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_ Increasing the lead zirconate to lead titanate ratino increases

¢

HICH TEMPERATURE PHASE EQUILIBRI/ IN THE
LEAD TITANATE-LFAD ZIRCONATE SYSTEM

) - Ronald L. Moon

¢ Materials Research Division, Lawrence Radiation Laboratory,
nd Department of Mineral Technology, (ollege of Engineering,
University of California, Berkeley, California

) ABSTRACT
fay 1967

Phase relationships at elevated temperazures in the lead titanate-

lead zirconate system are investigated by vedor loss, X-ray, thermal

and differentiai thérmal analysés.
A solid solution is shown to exist in the region between the
Curile and soiidus temperatures. Experiments in the so0lid solution
region conducted in vacuum at 1050°C and 1100°C show that vaporization
of lead oxide results in.the formation of a.depletion layer ét the
samplé’s surface. The depletionﬂlayéf is déficient in lead oxide and
new phases appear as a consequence of this compositional change.
The lowest temperature at which liéuid is'formed in this system
is the melting point of lead titanate; determined fo be 1286°%3°C.
solidus temperéture. The highest tempersture, the melting point of
lead zirconate, cannot be detérmined Becausevof rapid crucible aﬁtack
by the sample abové 1500°C. At 1360°C a peritectic reaction occurs for

compositions between 15 to apprroximately 40 mole % PbZrOB. Avove the

+

-peritectic temperature Is a {thres phase region with liquid, zirconia

and lead zirconate

richer in PoZxrC

(D

than 40 mole % decompose directly 1o three phases at

3



the solidus temperatures.
The existence of the three phase region demonstrates that the lead
titanate-lead zirconate system is not a true binary, but a subsection

of <the PbO—TiOe—ZrO2 ternary system.



I. INTRODUCTION

Ledd'zirconate*titénate is ¢erently the primary cryétalline solid
used. for Ceramic,piezoelecériC'transducérs; .Even though it is' so |
wi&ély used, little is known about the phase relationships existing at
high temperatures. -Since these solids are formed at bemperatures between
11005113OO°C by sintering or hot-pressing methods, information of this
naturévis necessary for understéhding the mechénisms involved in forming
dense pﬁlycrystalline bodies. In addition, the data is needed for growing
single crystals.

vThé purpose of this study was. (l) to investigate whether any high

temperature phases do exist in this system, and (2) to determine the

solidus and liguidus temperatures of the proposed binary systemn.

The electrical characteristic making this substance useful is its

ferroelectric behavior. This property is fundamental in obtaining

ceramic polycrystalline piezoalectric transducers.. A polycryStalline
specimen will notv act Iin a piezoelectﬁic manner unleés the polarity of
the crystals shows a preferred orientationﬂ A ferroelectric crystal
can realign its direcfion of polarity (within cfystallographic limita~
tions) when éubjeqted to‘a d.c. electric field. " When a d.c. elecfric.

field is applied to a polycrystallineisample-with randonly oriented

. domains (regions with the same direction of polarit the result is a
Py 2

sample with a net polarity created by the domain reorientation during
i I J .

the poling process. BRecause a ferroelectric crystal is also piezoceleciric,
P i S y - S

jeh
N
[N
=
[¢]
o)
5]
o
C
[0
ct
e
ct
m
3
[
ch
[$]
Py
g
N
3
o
Q
]
[0)
b}
6]
prl
[y
[$)]
k <
6]
O
0]
[63]
[
(&)
I
(]

The superiority of lea

materials»is due  to the relatively high Curie temperature and the
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piezoelectric | constant possessed by the solid solution which is obtained
by mixing lead titanate (PbTiOS) ﬁifh lead zirconate'(PbZrO3). o

A. PpoTiO
o R 3

- Lead titanate, PbTi0,, crystallizes in the perovskite structure and

3)
s ferroslectric below its Curie tempergture of‘490°C.l*3 There eppears
to be a further phase traﬁsitioﬁ at —100°C which océursronly whenvﬁhe
crystal is very slowly c‘:ooled.hr This iow teméeratgié rhase 1s nﬁn—
fefroelectric'aﬁd possesses a.mgltiple tetragonélvcéll..

In the pdraelectric state aﬁpve ﬁhe Curie_temperature; thévcubic or
ideal perovskité sﬁructure is maintained. On cooliﬁg thfough the Curie
temperature, the lattice undergbes avdiscontinuous'change in thelc/a
ratio of apprpximately_Q%,5 and at ;OOm temperatﬁre has a tetragonal
Lstrﬁcture with the lattice'paramete;s shown in Table I.

In addition to tﬁe lattice distortion'ahd.high value pf the dielec-
{ric constant at the Curie temperatﬁre, a great abﬁormality in the spe-

5

cific heat and specific volume is found. The speclfic heat anomaly

yielded an integrated value of 1150 cal/moie over the temperature
interval 340° to 5L0°C. The linear coeffiéient of thermal expansion of
va pblycrystalline sample Qhahges sign at the Curie temperature and
ekpands on further cooling.

Diffraction studies employing X—réys and neutron beams have
determin;d the atomic positions of the ions in the ferroelectric state.
Shifts in atomic positiéns are best represented when the oxygen octa-

hedra are assumed to be undistuwrbed. The lead and titanium ion shif%s

1 D) 2

are then taken relative to an origin in the center of the ocuahedron

'(Fig.. 1).

A

s



TARLIE I Tattice parasmeters of lead titanate and lead -
zirconate at room temperature

PbTiO5 vTeﬁragonal lattice parameters
. .
a = 3,899A
o
c . = h.15324

o]
=
It

1,065

PbZrO5 - Orthorhombié lattice parameters
a = 5.881
° b = 11,76%
c - 8.20%4

Relationship between the orthorhombic lattice parameters

and the tétragonal structure originally proposed

i

a, Jéa

“rh t -

.F)I‘h =. 2 x/_2at
Cyn 7 2ct
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The theoretical density as calculated from latticevparameters.is

-8‘02i0;02.gm/cm3a9

The flux‘method, which uses a-sﬁitable'solvent from wvhich crystalli-

zation 1s promoted, has beenlused to grow single crystals; however,

&

difficulty'is encountered because of ‘Pb0 loss‘at'high temperatures.

Crystals with edges of several millimeters have been obtained by using

compositions of 2PbO'Ti02.9 Larger crystals (l cm on edge) have been

grown using XKF as a flux.lo ther fluxes such as Pb(BOE)E,ll Na28i03

13

12

- and PbO-PbCl have also been used successfully.

2
PoTi0, begins to decompose to Po0 vapor and TiO2 solid when heated

above 800°c.14'

) . . ) -
The melting point of PbTi0, is reported.as 1281*3°C,~ 1285°C,15 and

16

3
13ko°cC. The latter value was determined by & strip furnace acknowledged
to give uncertain values of temperature.

The binary system PbO—-'I‘iO2 has never been studied in its entirety.'

o eutectic ﬁemperatures have beeh reported on both sides of‘PbTiO3.
The temperatufé in the PbO rich regién wvas 838°C and in the TiOE rich
regioﬁ was i2hC°C.lS A éecond stuay which determined the ligquidus
‘températures over a composition range from O to 25 mole % TiOé gave a
eutectic tempéraﬁure at 818°C and eutectic composition of 7.5 mole %

R 1 V. ' . . . .
TlOQ. 7 This same report mentioned two veritectic reactions present

in the system. One peritectic reaction was suggested to occur due to the

Con

decomposition of 2PbO°TiOQ. Subsequent studies, however, have shown no -

' 2,18 - . ; . .
evidence of this compound.3”’ The mest convincing of these investiga-
La 18 N . e e A . ; o

tions examined the Pb0 rich side of the HbO-L¢O2 diagrem by firing
mixtures of PbO (orthorhombic) and TiOQ‘(rutile) at 300°C. The only

phages detected by X-ray analysis were P’sTiO3 and orthorhombic and
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in Table I with a and b axes being ori

-5«

tetragonal'PbO. Thﬂ concTus1on is thalt a Ph0 solid solution LS Forned when

the orthorhombic PbO dissolves Ti0, and transforms to tetragonal Pb0, and

2

that no compoﬁnd exlsts between PbTi03 nd PoO.

B. PbZr03

Iead zirconate algo has the ideal perovskite'structure above 1its Curie

temperature df approximately 230 0,3 l) but on coollng, the situation is
more cdmplex. Recent studiesgo’gl have shown two-phase %ransitiqné to take
place about the‘Curie tenperature. The reported transition temperaturés
obt in d by dielectric apd exnan51on measurements differ sligh; ly and are
given in Table IT.

The transitions observed in PbZrO3-on.codling give a para-electric
state above ~ 228°, a ferroelectric state exhibiting a volﬁme expansion on
cooling between 228°C and ~ 212°C, and finally an anti-ferroelectric state
below 212°C showing a volume contraction on cooling. The intérmediate
ferroslectric phase will disappear if the caleclum impuriiy content of

ZrO2 is increased.?

Calorimetric measurements yield a heat of trensition of LU0 cal/mole.

23

At room temperature, the structure is orthorhombic, alt bourn it was

2L

first identified as tetragonal. This phase is derived from the cubic

perovskite lattice by antiparallel displacenent of the Pb ilons along one

of tne orlolqaj (110) d;rectlons, called the a axis. (Fig. 2.) Additional

tudies revealed that the oxygern

s
0
Ln

0

parallel to each other in the (001) plane.”” The lattice varamesters are given

l’-

23

d rection.

tween FoO and ZrOe For example, heating a 20 mole § Pb0-80 mole %



TABLE II. Transition temperatures of PbZrQBfnear the Cufig temp.

"Lower - " Higher transition = Measurement

transition temp. temp. " Imethod Ref.
Heating a 226°C - : | 236°C. Expansion 21
L e227°¢ - 231°¢ Dielectric = 20
232°¢c  © ©  235°C Expansion 20

Cooling . 212°¢C : © L 226°C ' Expansion 21
219°C . 2%30°C . Expansion - 20
208°¢ © Dielectric 20

[
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Zr02 sarple at 950°C produces only PbZrO3 end tetragonal Zrog. Further

heating of this mixture causes the tetragonal ZrO2 to transform to

moneclinic Zervand the diffraction lines of PbZrO. to become more

3
defined. Studies involving mixtures rich in PbO do not report the
g | . PR 16,28 26 N
rexistence of chO»ZrOQ. The phase disgram ~ showlng the incongruent

melting of PbZro3 is given in Fig. 3. .

Singie erystals df_PbZrO produced. by'evaporation at 1250°C with a

3
PoCl, flux afe light browvn cubes and octahedra up to 0.3 mm in length.
PbZr0, is reporLéd to decompose at approximately ZLZL5O°C.1-6

3

- term decompose must refer to the sublimetion of Pb0, leaving Zr0,-

29

The

Further discussion on the domain properties, antiferroelectric and

ferroelectiric theory and other vhysical properties for both PbZrO3 and

30

PoTi0, are summarized in Ferroelectric Crystals by Jones and Shirane.

3 , ’

C.. Mixtures ofvPbTiO3 and. PbZrO3

PbTi0, and PbZrO, have been shown to possess the cubic perovskite

3 3

structure azbove their respective Curie points. Since they differ in

structure only by the substitution of zirconium for titanium, it would

be expected that a complete solid solution exists gbove the Curle point.
This, indeed, appears Lo be true up to C00°C where the lattice perameter
X7

3

' ' 1 _
vs PbZr0O, content still follows Vegard's La*.3 High temperature ay
studies above Q00°C have not been attempted due to +the rapid leoss of Fo0

5

- s - ) o . 27 - . o .
L7 mole % PoTi0. to nearly 8 mole % PoTi0, the vhase is rhombohedral;

B)



o

near PbZr0_ the orthorhombic phase is the stable one. The Curie

3 _
‘temperature vs composition curve (the upper curve in Fig. 4) has been

7,33

‘established by dielectric constant and linear expansiOn measurement.

' Tt should be noted that this Tigure violates the phese rule. The phase

Hy

ields present should be separated by a two-phase region.at the boundary
between the tetragonal and rhombohedral transition. The antiferroelec-
~tric region A, is probably a two phase region extending about the line

B

seperatiﬁg Em and. Aa; in this cese one phase would be ferréelectric while
The other would be antiferroelectric.' |

The region near the rhOmoonedral—uetvabona trensLtlon shows the
 .hlgh°St electromecnanlcul coupling ceoefficient and pilezoelectric modules

(a..). 16,3k, 35 For this reason,_several studies have attempted o

33
determine the location of this boundaxry. T e results are given in Table

I1I.

The orthorhombic phase, extending from PbZrO3'to about 8 mole %
PbTi0, at room temperature is antiferroelectric; its c/a tetragonaliﬁy

3

ratio is less than one. Ferroelectricity is exhibited, however, by
both the rhombohedral and tetragonal vhases. t room temperature
3 and decreases to cfa = 1 for 8 mole % PbTiO3.

¢/a = 1.06 for PbTi0
As the tetragonality ratio decreases upon the replacement of zirconium

for titanium ion, the unit cell volume increases from a low value of

62.728 3 for PTiO, to T0. 23A 3 et 7.5 mole % POTi0, .

3

As reported earlier, loss of lead oxide results in compositional

changes during high ltemperature property measurements and single crjsta~

growth. Sublimation of Pb0 from PZT composiiion is negligidble below
’l P o l)“' ; ’ . . + M e 2 )
approximately 8C0°C. For a given temperature above 800°C higher
37

rates of 1loss are seen as the PbZrO3 content increases.

-



TABLE III. Values for the composition of.the tetragonal=

"rhombohedral boundary.

PbZrO5

Composition ‘ Reference
PoZrO, -+ PbTi0
R T
0.53 # 0,01 55
0.5 % 0,005 ~ 16
0.55 * 0.25 S 3k

0.55 . 36
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Fluorescent analysis of the surface of a PZT sample which has lost

veight suggests that a small amount of Ti may be lost in eddition to

the PbO.37- I
The loss of Pb0 can be minimized by wuffling with a composition . -

richer in PbZr0Q .37

3

atmosphere for all other PZT compositions. Samples-subjectéd.to this

For exemple, a PbZrO3 pellet will provide this |

treatment can actually gain weight.
Attempts to gfow single crystals of lead zirconate titanate have

used & flux’éf‘PbO'and B203~to obtain crystals containing ‘only a few -
- mole %.PbZrO3.38 Preliminary studies with a mixture of XF and PbF2 as

a flux have yilelded crystals of wvarious compositions.39 In most studies

the use of polycrystalline samples still predominates.
A lead zirconate titanate (PZT) piezoelectric éample of a particular

composition is usually made by mixing together the proper proportions

of PbO,.'TiO2 and ZrOE, aithough a co-precipitation process 0-k2 and the

use of Pb(COé) and'Pb(OH)2 have been explored.h3

X-ray examination of a mixture of Pb0, T102 and ZrO2 in the molar

ratio of 2:1:1 heated to different temperatures for a given period of

time reveal the following unbalanced reactions:

(1) Poo + Tic, - POTI0; -
(2~) PbTiO3 + PbO + Zr02 - Po(Zrl_XTlx)O3 X < 0.5
- (3) P"o(Zrl_xTiX) '93 + PbTi0

- Pb(Zr )0

3 0.5 T10.5/%

The first reaction is almost complete after heating at 650°C for two
P o
hours. At =zpproximately. the same temperature the second reaciion begins.

Apperently, the PbTiO3 immediately vegins to form a PbZrO3 rich solid

solution when FPb0O and Zrog.start reacting. Whether the lead cxide and
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zirconia first react to form PbZrO, is not known; however, PbZr0, is

3

not deteéted at any time. After two hours at 7SO°C the uncombined PbO

W

and-ZrO2 are almost consumed, but some PoTi0O, still remeins. Finally,

3

)0, solid solution is formed by consuming the unreacted

0.5

e
the Pb(z_o 5 T1 3

PLT40,.
J .
These reactions seem reasonable in light of the relative stabilities

of PbTiO3 and PbeO3.

heated, the Pb 7rO3 w1ll decompose leaving ZrO2 and Pt TlO (with 7 mole %

in solid solution). Conversely, if a similar experiment is

If equimolar nmixtures of TiO and PbZrO3 are.

| PuZr0
3 .
performed with PbTiO3 and. ZrO2 the result is ZrO2 containfng a small

emount of Ti0, in solid solution and PoTi0, containing a small amount

2 | 3
35
3

A reaction diagram in the ternary system P O—ZrOe—TiO2 prepared

of PpZr0Q

from X-ray studies of samples of various compositions that were heated

at 1100°C for one to two hours is shown in Fig. 5.16 35 of partlcular
Pb0

1nterest here is the section with & constant molar ratio of Z§5~1535; = lf

The solid solution region about this molar ratic extends from 0.96 to
1.08 as determined by vhase studies and lattice parameter veriations.
Therefore, it-is concluded that a'smali loss or gain of PbO from a PZT

- sample duiing procéssing should not cause a new phase %5 form, providing

the loss is uniform throughout the sample, not just at the surface.

Very recenuly the ‘uernary'system PbO—TiOQ-ZrO was examnined Doy

. A . .. 26 s .
guenching methods followed by X-ray analysis. In the region containing

more than 50 mole % Pb0 the tie lines between tne liquid and PZT solid

. 1

. solution were determined for 1100°C, 1200°C, and 1300°C. A%t 50 mole %
Po0 the composition-temperature diagren showsed the three D

liquid + Zro2 + Po(Zr, Ti)O
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above 1340°C and for,cqm?ositioné'containing more than 1kt mole % of
,PbZro3, (Fig. 6). Further heating would cause the PZT to melt which

2

would leave only ZrO £ liquid as the equilibrium phases. AAproposed.
polytherﬁal projecfion ﬁas also given, (Fig. T).' The authors céﬁcluded
.that the vertical section at 50 mol.e % Po0 is no? a. quasi binary.
(Appendix II).

This fact complicates the ahalysis of the PbZrOs—PbTiO3 syéter
becavse the equilibrium criterion used in determining binary phase
diagrams no'lonéef appliést A greater reliance on experimental dafa is
therefore necessary.

Quenching procedures are not entirely satisfactory in a compleﬁ
oxide syéfem, and. the résults mﬁst be substantiated by other independent
'mpthods.A'Determination of the’solidﬁs temperature.depends_uﬁoﬁ the
detection of a liquid>phase whiéh méy be found by quenching in the liquid
phase or by the nucleation and growﬁh_of nonequilibrium phases resulting
from reﬁolidification. If the liquid rapidly reacts with the sqlid pnase
. on éooling, a greater amount of li@uid‘is necessary for.détection by
either optical or X-réy methods. The small amount of liguid formed at
the solidus point would react raﬁidly with the solid on cooling fo roon

temperature and would not be detectible. A new phase cannoit be detected

until- a sufficiéntfamount of liquid is.formed so that on cooling not all
of the liguid hes time o react with the solid. The effect is to reise

a
the solidus temperatures determined by quenchinq. Even more important,
the phéses>detected after quenching the melt may have litile relationship
to the equilibrium situation. Assuming tﬁe liquid phase cannot be

quenched to rocm temperature, as the aforementioned study indicated,

blem can arise. On cooling a homogeneous melt, 2

ot
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=
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non-equilibrium speciles may preferentially nucleate because of lower
surface energy considerations. If the reaction between the nucleated

species and the remaining melt is sufficiently slow, due either to slow

diffusion in the solid or the presence of a reaction layer, the solid

0

ovtained by guenching the liquid will not represent the situation in the
- (%]

liguid region.

-

A ' - ’
The most sensitive method that should be used in conjunction with
quenching techniques is thermal anelysis; this and other potential

high temperature phase study methods are discussed in the next section.

D. Possible Methods of Investigation

Several methpds afe available for high temperature phase equilibrium
studies. These methods include {thermal ﬁnd differential thermal analysis,
high temperature X—rayvand optibal microscopy techniques, vapor pressure
and quenching studies. No£ all of these are aﬁplicable fo this system.
The érimary complication dévelops.from the Pb0 sublimétionAatvhigher
temperatures.

High‘tempergtuie X-ray analysis detects onlyvthe phases present
within a few microns of the surface in the ?ZT systen because of the
high.scatteriﬁg of the Pb_and Zr ionéQ As lead oxide is lost from the
surface, the pﬁéses detected would not be indicative of the composition
of the sample. The high temperature X-fay camera '1s then unsatisfactory
above aﬁproﬁimately 900°C.

Obsefvation of the melting point by optical methods is also hincered
by;the loss of ?bO. The éample is Qbscurad from view by the condensation

stege. The loss of Pbl
o

[l
Q
S
=
O
17y
<t
Y
[0
v
Y]
w
ct
b
3
[62¢]

of lead oxide on the glass win

from the small amount of powder usually used (< 1 gm) would cause a

&

radical change in composition even if the specimen were oObservable.
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Differentisl thermal énaljéis_is useful fof detecting reactions -
taking place in thé solid state. Precise_determinétiOn of the'feaction.
_temperatures) particularly tﬁe melfing point;'is hindered by the prior‘
'sinﬁering ofvthe powder. - Eefore the onset of sintering the powder is

in direct conféct with thé wall of the ifferentwau cell. The temperature
‘of fhe powdexr ié then close to that §f'the'block-sinc§ the major‘mode

of heat transfér is coﬁduction. Sintering causes a shrinkage of the
powder away from the cell wall resultlng in a larger temperabure
 grad1ent between the block and the powder. DTA was used here to examine
the possibility of reéctions taking place below the solidus temperaturé,_
but not for the determination of this'temperature. |

Equilibrium vapor pressuré studiesvaié useful fér the detection
ofvhigh temperaturé phases.. A.éonveniént method is a Knudsen céll
wéight loss experiment, providing thé vapor pressure is less than 10-3'
atmosphere in the temperature‘range.of interest. This method was empTOJed.

Quénching methods were discussedbearlief.

Thermal analysis‘is generallyAthe most: rapid method for determining
phase transitional temperatqres, providing:the heat of transition is
sufficient for detection and that the reaction is not very SIuggiSh. This

-.is generally.true for reactions involving solid-liquid transitions. , De~
termination of the transition temperatures found in this study waé by

this method.
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IT.  EXPERIMENTAT PROCEDURE

A. Preparation of ILead Zirconate Titanate

Powders céntaining various ratios of PbTiO5 to PbZrO5'were made in
batches by welghing the proper proportions of reagent grade PO, TiO2
~end Zr0, (Table IV) into a glass mixing jar. The powders were thor-
bughly mixed with isopropyl alcohol and vacuum dried. Folléwing the
drying procedure, the powders were pressed into 1 inch X_l/2 inch
placed in a Pt. crﬁcible and calcined at 800°C for an average
of 229 hours. .The pellets were crushed into powder that would generally 
pess through a 200 mesh screen. A spectographic analysis ofbpowders.
prepared by this method did not detect an increase in thefimpgrity_
'content;

X-ray examination.of the finished powders showed only the PZT
phase to be preseht. The samples were also checked by chemical analysis
to insure the corréct composition.

B. Chemical Analysis

'

The calcined samples were analyzed for Ti, Zr and Pb using wet
chemical methods. The powders were taken into solution by pyrosulfate
fusion and mixed with HCL to form zirconium and titanium chlorlde
‘complexes.

s . b5 ’ s . . s

Ti analysis:” The above solution was mixed with concentrated
HQSOA) heated until HQSOA fumes were detected, cooled and passed through
a filter to remove PbSOh precipitate. The filtrate was mixed with a
hydrogen peroxide solution to form a titanium peroxide complex. The

o . ) ' Py .

»

" concentration of titanium was finally determined by optical density

Lp]
[

readings at 120 mu on a spectrophotometer.
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TABLE IV. Results of semiquantitative spectrpgraphic_;fju-

analysis on the reagent grade oxides used.

"PbO (Baker's reagent

TiO, (Tisher's

' Zr0, (Wah Chang re-

grade) reagent grade) actor grade) . -
Si- 0.0044, 0.2% o.bo5
Mg 005 ©.001 .002
Fe < ,002 .01 - .01
Al .002 Ol - .005

. Ca 001 .002 005
Cu’ .0005 - -

 Ba .002 - -
Bl .01 - —

- Hf . - < 025
Ag' <. <0005 _— -
No - - .05
T4 - -- .005
Y - - - .006




~discarded. The precipitates were brought back into solution by mixing

17

L6s,

Zr analysis: Aliquots of the original solution were diluted and

heated to near boiling. The zirconiuvm and titanium were precipitated as

hydroxides by bubbling NH, into the solution. The precipitates were

5 - :

collected in a filter while the filtrate containing the lead ion was

© with 50% HCL and heating. Zirconium was selectively precipitated as .

zirconiﬁm tetramandelafe by mixing the sélution with mandelic acid.
The precipitate was collected by filteriné and fired at 1000°C. The
residue weas theﬂ weighed as ZrOQt | | |

Po analysis:u6b A separate sample waS dissolved by pyrosulfase
fusion and then mixed with concentrated HNO3 and Cu (to form Cu(NOB)e).
The solution was maintalned at 00°C while PbOe was plated out on a
circulaer Pt gauge electrode. After thé plating process, the‘elecﬁrode
was dried and weighed.

Results of the chemical analysis are suwmmarized in Table V, with
the weight perqent'figures represenfing'the average of three deter-
minations per PZT compoéition,

CF ~C. X-ray Analysis.

A1l X-ray identification was by powder diffractometry with CuK2

radiation. The PZT peaks were identified by comparing the 20 values

of the observed peaks with the 26 values calculated from crystallograpaic

3 .
data.B’ For the determination of interplanar spaclngs, the diffracto-

meter was first calibrated with a polycrystalline guartz standard. The

. o .
scanning speed was 1/8° /min.

Care must be taken in the identifica
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TABLE V.

Chemical anelysls results of leed zlrconate titanate powders

10 20

30 )To) 60 65

0 75 80

8 9. 95

Closure

2.52 h,85'

32,26 28,90

66,1 66,0

7.28 9,905 ‘lh.6l 16.35
26,01 22.32 15.45 13.67

66.6 67.5 69.8 170.55

17,04 18.56 19.76
1.7 988 7.99

TLL 7195 72.25

1 20.88 23,58 24,8k

hor 4,07 2,025

2.5 2.9 T3.45

100.9  99.75

.
Mole % PT° 10,74 20,56

99.9 99.75 99.9 100.6

30,16 L40.64  59.33 64.85

99.9 99.8 100,0

69.13  Th.29 79.23

98.3  100.6 -100.3

86,77 89.94 9ok,99.

M _
Mole % PbTiO

s PbZr0

3

3

2

and that their total = 100.0%.

3

calculated on the basls that all TiO, is combined in PbTiO, and all Zr02 is combined'

L]
-

“—gr—i
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value as the most intense line of ZrOe. This problem was eliminated

by sufficient N1 filtering or with a monochromator.

A large cylindrical furnsce with an outside water cooled steel
jacket insulated from the heating zone by high temperature bricks was
used (Fig. 8). MoSi2 elements arranged in a circular manner provided
heat. Down the center of the furnace was an A1205 miffie tube closed
at both ends with removable bricks.

Temperature was regulated by a variable proportional drive con-
troller with the control thermocouple approximately 1" from one of the
elements midway between the top and bottom of the heating zone. The
constant heating zone of this furnace was 2- 7/9” long.

To insure little heat loss away from the sample contalner, the

’S s
Pt crucible was.suspended from a P+ wire (Figas 9). The conical con-

tainer was placed in a loop of Pt wire hanging from a small plece of

alumina tubing. The alumina tubing was threaded through with a second

Pt wire that led up a ‘thermocouple . tube insert in the brick plug.

Fon

This arrangement allowed removal of the sample from. the furnace by
merely taking the brick plug from the furnace.

.Powders of the composition to be tested were Jelghe

i_
Qu
/\
N
(@]

g
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3
ct
e}

the plavi wum crucible and a piece of 0.001 ineh Pt foll was spot welded

thermocouple was seﬂuved in place
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the thermocouple well. Thérnotch was then wrapped with gf\wiré. After‘
insertion into the well, the bottoﬁ of the well was pinchéd’sﬁut beldw_-
the Pt wire. . ]

The system was caliﬁrated with reaéent grade Na2C05<mpj85i°C>h7;.
and CaO‘BQO3 (mp 1162°C)§8 which was obtained from the Bureau of Mings
 PaciLic Experiment Station. Agreemeht was within 3°C. .TﬁevValue

obtained for the melting point of Pb'I‘iO5 was in excellent agréement_”
with published temperatures (1281 and 1285°C) and was also‘ﬁsed'for.
calibfatién purposes. The sensifivity‘of the appafétus was demonstrated
by its ability to detect the Curie point transiﬁion ofvPbTiO3.""

Tempe%atu;é was monitored by a potentliometrically balanced strip
'charf recorder used witﬁ a cold_junction. Before each runvthg elec-"
tronics of thé system was checked against a known,millivoit s§ﬁrc¢;

A typical run would comméncé wheh‘the brick plug holding,the'éru—

cible was inserted info fhe furnace'held at approximétely 1250°C. After
- holding for appréximatély 10 minutes to homogenize the powders, the
temperature of the furnace was ralsed at a constant rate. The holding

. period was short to prevent as little PbO loss as possible. After the

sample melted completely the temperature was held constant for approxi-

driven down at a constant rate to about 1250°C. After femoving the
crucible from the furnace, thé crucible was weighed to check weight loss.
The weight'loss was generally less than 1% of the total weight of the
charge. The solid weas remo&ed from the crucible by chipping with a cold

Kl

. chisel and hammer; it was examined later by X-ray analysis.

I8
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Additional tests to confirm the solidus temperature were performed
by placing a sealed 7 mm x 35 mm Pt crucible containing PZT powder into

a furnace held at a constani temperature. A thermocouple in contach

with the outside -of the crucible was used for tempersiure determination.

The charge was examined for liquid formation after-.quenching in liguid

nitrogen following & 30 min., soak at a constant temperature.

E. Differential Thermal Anelysis

'Differentiai thermal anelyses (DTA) were coﬁdﬁcted in a Pt céil,
a rectangular block containing two cylindrical cewities.u9 The differ-
entlial thermocouple was. placed into gach cavity thréugh a hole drilled
midway between the top and bottom of the cavity. A Pt and 90% Pt-
llO%‘Rh thermocouple wasvplaced intc the center of the bloék for tem-
perature monitéring, The furnace was regulated by a variable-propor-
tiéﬁal drive éontréller—recorder éystem. The control thefﬁocouple,
independent of the. DTA cell, was located near the Pt wound core ithat
surrounded the DTA céli.

Alumina was used as the reference material.

F. Vapor Loss Studies

03

Weight loss experiments were conducted in vacuum with the weight

- change recorded continuously on an automatic recording microbalance.

A Kanthal wound muffle furnace was placed around a 2" 0.D. mullite

_ tube which was sealed at both ends with O ring seals and brass fittings.

Above the mulllte tube a tee-shaped copper tube connected the mullite

Regulation of temperature was by a variable proportional control

e

ct

using a control thermocouple placed at the hottest point between

furnace wall and the mullite tube. The isothermal zone was 1-1/2 inches
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longf The samble'teﬁperatﬁré'ﬁas_obtaihed»bj angoptical pyrometer that
ﬁas(sighted throuéh a, giésstindowviﬁ thé brass_fittingvat'tﬁe bottom
of the mullite tube. o
The sample hung from a Pt wire connected torone arm of the micrb-
balénce and was counferbalancéd'by welghts on fhe,other panﬂ- The
capaéity of the balance was 400 mg.

Wt. loss runs were begun by lowering the sample into the furnace
N g

which was at constant temperature; the system was then evacuadted. The

sample was estimated to be in equilibrium with the surroundings within
5 minutes after the vacuun was applied. Following the vacuum treat-

ment alr was admitted to the furnace and the sample removed.
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| - IIT. RESULTS AND DISCUSSION

A. Investigations Below the Solidus memperature

1. DTA -

To establish whether a high temperature phase exists, differentisl

.

thermal analysis was undertaken to detect any healt effect associated

with a2 possible phase change. The powders investigated were mainly

those in the composition range between'hT.S and 100 mole % PbTiO3. This

"

range was the most likely region as indicated by thermal analysis. The
results showed only two endothermic reactions correcpsdnding to the Curie
and melting point, respectively (Fig. 11). Several tests on the PbZrO3

] &)

rich side region indicatedthe same results.

2. X-Rey Studies

A supplement o DPA studies was performed by mixing calcined powders

of dlfferent composition in 50-50 mole % mixtures. The powders were

fired for 1 hour, quenched in liquid nitrogen, and then examined by

X-ray analysis. Tﬁe results are listed in Teble VI. A‘typical X-ray
diffractometer pattern of the mixture before and after firing is shown
in Fig. 12.

.These results show that there is no tendency for é given mixture to
separate into a new compound other than that formed by the mechanical

.

mixture. This-conclusion could possibly be criticized on two grounds.

Second, the oqﬁy prover method of determining

temperature phease is oy the use of a high texm erabure K—raf camera. In

*d

answer 1o the quenching question, even though the phase does not quench

to room. temperature the time to recombine uQ the correct mixture composition
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. TARLE VI.

Results of heauiﬁg for

1 hour of .

equlmOW ar mixtures of VaI’ZLOLlS

- compositions.

Mixture - 50/50 mole % Temp  Resultant composition
e . ° o
PbZro3 Pb(ZrO‘8o, Tlo.20)05 1254°¢ Pb(Zro'go,Tlo.lo)O3
Pb(ZrO‘go,Tlo.lO)OBTPo(Z_rO.BO, 0. 7O)o5 1281 c Pb(Zro 1or o, lO) 5
- . . - .. . o, ' V . .
-+ d : P
| Pb(ZrO.6O,Tlo-AO)OB ?b(Zro’lo,Tlo.90)05 1252°C ‘b(Zro 25 o 75005
: o ‘_ Lo . mas
Po(Zro 70,1?10 5O)o tho5 123k7c | .P.b(Zroouy.Llo.?s)O}
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is probably insufficient. A splittiﬁg of the diffraction peaks would

be expec%ed. No such-splitting ié seen. The idea of using a high
temperature camerea above g00°C is not valid gince the depth bf penetrétion
of the X-rays is ﬁery'small due to the. large scattering of the lead'aﬁd
zirconium ions. Above 800°-~900°C the loss of vaepor becomes Important;
therefore, the éurface of the sémple is not‘indi;ative_of thé interibr.

‘A semple heated ﬁo just below the solidus temperature, held for one
vhour and quénched in liquid nitrogen shows only the original calcined
mixture with no line splitting.

At 900°C the lattice constant has been shown to obey Vegart’s‘iaw.Bl

The conblusion_is that fhe phase.below the solidus is a solid solu-
tion with thé cubic verovskite structure.

A rapild method of determining the cqmpoéition of é powder 1s to find
"the d‘spacingléf either the [321}‘or {211} lines. These lines are chosen
because of their relatively strong iritensity7 Figures 13,.14 end 15 show
fhe comparison betweeﬁ the 4 valugs:calculated from the lattice perameters
(solid line) and those obtained by diffractometer measurements.(circles).
The lattice parameters were obtained from a\National Bureau of Standards
repr:Jr‘c,..?’-LL _The‘pafameters &ere assumed to var& linearly over the compo-
sition rahge and. were fitted to a straight line by a least meéns square
prccedure. Interplanef spacings were calculated from the aata using-a
;digital computer. Appendix 1 summerizes the results.

»In order to obtain good.agréement with the calculated values, it
was necessary to treat the calcined pow@ers at 1200°C fof l hour in a

 ciosed Pt crucible. Thi; treatment horiogenlzes. the calcined powder
which still shov a vafia?iOn of composition after célcining_for_QQO
hours at 800°C. Figures 16 ahd 1T represent diffractometer pattefns
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fof ste§ scanning-end continueusvscanning,_reepectively. In both
drawingsnthe upper figﬁre is_the.Calcined material and illustrates
the Inhomogeneity in the powder by the broad ill-defined peak. After:
“the 1200°C.treatment‘the;peaks'are easiiy resolved.i A conclusion to
vbe draym from fhis is that'the'unifofmity of start‘powders for varions
processing studies is achieved only by reheating the calcined powders
'.to higher temperatures. The'common-practice of caleining the mixedv
oxides for 1 hqur at 800-900°C isntherefore'insufficient for the attain-

" ment of reproducible starting powders.

3. Weight Loss Studies

It vas hoped that discontinuities in the_log vapor_preesure vs
:compoéition plot would also show whether an undetected high temperature
phase did exist. This hope was not realized because of incongruent'
veporization taking place in vacuum, demonstrated by X-ray examinatlon
of the sample's surface. | ~ |

During the weight loss runs tne PZT phase 1s not the only one
-preSent; _The phases present In vacuum are summerized in Teble VII.
Furthermore, the vapor ?fessures at 1050°C'and liOO°C vroved to be out-
eide the Knudsen cell range if Pb0O is assumed the vapor species.

The resulis are compétible with the reaction diagram in Fig. 5.
~For example, the phases presenﬁ after Pb0 loss from the Pb(Tio.95,
.ZrO.OS)OB composition ere solid solution TiO, end 95 mole $ POTi0,. If
a line of constent mole ratio of Zr0,/Ti0 = .95 is draim on the reaction
diagram, the‘stable phases'become Ti02 and PZT as PbO is lost. Similar
argunents can be proposed for the other compositions. Although the

agreement is not exact the trend is gocod. The appearance of dther

. Phases after a small percent weight loss depends on whether the experiments
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TABLE VITI Phases detected after sublimation of
lead oxide in vacuum .

Approximate

Mole % PbTiO2 Phases present after Wt; Loss in Vacuum % loss
| 95 Anatase (Ti0,), rutile Tide, 95% P77 o 5%
90% Anatase (110,), rutile Ti0,, 95% PZT - 5%_

85% - ZrOQvTiOé, rﬁtile, PZT | o ' 7.6%
85%' ~ Trace z§022 ZrO,Ti0,, rutiie PZT , - 20%

85 | (cooled in vacuum)

Zrog?,Zrde-Tiog, ritile, PZT 184

% _queoTic;g, PZT , R

L7, 5% .. Zr0y, rutile, Zroe*l‘ioe, PZT - 21% -
30% - Zrog, P21 tetrag. (Zr0,-Ti0, or PZT rhomb) - 23%

2
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are conducted in vacuum or air. If approximately l% of the totallweight

‘ds lost in air the PZT rhase is still present, but if the same percehtage

¥

is lost in vacuum, additional phases appear. (Fig. 18) Exposure of the-

;sample to air at fhe sane temperature wbuld cause the PZT phase whiéh

had disappeared to reappear (Fig. 19).

A tentative'explanation for this phenomena follows: As PbO is loSt‘_

~from the surface, the composition of the surface will move along a

line of constant mole ratio of ZrOQ/TiOE tovards the Ti0,-Zr0, binary

_ on the ternary diagram.

The phases present will depend upon wehther a depletien layef is
formed. If the dﬁffusion of PbO to the surface 1is slow,Athe nheses
detected by X-rays will be mainly those lylng off the line of 50 mole p
PbO since the composvtlon of the surface would raplle lose PbO and

other pnases ‘would appear. In vacuun the rate of Pb0 loss from the -

surface is fast, whereas In air the rate of removal of Po0O vapor from

-the sample is much slowe? due to the pfesence of g gas above the surface.

Therefore, the time.required to lose a given weight in vacuum is sharter
than the time neceseary to lose the same amount in air. The longer time .

" in air allows diffusion to replenish the surface with Pb0 end yields a

surface that more nearly reflecfs the average cbmposition of the so0lid;
then nev rhases are not detecfed until e larger percentage of PbO is lost.
Vacuum welght loss results in the formation of a depletion leyer

which is verified by the appeerance of new phases. Treating a vacuum

sample in air allows the PbO to redistribute in the solid. For the
. surface, this means moving on a-line of constant Zr/Ti ratio towards the
© PbO vertex of the ternary diagram. A sufficient amount of PZT w i1l

' reform, by reaction of the Pb0O with the TiO2 and ZrO2 present at the

. an
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surfaée, and be detected.égain by X-ray analysis.

.The effect air has on‘the sample could also be explained.by the
oxidation of the divélent iéad ion to its tetravalent state. As a
result, a léad ion vacancy would be creaﬁed. This would enhance the lead
‘ion mobility in an air aimosphere. In . vacuum the vacéncy éoncentréﬁion
. would decrease and a~depletion.layer would form. The reaction

L emtt 4 1/ 0, = o't 4 Pb0 + 0 has been reported to take place in the

PzT system.So
In either case, the results are explained.by a'deficiency of PbO

near the surface which results in the gppzarance of other phases.

B. Investigationé Above the Solidus Temperature

1. Thermel Analysls of PbTiO3 and PbZrO3

The melting point of PbTiO3 was found to be 1286°%3°C by thermal
analysis; the horizontal plateau on both the heating and cooling curves
‘was taken as the melting point. Ciose exemination of the heating curve
shows a slight melting interval (~ 3°C) rather than a very well defined
plateau. - This rise could indicate a peritectic reactiqn where PbTiO3
decomposes to PbO rich iiquid and Ti0, rich solid, or impuritieé in‘thet

v sample. Héating_curvesvof Na2304 and Nall also show this type of behavior

_

with a heating interval as great as 60°C. The melting of PbTi0

3
pfoduces an unusually level fhermal arrest by these sitandards.

To checkvthis point three cruciblesvwere held for 30 min. at 1280°C,
1282°~1é83°c, énd 1286°C, respectively. The first one showed no sign
'fof‘liquid formation. At 1283°C some liquid formed, while at 1206°C the
materialbhad completeiy melted. In view of the recent cleim of &

15

~eutectic reaction in the titania rich region of the P’oO-’I‘iO2 system,
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the mélting interval is assﬁied to be due to impurities. 'PbTiOB'is

then a congruently melting.cﬁmpound; Cdmbining the melting point data -

with fhe data available.fme fhe literature,.a binary diagran contaiﬁing 3

two eutectic réactions, one 6n~either side of EbTiOS, is proposed (Fig. 20). .
The determination of the melting pgint of PbZr0, was nof S0 success~ B

ful. .Continued heating to 1550°C gives no indication of melting_and

résults only in severéudeterioration of a platinum crucible. iAbove

”.1200°C the~va§or pressuré>Qf.PbO-becomesiappreciable. The solid femaiﬁ~

' ing after heatirng to 1550°C is monoclinic zirconia. | |
To circumvent the'problem,of Po0 loss, séveral cruciblesrwerév"

inserted into the furnacé, which was alreédy at a constant temperafufe,

 and ﬁeld for 5 minutes. It was hoped that ligquid formation would‘be

hoted before all thé.PbO vaporized. No liquia was detected by visual

inspeétion._ The so0lid that remained, as determined 5& eray analysis;

contained PbZrO2 in the center with a white layer of Zro2 on the outside.
Abvove lSOO°C the crucible is so severely attacked that experiments cannot
.be conducted. For instance, Fig. 21 shows a Pt crucible containing

PoZr0, before firing and after firing at 1520°C for 3 minutes.

3

The onset of atfack appears very suddenly as the furnace tempergture

is raised., If the reaction

Pbo(vap) +.E%.» Pt (Pb). solution + 1/202

vere teking place. a sudden increase in the Po0O vapor pressure would
cause an acceleration of this reaction. This sudden increase could be

explained by a peritectic decomposition reaction.

, PbZros' - licuid (rich in Pb0O) + Zroé(s.s.)_‘
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 The vapor pressﬁre would be near that of the boiling point.(1h72°C) of
Pro. |

From these Observations_the‘report of a melting point température
of 1570°C seemé erroneous. = The ldea of a peritectic reaction where.
PbZrO3 deconposes to a solidlricﬁ in ZrOé and a. Xiquid rich in PO
agrees basically with the present results, but the determination ofvtﬁe
exact‘temperature seems impossible. |

The possibility of a compound 2FbO Zr0, wes investigafed. Mixtures
of 2Pb0Zr0, weré‘heated at 800°C Tor a total of 5h hours. A% 18 nour
intervals the sample was ground by mortar and pestlé and analyzed by
X—fay diffractionﬂ The ﬁowder was replaced in the crucible and the heat
treatment continued. This operation was repeated two times. The onliy
phaées detected were PbZrO3 and. orthorhombic PbO,(méssicot).

As. = fesﬁlt, the phase diagrém in Fig. 3 appears to be reasonable.

The vertical section at 50 mole % PbO in the PbO-ZrOQ—TiOQ componsition

-
L

temperature diagram cannot be a quasi bilnary if PbZrO3 melts Incongruently.

2. [Thermal Analysié of Tead Zirconate Titanate Mixtures

The final temperatures used for the phése diagram were obtained
from déta derived from heating curves analyéis; The cooling curves:
proved to be inaccdrate and were useful only in indicating £he general
trend of events.

Cooling curves fof a complex oxide system are unreliable for the
détermination'of either the liquidus or solidus temperatures. Super-
cooling, preferential nucleation of a non-equilibrium solid, and low .
' diffusion rates in tﬁe solid can cause éubstantialverrors in the

temperature determination.



‘ The first.infléctipﬁ.points on the temperature~time cur#e (Figs;
'22,23) observed on cooling suggests supercooling wheﬁ compérea Qith’
the liquidus temperafures obtained froﬁ heéting cuiﬁes.. A,siight.inérease.'
in £empera$ure, definitely iﬂdicating éﬁpercooling, is‘hotéd aftérbﬁﬁe' ' .
first inflection point'for 100, 95 and.9b mole %.PbTiO3 compoéitiong.-
gvAt compositiong,richer;in PbZrO3 the first infiection point éppegrs ﬁq
' split into ﬁwo. The second point could be aue to the_pefitectic réactioh.'
which is shdwn in Fig. 6. "The cooling curves'bf a‘péritectic arrest ih
metals generally ére characterized.by pronpuncéd undercooling and very
g_sﬁort isothermal arrest which slowly merges into the cooling rate of the.
furnace‘52 A,peritectié reaction in the PbTiO3—PbZrO3 %ould be erected
to show a similar behavior.

.The final inflection ppint nea£ the melting;poiﬁt of PbTiO3-is
due td microsegregatién known as."goring." Coring is particularly
common when dendrite growth is presgnt. The composition of the core of -
the deﬁdrite 1s different from the oﬁtside of the déndrité.52

The meit of a given PZT composition‘(vertical line) will beginvtoi :
solidify on reaching the liquidus temperature and deposit a solid |
“with & composition in equilibrium with the liquid at that fémperatufeh
 Aé the temperature is lowered the average composition of the solid is not
vthai indicated by the solidus line due~to slow diffusion in the solid,
- but is richer in PbZrO3. Thé deviaﬁion from thé>equilibrium cqmposifio@
increases ﬁs the temperature is lowered. Upon reaching the equilibrium>

solidus temperature for the specific composition the average solid composition -

. 1s still rich in PbZr0Q, and liquid rich in PbTiO3 remains. Cooling

3

further, the average solid composition finelly coincides with the original

_composition and the liquid rich in PbTiO3 solidifies.
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Support of this hypotheéis is indicéted oy the different solidus
témperatures obtained for different cooling rates. The foster the
cooling rate, the shorter the period of time for solid state diffusion
to take place; fherefore, the largér the deviation of the averagé‘solid
compositionvfrom equilibrium and the lower tho final freezing temperature.
Examination of Table VIII indicates the final infleotion points of the
S.6°/ﬁin.cooiod runs”to-oe ié&ér in temperature than the‘2.8°/mio runs.
Observation of.the melt shows dendritic growth to be present which
appears to decrease with sddition of PoZrOg.

Table VIII and Fig. 24 summarize the cooling data.

Examination of the so0lid taken from the crucible shows the following:

Compositions containing 90, 95 and 100 mole % PbTiO3 yield only the
original composition as asceriained by X-ray analysis. At lower'per-.
centages of PbTiO3,

were present in addition to the PZT phase. The PZT phase was generally

Zr0, (monoclinic) and Pb0O (orthorhombic and tetragonal)

3 than the original composition. A cross-section of a :

crucible containing a solidified melt whose original composition was

richer in PbTi0

greater than 15 mole % PbZr03 would have a greenish-white top layer
- followed by a gradual transition to a brownish-orange solid along the
‘sides and bottom of the cruoible. The phases present on the top layer
are PZT and Zroe, while in the bottom the séme species were detected:
with the addition_of Pbo.. , | |
The solids found ot the bottom and sides of the cruciblé would
be the phase to first,SOlidifj on cooling, while those at»the.tOP
. would be the last. The last solids to solidify are PZT and 7r0,. The

detection of Po0 at the bottom of the crucidble shows that the ligquid

at high temperatures is rich in PO since 1t is still unreacted after



TABLE VIII;;'Summary of cooling curve analysis
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sc.

Supercooling

Composition: ~ Cooling: Upper  Lover. .-
‘mole % POTi0; . rate temp. °C temp. °C
o | 5.5 1287 L
0 8 1290 . sc .
5 2.8 1305 sc 129d
5 5.6 1302 sc 1288
"_io 2.8 1329 sc 1290
.10 . 5.6 11326 sc 1286
15 2.8 1335 1333 1293
15 | 5.6 1330 L 1288
20 | 2.8 - 13h0 1335 . i, 1289
- 20 5.6 "1555 1325 1285
25 2.8 1347 1340 12389
25 5.6 | 1345 1336 1279
30 2.8 B 135h 1342 - 1231
30 - 5.6 1355 1345 ND
35 2.8  . 1359 . 1347 D
35 5.6 1362 15&5' D
ko 2.8 1365 1352 ND
52.5 2.8 1398 1372  ND
60 2.8 | 1410 ND ND
ND - Not detectable
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cooling. The appearance.of unreacted ZrO2 in the presence of PbO seems
- odd. COnsidering the solidvstate reactioﬁ to.form P_bZrO3 that takes:?lace
when pow@ers of Po0 and ZrO2 are mixed and heated. This'could be possibie‘
if the qug, Pz, and iiqpid (rich in PbO) phases are-in equilibriuﬁ
at some temperature above the_solidus. Alternatively, since the phéses
' present dé ﬁﬁt react rapidly oﬁce in the solid state, the‘same situation '
: coula be caused by nucleation of Zr0, and PZT followed by‘solidification
;of the remaining melt. Once in the solid state the reactions necessary
--to homOgenize.the sample back to the original éompoéition,could be very
slov. |
fTom this discussion 1t i$ evidenprﬁhgt>the temperatures_determined
by cooling curve analysiéjmust not be used because of the inhOmgeneiﬁy..
of the final solid. Also, the phase équilibria existing at ﬁigh
'teﬁperatures cannot be deterﬁined by cooling curves or quenching.methods
- alone. Resolution of thé-qﬁestion‘of wvhether three phases éxist at high
teﬁperatures or préferential nucléétion causes the observation of PO,
PZT and. ZrO2 at room temperature can only be solved by heating curve |
analysis because of thé ébsence of nucleation and growth conéiderations.
The heating analysis should-bé'particularly sensitive to phese
changes in powders by the thermocouple arrangement used heré. The
thermocbuple accounts for Only the portion of charge immediately
surrounding it. When this p&rtion'melts;:a vreek in fhe heating curve
wlll result. As‘heating proceéds, sintering taxes place causing a
sh;inkage of the'powder eway from the crucible wall. This is demonstrated
by the raﬂtling,of the unmelted charge in the cruciﬁle‘after heating
near the melting pbint._ The charge is then in contact with the top

of the thermocouple well which Is supporting the sintered powder. For

.
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this reason_the»érucib;é-therﬁocouple arrangement should‘bé very
sensitive o melting. The first inflection point in the heating curve
would then represent the solidus teﬁperature (Figs. 25-27). ‘

To check‘fhe'solidus temperature, the furnace was held near~thé
'inaicatedjsolidus temperature; but lower than thg second infléétioh
: poiﬁt. A small Pt crucible séaied with annealed Pt foil and'held down
by gn inver@ed A1203'pfucibie was lowered intq the furnace and held |
for 1/2 hour. The crucible was quenched in liquid nitrogeh'aﬂd examingd
for liquid formation; This technique was'ugéd-for a series of compoSitions
- shown in Table IX. Figure 28 shows oné such result. in,all cases
liéuid formation was noted, thus supporting the hypothesis that the
fifstvinflectionbﬁoint represents the solidus point.

Continued heating éauses a second inflection which shows larger
heat effect. This is_rationaiized in ﬁhe following mannex: fhe sample
sinters to a conicai shaped solid supportedvby the-thermocouple well
and. partielly separatéd from the wall of the crucible., Heat transfer
to the solid:is by,conveption_thrbugh theugas phase présent in the
crucible and conductionvaléngvthe solid thermocouple well. The hottest.
point of the solid is the %op of.the thérﬁocouple well because good |
vcontact between the sintefed powder'and Pt crﬁcible is maintained in
this region.‘ After the first inflection point is reached the liquid
- formed in the vicinity of thé'thermocouplé is very small end therefore
shows. a small heét effect. TFurther hreating plus the added-heat conduction
effect of the liquid formed'bringsvthe remaining solid (major mass)v
toathe solidus {temperature or above it. When thils nmass melté and slumps
.down into the crucible the second inflection-point is noted and slight

" cooling takes place near the thermocouple because of the heat drawmn
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TABLE IX. Summary of constant temperature heat treatment

’.-.Composition
mole % PbZr0;

3

20
20
:eo
ho -
Lo
Lo
s
92.5
-
60
-
0
8
_ .

Constant temp.

1281°¢C-
L 1282-3°
1286°
1280°
1294°
S 1310°
1325%
1524
1335°
13L3°
1356°
, 1562°»_
. 1369°»
C1379°
1384°.-
. 1396°
1koz®
C1hee®
1460°

Appearance of Charge at 30 min.

Solid

Small amount

" Melted

Solid

Small amount

Solid

Smail amount
Small amount
Solid

Small amount

of liguid

of liquid

of liquid

of liquid

of liquid

Liguid + solid

“Small amount

- Small amount

of liquid

Liquid + solid

of liquid

Liquid + solid

formed

formed

formed

formed

formed

formed

formed

Liquid + solid (color gradation)

Liquid + solid

?

Liquid + solid (X-ray:PbO+Zr0 +PZT)
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éwayifroﬁ ﬁhis'area tO‘ﬁroVide.the heat of fusion; This conciusioﬁ is
borne out by the d%sappearance of the dipAat thé second infléctionvfoint when
“the heating rate 1s lowered. - |

The last inflecti@n'on heating is thg'liquidus'point.- Aftef
reaching this temperaturé, thevmelt temperature rises very rapidly due
"~ to heat éon&uction in.the liquid. to estéblish a:heéting rate Similar to
that of the furnace. A summary of reéults is in Table X and Fig. é9§

The heating cufves'showva'trend‘that-would Sﬁpporf the idea of
& three phase region containing liquid Zr0, + ﬁZT does exist at high tempera-
£ures. The results'agree well with those‘obtaihed from quenching tech-'.
_niqueé as depicted in Fig; 30. The major refinements to the guenching
diagram are the lower solidus énd'liquidus temperétures due to greatér
_ sénsitivity in detection, the determination'of the peritéctic temperatufe
to be 1360 rather than 13#O°C, and tﬁe estimated extension of the‘ |
peritegtié isotherm to approximately &O mole % PbZrOs,

The establishment of & three phase region in the POT10,-PbZrO,

system definitely proves the system 1s not a quasi binary section in

the PbO—TiOE-ZrO2 composition temperature diagram.
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TABLE X. Summary of heating curve analysis

- Composition Heating . Lower Middle .Upper
. 'mole:% PbZrO5 _ faﬁe % min. temp. °C temp. °C
0 b 1286 ' -- - 1289
) 8 1286 - -- 1289
5 2.5 1289 A 131k
5 6 1282 - 1300 1312
5 8 1272 1305 1318
10 2.5 129k 1319 1307
10 6 129k 1312 1329
10 8 1294 1315 1334
15 2.5 1201 1322 1355
15 6130k 1325 . - --
5 100 1299 1322 13k9
20 2.5 1315 133k 1357
20 6 1%05 1335 1360
20 8 1309 1338 1359
25 2.5 1317 1341 1357
25 6 1325 - 135 1359
25 . 8 1322 - 13L7 1359
30 - 2.5 1327 13k 13%68
30 6 1322 1355 - 1372
30 8 1322 - 15k : --
35 2.5 1337 15 1T
35 8 1335 - 1360 1574
Lo 6 1339 - 1367 - - 1372
50,5 .- 6 - 1360 - 1389 ~ 1kol
60 6 1375 1408 1431
70 6 1396 1431 - 156
¢

. 80 126 .- ) 1489
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IV. SUMMARY AND CONCLUSIONS
3 system were undertaken using
o000

X—raj, vapor loss, differential thermal and thermal analys&é.

Investigations of the PbTiO3-PbZrO

Lead zircdnate_titanate formed bfvmixing PO, TiO,, and Zr0,
'powders and'éalcining at 800°C were shown to be ihhomogeﬁeous.. Homo- |
©. genization could be achieved By a high temperature heat treatmént:'

A solid solution is shown to exist iﬁ thé region between the Curié
and solidus temperatures. X-ray, diffgréntiaI thermal and thermal
analyses‘failed to detect any phase transition in_this region. Ex-
_~periments in the solid sqlution region coﬁducted in vacuunm at 1050?0 '
and 1100°C show that vaporization of lead oxide resulté in composi-

"~ tional changes ;t the sample's surface. As a consequence of the lead
oxide depletion layer one or more new phases are detected By X-ray
analysis. .These were identified as Z;Oe, Tiog, and ZrTiOh.

| Thevcbhgruent melting point of'Pb’in5 was deﬁermined to Be_
'1286 + 3°C by thermal analysis.' Similaf experiﬁents with PbZrO3
were unsuccessful bécause the sample rapidly attacked the crucible ‘
above 1500°C.. | | |

The final temperatures used for the phaséldiagram were obtained

from heatiné curve aﬁalysis. Cooling curves proved to be inaccurate.
due to supercdoling and segregation in thevfinal solid. WNot only are
the temperatures obtainédlbyvheating cﬁrves nore reiiable than those

obtained from cooling cur%es, but the problem of nucleation and growth

-

of .nonequilibrium phases is not present. The solidus temperature has been

o

determined to increase with increased lead zirconate to leat titanate
. ° . . . .
ratio. At 1360°C a peritectic reaction occurs for compositions be-

tween 15 to apprbximately 4O mole % PbZrO5° Above the peritectic’



b1
. témperature is a three phase reglon with liquid, zirconia and lead
zirconate titanate solid solutions in equilibrium. Compositions richer

“in PbZrO, than L0 mble % decomposé“directly to three phases ét the .

)
solidus tempéraﬁure. Compositiops between PbTiO5 and 15 mole’% P_bZrQ5
show a simplenmelting behavior characteristic of:a solld solution,

The phase diagrams determinedvby heating curve and quenching
anaines are in basic agreement. - Temperatures obfaiﬁed from héating
‘curve methods are believed to be the most accurate because phase
vtransitions'can:be detected with greater sensitivity.

As a result of the decomposition reaction, the PbZrO5—PbTiO3
bhase diagram cannot be considered a true binary system, but simply

& vertical section in the PbO--TiOg-—ZrO2 composition-temperature diagram.
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Schematic model of the structure for PbTiO3 |
at room temperature showing shift of Pband
Ti ions relative to the oxygen ocfohedrgon.

- Fig. 1 High and low temperature siructures of PbTiO3 .
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Fig._ 2 Antiferroelectric structure of PbZrO
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(@) MATERIAL: MECHANICAL MIXTURE OF 70% PZT +10% PZT
(b) MATERIAL: 70% PZT +10% PZT AFTER HEATING FOR | Hr. AT 1281°C
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Fig. 28. Cross-section of Pt crucible containing
Pb(er.ZO’ T10.80) O3 held at 1325°C.
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- APPENDIX I

'follcwing.ié a table of interplanar spacings (d) in A units vs

the mole fraction (x) of PﬁTiO5 in the.lead titanatg—lead'zi?conate
‘WgyS§em; Pb(Tix, Zrl—x)oj’ at focm tempéfatuge. The indices of various

plages are ‘listed in the column at the left of the page.

_Latticé‘cohséants~we?e takenﬂfrom daté'of B. Jaffé, S, R._Roth,
and §. Marzullo, (N.B.S. 55, 239 (1955) ). The latticé parameters .
wefe assumed to vafy linearly with compoSition'and weré fitted to a
straight line bf‘a.least means Square procedure. Inferplanar spacings
were calculated from this data using the formulaé.for rhombohedral

~.and tetragonal lattices.(Intérnationdl Tables“for X-ray Crystallography,

Vol. I, N. F. M. Henry and K. Lonsdale* Editors, Kynoch Press, Birming-
. ham, England, 1965) ). All calculations were performed with a digital

computer.
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.RHCNMBCHECRAL o . : o R
PQR X= .1 .15 «20 +25 «30 . .35 “ad0 W45

100 401284 4.1310 4.1235 4.1147  4.1058 4.0938 4.0817 4.0816
110  2.9236 2.9281 -2.9225 2.9164 2.9102 2.9015 2.8927 2.8919
111 12,4013 2.3966 . 2.3918 2.3869 - 2.3820° 2.3746 2.3672 2.3659
111 12,3853 2.3812 2.3770 2.3719 2.3667 2.3599 2.3531 2.3534
200 . 2.C692 2.0655 2.0618 2.0573 2.0529 2.0469 2.0409 ' 2.0408
S2 00 2.C692 2.0655 2.0618 2.0573 2.0529 2.0469 2.0409 < 2.0408
210 T 1.6544 1.8510 1.8475 1.8436 1.8397 1.8342 1.8287 - 1.8283
=210 . 1.8471 1.8439 1.84C7 1.8367 1.8326 1.8274 1.8221 1.8225
211 1.6966 1.6933 1.6900 1.6865 1.6829 1.6778 1.6726 1.6718
2-1 1. 1.6881 1.6851 1.6821 1.6785 1.6748 1.6700 1.6651 1.6652
=2 11 7 1.€E53 1.6824 1.6795 1.6758 1.6722 1.6674 1.6626 1.6630
220  1.4668 1.4640 1.4613 1.4582 1.4551 1.4507 1.4463 1.4459
221 . 1.385¢ 1.3829 1.3802  1.3773 1.3745  1.3702 1.3660 1.3653
"2 2-1 1.3765 1.3770 1.3745 1.3716 1.3686 1.3646 1.3606 1.3605
200 1.3765 1.3770 . 1.3745 1.3716 1.3686 1.3646 1.3606 1.3605
=21 - 1.37€4 1.3741 1.3717 1.3687 1.3657 1.3618 1.3579 1.3582
210 1.3106 1.3082 1.3CS8 1.3030 1.3002 1.2954 1.2925 1.2923
=2 10 1.3C67 1.3044 1.3022 1.2993 1.2965 1.2928 1.2890 1.2892
211 12517 1.249 1.2470 1.2444 1.2418 1.2380 1.2342 1.2338
=3 1-1 - 1.2472 1.2450 1.2428 1.2401 1.2374 1.2338 1.2302 1.2202
=311 . 1.2450 1.2428 1.2407 1.2380 1.2352 1.2317 1.2282 1.2285
222 1.2006 1.1983 1.1559 1.1535 1.1910 1.1873 1.1836 1.1829
2222 - 7 1.1927 1.1906 1.1885 1.1859 1.1833 1.1799  1.1765 1.1767
220 - 7 T1.15C4 1.1483 1.1461 1.i437 1.1413  1.1378  1.1344 1.1341

-220 v'l.l’cSZ 1.1432 1.1412 '1.1387 1.1362 1.1330 1.1297 1.1300
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1C
1.1C64

1.1033
1.1041

1.C346

1.CCE4
1.€C49

-1.0C25

1.CC2%
1.0C14
<5719
«5779
«S152
«$135

«5730C

.5£32
L9272

«9235

«9C€1
«SC35
«5C18

«9€09

.88ES

«8€05
<8217

<2483

. elS

1.1044
1.1014

1.1022

1.0327

1.0065

1,0030

1.0008

1.00C8:

«9996
»5760

+9734

«8719-

«9713

«9513

.9255

« 9044

.9019

9002
.8994 -
<8848
.8790°

" +8801

« 8466

L2¢

1.1024
1. €665

1.1002

1.0209

1.0045
1.0012
9590
.959¢

«9979

«9742 .

<9142
.S717
<9702
9697
9455
.9238
.9203
.9C26
£9€02
.. 8586
.8578
.8821
L8715

.8186

« 8450

25
1.1001

1.0971
1.0978
1.0287
1.0024
.9991
«9968
+9968
.9957
.9721
29721

«5696

T L9681

<9676
9475
«9218
«9183
590Ci
28983
.8957
28959
.8812
«8756
«8767

<8432

30
1.0977

1.0947

1.0954

"1.0265

1.0003
«9969
+ 9947

«3947

9936

.9701
.9701
<9675
<9659
<9654
.9455

.9199

09163

8988
-+8964
«8947
.8939
«8794
8736
.8748

«8415

Y

1.0945
1.0916
1.0923
1.0234
«9972
«9940
.9918
«9918
« 9907
«9672
29672
09647
09632
.96é7
«9426
9171
«9137
.8961
+8937
28922
<8914
<8767
.8711
.8722

.8389

«40
1.0912

1.0885-

1.0891

1.0204

«9941
9910

«9889

9889

«9879
«9642
« 9642

<9618

«9604 °

«8740
.8686
«8697

«8363

45
1.0912

1.0887
1.0893

1.0204
.9936
.9909
.9890
.9890
.9881
.9640
£9640
L9618
L9606
.9602
.9393
L9141
29112
+8930
.8910
.8897
.8890
.8735

.8688"
.8697

28359
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€426

«£257

~8277 .

«8257

<8124

.8124

-£8108

- «8C99

-8(96
.ECéﬁ
«7581
«75€3

- «1851

« 7551

L7672

27698

.15
«8412

.8281

«8262

.8243

«8109

«8109

8094
.8085

«.8082

«7989

« 7966
« 7949
« 1937
« 71937
«7658

« 7684

0 2C

+«8398

«8265

8247

«8229

« 8094

. 8CS4

«8C80

.8C71

«8C68

« 7573

«7951 .

‘e 1534

<7623
7523
. 7645

01669

.25

<8379

«8248 -
8229

8211

8077

«8077

" .8062

«8053

. .8051

+7956

«1934

L7917
.7906

- 1906

«7628

$7653

«30
"«8361

«8231 .

+8212

8193

.8060

.8060

8045
.8036
.8033
7540
7917
7900
.7889
.7889

«T612

- 1637

o35
.8337"

«8206

.8188

48169

<8036 -

«8036
«8021

«8013

«8010

.7915

«7893

. 1877

« 7866 .

27866

« 7590

40

.8313

.. 8181 -

<8163
« 8146

.8012

8012

.7998
+7990
.7987
.7891
.7870
.7854
- 1.844%
L7844
L7568

« 7591

%5
«8315

«8179

8163

.8148
.8011
.BOil
« 7999
«7991
«7989
«7886

«7868

- .7854

+7845
+« 71845

« 7569

«7590
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418
4.12383

4.0448
2.€52¢
2.6601
2.3529
2.0691
2.0224
1.8421
1.8170
1.8¢89
1.6764

1.6575

T 1.44¢63

1.4201

1.3794

1.3619
1.3515
1.2483
1.3C56
1.2€19
1.279%
1.2425
1.2220

t.1764

1.1296

50
4.1393

4.0311
2.8879
2.8504
2-3§76
2.0696

2.0156

1.8612

1.8121

1.8028

1.6T747

1.6528
14440

1.4252

t.3798

t.359%
1.3476
1.3437
1.305%
1.2780
1.2747
1.2412
1.2183
1.1738

1.1385

.55

441407
4.C178
2.8835
2.8510
24 3426
2.0703
2.0C89
1.8404

1. 874

1.7668

1.6732
1.6483
1.4417
1.4205
1.3€02
1.3570
1.343¢
1.3393
1.3054

1. 2743

1.2705

1. 2415

1.2146

le1713

1.1376

.60
4.1421

4.0C45

2.8790
2.8316
2.3376
2.0710
2.0922
1.829¢6
1.8027
1.7509
1.6716
1.6438
1.4395
1.4158
1.3807
1.3546
1.3397
1.3348
1.3053
1.2705
1.2663

1.2410

1.2110

1.1688

1.1367

.65
4.1431

3.9925

2.8749

2.8231

2.3330
2.0716
19962
1.8388
1.7984
1.7855
1.6702
1.6397

1.4375

1.4116

i.3810
1.3525

1.3361

“1.3308

1.3052

1.2671

1.2625

1.2406
1.2077
1.16545

1.1357

.70

46,1442

3.9805
2.8708
2.8146

2.3284

z.0721

1.9902

1.8380
1.7941
1.7801

1.6687

1.6356

1.4354
1.4073
1.3814
1.3503
1.3326
1.3268
1.3050
1.2636
1.2587
1.2401
1.2044

1.1642

1.1348

« 75
4.1457

3.9671

2.8662

2.8051

2.3233

2.,0728

i}§835
1.8372
1.7893
1.7T4)
1.6671

1.6310

1.4331

1.4026
1.3819
1.3479
1.3286

1.3224

1.3050

1.25%98
1;25&5
1.2}96
1.2007
1.1616

1.1339

- 80
441472

3.9536
2.8616
2.7956
2.3181

2.0736

1.9768

1.8364
2.784§
1.7681
1.6655
1.6265

1.4308

"1.3973

1.3824
1.345%
1.3246
1.3179
1.3049
1.2560
1.2502
1.2392
1.1970
1.1591

141329

.85
4.1487

3.9402
2.8570
2.7861
2+3130
2.0743
1.9701

1.8355

‘17796

1.7621

1.6638

1.6219
1;4235
1.3931
1.2829
1.3430
1.3206
1.3134

1.3049

«90
4.1502

3.9268
2.8524
2.7766
2.3078
2.0751
1.9634
1.8267
1.7748
1.7561
1.6622
1.6173
1.4262
1.3883
1.3834
1.3405
1.3166
1.3089
1.3048
1.2483
1.2418
1.2382
1.1896
1.1539

i1.1309

»*

.95
4.1517

3.9133
2.2477
2.7671
2.3026
2.0758
1.9567
1.8338
1.7699
1.7501
1.6505
1.6127
1.4238
1.3836
1.3839

1.3380

1.3126

1.3044
1.3047
1.244S
1.2375
1.2377
1.1359
1.1513

1.1299

1.00
4.1532

3.8999
2.8430
2.7576
2.2973
2.0766

. 1.9499
1.8329
1.7651

1.7441

1.6589

1.6081
1.4215
1.3788
1.3844
1.3355
1.3086
1.3000
13046
1.2406
1.2333

1.2372

o l.1822

1.1487

1.1288

'9Lf’
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A1
1.1218

1.€569

1.ce80

1.0827
1.0346
i.cc23
1.0112
+9528
«GeL2
«9823
9810
.9129
.9546

«GE42

«9534

L9211
.9379
.9290

".8581
L9CES
.9Ch4
JEE64
.8836
.27c3

«8£59

.50
1.1180

1.0957

1.0854

1.€793

1.0348

1.0023

i.0078
+9913
".98137
29792
.9777
«9727

+9515

«9626

«9501
.9206
+9363
.9261
.8975
+9061
.9014
« 8840
.8807
.8686

«8635
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[ 1.0546
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1.¢761
1.0352
1.cc24
1,044

.9899
.se12
9161
«5745
.5126
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L9612
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.9202
«9348
.9232
.857¢
.9037
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8817
«8178¢0
«887C

«8612

«60
1.1106

1.0935
1;0806
1.0728
1.0355

1.0025

. 1.0011

9885

9788

«9731

.9712
L9725
L9456
.9597
.9439
.9198
.9333
.9203
.8965
.9013
.895%
.8793

8752
L8654

8589

« 65
1.1073

1.0924
1.0781
1.0698
1.0358
1.0026
«9981
.9872
<9766
.§70k
#9683
«9724

«9429

«9583

«9410

«9194

.9318

9177
.8959
.8992
.8928
8772
8727

.8639
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« 70
1.1040

1.0913
1.0758

- 1.0668

1.0360
1.0026

29951

.9858

«9743
L9676
.9654
.9723
+9402
.9569
.9382
.9190
.930%
.9151
«8954

.8970

«8901

L8751
.8702
.8624

8547
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1.1003

1.0902

1.0733
1.0635
1.0364
1.0028
.9918
+9844
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+9646
.9622
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.9372
.9554
.9350
.9186
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.8949
.8946
.8871

.8727

8674

«8608

.8523
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1.0965

1.0890
1.0707
1.0601
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,9884
.9829
<2694

+9615

.9589
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L9342
.9539
.9319
.9182
.9273
© 49092
.8944
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.8841
.8703
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8591

.8500
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1.0928

1.0879
1.0681
1.0568
1.0372
1.0030
.9850
.9814
.9668
.9584
.9556
.9720
L9313
.9523
.9287
.9178
L9257
.9063
.8938
.8898
.8811
.8680
.8618
L8574

«8476

«90

1.0891

1.0867
1.0655

1.0534

1.0375

1.0031

.9817

9799

<9643

.9553 °

«9524
«9719
«3283
9508
.§255

«9173

.9241

«9034
.8933
+8874
«8781

+8656

.8590

«8557

«8453

«95

1.0854

1.0855

1.0630
1.¢501
1.0379
1.0032
.9783
.9784
" .9618
.9523
<9491

.9718

<9253 .

49492
.9224
.9Y69

«9225

.9004

.8927
.2850

.8750

«8632

«8562
« 8540

e 8429

’,

1.00

1.0816

1.0843

1.0604

1.0467

1.0383.

1.0033

«9750

«9769

.9593

.9492
'.9459
L9717

<9222

«94T7

.9192
9165
«9209

.89?5

+8922.

.8825 "

.8720
«8608
+8534

8523

8405
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.82C8
.8287
.8109
.8155
.8Ch4
.7550
.8C90
. 8G90
<7955
«1539
.7929
.7633
21843
«71791

« 1660

.1511
.18c7
-1390
1231
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- 8279

8199
-8264
- 8109
.8138
28034
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8062

<8062

STITT
.7913
.7913
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27825

T TT65-

7658
s 71594
. 7523
« 1546
« 7512
« 7486
7385
’.?366
<7220

- 7159

55
. 8281

8190
£ 8242
.8111
»8122
- 8025

- 7951

. 7491
e 7461
 136%
7343
7209

- T154

.60
.8286

.8182
.821¢9
.8112
«8165
28016

27951

+8009 -

8009

« 7944

.7863

.7863
.7853
L1192
J1718
+ 71655
L7574
» 7519
L1513
7470
<7436
« 7343
7319
7198

<7150

65
.8286

-8174
23199
.8113
8090
.8008
7951
.7985
.7985
7929
.7 841
7841

«7830

SoeTTIY

« 7634
<7653
«T564
.T516
« 1497
. 7451
«Thls
1324
7258
- T187

JIT148

«70
.8288

8166

.8178

8114

<8074

27999

.T7951

«7961
«TA6L
«7913
.7818
.7818

«7806

L1761

.7671
<7651
L7555
L7514
7482
+7431
.7392
.7305
L7277

«TLITT

.T142
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-.8291

.8157
.8155
.B116
.80ST
«T799¢C
. 7951
.795%
27934
.789¢6
7793
<7793
271780
T T4
. T647
7650
. 754%
«7512
. T465
L7410
<7367
. 7284
.7253
LT166

<7128

-« 80
«8294

.8149
.8132
8118
.8040
L7981
.7952
.7907
7907
7879
.7767
L7767
L7754
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7622

« 7648

<7534
« 7509
« 7448
«7388
« 7342
.%263
e 7229
«715%

27133

-85
+82937

«8140
23109
+8119

-8023

L7971

L7952
.7880
.7880
L7862
L1742
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L1727
.TT10
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$7647
.7523
L7507
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ST317
.T261
72086
<7143

«T129
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8300
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8006
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<T717
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.7693

<7572

JT645

7512
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«T413
« 7345
« 7292
.7220
7182

7131
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«8303.
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8063
.8123
77989

.7952

.7953

7827

« 7827

. 7827
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. 7691
;7575
» 7675
« 1547
- 7644

« 7501

« 7502

. 7396
. 7323
L7267
.7198

« 7158

eT119

L7120

l1.00

.8306

.8113
-.8040
© <8124

. 7971

«7943

+7953
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.7522
«T642
-« 7490
«T499
«T379
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7242
«T177

«T134
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«7039
«6999
+6961

« 6961

55
« 71044

«7C19
«6587
« 6944

«6544

.60
.703?
+6999
L6676
.6928

+6928

© o865

« 7034
«6980

«6965

6913 .

«6913

«70
«7030

«6962

«6954
«6898

.6898

75
7025

«6941
«56943
.6881

+6881

« 80

7020

".6921
.6931
.6864

6864

«85 .
.7015

«6900
«6919

«6847

.6847

«90
.7010

.6879

.6907
.6830

«6830

«95
. T005

« 6859
« 6895
6813

+6813

1.00 -
.7000

6838
.6883
«6795

.6795

~6L
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APPENDIX IT

The term "quasl binary" is occasionally misunderstood and thought -
to refer to a pseudo binary which is an equally confusing term. The

ydefinition given here is from }%sing?B (see pg. 45).

"The solidification of all ailoys on the éeéﬁion vC (a line

' cénnecfing two é@mpounds in a térnafy system) follows exactl&
as for a binary alloy, and in no‘instance does the behavior of
an alloy give any indication that it is>a_member of a ternary
system. Such sections lying within a system of higher order
‘but behaving like a binafy alloy system are called 'quasi-binary

sections'.”
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