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A study of solid-state reactions and dielectric properties was made for the ternary sys-

tems MgO-Zr0,-TiO, and CaO-ZrO,-TiO,.

The compatibility relations were determined
for each, and an estimate of the extent of the solid-solution areas was obtained.
compound having the formula CaO-Zr0,2TiO, was discovered.
powder pattern of this compound is included.

One ternary
An X-ray diffraction

Ceramic dielectric-test pieces were prepared from compositions within these systems.
Data are given for the values of K and @ at 50 kilocycles per second, and at 1 and 20 mega-

cycles per second.

The variations of these values with changes in temperature were ob-

served at a frequency of 1 megacyele per second.

1. Introduction

This is the fourth paper on a program of study of
solid-state reactions occurring in various ceramic-
oxide systems, and of the properties of dielectrics
obtainable from those systems. It covers the sys-
tems MgO-Zr0,-Ti0, and CaO-Zr0O,-Ti0,. Portions
of the binary boundary-systems have been studied
previously by other investigators. The MgO-TiO,
dielectrics have been described by Rieke and
Ungewiss [1]% and by Shelton, et al.[2]. The proper-
ties of CaO-Ti0, dielectrics have been determined
by Bunting, et al. [3], and a limited amount of data
on the Zr0,-TiO, and MgO-ZrO, dielectrics have
been obtained by Shelton [4]. The MgO-ZrO, bodies
were found to have a dielectric constant (K) of less
than 20 and a positive temperature coeflicient of K.
The ZrO,-TiO, specimens have K values of less than
100 and have a negative temperature coefficient.
Rieke and Ungewiss [1] have reported on the ceramic
and dielectric properties of specimens in the MgO-
Zr0,-Ti0, system, but no literature references were
found pertaining to the ternary system CaO-ZrO,-
Ti0,.

2. Materials and Methods
2.1. Materials

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

MgO—Water-clear crystals of periclase of over
99-percent purity, ground to pass a 325-mesh sieve,
using a mullite mortar and pestle.

CaO—Reagent grade calcium carbonate of nomi-
nal 99.5-percent purity. '

TiO,—A highly purified grade of rutile of over
99.9-percent purity.

ZrO,—Dense zirconia of over 99-percent purity,
caleined at 1,450° C, ground in a steel-ball mill,
acid-treated, washed, and dried.

! This study was sponsored by the Office of Ordnance Research, Department
of the Army.
2 Figures in brackets indicate the literature references at the end of this paper.

The substances used i the fabrication of the
dielectric-test compositions were the following:

MgO—The same as used in the study of solid-
state reactions.

TiO,—The same grade as used for solid-state
reactions was used in the MgO-Zr0,-Ti0, system.

Ti0,—A less highly purified grade of rutile, desig-
nated TMO, was used in the CaO-Zr0O,-Ti0O, system.
This material had a purity of 98.7 percent, the
principal impurities being Si0, and AlLO;.

Ca0:TiO,—A commercial grade of perovskite.
This material had a purity of 96.5-percent, the
principal impurities being MgQ, Si0,, and AlO,.

Ca0:ZrO,—A commercial grade of calcium zircon-
ate. This material was about 96-percent pure, and
the principal impurities were SiO,, Al,O;, and HfO,.

ZrO,—The same as used in the study of solid-state
reactions.

2.2. Sample Preparation

Compositions are designated on a mole-ratio
basis.  No corrections were made for the percentage
of purity of the raw materials.

The raw materials in sufficient amounts to vield
10-g samples were weighed to the nearest milligram,
and thoroughly mixed in the dry state. The com-
positions were then mixed with about 5 weight per-
cent of a 5 weight percent starch-solution binder, and
1-in.-diameter disks were formed at a pressure of
5,000 1b/in®. The pressed disks, resting on platinum
foil, were calcined for 4 hr at 1,000° to 1,200° C in
an oxidizing atmosphere. After the calcined disks
were pulverized, using a mullite mortar and pestle,
the samples 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 temperature in the furnace was measured with a
Pt versus Pt—10-percent-Rh thermocouple and was
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controlled by a modified Roberts-type controller.
The quenching technique was used i 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-
tained constant for a given length of time. Equilib-
rium conditions were usually reached in less than
3 hr. After this reaction 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 relatively slowly. The quenched
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 interpretation and plotting of the
results, the 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 % in. thick and % to 1% in. in diameter were
formed at a pressure of 10,000 to 15,000 Ib/in®>. The
pressed disks were fired for % 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. Temperatures 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 equivalent water absorption was 0.1 percent
or less of the dry weight. The absorption was deter-
mined by placing the weighed sample in carbon
tetrachloride. The liquid was boiled for 5 hr 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,
i 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 thick. The specimens were
then cooled overnight. Preliminary determinations
were made at a temperature of 25° 4+0.5° C, and
at a controlled relative humidity of 40 percent or less.

At frequencies between 50 ke and 20 Me and at
temperatures between 25° and 250° C, the dielectric
constant (K) and the (-value (when greater than 10,
the )-value is very nearly equal to the reciprocal of
the power factor) were determined by measurements
on a ()-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 ¢-meter by 10-in. leads. The temperature was
controlled by means of a variable autotransformer
and was measured by means of a thermocouple
mserted 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, the 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 thermometer.
The measurements were made at a frequency of 1 Mc¢
and were obtained by using a type 820A twin-T
impedance circuit combined with a model HRO-50T
radio receiver. Corrections were applied for the
capacitance and inductance of the lead wires.

3. Results of Solid-State Reaction Studies
3.1. The MgO-ZrO,-TiO, System

The four binary compounds occurring in the
boundary systems are 2MgO-TiO,, MgO-TiO,,
MgO-2Ti0O, [7], and ZrO,TiO, [8]. There are no
binary compounds in the MgO-ZrO, system [9].
For the study of the ternary fields, 31 selected com-
positions were subjected to suitable 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 are M'Ty-ZT,* MT,-ZrO,, MT-
ZrQ,, and M,T-Zr0O,. The estimated solid-solution
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
another; therefore, figure 2 is not 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.

i M=MgO, C=Ca0, Z=Zr0z, and T="Tie:. Thus, in this shorthand notation,
MT=Mg0-2TiOs.

L]
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MgO

Figure 1. Compatibility relations in the system. MgO-ZrO,-
TiO,.
The prepared compositions are indicated and plotted according to mole ratios.
0O, Compositions used in the study of solid-state reactions;
@, compositions used in the study of dielectric properties;
@, compositions used for both studies.

TiO,

One Phase Area
:] Two Phase Area
V////i Three Phase Area

MgO zr0,

Fraure 2.  Estimated trends of solid-solution development in the
system MgO-ZrO,-TiO, over the temperature range 1,400° to
602 Gs
Th’e dashed line near the ZrOs apex of the 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.

In the binary system MgO-ZrO,, single-phase cubic
Zr0, solid solutions are obtained by quenching the
specimens from a temperature in excess of 1,400° C,
as indicated in table 1. Relatively slow cooling from
the same temperature results in an exsolution process
giving cubic ZrO, and some monoclinic ZrQO,, and
MgO. Very slow cooling from high temperatures,
or quenching from 1,200° C, results in only MgO and
monoclinic ZrO, with no cubic ZrO,. No quenched
specimens contained both cubic and monoclinic
ZrQ,. Tt is assumed that the tetragonal ZrO, modifi-
cation cannot be retained at room temperature by
quenching and that all monoclinic ZrO, found in the

TaBLe 1. Results of study of solid-state reactions in the system
MgO-ZrO,-TiO,

H%{;glgegt- Phases identified by X-
Mole Binarviofior ray and/or petrographic
ratio Lor;ni‘ J field means (all in solid-solu-
M:Z:T il Time|Temper- tion form, unless other-
atull:c wise indicated)
()
13: 1,500 | MTo+ZT+trace TiOs.
VO 1,550 | MTo+ZT.
1325 1, 600 Do.
4: 1, 500 MTz-Il—lgrace MT (no ZrOz
at all).
B30 BN ST, (8 (0 et oeon 2 1,500 | MTy+monoclinic ZrO:;+
trace ZT.
1:1:2 b1, 500 Do.
1:1:2 1,525 | MT;4monoclinic ZrOs.
1:9:2 1, 670 mon%clinic ZrOz+trace
2.
9:1:9 | MT-ZrOg_________ 2 1,500 | MT+trace monoclinic
2103,
81158 [t 2 {3 (1 Je S 2 1,525 | MT+monoclinic ZrO:+
trace MT,.
828 ety (11 S Y 1 1,610 | MT+monoclinic ZrO:+4
trace cubic ZrOs.
12121 % 1,625 | M'T+monoclinic ZrOs.
KAy 72 b 1,400 | MT+cubic ZrOs.
1:3:1 %5 1,750 | Cubic ZrO;+monoclinic
ZrOg+-trace MT.
L8l % ) B Monoclinic  ZrO,+trace
cubic ZrOs.
10:1:5 2 1,500 | M:Te+4small amount
cubic ZrO,.
6:1:3 2 1,500 | M2T e4-cubic ZrO;.
6:2:3 1 1, 610 Do.
2:2:1 % 1,750 | M;Te+cubic ZrOs.
2:2:1 72 b 1,200 | M2Te4monoclinic ZrOze.
2:3:1 15 1,700 | Cubic ZrOg+trace MTe.
2:4:1 % 1,750 | Cubic ZrO;.
1 1 1,425 | MT+ZT+TiOs.
Ek 1 1,425 | MT+TiOs+trace ZT.
b 1 2 1,550 | TiOs+MT,.
1t 1 1,425 | TiOy+MTy+ZT.
2: 2 1,500 | MT+ZT.
i 5 1,450 M7’l‘z+Z’I‘+mouo(-liuic
irO2.
2:1:3 | MT-MT3-ZrO2 4 1,450 | MTy+cubic ZrOs+MT.
216:80 | 2022 (IR 16 b1, 500 Cl}bi((): ZrOz+monoclinic
ZrOs.
3:2:2 | MoT-MT-Zr0Oz-..| » 1,625 | MyTe4+MT+cubic and
monoclinic ZrOs.
8:8:2 |oo--- do. ... ___ 1 1,610 | MaTe+cubic ZrO;.
3:3:1 MgO-M,T-ZrO;_ - 5 1,650 | Cubic ZrO:4+MgOec+4
trace MyTe,
5:5:1 |.__..do.____.____ 15| 1,650 | Cubic ZrOs;+MgOe.
1:9:0 | MgO-ZrOy..______ 1 | 1,670 Cl}hgﬁ ZrOz+monoclinic
| Zr0s.
TN 2 (I —— (1O SR 72 | b 1,490 | Cubic ZrO,.
1:0:08 | waees do_ ... 80 b 1,200 | Monoclinic ZrO;+small
| amount MgO.c
1:4: 00 |S2 i dos Ranatiuie 1 ’ 1,610 | Cubic ZrO:;+small
| amounts of MgO ¢ and
| monoclinic ZrOs.
3 3 g PR o P e R A it 1,610 | Cubic ZrO:+monoclinic
Zr0Os+4+MgO.c
¢ IO B BT dos=ra e sta s 48 | b1,515 | Cubic ZrO;+MgO.c
a (o T 116 e B Ao e s YRCAT. 80 | b 1,200 | Monoclinic ZrO;+MgO.c

a Bach sample had been calcined at least once prior to the recorded heat treat-
ment and cooled slowly, unless otherwise indicated. X

b The specimen was quenched from the temperature indicated.

¢ No solid-solution formation was noted in this substance.

X-ray patterns is actually tetragonal ZrO, at tem-
peratures above 1,000° C. Data were obtained by
the quenching technique for compositions in the
MgO-ZrO, system. These data indicate that for
compositions higher in MgO content than 10 mole
percent, there is no two-phase region of tetragonal
and cubic ZrQ, at temperatures above 1,500° C. The
apparent disagreement of these results with those of
Duwez, Odell, and Brown [9a] 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 ZrO, solid solu-
tions can be found which are stable to a greater or
lesser extent, depending on the TiO, content of the
specimen. Samples on the M,T-Zr0O, join show cubic
7Zr0, solid solutions with stability relations similar
to those in the MgO-ZrO, system. However, com-
positions on the MT-ZrO, join must be cooled faster
than those on the MgO-ZrO, and M,T-ZrO, joins in
order to maintain the cubic solid solutions. Furnace-
cooled specimens, although actually cooled fairly
rapidly, show little or no cubic ZrQO,, but the same
materials, when quenched, show only cubic ZrO,
solid solutions, with no monoclinic ZrQO,. All sam-
ples in the two-phase region of the MT,-ZrO, join
showed MT, and monoclinic ZrO,. Even quenched
samples did not contain cubic ZrO,.

3.2. The CaO-ZrO,-TiO, System

The binary compounds occurring in the boundary-
systems are CaO-TiO, and 3Ca0-2TiO, [10,8b],
710, Ti0, [8], and CaO-ZrO, [11].

For the investigation of the ternary fields, 22
selected samples were quenched from various tem-
peratures and were examined by X-ray diffraction
and petrographic means. From the results of these
tests, which are listed in table 2, a ternary compound,
CZT,, was discovered and the arrangement of com-
position triangles was determined. The binary joins

TaBLE 2. Results of study of solid-state reaction in the system
Ca0-Zr0,-TiO,

Heat treat-
S ment a
Mole i3t e Phases identified by X-ray
ratio I:;“?lfl‘ 3(}:2](({ | ’ and/or petrographic means
C:Z:T | EUATY | Tem- | (ss=solid solution)
‘\ Time, pera-
I | ture |
‘ 1
hr G
1:1:2 | CT-CZT: 24 1,450 | CZT,.
231 3l a T d 2.5 | 1,450 | CT+CZT; (little or no ss).
1:2:3 | CZT-ZT 24 | 1,450 | CZT+ZT (small amount ss).
2 B e S df 3 1, 450 Do.
114 CZT2-TiO2- .- 3 1,450 | CZT; ss+TiO; ss.
[
1:4:2 | CZTy-Zr0: 3 | 1,500 | CZT; ss+monoclinic ZrOzss.
et C .| 3 | 1,550 | CT+H-cubic ZrO; ss.
i [ R N e s .| 3 | 1,550 | Cubic ZrO; ss.
1210 CT-CZ.. -——-| 5 | 1,550 | (CT-CZ) ss.
5:2:2 | C3Te-CZ_ ... 5 ‘ 1, 550 (Cé'l‘gCZ) ss+small amount
[ a0.. g
P e 3 | 1,550 | (C3T-CZ) ss.
751124 S| W dorsanaas SE A 3 | 1,550 | C3Te+(C3Te-CZ) ss+small
[ amount CaO. |
3:1:6 CT-CZTy-TiO2.._| 3 : 1,400 | CT ss+CZT; ss+TiOg ss.
1:3:6 CZTy-ZT-TiOy-_._| 14 ‘ 1,450 | CZTs ss+ZT ss+TiO; ss.
2:2:8 CT-CZTe-Zr0s___| 16 1,450 | CZTy ss+CT+monoclinic
| Zr0; ss. |
2:9:6 | CZT2-ZT-ZrOz..._| 43 ‘ 1,450 | CZTy+ZT ss+monoclinic [
Zr0; ss.
2:2:1 | OT-CZZrOs...|16 | 1,450 | (CT-CZ) ss+cubic Zt0s ss. |
3:4:1 1 2 3 | 1,550 Do. ‘
R 3 ‘ 1,550 | Small amount (CT-CZ) ss+ |
cubic ZrOs; ss.
6:1:4 | CT-CZ-C3To..___ 3 \ 1, 550 (CLT-CZ) ss+small amount ‘
; 14T,
4:1:1 | OsT»-CZ-CaO..___ 3| 18w | OOz sk On0. ‘
THIT I i b 3| 1,580 | CiTet(CiTr02) s5+Ca0. J

a Each sample was quenched, in air, from the temperature indicated. Each

sample had been previously calcined at least once.

found to exist in the subsolidus temperature range
were CT-CZT,, CZT,-TiO,, CZT,-ZT, CZT,-ZrO,,
CT-ZrO,, CT-CZ, and C;T,-CZ. These compati-
bility relations, together with the location of pre-

TaBrLe 3. X-ray powder diffraction pattern of the compound
Ca0-Zr0,-2Ti0,, using Cu Kay radiation
29 d R.Is l 2 d R.Ls
14.28 6.2 7 74.98 1.27 3
15.68 5.6 6 || 7563 1.26 10
16.99 5.2 8 || 76.19 1.25 5
19.53 4.5 4 || 7674 1.24 3
20. 41 4.35 4| 8096 118 4
22,42 3.96 14 || sL72 1.177 9
23.54 378 5 | 82.38 1.169 16
24. 59 3.62 3 || 8270 1. 166 15
| 2516 3.57 2 || 8450 1.146 7
| 2587 3.44 3 | 8462 1. 144 i
| 26.7 3.33 4| sss 1.137 17
27.59 | 3.23 2 || 8570 1.133 7
20.04 | 3.07 2 || 8684 1.121 8
2039 | 304 3 || sroo 1.119 8
30,51 2.93 | 100 87.49 1,114 5
1 |
30.75 | 2.91 78 ‘ 87.81 1.111 8
32.07 | 2.79 56 88.09 1.108 7
33.26 | 2.69 3 88.46 1,104 7
3583 | 2.50 54 90. 69 1.083 2
36.03 | 2.49 19 j 91.83 1,072 3
37.68 | 2.39 5 || 9257 1,066 5
| 38.48 2.34 4 || 0483 1. 046 5
39,39 229 | 21 || 9597 1,037 5
| 39.55 298 | 14 | 96.25 1,036 6
40. 57 222 | 4 || 96.58 1.032 7
407 | 221 | s || 604 1.029 i
42,23 | 2.14 | i | 97.25 1.026 10
42.74 \ o] | 4 ‘ i 97.87 1. 022 6
4350 | 208 | 5 || 98.49 1.017 4
4432 204 | 8 100.99 0.9983 | 3
|
44.48 204 | 10 || 10132 | .9950 ! 5
45.07 200 | 16 || 10176 | .9928 5
47.76 1.90 13 102. 98 9843 4
48.05 189 | 9 103. 68 9796 10
48.37 1.88 6 104. 92 9714 7
48.82 1.86 7 105.76 9659 5
50.23 1.81 21 || 106.17 9634 4
50.72 1.79 67 107,88 9598 5
51.32 1.78 10 108.33 9501 5
51.63 1.77 15 109. 82 L9413 2
5298 | 175 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 || 11590 - 9088 5 |
53.47 1.71 7 117.11 L9028 9 |
|
54.01 1.69 5 || mes | .ses 6
55.39 1.66 6 || 120,09 8800 | 5
55.74 1.65 [ 4 || 120.37 .8878 | 6
56,12 1.64 | 3 || 122.88 /769 | 4
57.57 1.59 4 125.19 867 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 || 12800 . 8569 7
60. 57 1.53 12 || 128.79 -8541 7
60.78 1.52 20 || 120.95 L8501 6
61.922 1.51 42 131.26 -8456 6
62.76 1.48 17| 13282 8405 7
62.94 1.48 2 || 13362 .8379 7
| 6326 1.47 14 || 143.76 8104 5
| 6381 1.46 15 || 14592 8056 4
65.33 1.43 3 | 14635 - 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 || 9.7 7979 9
| 70.44 1.34 | 160. 63 .7815 6
| 703 1.31 T e “7781 4
‘ |

s R.I.is the intensity of the diffraction peaks relative to the strongest peak.

194



pared compositions, are shown in figure 3. The
compound CZT, forms large well-developed crystals
when heated. Its optical properties are biaxial
negative with optic axial angle (2V)=80° to 85°, and
indices of refraction a>~2.23, $=~2.27, and y=2.30.
It has a distorted pyrochlore-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)Ti,0; to show
its relation to the pyrochlore structure [12], which
is (Na, Ca) (Nb, Ta)OgF or A;B,X;. This is believed
to be the 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 CaZrO; is given

in table 4. It has been indexed as orthorhombic
with:

a=~+/2 Xpseudo cube=5.587 A,

b~ 2 Xpseudo cube=8.008 A,

c~24/2 Xpseudo cube=5.758 A,

in a manner similar to that done for CaTiO;. and
CaSnO; [13].

The estimated solid-solution limits for this system
are shown in figure 4. Here, also, the figure 1s not
intended to represent an isothermal section of the
diagram, but to show only approximate solid-solution
areas, as samples within the system are heated to
subsolidus temperatures.

The relative stability relations of the cubic ZrO,
solid solutions within this system are essentially
similar to those in the MgO-ZrO,-Ti0O, system.
The cubic solid solution in the CaO-ZrO, system is
more stable than that in the MgO-ZrO, system. Its
stability also decreases with increasing TiO, content.

TiO2

€a0

Zr0,

Ficure 3. Compatibility relations in the system CaO-ZrO,-
10,.

The compositions studied are indicated and plotted according to mole ratios.

O, Compositions used in the study of solid-state reactions;

@, compositions used in the study of dielectric properties;

@, compositions used for both studies.

Quenched specimens on the CT-ZrO, join show cubic
_Zr02 solid solution, while those on the CZT,-ZrO,
join show only monoclinic ZrO,.

TaBrLe 4. Indexed X-ray powder pattern of the crthorhombic
compound Ca0-%r0,, using Culkey radiation

= - 7 |
20 i| RILe l hkl % | d 1 RIe| hil
|
2219 | 4.00 | st 101 75.60 |12 | 4 402
2484 |3.58| 5 111 75.82 125 | 4 252
31,06 | 2.88 | 40 002 78.39 |12 | 3 224
3.5 [2.83| 1004+ | 121 79.92 | 120 | 4 | 422153
32.02 | 2.79 | 50 200 82.44 | 1169 | 4 044
35.73 | 2.51| 4 201 s.5 |Lu6 | 3 440
37.30 | 2.41 6 130 86.13 | 1128 | 2 314
37.50 2.40 6 211 88.40 1.125 2 105
3842 234 2 022 87.70 | L112 | 4 | 343262
930 |2.| 3 220 90.40 | 1086 | 3 125
0.6 |22 5 131 91.16 | 1.078 | 4 244
4,88 [216| 4 122 9149 | 1075 | 8 | 163
4522 | 200 | 74 | 02040 || o249 | 1066 | 9 | 361
46.34 | 1.96| 4 032 || 9262 | 1065 | 8 | 442
46.67 [194| 3 212 | 9342 |L08 | 5 | 521
50.23 | 1.81| 14 103 || 10043 | 1002 | 3 | 404
50.91 |179| 20 | 222 || 10070 | L1000 | 2 | 080
50.93 | 179 | 26 | 141 || 10320 [0.9828| 4 | 145
sL57 |L77| 9 | so1 || 10370 | .o705| 3 305
55.54 | 165 20 | 123 || 10478 | .9723 | 4 121
‘ ‘
55.80 | 1.64| 26 042 | 10518 | .9697 | 3 | 181
56.50 | 1.63| 16 240 || 10811 | .9514 | 4 305
56. 78 1. 62 40 321 | 109.10 . 9455 4 106
6L75 Lo | 3 | 13 || 10923 | loms| 5 363
64. 71 1.44 4 ‘ 004 | 109. 62 . 9425 4 } 280
65.87 |142| 20 | 2a2 || mo.25 | .e50| 4 | 523
66.93 | 1.40 5 | 400 || uLeo | .e13| 2 | 182
69. 32 1.35 4 | 024 || 118.55 . 8960 5 444
69. 89 1.34 8 143 || 119.02 . 8939 3 282
70.50 | 1.33 2 060 || 120.86 | .8856 | 3 226
S O Y A BT
71. 50 1.32 3 | 420 | 126.74 . 8617 3 165
73.99 1.28 4 204 130. 67 . 8476 6 501/316
74. 82 1.27 14 | 323 (| 137.35 . 8269 3 246
M |127| 16 | 161 | s | si02| 6 42
Il

s R.I. is the intensity of the diffraction peaks relative to the strongest peak.

[:] One Phase Area
[:] Two Phase Area
mm Three Phase Area

Zr0,

cz

Ficure 4. Estimated trends of solid-solution development in the
system CaO-Zr0,-TiO, over the temperature range 1,450° to
1,660° C.

The dashed line near the ZrO; apex of the 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-ZrO.,-TiO,

The dielectric properties obtained for test speci-
mens from the MgO-ZrO,-TiO, system are listed in

tables 5, 6, and 7.

In the MT,-ZT-TiO; field of the system, K varied
from 40 to 80, and the average temperature coef-
ficients of the dielectric constant (7TCK) were found

to be negative. In the other areas of the system,
K was found to vary between 15 and 20 and the
TCK-values were positive and between 100 and 200
ppm/°C. The @Q-values were, for the most part, high
m all parts of the system. These results are in gen-
eral agreement with those 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.

TaBLE 5. Results of dielectric testing in the system MgO-Zr0,-TiO,
y . Dielectric constant, X, Reciprocal, @, of power factor at 25° C
Heat treatment Equiva- Lidwal b e
Mole Linear lent at 25° C and and
ratio Binary join or ternary field shrink- water
| M:Z:T Tempera- age absorp- ‘
‘ Time ture tion 50ke |} 1Me ‘ 20 Mec 50 ke 1 Mec 20 Mec
(6] % o
1, 500 13.2 0. 06 17 18 18 500 5,000 6, 000
1, 550 13.0 .13 18 18 17 30 400 4, 000
1, 550 13.0 .04 17 18 17 200 3,000 10, 000
1, 560 11.6 .21 18 17 17 200 3,000 5, 000
1, 625 11.2 .00 19 19 19 400 1,000 800
1, 625 10.0 .00 20 20 20 300 1,000 600
h 1,425 14.8 .10 76 76 7 700 10,000 1, 000
1k 1,425 16.4 .00 75 75 75 6, 000 | 10, 000 1, 400
s 1,425 15.6 .00 52 52 52 4, 000 | 10, 000 3, 000
143 1,425 15.5 .10 42 41 41 150 | 2,000 3, 000
I 1, 500 14.6 .23 80 79 79 200 1,300 4,000
1% 1, 500 13.8 L0 65 64 65 70 700 2, 000
| 2:1:3 MIT=MT'a-Z1 Qg ~Hn-th S Eani i i D sel S5, 1, 550 13.2 .55 18 18 18 500 | 2,000 820
3:1:2 M T-MT-Zr0O: 1 1, 550 11.0 .04 16 a7 17 170 | 1,000 1, 000
3:2:2 do ] 1, 650 11.0 .12 21 21 21 400 | 700 600
3:3:2 % 1, 650 9.6 .02 28 28 28 | 400 | 700 500
9:1:3 15 1, 625 11.0 .15 14 14 14 ‘ 100 | 2,000 3, 000
9:1:1 1 1, 550 11.6 .08 13 13 13 80 1,000 2, 000
Syl 1 1, 610 11.2 S{t W S 1) 16 15 200 1,000 1, 000
3¢l 1 1,635 16.3 .05 ‘ 20 2 | 20 1, 000 960 430
|
Tasre 6. Variation of dielectric constant with temperature of some specimens in the system MgO-Zr0O,-TiO,
| Value of K at 1 Mc and— | Average
| | tempera-
: Mole | | L ture coef-
ratio Binary join or ternary field | | | | ficient of
‘ M:Z:T —5°C | 0°C | s°C | 100°C 150°C | 200° C o
‘ E w 250° C
| ‘ l
‘ | ppm/“
| MisTeZr Qg oLt Sl o Bt o e s 19.4 19.5 19.7 19.8 19.9 20.1 | 20. 2 +135
‘ MT,-ZT-TiOz--- 41.9 41.3 40.7 40.0 39.3 39.0 | 38.6 —280
‘ ..... (s (s e foil 53.5 52.5 51.3 50.2 49,2 49.2 47.5 —410
Gt el 1 (L (o [ AR ek L R L R R A A e 78.5 76.2 73.2 70.7 68. 6 66. 4 ‘ 64.7 —660
| MT-MT2-ZrO2- oo B R, ST B 17.5 177 17.8 17.9 18.1 18.2 | 18.3 +150
MgO-M,T-ZrO:. 19.4 19.5 19.6 19.8 19.9 20.0 20. 2 -+130
,,,,, (5 Lo js i i 0 14.6 14.9 15.0 15.1 15.2 15.3 15. 4 +180
,,,,, G Lo RIS T o U S REE VLIS WPt B 17.8 17.9 18.1 18.2 18.3 18.4 18.6 +150
TasLe 7. Variation of ©Q with temperature of some specimens in the system MgO-ZrO,-Ti0,
Mols Value of Q at 1 Mc¢ and—
ratio Binary join or ternary field ! -
M:Z:T —50° C 0° C 50° C 100° C 150°C | 200°C 250° C
3, YN A o 0 s oM e Pl iw it L ORI Tl K, IR i R g 570 620 470 580 630 430 280
W[Tz-/ il 0 P A0E Soalh B ST S R S L U e ST 6 5,000 5,000 5, 000 5,000 | 5,000 3, 000 800
10, 000 10, 000 5, 000 8,000 | 8, 000 6, 000 3, 000
10, 000 10, 000 8, 000 5,000 4,000 | 3, 500 3, 000
MD-NEReZp 0" <L s 8 o ol et T el a L e e 4,000 4, 000 3, 000 2, 500 2,200 1,700 | 850 |
MgO-M,T-ZrOz- Bl e e B 840 930 970 940 840 690 | 520
,,,,, (oL e S AL SR VRS I S b e T 1,400 1, 400 1, 400 1, 950 1,400 900 | 710
,,,,, (o (i S E AR W Tt ey e R SR R e e 1,900 1, 900 2, 400 1610 | 1, 950 ‘ 1,090 i 700 |




4.2. The System CaO-ZrO,-TiO,

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 CT to about 24 for the compound CZ.
The ternary compound CZT,; was found to have a K
of about 48. The TCK varied from large negative
values for compositions high in CT to small positive
values for compositions high in CZT, or CZ. 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 CZT,-Ti0O, join.
Itisprobable that more precise adjustment of the ratio
of T10;, to CZT, would result in a body having a zero
average TCOK value. The Q-values of specimens in
this system are generally lower than those of spec-
imens in the MgO-ZrO,-Ti0, 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.

70 T T T T T T
COMPOSITIONS ALONG
THE CZT,— Ti0, JOIN
w30 CiZTs 1
o O—-o0
E
]
c
S 6ol -
o
N,
= cZ:T,
2
T 551 =
%
=
o
o
CZT,
© s0f
x
'_
o
w
%
W
& 5[ =
40 1 1 - 1 1 L 1
-50 0 50 100 150 200 250
TEMPERATURE, °C
Ficure 5. Effect of temperature variations on the dielectric

constant of some compositions on the CZT,-TiO, join.

TasLe 8. Results of dielectric testing in the system CaO-Zr0,-TiO,
2! : Dielectric constant K, at 25° | Reciprocal, @, of power factor,

Heat treatment | Equiva- ’ A ¢
Mole lent Linear and — at25° C and—
ratio Binary join or ternary field e e LN ) shrink-
2% Tempoer- absorp- age |

[Bime|EL LS tion 50 ke 1Mc | 20Me | 50ke 1Mec | 20Me

. 1
hr e o %

4:1:5 1 1,475 0.11 16. 2 99 98 97 300 260 50
1:1:2 1 1, 425 .08 13.9 47.8 47.6 47.6 200 190 30
122 1 1, 425 .08 13.9 47.8 47.6 47.6 200 190 30
13123 1 1,425 .06 15.9 56. 5 56. 4 55.6 320 230 30
1:1:4 1 1,400 .01 14.1 68 66 65 330 250 70
1128 1 1,425 .04 12.2 86 86 86 600 300 60
1:1:2 1 1, 425 .08 13.9 47.8 47.6 7.6 200 190 30
1:4:5 il 1,450 .14 13.5 39.9 39.6 39.6 330 440 70
1201 ol 1, 500 .08 16.8 16.4 16. 4 16. 4 2, 000 9, 000 600
3:1:3 1 1,400 .00 16.4 88 87 86.5 340 350 110
bk 1 1, 450 .00 15.8 64.7 64.6 64.4 200 560 240
1:0:1 1 1, 500 .08 16.8 164 164 1654 2,000 9, 000 600
6:1:5 15 1, 500 .05 13.8 106 106 106 1, 000 3,000 2, 000
3:1:2 b 1, 550 .00 12.1 86 86 86 2,000 1, 500 2, 000
2zl il 1, 500 .02 13.3 64 63 63 2,000 2,000 980
4:3:1 1 1, 500 .04 11.2 40 40 40 1, 000 2,000 1, 000
1:2:0 1 1, 500 sl 15.0 24 24 24 130 100 1, 000
4:1:2 il 1, 550 .16 18.0 74.4 74.3 74.2 1, 000 1, 300 510
5:2:2 1 1, 550 213 14.9 68.6 68. 4 68.1 1, 000 2,000 380
9:6:2 1 1, 500 .04 13.5 44 44 44 8, 000 10, 000 2, 000
3719 i 1,250 .35 13.9 92 91 89 50 110 55
3:1:12 1L 1,350 $10; 13.8 98 a7 96 120 310 80
1:3:6 it 1, 450 .03 16. 6 56. 6 56. 4 56.1 440 440 66
1:2:6 it 1, 450 .00 14.4 63.3 62. 9 62.5 480 380 40
1:2:8 il 1,425 .03 15.7 79 7! 78 600 500 70
1:2:10 | i 1, 450 .03 13.7 77 76 76 800 600 90
2:2:3 (054 ol 01 T YO Ui e RIS IR it RS SN ik 1,475 .04 12.8 38.6 38.0 37.1 100 130 30
3:2:2 CT-CZ-ZrO2 1 1,450 VRO 62.2 61.7 (1 15 700 750 440
01507 1 ] PR o |y TR il 1,460 .13 13.7 39 38 37 100 250 250
2:2:1 _tide, ig 1, 450 .00 17,0 59.0 58. 6 58.4 380 380 320
6:1:4 CT-CZ-C3Ts. 1 1, 500 .00 15.9 97.2 gret 97.0 1, 000 960 330
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TaBLe 9. Viariation of K with temperature in the system CaO-ZrO,-TiO,

Value of K at 1 Mcand— Average
Mole tempera-
ratio Binary join or ternary field ture coeffi-
C:Z:T % 5 cient of K
—50°C 0°C 50° C 100° C 150° C 200° C 250°C | from —50°
t0250° C
ppm/°C
4: 104 100 2% 93 90 87 85 —670
g 45.8 47.5 47.6 47.6 48.0 48.9 49.7 +270
1: 45.8 47.5 47.6 47.6 48.0 48.9 49.7 4270
1: 55.8 56.7 56.1 55.5 55.1 55.7 He e e
1: 66. 1 66.6 65. 5 64.4 63.8 63. 5 63. 4 —140
1: 68.0 86.7 62.5 82.2 80.4 78.9 77.6 —420
L: 39.0 39.6 39.6 39.6 39.7 39.9 40.1 —+90
1:0: 184 172 152 141 133 125 120 —1,350
3 75 90 84 80 78 76 74 —820
1: 66 65 64 62 62 61 60 —300
6: 120 110 102 96 91 87 84 —1,200
3: 9 89 83 78 74 71 68 —780
4: 42.1 40.7 39.4 38.2 37.5 36.7 36.2 —500
1: 23.6 3387 23.8 23.9 24.0 24.1 24.2 -+85
4: 80 7 72 69 67 65 63 —800
a 73 69 67 65 63 61 59 —790
9: 47 45 44 43 42 41 40 —480
3: 95 92 89 86 83 81 79 —610
3: 103 99 95 92 88 86 84 —670
1 56.6 56.8 56.1 55.5 55.2 55.1 55.1 —90
1: 64.1 63.5 62.5 61.1 60.4 60.0 59.7 —250
1: 0.8 79.1 77.0 75.0 73.4 72.4 71.5 —410
L 79 77 75 73 71 69 69 —470
2 WOV ARO e 36.2 37.7 38.2 38.5 39.0 39.8 40.6 +390
3: CT-CZ-Zr0;. 68 64 61 59 57 55 54 —810
3: = do! 39.3 38.6 38.0 37.6 37.3 o 37.3 —17
: el 63 60 58 56 55 54 53 —600
6: (Oheopehingy 108 100 94 90 86 82 80 —990
TasLe 10. Variation of O with temperature in the system CaO-ZrO,-TiO,
Mole Valueof Q at 1 Mcand—
Cr.aym.oT Binary join or ternary field
i —50°C 0°C 50° C 100° C 150°C 200° C 250° C
60 140 280 230 130 90 70
25 90 240 140 60 50 60
25 90 240 140 60 50 60
30 110 300 210 80 70 90
40 110 320 200 100 80 100
50 120 370 450 280 150 100
60 210 490 300 140 110 100
760 4,000 3,500 2, 500 1,700 170 40
180 240 260 180 120 100 100
310 390 390 100 50 100 230
2, 000 2,000 3,000 2,000 2,000 2,000 500
1,000 870 1,100 1,100 890 570 190
800 1,000 2, 000 2,000 2,000 900 900
800 800 700 900 600 500 400
1,100 760 880 650 320 120 35
1,200 1,000 900 480 400 180 60
1,000 2,000 3,000 3,000 3,000 3,000 2, 000
70 120 260 330 210 160 110
110 180 380 400 270 210 140
60 200 510 300 130 100 100
60 180 360 250 120 90 90
70 230 520 380 160 130 120
90 290 440 350 190 140 140
OT-CZT2Zr0; 30 60 110 100 60 40 40
CT-CZ-ZrOs. 690 600 480 390 300 240 140
..... doNaEE 270 250 240 210 18 140 90
..... do_____ 420 380 340 280 260 200 120
T 8]/ ol i R e e PR R TR N DR R 560 590 820 - 740 330 110 30
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5. Summary

An investigation of solid-phase reactions in the
systems MgO-Zr0O,-TiO; and CaO-Zr0.-TiO, was
conducted. Compatibility relations were established
and solid-solution areas were estimated for each
system. No ternary compounds were observed in
the MgO-Zr0,-Ti0O, system. In the CaO-Zr0O,-TiO,
system, a ternary compound having the formula
Ca0-Zr0,-2Ti0, was discovered, and its optical
properties and X-ray diffraction pattern were
determined.

The X-ray diffraction powder pattern for the com-
pound CaO-ZrO, was obtained and indexed as ortho-
rhombiec.

Dielectric-test samples were prepared 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 —50° and 150° C varied from
large negative values to small positive values, also
depending upon the composition of the fired piece.
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