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ABSTRACT

Phase relations were studied for those portions of the binary and the ternary
systems containing over 50 percent of PbO. It is reasonably certain that the
binary system contains the compound Pb0O.AL,O;. In the ternary system 3 com-
pounds (8Pb0.Al,03.48i0,, 4Pb0.Al,05.28i0,, and 6Pb0.A1;0;.6510,) were identi-
fied, 4 others were indicated by optical and X-ray properties, and 10 quintuple
points, which include 6 eutectics, were established. Also, Al;O3 (99.9 plus purity)
was observed to melt at 2,035 °C,
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I. INTRODUCTION

This report is published in order that the limited information given
may be available for use now rather than to wait until more peaceful
times make it possible to complete the study.

Because of extremely slow crystallization rates and other unfavor-
able characteristics of compositions over the greater portion of these
two systems, the progress of the work has been very slow. Three
years were required to obtain the data presented at this time, and there
1s every indication that experimental difficulties will increase as the
explored area is extended toward the Al,0;-SiO; side of the diagram.
The study is a part of the broad survey of systems containing PbO
that has been in progress since 1932.!

The PbO-Si0O, system (see footnote 1) and the system Al:Q;-SiO,?

1 R. F. Geller, A. 8. Creamer, and E. N. Bunting, J. Research NBS 13, 237 (1934) RP705; R. F. Geller
and E. N. Bunting, J. Research NBS 17, 277 (1936) RP911; 18, 585 (1937) RP995; 23, 275 (1939) RP1231.
2 N. L. Bowen and J. W. Greig, J. Am. Ceram. Soc. 7, 238 (1924); J. Wash. Acad. Sci. 14, 183 (1924).
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have been investigated. A limited study of the reaction PbO=2Pb;0;
was made in connection with this investigation, and the report was
published recently.?

II. EXPERIMENTAL PROCEDURE
1. MATERIALS

For compositions prepared directly by fusion, the end members
were (a) sublimed litharge containing 0.02 percent of total detected
impurities; (b) Al,O; prepared by converting aluminum metal of 99.95
percent purity to the nitrate and heating at 1,200° C to form the
Al,O;3; and (c) pulverized quartz containing 0.02 percent of non-
volatile residue on evaporation with HF and%-bSOb

After fusion in platinum, using an electrically heated furnace, the
various melts were analyzed chemically (by A. S. Creamer).

When it was necessary to heat specimens at temperatures in excess
of about 950° C, the volatilization of PbO became noticeable, and this
tendency increased with decrease in the SiO, content. To avoid the
excessive volatilization of PbO during the preparation of melts con-
taining little or no Si0O,, a number of compositions were made by
coprecipitation prior to fusion, of a nitric acid solution of the litharge
already described and reagent quality Al (NO;);.9H,0 in the presence
of silica gel of 99.96 percent purity.

For the determination of the melting point of Al;O;, a sample of the
oxide was prepared by dissolving aluminum metal of over 99.98
percent purity* with reagent quality HNO; and igniting at 1,100° C.
All reactions were carried out in platinum.

2. TEST METHODS

Thermal studies were made by the usual quenching method, using
precrystallized samples, of which portions were heated at successively
higher temperatures until liquidus was obtained. The specimens for
crystallization and for quenching were contained in platinum foil,
and it was customary to hold the specimen at least overnight before
each quench. The quenching studies were supplemented, in a few
cases, with heating curves by the differential thermocouple method.
All heatings were made in electrically heated furnaces, and the Pt to
Pt-Rh thermocouples were calibrated by observing the melting tem-
perature of KCI (770.3° C) and K,SO4 (1,069.1° C). Unless otherwise
noted in the text or the tables, critical temperatures may be considered
accurate to +2° C.

Compositions containing over about 90 percent of PbO could be
crystallized by holding at a suitable temperature for several hours, but
this holding time increased greatly with decrease in PbO content.
For melts containing 50 to 60 percent of PbO, for example, it was not
unusual to develop only partial crystallization after treatments of
from 1 to 2 months’ duration.

Examination of treated specimens with the petrographic microscope
was made in all cases. The results were verified, when necessary, with
X-ray diffraction patterns made and interpreted by H. F. McMurdie.
Details of these examination methods have been described.?

3 NBS Tech. News Bul. 315, p. 52 (July 1943).
Furnished by James I. Hoffman, and described by him and G. E. F. Lundell in J. Research NBS 18,

(1937) RP957.
8 R. F. Geller and E. N. Bunting, J. Research NBS 23, 278 (1939) RP1231,
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The ALO; melting point was observed with an optical pyrometer
while the specimen was resting on an iridium pedestal in an electrically
heated furnace.® The pyrometer calibration was certified to +10° C
by the Pyrometry Section of this Bureau.

III. THE SYSTEM PbO-ALO,

The existence of a eutectic at about 865° C and 94 percent of PbO
between PbO and a compound of PbO and Al,O; seems reasonably
certain (fig. 1) and the data suggest the compound PbO.ALQO; for two
reasons: (a) the absence of a break in the heating curve of the com-
pound composition at about 865° C. This break occurred con-
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Ficure 1.—The system Pb0-Al,03

sistently for the compositions higher in PbO than the 1:1 ratio and is
believed to show the PbO.ALOs-PbO eutectic temperature (table 1);
and (b) the most nearly complete crystallization to one phase was
obtained with the PbO and Al,O; in equimolar ratio (table 1). Beyond
this composition, in the region of higher Al,O; content, the true phase
relations are largely conjectural, and were not investigated further
because of the extremely rapid volatilization of PbO during both the
preparation of melts and the crystallization trials.

The phase assumed to be PbO.ALO;” is uniaxial negative, has
indices of refraction €1.85, w1.91, crystallizes in platy form, and the
diffraction data are given in table 2. The data summarized in table 1

8 R. F. Geller, J. Research NBS 27, 555 (1941) RP1443.

7 When references are made in this report to the compound Pb0.Al:03, it should be remembered that its
existence has not been definitely established.
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indicate that it breaks down rapidly at about 1,000° C to form beta
Al,O; and liquid. Whether this “break down” is a true incongruent
melting, or a decomposition accelerated at 970° to 1,000° and
resulting from volatilization of PbO, is not clear. The latter ex-
planation seems plausible in view of the heating-curve results on
melt 5, which showed a drift, beginning at about 970° C, rather than a
definite break.

Solid solution in this system is indicated. In some melts the
indices of refraction of the PbO.Al,O; varied, being slightly lower.
Also, in some cases the alpha alumina had indices of refraction above
1.765 probably because of PbO dissolved in the crystal.

The Al;O; sample was observed, in three tests, to melt sharply at
2,040°, 2,030°, and 2,030° C. The rate of temperature rise at the
time of melting was 3.5°, 2°, and 5° C per minute, respectively.
Under the same conditions of test, platinum was observed to melt at
1,770° C and the alloy 10 Rh-90 Pt at 1,845° C.

The value of 2,050° C given by Kanolt ® for the melting point of
AlL,O; was determined in an Arsem-graphite resistance furnace, and
Bunting’s ® value of 2,045 +5°C was determined in a high-fre-
quency induction furnace. The significance of Kanolt’s and Bunt-
ing’s values are discussed by Wensel.!

8 C. W. Kanolt, BS Sci. Pap. 10, 295 (1914) S212,

9 E. N. Bunting, BS J. Research 6, 947 (1931) RP317,
10 H, T. Wensel, J. Am. Ceram. Soc. 19, 81 (1936).



TABLE 1.—Quenching tests, heating-curve results, and X-ray examinations for the PbO-Al, O3 system

Same as melt 5 (800°)

Composition
5 Heating Quenching tests
Melt No. Aglxlx)ligxrg%%te By weight l;le'lera‘;:s Crystalline phases found by X-ray examination
PbO | Al:O3 | PbO | AL:O3 Heat treatment Crystalline phases produced =
%
2 |y, S TS IR hehl) (R Rl ©97.0
e R e ©95.0
94.9
93.0
92.0
........ 91.5
....... ©90.0
....... ©90.0
________ ©90.0 Mostly Al,03, also crystals of n1.84 to 1.87______
[ R A 2 1/ 8L9 Cryetals havmg o el B SRRl S R Same as melt 5 (800°).
L 1 s it BN 3 - bl G ( 50 53 (Sl < S T IEERRTT,”  Sie b  EORee SSt ) 1IN el
e ST 8 1| 68.6 Ph?se assumed to be Pb0.Al;0s (pattern, table
1 LR RN R e e TN e e SO B BN 1 | I A i S e R o s, TR RSy | St RO L BPbO.2
1 1| 68.6 = Same as melt 5 (800°).
i 1| 68.6 = aPbO and BA1;03 (?).
1 1| 68.6 = D
1 1| 68.6 c BAlLO. ( )
1 1| 68.6 s anO and BAL:Os (?).
R T 1 1[¢c68.8 Some crystals identified as uniaxial negative
71.84to 1
1 1|¢68.8 Al;03 and p0551bly Al;03; with PbO in solution. .
At o A SN 3 4 61.8 About 339, crystals having n1.85t01.91__________
[ SE SR R 2 3| 59.2 About 25% crystals having n1.85t0 1.91__________
s R } 2| 512 Same as melt 5 (800°) plus afew unidentified lines.
2| 512
T 2| 5.2
1 2 51.2

an]()) and BAl;03 (?)

= The melts heated above 1,000° attacked the Pt capsules and had crystallized in part
on the outer surface. The portion remaining on the inside was usually darker in color
and apparently higher in PbO content.

b Mixture prepared by coprecipitation.
o Not analyzed chemically. Percentages based on batch weights.

f Platinum capsule left open.

d Pronounced ‘‘drift” beginning at about 970° and indicating volatilization of PbO.
e Prefused in the capsule at 1,250° and then held as indicated.

& This heat treatment probably insufficient to develop the Pb0O.Al;0s.

‘0O IV -09d P Q%I V-09d Swoishs oY L
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TaBLE 2.—Diffraction data for the compound assumed to be PbO.Al,O;
(by H. F. McMurdie)

[ViS=very strong; S=strong; M=medium; W=weak; VW=very weak]

Estimated d Estimated d
intensity intensity
A A
M 4. 66 M 1.963
S 4,43 M 1.916
w 4,22 M 1. 897
M 4.05 w 1.776
VS 3.08 M 1. 630
M 2. 621 vw 1. 637
M 2.507 VW 1.613
Vw 2.367 vw 1. 598
vw 2.303 w 1.576
S 2.221 w 1. 540
w 2.165 w 1.519
vw 2. 140 vw 1. 508
w 2.097 w 1.471
vw 2.009 w 1.453

IV. THE SYSTEM PbO-AlL,0;-Si0,

Stability fields have been established with some approach to com-
pleteness 1n that portion of the system containing over 80 percent of
PbO. The remainder of the diagram, as indicated in figure 2, is be-
lieved to be occupied largely by the fields of corundum and of mullite,
with silica primary in a narrow strip extending along the PbO-SiO,
border.

1. THE SILICA, MULLITE, AND CORUNDUM FIELDS

Silica field—1t was possible to establish that the silica field does
not extend beyond 2 percent of Al,O; for compositions containing from
30 to 35 percent of Si0,. Tridymite is the primary phase in melt 158
(fig. 2 and table 3), but silica is not primary in melts 112, 130, and 143.
It seems reasonable to assume that the compositions of the silica
boundary are approximately on a straight line and extend, as indi-
cated, from the established eutectic composition in the Al,0;-SiO,
system to the quintuple point at the junction of the quartz-PbO.Si0,
boundary with the adjoining ternary field. The liquidus temperature
at this quintuple point, which is also a eutectic, is between 720° and
’Z25°1 C,) as evidenced by the quench results for melts 113 and 143

table 3).

Mullite fielld—The identification by X-ray pattern of mullite as the
only crystalline phase in melt 201, heated at 1,450° C (table 3),
establishes this compound as the primary phase for that composition.
The same composition, heated at 880° C for 10 weeks, contained
unidentified lath-like crystals having refractive indices 1.69 max and
1.67 min and another crystalline phase resembling mullite, but no
lines for the latter were present in the X-ray pattern. Since mullite
was not found in melts 128 and 204, the field probably ends approxi-
mately as indicated (fig. 2), and the boundary temperatures may be
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expected to decrease toward the tridymite field. This assumption is
supported by the fact that the liquidus for melt 128 is above 1,200° C,
and for melt 204 it is about 1,025° C. As the data in table 3 show,
the liquidus of melt 201 is above 1,450° C.

Corundum field—The presentation of the corundum field, as shown
in figure 2, is based in part on the data in table 1 and in part on the
X-ray identification of alpha alumina as the primary phase in melts
258, 260, and 273 (table 3). Furthermore, the X-ray data and the
results of quenching tests support the assumption that PbO.Al,Os,
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F1cure 2.—The system Pb0O-Al,0;-Si0,.

The open circles indicate most of those compositions investigated containing less than about 80 percent of
PbO. The filled circles indicate the compound compositions. The value of 1,595° C for the Al;0:-SiO3
eutectic is taken from J. F. Schairer, J. Am. Ceram. Soc. 25,241 (footnote 57) (1942).

and also the unidentified phase in melts 258, 259, 260, and 273, melt
incongruently to form corundum and glass. The corundum bound-
ary, as drawn in figure 2, extends from 50 percent of Al,O; in the
AL;O03-810; system to 10 percent of Al,O; in the PbO-Al,O; system.
Temperatures at the quintuple points along this curve have not been
determined, and the only fields of established compounds bordering
on the corundum field are those of mullite and of PbO.Al,Os,.

553123—43——2
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TABLE 3.—Results of crystallization and quenching lests and X-ray examinations on
compositions identified by their Melt Numbers in figure 2

[Portions of the precrystallized samples were used in all cases for specimens quenched after heat treat-
ments of 5 days or less duration

Composition (wt) Quenching tests
l\li[lelt ngs)tglline phases found
o. ¥ y X-ray examination
PbO | AlOs | 8i0; Hiﬁgﬁieft Crystalline phases produced
% % % Time 2
2mo.__.| 720| Apparently all platy crys- | Phase of unestablished
talls7,65bﬁxgx;g(l5 2—{—éoa¢>zl.72, composition (see table 4).
v1.765, £1.726, 20 60°.
112b .. 67.50|  2.50 30.00446 hr____| 60| Sintered. ... ______
19 hr____| 770| About 5 percent glass_______
19:hes ST SATplass e ik lat it Bs st t
8days___| 655 Unidentified crystals and
possibly glass.
W3y 72.49| 2.57| 24.94{]23 hr.___| 715 Same as at 655°, no fusion.___
a6hr>- - 730| 20 percent glass, balance
Ilngstly crystals as in melt
12.
1216 2. 59.93| 5.06| 35.01| 3mo.____| 740| Apparently over 95 percent | Phase of unestablished
one crystal phase, platy, composition (see table 4).
refractive indices «1.66,
~v1.715, B1.71, biaxial nega-
tive.
4mo.__._| 900 one-third glass, two-thirds | Phase of unestablished
small crystals. composition and different
A28 inae 49.98| 20.05{ 29.97({18 hr____| 1,200 than the phase in either
melt 112 or in melt 121
(see table 4).
33days._| 660| Very small fibrous crystals
in glass, average index of
refraction 1.71.
3.5mo___| 740| Glass; about 10 percent crys-
tals, index of refraction
A80- 2125 65.32| 2.19| 32.49 1.72 max, 1.658 min, biax-
ial —; and trace of quartz.
23 hp o ety 5l Sintanad vt a e
67hr____| 790| 10 %OI 15 percent small crys- | No form of silica present.
stals.
(gt S RO T . V1 i F G A e e
36 days.__ 670 About 90 percent crystals
ll‘?gembling those in melt e
49days._. 700, About 80 percent crystals as
in melt 112; 20 percent
crystals resembling 6PbO.
g4ars St 67.75| 1.25| 31.00 Al;03.6SI0;.
23hr_.__| 720| Slightsintering______.__..__.
O3 e 725| 25 percent glass, 75 percent
! crystals, as in melt 112.
dhpe 1 775 About 2 percent crystals, as
in melt 112.
A9hrs L - 7801 AL elasnt o Lkl o T b
1mo__.__| 700 About 50 percent crystals
(in gla}is) resembling phase
in melt 112.
168.-o- 63.91 1.00) 35.09 36days._ 780| 80 percent glass, 20 percent
quartz.
23 hr____| 1,000 Glassand tridymite
1662 80./14]:- +0. 10]"10.76| 29 daysss | 74Dl e o o SroSisn s il S s Compound 4Pb0.Al;03.-
25103 (see table 4).
168 Lénse 83.97] .- 4.76] 1127 47 hr. S N SR Bl B ik T e s Compound 8PbO.Al;03.-
48i0; (see table 4).
o ! 87.9 6.1-|-.6.0%| 14 daysah" 750[ - CT T SRR Ra A S Sagsaie aPlS)% and 4Pb0.AlOs.
28i0s.
15days.. 725| Apparently on phase—pris- | Compound 6PbO.Al03.-
1| matic crystals having in- 65103 (see table 4).
dices of refraction 1.89
1944 ___ 74.28| 5.76| 19.96 max, 1.79 min.
18hr._..| 805 Well sintered..__..___.......
23 hr. 809| About 50 percent glass
70.hr . R0 AT IASRIEE S SE L A
2005525 84.8 9.6:1" 5.6 1445 days TIS TR0 a R e e Definite pattern but no
phases identified,
70days..| 880 Glass; lathlike crystals hav- | Same as melt 128,
ing indices of refraction
e V) HEAEE 39.92| 20.02| 40.06 1.69 max., 1.67 min.; and
crystals resembling mullite.
hr oo LAR0 b e i P s et s b Mullite.

See footnotes at end of table.
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TABLE 3.—Results of crystallization and quenching tests and X-ray examinations on
composivions idenvified by their Melt Numbers in figure 2

Composition (wt) Quenching tests
Igelt Crystalline phases found
0.

by X-ray examination
PbO | ALOs | 8i0, | Heattreat- | oroctanine phases produced

ment =

% % % Time %C
70 days._| 880 Glass and platy crystals re- | Same as melt 128.
sembling those in melt 201.
18hr____| 950| 85 percent glass, 15 percent
204 ... 49.94| 10.00{ 40.06 very small erystals.

18 hr____| 1,000| 90 percent glass, 10 percent
crystals (not mullite).

18 hr____| 1,050| All glass
G e 49,40]1,2155161>3587441-70/08y8_ | 0 880] S 3Lt i e il aT e Sam% as melt 128,

2005 396:172]:<-82 151 3218170 days .o BB0| L i s s e s T 0.
- RREN Y T2 4 8 AR 0528 hra i o - 000 ss s dersm e 0wl T i Definite pattern but no
phases identified.
77.2| 14.8 | 8.0 %3h}rl_____ l,slxﬁ)g g‘raceofaAllé»Oairz glaaﬁ)s.
1 SEEE o ---| Same as melt 258 (900°).
259 .5 180 6.5 {1 Jinsc i 1,200/ _| «PbO (and BA1,04?).

18 hr 1, 000 ___| Sameas melt 258 (900°).

260-.--...- 73.4| 220 46 410 7| 1300|-- _| Trace of aAL;Osin glass.

28 hroi . Lines of both melt 5 (800°)
28 s 70.4 28.0 1.6 and melt 258 (900°).

12T 2R [ (.1 1 - S P e S Trace of «Al;031in glass.

s For the heat treatments involving several weeks or months, the indicated temperatures were held to
420°C. For the shorter treatments, the temperatures were held to 40.5°C,

b This composition approximates the mole ratio 12Pb0O: Al;O3: 20Si03.

¢ This composition approximates the mole ratio 5PbO: Al;03: 108i0;.

d This composition approximates the compound composition 6PbO: Al;03: 6Si03.

2. THE FIELDS OF PbO AND ITS BINARY COMPOUNDS

These fields are shown more clearly in figure 3 than in figure 2,
except for the area in which Pb0.SiO, 1s primary.

Lead metasilicate (PbO.Si0,) field.—Figure 2 shows this as a very
narrow field extending from 15.4 to 29.6 weight percent of SiO,, in
the PbO-Si0O, system, to a maximum Al,O; content of 1.7 percent at
about the Pb0O.Si0,-6 PbO.A1;0;.6S510; join.

From the liquidus temperature of 695° C at the PbO.Si0,-2PbO-
S10,-6Pb0.AlL,0;.6S10, eutectic, the boundary temperatures rise to
735° C at the intersection with the PbO.Si0-6Pb0.Al,0;.6Si0, join.

Beyond this join, toward the quartz field, the boundary composi-
tions are believed to be very nearly as indicated, it being relatively
simple to establish the composition limits in which the metasilicate 1s
primary. Little is known in detail, however, regarding the boundary
temperatures.

Lead orthosilicate (2Pb0.Si0,) field.—This field extends from 8.2
to 15.4 weight percent of SiOs, in the PbO-Si0, system, to a maximum
AlLLO; content of 2.3 percent at the 2Pb0.Si10,-8Pb0.Al;0;.4S10,-
4Pb(()i.A1203.2Si02 quintuple point. The details are shown in figures
3 and 4.

Tetralead silicate (4Pb0.Si0,) field.—4Pb0.Si0, is primary in a
very small composition area, extending from 6.7 to 8.2 weight percent
of Si0, in the PbO-SiO;,system, to 1.2 percent of Al,O; at the4Pb0.Si0,-
8Pb0.AlgO34SlOg-2PbOSlOg eutectic. The 4PbO.SiO2‘8PbO.A1203."
4}?'102 boundary temperatures rise to 700° C at the intersection with
the join.

P]bO field—The boundary of the PbO field extends from 6.7 weight
percent of PbO in the PbO-SiO; system to the PbO-4Pb0.Al,0;.2510,-
PbO.Al,O; eutectic (fig. 3), and then rises to 865° C at 94 percent of
PbO in the PbO-Al;O; system.
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Pb0O.AL,O; field.—The limits of this field, and the boundary temper-
atures, are fairly well established where the field contacts those of
PbO and of 4Pb0.Al,0;.2S10,, but the location and nature of the
remaining limits are largely based on assumptions. From the
Pb0.Al,0;-PbO-4Pb0.AL,0;.2510, eutectic, the boundary tempera-
tures rise in the direction of decreasing PbO content to about 837° C
at the contact with the field of an unidentified ternary compound,
then rise through the point A (fig. 3) to approximately 1,000° C at
90 percent of Al,O; in the PbO-ALO; system.

The + symbols in figure 3 indicate compositions for which differ-
ential heating curves were obtained. These curves were helpful in
establishing the Pb0O.Al,0;-Pb0O-4Pb0O.Al;0,.2Si0, eutectic.

20 5i0;

\&P60-440,-4510,
25i0

+ +
CORUNDUM \~\ PLO- ,;/‘, 05
\ + +

20 Al, 0y

85 90 Z°
ca. 1000° % &

Ficure 3.—High PbO portion of the Ph0O-Al,0;-Si0, system.

This portion of the system contains 9 of the 10 established quintuple points and 2 of the 3 established
ternary compounds

3. FIELDS OF THE TERNARY COMPOUNDS

The composition, melting point, and erystallographic properties of
three ternary compounds were determined, but it is practically certain
that there are at least four more ternary compounds in the system.

8Pb0O.Al;0;.48102.—This compound crystallizes as platy laths,
characterized by their light-brown appearance when viewed with
transmitted light. The refractive indices are 2.08 max and 2.04 min.
Optical character was not obtained petrographically.

The X-ray pattern (table 4) is too complex for analysis (H. F.
McMurdie).
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205/0»

704l Os

F1cUurE 4.—Detail of the PbO-Al;05-Si0; system.

The major portion of the investigation was confined to studies of the compositions, indicated by open
circles, in this portion of the system.

8Pb0.Al;0,.4S10, is the only ternary compound for which the entire
stability field is known (fig. 3). Critical boundary temperatures are
shown 1n figures 3 and 4, and the compositions of the quintuple and
eutectic points are given in table 5. The compound melts incon-
gruently at about 735°+5° C to form 4Pb0.Al,0;.25i0, and liquid.
The reforming of 8Pb0.Al;,03.4510, is very sluggish (a sample quenched
from 745° C, and which was about 50 percent glass and 50 percent
4Pb0.AL,0;.2510,, contained no crystals of 8Pb0.Al;0;.4510, after
holding for47 hours at 720° C.) As aresult, 4Pb0.Al,0;.2S8i0,, which
forms during the initial crystallization of a sample, may remain as
such; for example, a portion of the original melt was converted to
over 90 percent of 8Pb0.AL;0;.4510, by holding at 700° C for 1 month,
but some well-developed platy crystals of 4PbO.Al;0;.2510, were
present. In fact, no sample consisting entirely of 8Pb0.Al;0;.4510,
was obtained, and this explains why the incongruent melting point
was only approximated. The given temperature (735°45° C) is
based in part on results of quenches and in part on the clearly defined
liquidus at the intersection of the extended 8Pb0.Al,0;.4510,-4PbO.-
Al;0,.2510; join with the boundary for these phases.

4Pb0.AL;0;.25:0,.—The area of primary crystallization for this
compound probably lies within the bounds of figure 3. The com-
pound was still the primary phase for a melt in the 5 percent Al,O,
composition series containing 81.8 percent of PbO but, in a melt
containing 79.9 percent of PbO, in the same series, a crystal having
indices 1.92 max and 1.83 min was primary.



TaBLE 4.—Diffraction data for the ternary compounds *
[VS=very strong; S=strong; M=medium; W=weak; VW=very weak]

4Pb0.AL0s.28i03 8Pb0.A1;05.4Si03 6Pb0.Al;03.65i04 Melt 1127%§s(tjamzed at Melt 1217%zs(t)alhzed at Melt lzsg%gséalhzed at
Estimated d Rkl b Estimated d Estimated d Estimated d Estimated d Estimated d
intensity intensity intensity intensity intensity intensity
A A A A A A

7T 9.8 8.6 9.1 1AL s SR 6.59
4.43 8.8 6.74 8.02 8.56 s 5.85
3.99 4.30 4.40 3.45 3.70 = 4.63
3.82 3.26 3.55 3.09 3.48 & 3.94
3.22 3.05 3.30 2.93 3.29 e 3.81
2.95 2.75 3.03 2.69 3.11 = 3.63
2.86 2.61 2.75 2.61 2.88 s 3.47
2.76 2.46 2.62 2.58 2.73 b 3.29
2.46 2.36 2.37 2.45 2.66 - 3.01
2.33 2. 165 2.31 2.37 2.51 2 2.91
2.24 1.992 2.070] 2.34 2.40 o 2.77
2.19 1. 886 2.013 2.26 2. 258 ! 2.56
2.12 1.735 1.963 2.079 2. 052 it 2.47
1.984 1. 648 1.878 2.021 2. 000 A 2.42
1.924 1.573 1.795 1.916 1.905 a 2.35
1.819 1.769 1.875 2.31
1.763 1.711 1.823 2.22
1.744 1. 683 LBBIIL " 5% ot MO e S e Wt e S 2.08
1.720 1. 659 1.729
1. 657 1.624 1. 679
1. 635 1. 566 1. 643
1. 604 1.533 1. 561
1. 561 1.508

1.488

1. 439

1.421

1.398

1.380

1.361

a Data by H. F. McMurdie.
b Based on hexagonal cell with a=8.78 A and c¢=9.48 A.
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4Pb0.A1,0,.25i0, forms platy crystals, which are uniaxial positive,
and the indices of refraction are €1.94, »1.93. It melts incongruently
at 837° C to form glass and crystals having indices of refraction 1.89
max and 1.83 min, but the lines of the X-ray pattern were too obscure
to be measured. The reverse reaction is comparatively rapid as
shown by the fact that the compound composition, which at 845° C
was 85 percent glass and 15 percent the phase of index 1.89 and 1.83,
reverted to 10 percent glass and 90 percent 4Pb0.Al;0;.2510, after
holding it for 47 hours at 830° C.

The X-ray pattern of 4Pb0.Al;0;.2Si0,, crystallized at 740° C (table
4), indicates a hexagonal cell with a=8.78 A and ¢=9.48 A. By
calculation, this cell would contain 2 molecules and have a density
of 5.2 (H. F. McMurdie).

6Pb0O.Al,0;.6510,.—This compound melts congruently at 811° C.
The crystals are prismatic, the indices of refraction are 1.89 max
and 1.79 min, extinction parallel and elongation negative. The
limited information regarding its field of primary crystallization is
indicated by the diagrams (figs. 2, 3, and 4). The location of the
boundary between 6Pb0.Al,0;3.6S10,, and the phase that is primary
in melts 112 and 113 is only approximate and incomplete.

The X-ray pattern (table 4) is too complex for analysis (H. F.
McMurdie).

4. TERNARY COMPOUNDS OF UNDETERMINED COMPOSITION

Melt 112 (fig. 2), after having been held for 2 months at 720 4-20 °C,
had crystallized into large, platy crystals of irregular fracture havin,
indices of refraction «1.72, v 1.765, B 1.728, the character is biaxia
positive, 20 about 60°. The diffraction data are given in table 4.
The sample appeared to be one phase and the melting was fairly
sharp; 760° C for 46 hours produced only sintering, but after 19 hours
at 777° C and quenching, the specimen was all glass (table 3). Melt
112 contained PbO, Al,O; and SiO,, in the molar ratio of 12:1:20.
The same crystalline phase was primary in melts 113 and 143.

Melt 121, however, has a markedly different phase in equilibrium
at the liquidus. After holding a specimen at 740° +20° C for 3%
months, it apparently was over 95 percent one crystalline phase tend-
ing to platy fracture, with indices of refraction « 1.66, v 1.715, 8 1.71,
and biaxial negative in character. This melt approximates the molar
composition 5Pb0:A1;0;:10Si0,, and the X-ray pattern of the crystal
phase developed at 740° C is described in table 4. The crystals con-
tained inclusions of nicely developed quartz. After the same crystal-
lizing treatment (3.5 months at 740° £+20° C), melt 130 was 90 percent
glass and 10 percent well-developed crystals, which have the same
optical properties as the crystalline phase in melt 121.

These two phases, together with 6Pb0.Al,0;.6S10, and the phases
referred to in the discussion of the 4Pb0.Al,0;.2S510, compound, form a
fringe along the “no man’s land,”” which extends at least to the mullite
and corundum boundaries. According to the information in table 3,
the phase in melt 128 is present also in melts 201, 204, and 206, indi-
cating that it may be the primary phase for a considerable portion of
this superficially investigated region. Also, the results for melt 201
indicate that it may melt to form mullite and glass. This crystalline
phase is tabular, has approximate indices of refraction of 1.70 max and
1.69 min, and the diffraction data are given in table 4.
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Some of the difficulties which the explorer of this region may expect
to encounter are evidenced by the time required to crystallize even
partially melts such as No. 130, the volatilization of PbO when crys-
tallization is attempted at temperatures in excess of the melting point
of PbO, and the poor crystal development which often makes it
impossible to identify phases petrographically even after 2 or more
months of heat treatment. Furthermore, it 1s highly probable, from
index of refraction data, that solid solution takes place between a
number of the compounds, and that they are (similar to PbO.Al,O;)
unstable below their true melting point.

5. COMPOSITIONS AS GLASSES

Figure 5 presents diagrammatically the information obtained on
indices of refraction of the melts as glasses. In those compositions
containing more than about 94 percent of PbO, the crystallization of
the lead oxide was so rapid that clear glasses were not produced. All
the melts appeared to be stable in air and, as is evident from their
rates of crystallization, the viscosity in the molten state increased
rapidly with increase in silica and in alumina.

0% 5i0,

50%
Als0s

Fi1cUure 5.—Index of refraction of compositions as glasses.
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TaBLE 5.—Composilion, liguidus, and optical properties of established compounds,.
quintuple points, and eutectics in the systems PbO-ALO3 and PbO-Al,05-Si0,

COMPOUNDS
Composition (wt)
Crystalline phases in equilibrium Liquidus
PbO Al; O3 Si0s

Percent | Percent | Percent °C
PHOAL Ot re ki widi aisa Bl e T paliy Tl R8s 68. 64 OE.Jg: =l SRk About 1,000
8Pb0.A1203.4S8i0_ 83.92 4.79 11.29 b 735 5
4Pb0.A1,05.28i0;. = 80. 08 9.14 10. 77 b 837
GPDOTATSONESTO 22 525 F2ES JSig oVt ae Sud R, IR sl s e i, 74.34 5.66 20. 00 811

QUINTUPLE POINTS, NOT EUTECTICS
2Pb0.8i02-8Pb0.A1,03.48103-4Pb0.A1203.28i0g3 . .. __________ 85.1 2.3 12.6 705
PbO-8Pb0.A1,03.48102-4Pbo.Al1203.25i0; X 92.9 1.6 5.5 712
Pb0O.A1:03-4Pb0.A1203.28100-2 ________________ 85.7 6.8 b, 837
4 S (O RN Hw o Mo oy d S SERER ffe GbEIE P 181701« st I 26 1 87.0 10.0 3.0 About 765
EUTECTICS
PbO-PbO.AL,03. 94.0 (57 st N R 865
8i03-Pb0.8i0s-7. 5 70.7 1.0 29.3 About 725
PbO.Si02-2PbO. 3. 82.6 1.4 16.0 695
2Pb0.8i02-6Pb0.A103.68102-4Pb 84.6 2.2 13.2 704
2Pb0.8i02-4Pb0.8i02-8Pb0.Al203.48i0y. . ____ . 89.8 1.2 9.0 694
4Pb0.Si02-PbO-8Pb0.A1203.48i02. ___ & 93.1 11 58 695
Pb0-4Pb0.A);03.28102-PbO.AlOs 91.2 5.2 3.6 764
Compound Optical properties

3 o] 05N D P e DX AR (olyt Sl PSR YUY PR o e St ol 112 Uniaxial negative €1.85, w1.91.
SPOOFAROSEBIO N0 b o i S B A Index of refraction max 2.08, min 2.04.
APhOTAISORRN Qg ¥aiort o). s it e L e AT Uniaxial positive €1.94, w1.93.
ORDOAROBRIO - st i o L S e Index of refraction max 1.89, min 1.79.

» The composition is estimated.
b Incongruent melting,

V. SUMMARY

A report is given on the phase relations in the systems PbO-AlO,,
and PbO-AL;04-Si0,.

It is reasonably certain that the compound PbO.Al,O; exists, that
it is unstable at temperatures in excess of about 970° C, that it breaks
down to form corundum and glass, and that it forms a eutectic with
PbO (at about 94 percent of PbO) melting at 865° C.

The fields of corundum and of mullite appear to dominate the
ternary diagram, with the silica field as a narrow strip extending along
the PbO-Si0O, side of the diagram. Three ternary compounds, and
10 quintuple points, which include 6 eutectics, were found in composi-
tions containing over 70 percent of PbO.

The compound 8 Pb0.Al,0;.4810, melts incongruently at 735° +5° C
to form the compound 4Pb0.Al;0;2Si0, and liquid. The latter
compound melts incongruently at 837° C to form a ternary compound
of undetermined composition, and liquid. This compound, in turn,
may break down to form corundum and liquid. The third established
ternary compound is 6Pb0.Al,0:.65i0,, which melts congruently at
811° C. The liquidus temperatures of the quintuple points range
from 694° to 837° C. Three of the eutectics melt within 1° of 695° C
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and within 0.2 percent of 1.2 percent of Al;O; in composition; their
PbO contents are 82.6 percent, 89.8 percent, and 93.1 percent, re-
spectively.

A considerable portion of the system remains to be investigated.
The indications are that at least four more ternary compounds exist
in addition to those identified.

In addition to the above, the melting point of Al,O; was redeter-
mined and found to be 2,035° +10° C, and a chart is presented to
show the indices of refraction of the various compositions as glasses.

WasHINGTON, July 19, 1943.
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