 . The TCK varied from large negative 
values for compositions high in OT to small positive 
values for compositions high in OZT 2 or OZ. Bodies 
having a low TCK can be obtained by proper adjust
ment of the composition. This fact is illustrated in 
figure 5 for some specimens along the OZT2- Ti02 join. 
I t is pro ba ble tha t more precise adj II s tmen t of the ra tio 
of Ti02 to OZT 2 would resul t in a body having a zero 
average TCK value. The Q-values of specimens in 
this system are generally lower than those of spec
imens in the MgO-Zr02-Ti02 system . In this sys
tem also, the properties of a specimen of given com
position seemed to be an average of the properties of 
the end members of the appropriate join or composi
tion triangle. 
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COMPOSITIONS ALONG 
THE CZ Tz- TI02 JOIN 

CZ T2 

40L-____ ~ ____ ~ __ ~-L ____ ~ ______ L_ ____ ~_...J 

Mole 
ratio 

O:Z:T 

4: 1:5 
1:1:2 
1:1:2 
1:1:3 
1:1:4 
1:1 :8 

1:1 :2 
1:4:5 
1:0: 1 
3:1: 3 
J :1:1 

1:0: 1 
6: 1:5 
3:1:2 
2: 1:1 
4:3: 1 
1:1:0 

4: 1:2 
5:2:2 
9:(j:2 
3: 1:9 
3: 1:12 

1 :3 :6 
1:2:6 
1:2:8 
1: 2:10 

2:2 :3 
3:2:2 
3:4 :1 
2: 2:1 
6: 1:4 

-50 o 50 100 150 200 250 

TEMPERATURE, DC 

FIGURE 5. Effect of tem perature vW'iations on the dielectric 
constant of some com positions on the CZT 2-Ti O2 j oin. 

T A BLE 8. Results of dielectric testing i n the system CaO-Zr0 2-Ti02 

H eat t reatment EQuiva~ Dielect.ric constant [(, ~t 25° R eciprocal, 0 , of power factor, 

lent L inear C and - at 25° C alld-

B i llary join or t~ l'Ilary field -------- water shrink-
'r em pcr- a bsorp- age 

Time ature (ion 50kc l Mc 20Mc 50kc IMc 20 ]\I c 

------------------------------------
hr ° C % % 

O'1'-OZ'1', ___________________________________ 1 1,475 0. 11 16. 2 99 US 97 300 260 50 _____ do ______________________________________ 1 1, 425 · OS 13. 9 47. S 47. 6 47. 6 200 I UD 30 
OZ'r ,-TiO, _________ 1 1,425 • OS 13.9 47. S 47. 0 47. 6 200 190 30 

_____ do ______ .. _______ : ::::::: :::::::: ::::::~ 1 1,425 . 06 15.9 56. 5 56. 4 55.6 320 230 30 
· ____ d o. ___________________ . _____ 1 1,400 . 01 14.1 68 66 65 330 250 70 
_____ do _________________________ . _:::: ::::::: 1 1, 425 .04 12. 2 86 86 86 600 300 60 

OZT ,-ZT ________________ . __________________ 1, 125 · OS 13. 9 47. S 47.6 47.6 200 190 30 
_____ do. __________ .. ____ . ____________________ 1, 450 . 14 13.5 39. 9 39. 6 39. 6 330 440 70 
O'1'-ZrO, ___________________ .... _ .. ____ . _____ 1,500 .OS 16.8 16. 4 16. <I 16. 4 2, 000 9, 000 600 

· ____ do ____________________ .. __ . _____________ 1,400 . 00 16. 4 8S 87 86.5 340 350 110 
· ____ do ______________________________________ 1, 450 . 00 15.8 64. 7 64. 6 04.4 200 560 240 

OT -OZ _____________________________________ 1,500 . 08 16. 8 164 164 154 2. 000 9, 000 600 
· ____ do ____________________________ . ___ . __ . __ 1,500 . 05 13. 8 lOG 106 106 1, 000 3, 000 2. 000 
_____ do ____________________ " ________________ 1,550 .00 12. 1 86 86 86 2, 000 1, 500 2.000 
· ____ d o __ ____ " ___________ . __ . _______________ 1, .500 . 02 13. 3 64 63 63 2, 000 2, 000 980 
· ___ . do _________________ . _________ . __ . ____ . __ 1, 500 . 04 I I. 2 40 40 40 1, 000 2, 000 1,000 
· ____ do _________________ . ____________________ 1,500 . 17 15. 0 24 24 24 130 100 1, 000 

C, T ,·Cr. ____ - - ---- - -- - --- -.- --- --- -- - - . --- 1, 550 . 16 18.0 74.4 74. 3 74.2 1, 000 1. 300 510 
_____ do ________ - - - ---- --- ------ - - - -.- - - - ---- 1, 550 . 13 14. 9 68. 6 68. 4 68. 1 1,000 2, 000 380 
__ . __ do __ ________ " ___________ __ _____________ 1, 500 . 04 13. Ii 44 44 44 8, 000 10, 000 2,000 
C '1'-OZT,· T iO, .. ____________ __ _____________ 1. 350 . 35 13. 9 92 91 89 50 110 55 

____ . do _ . ____________________ __ ______________ 1,350 . 10 13. 8 98 97 96 120 310 80 

CZT , -ZT-T iO, _____________________________ 1, 450 . 03 16. 6 56. 6 56. 4 56. 1 440 440 66 
____ cl o. _________ .. ____ • ____ -------- - ------- 1, 450 . 00 14. 4 63. 3 62. 9 62.5 4 0 380 40 

_____ d o ______________ - - - -- - --- - - - -- -- -- ----- 1, 425 . 03 15. i 79 7S 78 600 500 70 
_____ do . _________ . _ . . ________________________ 1, 450 . 03 13.7 77 76 76 ROO 600 90 

C 'r -O ZT,-ZrO, __ . ___________ 1,475 . 04 12. 8 38.6 38.0 37. 1 100 130 30 
C '1'-OZ-ZrO ' ______ . _" _. ______ :: :::::::: :::: 1,450 . 09 62.2 61. 7 61. 7 700 750 440 

_____ do . _______ .. __________ .. ____________ ,, __ 1,460 . 13 13. 7 39 38 37 100 250 250 
____ do_. _. _____________ . __________ __________ 1,450 . 00 17. 1 59. 0 58. 6 58. 4 380 380 320 
O'1'-O Z·C, '1',,, ------- -- - - ----- --- -- - - - - - --- J. 500 .00 15. 9 97.2 97. 1 97. 0 1, 000 960 330 
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Mole 
ratio 

O :Z :'1' 

4: 1:5 
1:1 :2 

1:1 :2 
1:1:3 
1:1 :4 
l: J :8 
1:4: 5 

1:0:1 
3:1 :3 
1:1 :1 
6:1:5 
3:1 :2 
4:3 :1 
1:1:0 

4:1:2 
5:2:2 
9:6 :2 

3:1 :9 
3:1 :12 
1:3 :6 
1:2:6 
1:2:8 
1:2:10 

2:2:3 
3:2:2 
3:4: 1 
2:2:1 
6:1 :4 

Mole 
ratio 

O :Z:T 

4:1:5 
1: 1:2 

1:1:2 
1:1:3 
1:1:4 
] :1:8 
1:4:5 

1:0: 1 
3: 1: 3 
1:1:1 
6:1:5 
3:1:2 
4:3: 1 
1:1:0 

4:1:2 
5:2:2 
9:6:2 

3 1:9 
3 1: 12 
1 3:6 
1 2:0 
1 2:8 
1 2:10 

2 2 3 
3 2 2 
3 I 1 
2 2 1 
6 1 4 

TABLE 9. Variation of K with temperature in the system CaO-Zr02-TiOz 

Value of Kat 1 Me and-

Binary join or ternary field 

- 50°0 0° 0 50° 0 100° 0 150° 0 200° 0 

--------

OT -OZT,_. ___ 104 100 96 93 90 87 
_____ d o __________ ::::::::: ::::::::::::: :::::::::: 45.8 47.5 47.6 47. 6 48. 0 48. 9 

OZT,-TiO , ____ . __________ . ___ . _________________ 45.8 47.5 47.6 47.6 48. 0 48.9 ___ d o. ______ .. ________ .. ____________ ___________ 05.8 56. 7 56. 1 55. 5 55. 1 55. 7 _____ d o ________ . _________ . 66. 1 66.6 65 . . 5 64. 4 63.8 63.5 
_____ do ____________________ :::::::::::::::::::::: 6R O 86.7 62. 5 82. 2 80. 4 78.9 OZT,-Z'1' ______________________________________ 39. 0 39. 6 39.6 39. 6 39. 7 39. 9 

O'1' -ZrO, __ 184 172 152 141 133 125 
_____ do . _____ :::::::::::::::::::::::::::::::::::: 75 90 84 80 78 i n _____ d o __________________________________________ 66 65 64 62 62 61 OT· OZ ___ . ___________ ._. _________ . _____________ 120 110 102 96 91 87 _. ___ do __________________________________________ 96 89 83 78 74 71 _____ do __________________________________________ 

42. 1 40.7 39. 4 38. 2 37. 5 36. 7 _____ d o ____________ . _. ___________________________ 23. 6 23. 7 23. 8 23. 9 24. 0 24. 1 

0 3'[',-OZ ____________________ ______ 80 76 72 69 67 65 _____ do ____ _ _ _ __ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ __ :::::::::::_ 73 69 67 65 63 OJ _____ do ________________________________ __________ 47 45 44 43 42 41 
OT-OZT,-TiO,_. ___ _________ ~ __________________ 95 92 89 86 83 81 

-cZ;{!-,~Z-T--Ti(),:::::::::::::::::::::::::::::::-: 103 99 95 92 88 86 
56. 6 56. 8 56. 1 55. 5 55.2 55. 1 _____ do ______________________________ ____________ 64. 1 63. 5 62. 5 61.1 60. 4 60. 0 _____ do __________________________________________ 
80.8 79. 1 77.0 75. 0 73. 4 72. 4 _____ do _____________________ 

- ----- --- --- --- ----- 79 77 75 73 71 69 
O'1'-07,'1',-ZrO, ________________________________ __ 36. 2 37. 7 38. 2 38.5 39. 0 39. 8 OT-02-ZrO, _______ . ___________________________ 68 64 61 59 57 55 _____ do __________________________________________ 

39. 3 38.6 38.0 37.6 37. 3 37. 2 ____ do __________________________________________ 63 60 58 56 55 54 
OT-OZ-O, T ,. ______________ . ___ , _____________ __ 108 100 94 90 86 82 

TABJ,E 10. Variation of Q with temperature in the system CaO-Zr02-Ti02 

llinary join or ternary field 

O'1'-OZT, _________________________ ____ __________________ ___ _ 
_____ do ______________________________________ _______ __ ______ _ 

OZT,-TiO, ______ _____________________ ____________________ _ _ 
_____ do ___________ ______ __ __ . ________________________ _______ _ 
_____ do ________ . _____ ___ . __ ____________ ______________________ _ 
. ____ do _________________ _______ __ . ___________ ______ __ _______ _ 
OZT,-ZT _________________________________________ _________ _ 

OT-ZrO' _____________________________________ ______ ________ _ 
__ ___ do . ___ ____ . __ ____________________ ______ ________ ____ ___ _ 
_____ do __________ _______ . _____ ________ _____________________ _ 
OT-OZ ___________________________________ _________________ _ 

_____ do _____________________________________________________ _ 
_____ do . ______________ . _____________________________________ _ 
_____ do __________________________________ ___________________ _ 

O,T ,-OZ __ ____ _____________________________________________ _ 
_____ do _____________________________________________________ _ 
_____ do __ _________________________ ______ . ___________________ _ 

O'1'-OZ'1',·TiO, ____________________________________________ _ 
_____ do _____________________________________________________ _ 
OZT,-ZT·TiO, ________ ____________ _________________________ _ 

_____ do ____ __________________________________________________ _ 
____ do ____ __________________________________________ _____ _ 
_____ do ____________ . __________________ ______ • _______________ _ 

OT-OZT,·ZrO, ____________________________________________ _ 
OT-OZ-ZrO' ________________________________________ _______ _ 

_____ do ______________________________ __________________ _____ _ 
_____ do _____________________________________________ . _______ _ 

OT-OZ·03T , __ ._ ----- -- __ --------------- _ ---- ----------- ____ I 

- 50° 0 

60 
25 

25 
30 
40 
50 
60 

760 
180 
310 

2, 000 
1,000 

800 
800 

1,100 
1, 200 
1,000 

70 
no 
60 
60 
70 
90 

30 
690 
270 
420 
560 

198 

0° 0 

140 
90 

90 
110 
110 
]20 
210 

4,000 
240 
390 

2, 000 
870 

1,000 
800 

760 
1,000 
2,000 

120 
180 
200 
180 
230 
290 

60 
600 
250 
380 
590 

Vaiue of Qat 1 Me and-

50° C 100° 0 150° 0 

280 230 130 
240 140 60 

240 140 60 
300 210 80 
320 200 100 
370 450 280 
490 300 140 

3, 500 2. SOD 1, 700 
2eO 180 120 
390 100 50 

3,000 2,000 2,000 
1,100 1.100 890 
2, 000 2,000 2,000 

700 900 600 

880 650 320 
900 480 400 

3, 000 3, 000 3, 000 

200 330 210 
380 400 270 
5]0 300 130 
360 250 120 
520 380 ]60 
440 350 190 

110 100 60 
480 390 300 
240 210 18 
340 280 260 
820 - 740 330 

A verage 
t empera-

ture eoeffi-
cient of K 

250° 0 from _50° 
t0 250' 0 

p pm/'O 
85 -670 
49.7 +270 

49.7 +270 
55. 5 
63. 4 - 140 
n. f> - 420 
40. 1 +90 

120 -1, 350 
74 -820 
60 -300 
84 -1,200 
68 - 780 
36. 2 -500 
24. 2 + 85 

63 -800 
li9 - 790 
40 - 480 

79 -610 
84 - 670 
55. 1 - 90 
59. 7 - 250 
71. 5 - 410 
69 - 470 

40. 6 + 390 
54 -810 
37. 3 - 170 
53 - 600 
80 - 990 

200° 0 250° 0 
----

90 70 
50 60 

50 60 
70 90 
80 100 

150 100 
liD 100 

170 40 
100 ]00 
100 230 

2, 000 500 
570 190 
900 900 
500 400 

120 35 
]80 60 

3, 000 2.000 

160 no 
210 140 
100 100 

90 90 
130 120 
140 140 

40 40 
240 140 
140 90 
200 120 
110 30 



5 . Summary 

An investigation of solid-ph ase reactions in the 
ystems MgO-Zr02-TiOz and CaO-Zr02-TiOz was 

conducted . Compatibility relations were established 
and solid-solution areas were estimated for each 
system. No ternary compounds were observed in 
the M gO-Zr02-Ti0 1 system . In the CaO-ZrOr Ti02 
system, a t ernary compound having the formula 
CaO·ZrOz· 2Ti02 wa discovered , and its optical 
properties and X-ray diffraction pattern were 
determin ed. 

The X-ray diffraction powder pattern for the com
pound CaO·Zr02 was ob tained and indexed as ortho
rhombic. 

Dielectric-test samples were prep ared and tested 
in each system. The dielectric constant varied be
tween 15 and 165, depending upon the composition 
of the specimen . The average temperature coeffi
cient of K between - 500 and 1500 C vari ed from 
large negative values to small positive values, also 
depending upon the composition of the fired piece. 
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