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THE TEHENARY SYSTEN LIME-DOKRIC OXIDE-SILICA

I. Introduction

The close similarity of boriec oxide and silics,
and especially thelr property of limited miscibility in
the l1iquid state with oxlides of certsin of the alkallne
sarths and other divslent elements, renders a study of
the system Cad-Bp0x~S10g of unusual theoretical interest.
From the practical viewpoint this system 1s equally worthy
of investigation for the high silica-boric oxide portion has
8 bearing upon the constitution of borosilicate ;lasses,
enamels, and ceramic zlezes, while the high lime portion
shows the effect of boric oxide upon the cslcium silicstes
occurring in portland cement. The investigation of this
last polnt furnished the initisl motive for the study whieh,
it was thought, might indicate the possibllity of producing
a well burned clinker at a relatively low tempsrature by the
use of boric oxide as a flux. This paper represents the
completion of a program first outlined in 1930 and reported

on at intervals subsequently (1l).



The only previous studies 1in the ternsry system
are those of lorey and of Morey and Ingerson (2) who
attempted unsuccessfully to synthesige danburite,
CadeB502428105, the only naturally oceurring calclium boro-
silicate. It was found that a mixture of lime, boric oxids,
and sillica having this composition melted to two immlscible
liquids. %The mineral 1itself melted with decomposition

producing two liquids.

II. The Components and Binary Systems

Before beginning a study of the ternary system 1t
1= desirable to have as complete information as possible
upon the components and upon the three binary systems which
they form. Ffrevious lnvestligations have suppllied mozt of
the necessary data. Only the meltin; temperatures of the
compounds will be givgn here and for thelr optical propertles
the ori_ inasl papers must be consulted.

The melting point of lime was determined by Kanolt (3)
as 2572° and by Schumacher (4) as 2576%°. Taylor and Cole (5)
in 1934 reported having prepared pure erystalline boric oxide
and gave its melting point as 294°. 3ilice in the system
Caﬁ~8203-§102 occurs as tridymite and cristoballite end, as

the latter, melts at 1713° (6).



The bilnary system lime-sillca has been investigated
by Day, Shepherd, and wright (7), Hankin and iright (8),
Terguson and lerwin (9), and Grelg (6). Four compounds

o
exist in this system: monocalclum silicate, me.pe. 1544

A1)

tricalcium disilicaete, which decomposes into dicalcium
silicate and ligquid at 1475°; dicalcium silicate, maepe
21300; and tricalcium siliceste, whieh decomposes st 1900°
into dicalcium silicate and lime, and does not appear at
the liquidus in the blnary system. Monocalclium silicate
appears in two crystalline modifications, an alpha or high
temperature form, and a beta or low temperature form. Di-
calclum silicate exists in thres crystalline modifications,
alpha, beta, and jamma, which are, respectively, the high,
intermediate, and low temperature forms. In the binary
system, compositions containing between 0.6 and 27.5 psrcent
lime melt with the formation of two immiscible liguids.

The compounds in the binary system lime-=boriec oxilde,
investigated by (erlson (10), are calcium diborate, m.p.
886°; monocalcium borate, mepe. 1054°; dicalcium borate, mepe.
1304° (11):; and tricalcium borate, m.pe. 1479°. Compositions
containing between 0.2 and 23 percent lime melt with the
formation of two 1mmiscible liguids.

Only limited information on the system boric oxids-
silica 1s available and the course of the liquidus is unknowne
drelg (6) has demonstrated the probability that the ligulds

formed by these oxides are miscible in all proportions.



Cousen and Turner (12) found thet the slasses of the system
3203-3102 wave density, refractive index, and thermsl expsnsion

curves which did not devliaste mueh from straight lines.

III. Theory

In a ternary system & maximum of five phases may co-
exlist and the concentration and temperature at which this
condition occurs is known as a quintuple point. Two solids,
l1iquid, snd vapor may coexist over a range of tempseraturss
snd lines representing such equilibria are known as boundary
curves. ‘The boundary curves enclose concentrstions within
which one solid phase may be in equllibrium with ligquid and
vapor st varlous temperatures and such areas are known as
fields of primary crystallization.

The commonesti representation of ternary systems is
that in which the composltions are represented by points
within an equilatersal triasngle, the sides of which represent
the three binary systems formed by the components. Boundary
curves start from blnary eutectics or quadruple points on the
gsides of the triangle and proceed to the interior endling in
quintuple points where thres boundaries meet. 'hen the
temperatures along all three boundaries fall as they spproach
the point of intersectlion, the point is cslled a eutectic.

Temperatures in the flelds and along boundsrles are indicated



by 1sotherms drawn at suitable temperature intervals. These
isotherms show the contours which the flelds would have 1in a
s0lid model where temperature 1s plotted vertical to the
composltion triangle as a base.

When a ternary composition 1s completely melted and
allowed to ccol the following changes will occur (assuming
the ebsence of solid solutions): At a definite temperature
the compound, within whose field of stability the ternsry
comuosition lle=z, will beglin to crystallize from the melt.
he composition of the liquid willl alter alon; a straight
line connecting the ternary compeosition and the composition
of tre primary phess untll a boundary curve 1is intersected.
liere a second crystal phase will begin to separate along with
tre first and the crystallization path follows the boundary
until & eutectic is resched vhere the third solid phase
crystallizes and the liguld diseppears. On heatling these
rhenomena occur ln reverse order.

The appesrance of liguid immiscidbility in a ternary
syestem introduces further posslibilities. 7The presence of two
liguids reduces the maxlimum possible number of so0lld phases
by one. Ience no ternary eutectics cen exist in an Immiscibllity
region and fields enterlng such an area must persist until
l1igquid miscibility 1is sgaln encountered. Horeover, boundsaries
between fields In the immlscibllity srea must be stralight
lines of constent temperature as the two liquids which they
connect and the two solids are 2ll of deflnite composition.

The course of crystallization in this region is quite dirfferent



from that in the one liguid area and will be dlscussed later.
Liguid immiscibllity of the type found in the system
Cal0=-Bp0z-5102 has not previously been encountered in ternsry
oxlde systems but snalogles are to be found 1in certain organic
systems such as the system watere-phenol-aniline studied by

Schreinemakers (13).

IV, General Procedure
1. Preperstion and Analysis of Jixtures

The study of the ternary system required first of all
the prepersation of an appropriate number of lime, boric oxilde,
silica mixtures having known compositions. For starting
materlials calcium carbonste, boric acid, and silicas gel were
used. The calcium casrbonate was of reagent quslity for alkali
determinations. Analysis showed it to contain 56.06% Cad
(theoretical for CaCOz = 56.08% Ca0). The boric acid was
analyzed for impurities by the chemistry division of the
latlonal Bureau of Standards as follows: Fe, less than 0.001%;
$0g, less than 0e.01%; C1, less than 0.,001%. The silica gel was
a commercial granular product which was purified by boiling with
concentrated nitric acid and subsequently thoroughly washed and
drisd. Treatment with hydrofluoric and sulfuric sclds showed
it to contain 0.04% non~volatile materlal based on the weight
of the ignited silica.

Boric acid volatilizes appreciably on heating and boric



oxide, though rnot volatile even at red hest, is extremely
hygroscople and difficult tc handle. [t was therefore
considered advsntageous In preparing the ternary compositions
to add borie oxide already combined with lime. For this
purposs the four calclum borates were pirspared by mizxing
poric acid in excess with caslecium carbonate and burning. All
burns here and subsequently were made in covered platinum
dishes or crucibles. 7The products were then ground in an
agate mortar, their ignition losses and lime contents
determlined, and the latter bLro .cht to the theoretical values
by the addition of calcium carbonate. They were then reburned,
ground, and snalyfed as before. This was repeated until
homogeneous, finely . round products taving very nesrly the
thecretlical compositions wsre oblained. Two or three burns
were .enorally sufiicisnt. Stoek quantities of ths four
calclium silicates were prepared in & slmilar manner starting
with caleclum cerbonate and sillca gel.

tost of the ternary compositlions were prepared along
conjugation lines connecting the compositions of the calecium
silicates and calclium borates 1in the trlangular disgram. In
making up such serliles the binary preparstions were welghed
out into dry bottles in appropriate proportions and with
allowance made for their ignitlion losses. The mlxtures were
then shsken thoroupzhly, ground in sn sgate mortar, and burned

over a Fisher blast burner snclosed in a refractory shisld.



The products were then reground and the burnin, repeated

once or twice, depending upon whether the preparstions were
fused or well sintered or only =sligrhtly sintered. Analyses

of representative mixtures prepared iIn this way showed
satisfactory a,reement betwsen actual and calculated composl-
tions. liixtures not on conju ation lines were prepared by
mixing appropriate quantities of calcium csrbonate, silica
gel, and calelum borate, burning, snd grinding as.befcre.
Compositions contalning boric oxide 1n excess of that which
could be added in combined form were prepared by igniting a
suitable quantity of boric oxide to constant weight in a
platinum crucible and adding the caslculated smounts of calcium
carbonate and sllica gel. The mixtures were then fused, ground,
refused and reground twice, and flnslly snsalyzed.

In the compositions analyzed, determinstlions were made
of iiznition loss, silica, and lime, and boric oxide obtsined
by difference. lialf gram samples were decomposed by 1:1 iiCl,
evaporated almost to dryness, and the molist residue evaporated
thrse times with 10 cc. portions of methyl alcohol to remove
the boric aecid. Sillica was then determined by double de-
hydration, in the usual way, snd lime precipitated as calcium

oxalate which was ignited to the oxide and welighed.

8. Apparstus

Trhie behavior of the ternary prepsarations on heating or



on crystallization from thelr melts was studled by means of

a vertical tube reslstance furnace. This consisted of an
alundum tube 14" long, %" inside diameter, and 1" outside
diameter, wound for 73" of its length with 80% platinum-20%
rhodium wire in turns spaced 1/8" apart. The winding was
covered wlth alundum cement and the tube surrounded by an
alundum cylinder 12" long, and cf 13" inside diameter and

" wall. The inner tube wes held in place by alundum cement
closing the ends of the outer cylinder and leaving a 3/8"

elr gzep between the tubes. The whole was surrounded by 4"

of ma,nesla powder contained in & copper cylinder of 10"
cutside diamseter, 12" high, end having 3/16" walls. Automatic
temperature control of tre furnasce to within ¥ 1° over the
pariods of time required was sscured by the circuits described
by Adams (14), wherein the furnace is made one arm of a
“heatstone bridge.

Temperature messurements were made by means of
platinume-platinum rhodlium thermocouples, the emf's being
measured by a Leeds and korthrup precisicn potentiometer and
=salvanometer. The sing le thermocouples were callbrated
periodically ag.alnst the melting points of potassium sulfate,
1069°; monocalecium borate, 11540; diopside, 1391.50; and
monocalcium silicate, 1544°. The differential thermocouple
used in hesting curves was calibrated zgainst potassium
saulfate, 1069°; dicaslcium borate, 13049; and monocalcium

silicate, 1544°,



3. liethods

¥or investigstion of the ternary mixtures the
quenchin, method (15) was principally used. In this method
2 small charge of the mixture (about O.l gram) is wrapped 1n
platinum foll, and suspended in the furnsce 1in such & way as
to be almost touching the thermoeocuple junction. The furnace
is maintained at constant temperature untlil the sample is at
equilibrium. The charge 1s then quenched by dropping it into
water or mercury. Any ligquid present at the furnace temperature
is thus frozen to a zlass and any crystalline masterial remalns
unchanged and can be identified under the pstrographic miecroscopse.
If more than one crystalline phase is found to be present
determinations are made at higher temperatures until s tempera-
ture 1s fixed, with the desired accuracy, above which the
charge is all glass and below which 1t consists of glass snd
a single ecrystsiline phase (the primary phase). By this means
temperatures on the melting surfaces are fixed. The furnsce
was periodically checked for locatlion of its hot zone at whkich
the temps rature varied less than 2° over 2 ems. of the tube's
length in the range of temperatures used. &is the gquench
envelopes were spproximately 0.5 cm. in lenyth the charge was
not exposed to sny sppreciasble tempsrature gradlent.

For the majority of compositions in the high lime
portion of the system the quenching method was not applicable
as crystalligation occurred durilng quenching;. The melting

behavior of such mixtures was determined by means of heatlng



curves. For containers small platinum bhalf thimbles hold-
ing 1-2 grams of sample were used. One of the half thimbles
was filled with alundum &8s & reference medium; the other
contained the mixture to be studied; snd in each of the two
materials one junction of a differentisl thermocouple was
imbedded. The thimbles wers suspended together 1in the
furnace with their flat sides adjacent and the temperature
of the furnsce raised at a uniform rate of 50 per minute.
The temperature of the charge was read by the usual
potentiometer arrangement and the differentisl temperature
between charge and slundum indicated by a galvanometer
attached directly to the thermocouple leads from the two
thimble sections. Headlings of temperature and differential
were made every minute. The temperature of meltlng was taken
a3 the tewperature of the charyge when the differential
reading was a maxirum end the thermocouple calibration made
on this basis. A normel heating curve ordinarily shows three
heat effects; the one at lowest temperature corresponding to
the first appesrence of liquid; the second, to the melting
of one of the two remsining erystsalline phases; and the third
to the melting of the primary phase.

Microscopic examinatiocns were made by the imrersion
method and generslly a rough determination of the indices of
the crystals and of one or two other easily observable

characteristics sufficed to identify the phases present.
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Ve The Stability Flelds

The components and sll the binary compounds except
tricalcium silicate were found to possess fields of
stability in the triasngular concentratlon diasgram. In
addition the exlstence of one new ternary compound,
5Ca0.BgUz.5102, was established. The other expected
ternary compound, the mineral danburite, (Cad.Bp03.2810g, was
not obtsined as a crystaslline phase. Its composition was
Found to lie in the 1Immiseible liquid portion of the mono-
calclum borate fleld.

4 convenient system of abbreviation has been developed
for formulas of comwpounds occurring In oxide systems of this
type and will be used in the following. The formulas of the
compounds and corresponding abbreviations sare: Ca0.810o, C5;
3Ca0.2510g5, CgS

2Ca0.510g5, Co5; 30&0.3102, CxS; 3Cal.Bp04,

2° 3
Cz3; 2Cal.Bg0z, CgB; Cal.Bg0g, CB; Cal.2Bg03, CBg; 5Cal.Bglze.
S10p, CpBS; Ca0.Bo03.25102, CBSg.

The diagram of the ternary system is shown in figure 1
and the more irportant blnary and pseudo~binary systems in
figure 2. The fields of the various compounds wilill now be

conslidered and the data establlishing the limits of each field.

The field of monocalclum silicate (B~12~11-10=2-1-C,
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The compositions determining this ares are listsd in tsble 1.

Table 1
Compositions 1in the ¥onocslclium S5ilicate Fleld
Xo. Composition, % Time in  Temp. ’hases
Cal Bo0z  510g hours oc. present
1 46.3 Tel 46.5 Fy 1418 All glass
3 1418 C3 + glass
2 44 .4 14.3 41.3 2 13086 All gzlass
" 1301 Trace CS5 + glass
5 42.4 2l.4 36 .2 4 1177 All glass
4 1170 CS + zlass
4 40.4 28.6 31.0 17 1043 All glass
17 1041 CS + glass
17 998 CS + glass
17 993 CS + CB + glass
17 978 CS + CB + zlass
17 976 All erystalline
5 47 .9 5.5 46 .6 >y 1460 All glass
¥ 1454 CS + glass
6 47 .6 11.1 41.3 i 1372 All glass
Fy 1368 Trace CS + glass
7 47.2 16.6 36.2 % 12856 A11 glass
i 1283 CS + glass
8 46.8 22.2 31.0 Py 1178 All glass
§ 1173 CS + glass
) 45.4 27 «7 25.9 Y 1095 All glass
i 1080 CS + glass
1C 48.4 28.8 24.8 A 1046 All glass
'y 1039 CS + glass
11 52.3 11.5 36.2 i 1353 All _lass
Fy 1348 C8 + zlass
12 55.0 19.2 25.8 Py 1198 All glass
F 1103 Trace CS + glass
13 50.5 29 46 .5 heCa 1494 Iliquiduﬁ
hece 1119 Kutectie (2)
14 51.7 4.4 41.4 he.ce. 1459 Liquldus
h.c. 1118 Futectic (2)
15 52.8 5.8 41.4 by 1440 All glass
& 1437 C8 + glass
16 55.0 8.8 36 o 2 i 1326 All glass
i 1323 C3 + glass
17 573 11.7 31.0 % 1233 A11 . lass
s 1230 C8& + glass
18 68.4 13.2 28.4 % 1179 A1l gless
Y 1178 C8& + glass
% 1144 CE + glass
Py 1136 C3 + Ca5 + glass
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Table 1 (Contd.)

Ko Composition, % Time in  Temp. Phases
CaQ Bo0 $10 hours oC. present
2V3 2
19 5643 8.3 35.4 3 1336 All zlass
e 1334 CS + glass
20 55 .6 1l.1 333 i 1318 All glass
'y 1316 CS + glass
21 54.2 16.6 29.2 Fy 1258 All glass
s 1256 CS + glass
22 H52.8 22.2 25.0 5 1148 All zlass
Py 1145 CS + glass
23 46 .3 28,7 25.0 s 10568 All glass
1 1055 CS + glass
24 43.2 26 .8 30.0 5 1087 All glass
1 1079 Trace CS + lass
25 36 40 2.0 62.0 S 1413 A1l glasas
i 1406 CS + glasns
26 3640 10.0 54,0 s 1278 All glass
-1 1271 CS + 83i0g + glass
27 37 «6 16.8 45.6 17 1191 All glass
) 1183 CS + glass
28 9.7 22.2 38.1 17 1112 All glass
17 1108 CS + zlass
29 3.2 25.2 3546 17 1067 All glass
17 1062 CS + glass
30 54.4 1.5 44,1 Py 1450 All glass
Fe 1448 CS + glass
% 1435 CS + CoS + glass
31 52.0 19.4 28.6 z 1207 All glass
i 1204 CS + glass
32 52.0 21.8 26.2 i 1164 All zlass
i lle2 CS + glass
33 45.2 312 2346 17 1028 All glass
17 1020 CS + glass

Composition in the Tricaelcium Disilicate Field

34 54.5 0.6 44.9 5 1459 All glass
r 1456 CaSg + glass
Fy 1452 Cz32 + C5 + glass
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In column 5 is given the length of heat treatment of each
charge in the furnace before quenching. The last column
shows the results of microscopic examinations upon the
gquenched samples. These deta serve to fix the liguidus
temperature within sufficliently narrow limits, and, for some
compositions (such as No. 4), the temperatures of boundsries
and quintuple points or eutectiecs.

Iin this and subsequent tables melting dsta obtained by
heating curves will be designated under the "Time in hours"”
column by the letters "h.c.". Under the column headed
"Phases present" the data given in such cases represent the
interpretation placed upon breasks in heatling curves. Thus
for composition 13, table 1, tre first breask in the heating
curve occurred at 1119° and the last et 1494°. The former
was ascribed to the melting of dicalcium borate at the ternsry
eutectic (point 2, fig. 1), and the latter to melting of the
primary phase, monocalclium silicate. Ho bresk corresponding
to the boundary tempsrature was obtained in this hesting
curve. rfeallure of expected breaks to asppesr was of rather
frequent occurrence and was probably due, in most cases, to
smallness of the energy changes involved.

¥Yor quench determinations compositions in the monocalcium
silicate fleld crystallized readily with the exception of those
in the vicinity of the monocalclum borate boundary and the
lower part of the silica boundary (58-12). wuench charges of

these compositions are held overnight to insure sttainment of
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equilibriume.

Composition 4, table 1, determines the temperature of
a point on the boundary (11-12); composition 18, on the
boundary (1-2); and composition 28, on the boundary (B~12).
Tre temperature of the ternary eutectic: monocalecium silicate,
monocalcium borate, sillica (point 2), 1s determined by quenches
on composition 4.

¥o appreciable variation in the 1indices of alpha~Ca®.Si®2
from the values given by kankin snd “right (8) was observed.
The possible exlistence of s0lid solutions with the calclum
borates end their effect upon the alphas-beta inversion of
monocalcium silicete has not been investigated and therefore
no attermpt is made in flgure 1 to indicate a boundary between
the fields of alpha and bets monocaleium silicate. It 1s
believed, however, that so0lld solution of the bvorates with
monocalcium silicate is much less than that of the borates
with dicalcium silicate.

The limits of the very small area occupled by the fleld
of tricalcium disilicate (C-1-C1, fig. 1) are indicated by
compositions 30 and 34 of table 1 and 69 of table 2.
Composltion 354 locates the temperature of a point on boundary
(C=1),

The field of dicalcium silicate (C'=1-0-3-4-5-6-D, fig.1):

Dicalcium silicate forms so0lid solutlions with the calcium

borates and the partial limits of these solutions are indicsted
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by the shaded area iIn figure 1. The compositions prepared

in the dicalcium sllicste fleld are given in table 2.

Table 2

Compositions in the Dicalelum Silicate I'teld

Noe Compoeition, % Time in Temp. Phases
Cao Bo0g 5109 hours oc. present
35 57.0 5.5 375 e 1382 All glass
Py 1373 Trace Co5 + glass
i 1345 Co8 + C8 + ylass
h.ce. 1343 Boundary (1,2)
heCo 1125 rutectic (2)
Y 1473 CoB + glass
38 59.3 11.5 29.2 1 1319 All glass
i 1311 CoS + lass
39 59.5 13.4 27.1 3 1234 281 slass
e 1226 CoS + :lass
40 59.7 1563 25.0 i 11567 All 2lass
i 1151 CoS + glass
41 62.4 9.5 28.1 he.ce 1271 alpha-beta CoS
heCe 1165 Boundary (3,4)
hece. 1120 kutectic (2}
42 6360 11.0 26,0 heCos 12561 alpha-bﬂta CQS
h.ce. 1122 rutectic (2)
43 633 1i.7 25.0 haeCoe 1241 alpha=beta C,S
hece 1127 wuilntuple §o§nt (2)
44 64.0 12.5 22.5 ; 1421 A1l glass
g 1413 CoS + zlass
heCo 1245 Boundary (3,4)
heco 1133 Quintuple point (3)
heCs 1122 sutectic {(2)
45 64,5 14.7 20.8 hecCo 1266 Liquidus
he.c. 1125 wuintuple point {3)
48 64.9 0.6 34 .5 heCe 1390 alpha-bﬁta 025
47 64.5 1.7 33.8 heCoe 1343 alpha“bet& 028
48 64.1 2.8 331 heCs 1322 alpha-beta CgS‘
49 63.1 5.5 31l.4 haece 1289 alpha-beta CoS
60 €2.1 Bed 29 46 heCo 1280 alp’ha«-beta CQS
51 61.0 1i.1 27.9 ry 1465 All lass
EY 1461 CoS + glass
heCoe 1272 alpha-beta C95
h.c. 1117 iﬁ’ltectlc (2)



Table 2 (contd.)

(3)
(3)

+ glass

KO Composition, % Time in Temp. Pheses
Ccas BpOs  S10g hours oC. present
52 60.,0 13.8 26.2 Fy 1188 All .lass
ry 1184 CoS + glass
54 64.8 3.8 31l.4 hece 1292 alpha-beta Cof
556 64.4 8.6 27 0 hece 1236 alpha-beta CQS
ha.coe 1120 Eutectic (2)
56 64.3 9.6 26.1 h.c. 1235 alpha-beta CoS
heCe 11286 wuintuple point
57 64,1 11.5 24 .4 heCe 1236 alpha-beta CoS
heCe 1129 «uintugls po%nt
h.ce. 1120 Butectic (2)
58 64.0 12.4 2346 i 1477 All zlass
% 1472 CoS + zlass
haCe 1244 Boundary (3Z,4)
heCe 1127 wuintuple point
DeCe 1121 Kuteetic (2)
59 63,9 13.4 22.7 heCe 1247 Boundar;r (5’4)
he.ce 1131 Guintugle point
hece 1119 kutectic (2)
&0 66.1 5.1 28.8 hece 1246 alpha-beta CoS
61 6642 59 27 .9 heCe 1403 Binary eutectic
. hece 1231 alpha-beta G S
62 66.5 Ted 26.2 heCe 1200 Binary eutectic
he.ce 1232 alpha-hbeta C,S
63 66.8 8.8 24.4 heCo 1403 Bilnary eutec%ic
h.ce. 1234 alpha-beta CoS
64 67.4 11,7 2049 hec, 1400 Binary eutectle
hecCe 1262 wuintuprle point
65 67«6 13.2 2l.4 hecCe 1399 Binary esutectic
heCe 1266 wuintuple point
66 68.6 0.7 21.7 heCe 1400 ¥utsctic (8)
67 66 .4 13.9 19.7 hieCoe 1323 Liquidus
h.c. 12858 Boundary (3,4)
68 BEGeD 14.6 25.9 r 1159 £11 gless
z 1155 CoS + glass
69 5HeB 0.7 44.0 s 1459 A1) glass
i 1455 Trace C25 + glass
i 1445 Ca28 + CazSy
i 1436 CaS + €352 + small

amt. C5 + glaas
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Compositlons 41, 42, 46, 47, 48, 49, 50, Bl, 52, 54,
55, b6, &7, 60, 61, 62, and 63 show the effect of so0lid
solution upon the slpha-beta inversion of dicalecium silicate
which normally occurs at 1420°. Lowering of this tempersture
by a maximum of 190° was observed. If this lowering 1is
assumed to be due sentirely to so0lid solution of the calcium
borates, then when a saturated solild solution is formed no
further change 1in the inversion temperature should occur.
Curves of inversion temperature sgainst percent of borate
added show this to be the case. Furthermore, heating curves
on compositions containing less than the saturation amount of
s0lid solution should exhibit no eutectic or boundary breaks,
This was found to be the case for mixtures containing less than
14 percent monocaleium borate, 18 percent dicslcium borate,
and 32 percent pentacalcium borosilicate, and the amount of
solid solutlion 1s therefore placed at these limits. Lowering
of the inversion temperature to about 1270° occurs 1in the wmono-
calcium borate solld solutions and to about 1230° in solid
solutions of the other two compounds. The extent of the solid
solution area from the Co8-CgBS and CeS-CB conjugation lines
toward the Cal-Si0g side line has not been determined.
Dicaleium =ilicate, crystallized from melts, had thre
appearsnce oi droplets, invariably ivbedded in glass, making an
exact determination of indices impossible. A4 marked lowering
of the indices was observed, however. Composition 18, table 1

(58.4% Ca0, 13.2% BgOz, 28.4% S10p) which lies just inside the



monocslcium ellicate field, when held below the boundary
temperature, gave spherules of CoS havin: indices only
slizhtly above the 1.65 index of the glass in which they
were 1imbedded (normsl indices of beta-2Ca0.5109: alpha = 1.717;
gamma = 1.,735),

The field of beta-2Ca0.510p has been drawn in flgure 1
in accordance with the lowest temperatures found for the slpha-
beta inversion.

Compositions 35 and 36 establish the temperatures of two
points on the boundsry (1-2) and compositions 41, 44, 58, 59,
and 67, of three points on the boundsry (3-4). Breaks
corresponding to the sutectic: dicalclum silicate, monocalclum
silicate, dieslcium borate (point 2), occurred in heating curves
on compositiona 41, 42, 44, 55, 57, 58, and 59; and breaks
corresponding to the quintuple point: dicalcium sillecete, di=-
calcium borste, and tricaleium borate (point 3), for compositions
4%, 44, 45, 56, 57, 58, and 59. Compositions 64 and 65 give the
temperature of the guintuple point: dlecalcium silicate, penta-
calcium Yorosilicate, tricalcium borate (point 4). These two
compositions were prepared from dicalcium silicate and tri-
calclium bvorete and the sppearance of this break showed that
combination of these two compounds to form the binary system
dicaleium silicate-pentacalcium borosilicate was not complste.
Composition 66 gives the temperature of the eutectic: di-
calcium silicate, lime, pentacaleium borosilicate (point &).

The temperature of the binary eutectic between dicalcium
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silicate and pentacalclum borosilicate (point 5) is given
by Hos. 61, 62, 65, €4, and 65.

The field of lime (D=-6=7-8«HE~Cal, fige. 1): The

compoaitions prepared in this field and melting data obtalned

by heating curves are given in table 3.

Table 3
Compositions in the Ca Fleld

No. Composition, % Time in Temp. Phases

Cad BoO3 S5i0p hours oC. present
70 69.3 8.3 22.4 hecCe 1398 Futectie (6)
71 71.3 77 21.0 heCe 1399 sutectic (6)
72 69.1 11.5 18.4 heCe 1298 Futectic (6)
73 69.5 13.4 17.1 h.c. 1435 Liguidus

HeCo 1406 Boundary (6,7,8)

74 71.3 23.4 5.3 he.c. 1412 Boundary (8,E)
75 71.5 21.9 €.6 NeCe 1410 Boundary (8,E)
76 70.0 16.1 13.9 heCe 1413 Binary eutectic(7)
77 71.5 15.3 13.2 hecCe 1412 Binary eutectic(7)

Hose. 70, 71, and 72 1indicate the temperature of the ternary
eutectic: dicalcium silicate, lime, pentacalcium borosilicate
(point 6); No. 73 fixes & temperature on boundery (6-7-8); HNos.
74 and 75, a temperature on boundary (8-E); and los. 76 and 77,
the temperature of the binary eutectic between lime and penta-
calcium borosilicate. Only one ligulidus temperature was
determined; that of composition 73. wuenches were made on most

of the compositions to check Interpretations glven heating curvesa



but were not used toc establish melting datas because of the
fact that practically complete crystallization occurred
during quenching.

The fleld of pentsecslcium borosilicate (4=H=G«T7=8=«9,Ffiz.l):

This is the only ternary compound found to possess a field of
stsbility in the ternsry diagram. It wmay be considered as
formed by the combination of dicaleium silicste with tri-
calclium borate, mol for mol; or by the combination of tri-
with dicalcium borate,
calcium silicateV mol for mol. Tricalclum sillcate does not
ocecur as & primary phase in this system, the ternary compound
occupying the re;ion where it might be sexpected to sppesr.

The ternary compound, 5Ca0.8203.8102, melts congruently
at 1419°. The optical properties (16) are: Biaxial negative
with moderate optic axlal angle; &« = 1.666 I 0,003, B= 1.682
} 0.003, ¥ = 1.690 ¥ 0.003. Polysynthetic twinning is extremely
commone. The optlec axial angle appears to be varlable, probably
due to twinning. The compound crystallizes in irre,ulsr or
rounded urains without definite crystal outlins.

‘entacalcium borosilicate forms true binsry systems with
dicalcium silicate, lime, and tricalcium boraste. In accordance
with the theorem of Alkemade (17), the maximum temperature on
the boundary (4-5-6) was found to occur at the binary eutectic
(point 5); the maximum temperature on boundary (6-7-8) at the
binary eutectic point 7); and the maximum temperature on boundary
(4=-9-8) at the binary eutectic (point 9).

Complete crystallization of most charges in this field



occurred on guenching; hence melting data were obtalned

exclusively by heating curves. The results are listed in

table 4.
Table 4
Compositions in the Fentacalclum Borosilicate
Field
Hoe. Composition, % Time in Tempe Phaseas
Ca0 Bo0a 8109 hours %c. present

7 6749 14,7 17 .4 NHeGoe 1400 Binary eutectic (5)
79 68.2 16.1 15.7 TeCe 1415 Liquidus
80 68 .4 17.0 14.6 ha.Ce 141¢ IJiQ\Eidus
81 68.5 17 .6 13.9 he.Ce 1414 Liquidus
82 68.8 19.0 12.2 heCoe 1417 Liquidus
83 69.0 20.5 10.5 heCo 1415 Ligquidus

h.Ce 1262 Quintuple point (4)
84 69.2 21.2 9.6 he.ce 1415 Liquidus
85 69.3 22,0 8.7 hece 1417 Liguidus
8C 68.9 15.3 15.8 he.ce 1417 Ligquidus

h.c. 1401 Boundary (5,7,8)
87 67.7 18.1 13.2 heCe 1406 Ligiidus

NhaeCoe 1373 Boundary (8,9,4)
88 69.2 16.5 14.3 NeCe 1414 Liquidus

Composition 73, in the binary system Cg8-CBS, showed
melting at the temperature of the gquintuple point: dicalcium
sllicate, tricalcium borate, pentacalcilum borosilicate (point
4), owing to incowplete combination of the tricalcium borate
to give the termnary compound. Composition 78 indicates the
temperature of the binary eutectic betwsen CoS5 and CgBS
{point 5). No. 86 locates g temperature on boundary (6-7-8)

and lo. 87, on boundary (8-9=4).



Possible solld solution of CgS in C5BS was not
investigated. The field of tricslcium borste (E-8-9-4-3-F):

Heating curves upon & tricalclum borate preparation having
very nearly the theoretical composition {(by anslysis: 7C.74%
Ca0, 29.26% Bgls; theoretical: 70.73% Ca0, 29.27% BgOz) gave
its melting tempersture as 1468°, a value 9° higher than that
reported for this compound by Carlson (10).

In this fileld most of the melting data was secured by
means of heatling curves owing to difficulties csused by

quench crystallization. The data are presented in table &.



Table B

Compositions in the Tricalcium Borate Fleld

Koe Composition, % Time in Temp « Phases
Cal 5205 5109 hours oC. present
89 E8.D 2643 .2 heCe 1429 Liguidus
HeCo 1120 quintuple point (3)
a0 653 £3.4 16.3 heCoe 1370 Liquidus
heCe 1124 wulntuple point (3)
91 E4,0 205 15.5 heCoa 1291 Liquidua
heCe 1129 wulintupls point (3)
92 61e7 17.6 20,7 3 1191 All glass
i 1185 CSB + glass
% 1147 CzB + glass
& 1140 Caid + Co + _lass
93 59.9 17.2 22.9 i 11860 ALl sless
Ey 1143 Trace Czii + .lass
04 67,0 20.5 12.5 NeCo 1375 Liquicdus
hece 1123 wuintuple polint (3)
96 65.8 1745 16.7 heCos 1316 Liguidus
hecoe 12563 Boundery (3,4)
NeCe 1123 quintuple point (&)
96 63.8 15.3 20.9 5 1252 All glass
2 1248 CzB + CoS + ;lass
heCe 1125 wuintuple point (3)
h.ce 1118 rutectic (2)
7 634 18.2 17.4 Fo 1257 All glass
P 12562 CxB + glass
98 63.1 2350 13.9 Py 1243 All glass
% 1239 CxB + glass
99 TO0.2 263 35 heCoe 1456 L?quidus
100 £3.6 2.4 7.0 heCo 1428 Tiguidus
haCe 1416 Binary eutectic (9)
101 69.5 22.7 7.8 NeCoe 1416 Liquidus
102 658540 16.6 18.4 NeCea 1261 Liquidus
DeCua 1122 guintuple polint (3)
103 £3.5 19.4 17.1 NeCe 1239 Liquidus
NeCoe 1122 Yuintuple point (3)
104 62.0 22.2 15.8 i 1226 411 glass
i 1219 CzB + ;lass
1056 671 21.1 11.8 NeCe 1371 Li quidus
heCe 1123 «uintuple coint (3)
106 66.5 23 .0 10.5 ) 1384 All glass
2 1374 CaB + ,2las
hiec. 1126  G&intuple point (3)
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Table 5 (contd.)

HOe Composition, %o Time in Temp . ‘hases
Cad BaGz  El0g hours oC. present
107 653 26.8 7.9 3 13564 All ;lass
% 13561 CaB + glass
heco 1170 Boundary (¥,3)
108 6447 28.7 66 heCe 1330 Ligquidus
109 64,1 30 .6 53 heCoe 1245 Boundary (}I,S)
110 70.9 27 «8 1.3 heCe 1476 Liquidus
he.Ce 1404 kutectic (8)
111 71.0 2644 26 NeCe 14586 Liquidus
heCe 1409 Boundary (E,8)
NeCo 1404 kEutectic (8)
112 71l.1 24,9 4,0 heCoe 1441 Liguidus
NHeCoe 1410 Boundary (&,8)

Compositions 95 and 96 locate temperatures on boundary
(3-4)3; Nos. 111 and 112, on boundary (Z-8)3; and HNos. 92, 107
and 109, on boundary (F-3). The temperature of the guintuple
point: dicalecium silicate, tricalcium borste, dicalcium borate,
is given by heating curves on compositions 89, 980, 91, 94, 95,
102, 103, 105, and 106; and the temperature of the sutectic:
dicelcium silicate, monocalcium silicate, dicalcium borate by
koes 96« Compositions 110 and 111 give the temperature of the
ternary eutectic: lime, pentacaleium borosilicate, tricalcium
borate (point 8). Composition 100 indicates s value for the
melting temperature of the binary eutectlic: pentacalcium
borosilicate, tricalcium borate {point 9).

The field of dicslcium borate (F=3-2«10~11~G,fig.l): Dicalcium

borate forms a true binary system wlth monocalcium silicate and



accordingly boundary (2-11) shows a maximum temperature at
point 10, as determined by a heating curve on composition

124, table 6; and quenches on composition 125,

Table 6

Compositions in the Dicalcium Dorate Fleld

Noe Composition, % Time in Tamp. Phases
Cad BoOg 5109 hours °c. present
113 62.9 34.5 246 heCo 1287 Liquidus
haCe 1266  Boundary (F,3)
114 63.5 32.6 39 he.ce. 1270 Liguidus
1156 62.0 3445 SaD heCoe 1281 Liquidus
lls 62.4 30.6 7.0 heCo 1240 Lj-Qilidus
e 1221 CoB + trace Cxzii+ glass
117 71.3 4.5 4.2 i 1287 LT1 glass
1280 CaB + gzlass
118 61.0 30.7 Bed 3 1256 411 glass
% 1248 CoB + glass
i 12386 CoB + glass
120 50.7 26 .8 12.5 -y 1225 k?l slass
3 iz21 Trace CoB + glass
i 1185 CoB + glass
122 60.0 15.2 20.8 Y 1151 A%I zlass
i 1142 Trace CoB + glass
ry 1136 B + CgB + glass
123 59.1 31.0 9.9 heCe 1243 L?quidus
124 57 .7 26 .8 15.5 heCoe 1203 Liguidus
h.c. 11563 Binsry eutectic (10)
12% 55.7 21.3 23.0 3 1155 All glass
3 1153 C B + glass
3 1150 + C8 + glass
126 52.4 3246 1560 i 1180 A?l 51358
Fy 1172 CeB + glass
127 43 .4 30.6 20.0 i 1097 All glass
§ 1095 CoB + glass
128 50.4 44.3 5.3 e 1183 All glass
E 1150 CeB + glass
129 53.3 388 7.9 Fy 1230 All glass
¥ 1224 CoB + :lass
130 54,8 3640 9.2 i 1240 All glass
% 1236 CoB + glass



Table 6 (Contd.)
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HO. Composition, % Time in Tompe Phases
Cad BoOxz 5109 hours oC. present
131 5643 332 10.5 3 1241 All glass
4 1233 CoB + glass
132 57.7 30.5 11.8 l§ 1226 All less
g 1223 CgB + glass
133 59.1 27 «7 13.2 hfﬂo 1214 Liquidus
134 49.8 41.5 87 r 1122 All glass
3 1118 Trece CoB + glass
3 1131 Trace C,E + glass
136 5248 332 14,0 i 1162 All glass
e 1158 CoB + glass
he.Ce 1017 Juintuple point (11)
137 54 .9 27 .7 17.4 3 1170 411 glass
EY 1168 CoB + glass
heCe 1120  Boundary (2,11}
138 56 .5 23.4 20.1 $ 1177 All glass
3 1189 CoB + glass
139 56 .9 22.2 20.9 rY 1170 A%l Zlass
‘ e 1163 CoB + glaseg
140 59.0 16.6 24.4 by 1128 All glass
ry 1126 CoB + glass
z 1119 CoB + Co8 + glass
141 48 .7 38 .8 1205 % 1089 ﬁ%l g{lass
re 1085 Trace CgB + glass
142 50.1 33.2 16.7 Py l1ii2 All glass
o 1111 CoB + glass
143 515 27 .7 20.8 e 1104 A?l glass
y 1102 Cp8 + glass
144 46.1 33.2 2047 b 1039 All glass
i 1037 CoB + glass
145 46.3 30.4 23.3 Y 1035 A?} glass
3 1027 Cob + C8 + glass
146 47 .2 352 17.5 3 1037 A1l glass
i 1033 CoB + glass
i 1030 CgB + CB + zlass
147 50.8 28.1 21.0 3 1109 All glass
i 1107 CoB + glass
148 B2.6 24.6 22.8 % 1128 A1l ylass
§ 1123 Cobl + glass
149 5047 44.3 5.0 % 1139 A%l glass
e 1132 CoB + glass
i 1108 CoB + CB + glass
150 5l.6 38.9 9.5 Y 1164 All glass
s 1159 CoB + gzlass



Table 6 (Contd.)

NO. Composition, % Time in Tempe Phases
Cal BoOz 5109 hours cc. present
151 50.2 40.1 Q.7 hece 1130 Liguidus
152  48.6 39.7 11.7 5 1083 211 zlass
'y 1080 CoB + glass
by 1075 CoB + CB + glass
153 51 .8 20.2 19.0 e 1134 A%l glasgs
Y 1129 CoB + glass
154 5045 305 1.0 i 1113 All glassa
Fy 1108 CoB + glass
1586 58.7 22.2 19.1 i 1172 All glass
3 1170 CoB + glassa
156 48,0 293 227 e 1054 All glass
P 1082 CoB + glass
Py 1121 CoB + glass
Fy 1107 CoB + CS + plass
158 Sle9 24.3 238 1125 A%l &lass

1124 Irace CgB + ylass
111v7 CoB + CB + glass

- i

Temperatures on boundary (F-3) are given by hNos. 113,
116, and 122; on boundary (2-11) by Nos. 137, 140, 145, and
157; end, on boundary (G=-16) by Nos. 146, 149, and 152. The
tomperature of the gquintuple point: diesleium borate, monce
calcium borate, monocalecium silicate, is given by & heating
curve on Loe. 136.

Compositions in this field crystallized less rapidly
than those of higher lime content and most of the melting
data was secured by the guench method.

The field of monocalcium borate (G=11l-12-13-1€6=-15=-14-H,fix.1):

This compound 1s obtalined from melts in lath shaped crystals

occaslionally showing hexagonal outline. 1In marked contrast
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to the behavior of melts 1n the filelds of Cg3, Cal, CgBS,
CsB, and part of the CgB fleld, monocalcium borate
crystallized very slowly and some of the charges, especlally
those containing the higher percentages of silles, had to be
beld overnight to insure crystallization.

Ths field of monocalclum borate occupies the largest
area in the diagrsm and is of particular interest becsuse
more than two-thirds of this area lies within the region of
liquid immisecibility. Within the immiscibllity region of the
field is included the composition corresponding to the mineral

dasnburite, Cal.Bo03z.25102.



Table 7

Compositions in the ¥onocalcium Borate Fleld

Hoe Composition, % Time Iin Tempe. Phases
Cad Bo0z S10p hours Cc. present
1569 475 49.9 26 F 1131 A1l glass
z 1129 CB + glass
% 1110 CB + CoB + glass
180 46,7 49.8 3.5 s 1134 411 glass
i 1132 CB + 3zlass
161 48 .7 44.3 740 s 1099 All glass
2 1096 CB + glass
4 1087 CB + Col3 + zlass
182 46 .0 4.8 4.2 ¥y 1131 All gless
Y 1128 CB + zlass
163 47 . 4 44,3 Bs3 % 1099 #11 glass
FY 1096 CB + glass
a 1070 CB + CoB + glass
164 45,7 28.8 15.5 s 1071 A1l glass
% 1067 CB + glass
16E& 4549 3640 18.1 'y 1046 All gless
3 1043 CB + glass
Y 10356 CB + CoB + glass
166 40.1 49.9 10.0 17 1111 All glass
17 1104 CB + glass
167 357 44.3 20.0 17 10456 All glass
17 1041 CB + glass
168 30.8 64.2 5.2 17 1041 All glass
17 1036 CB + glass
169 3246 57,1 1043 17 1088 A1l ilass
17 1083 CB + glass
170 G4 +6 48«9 15.5 17 1059 A1l glass
17 10863 CB + slass
17 1028 CHB + 2 glasses
171 36.5 42,8 20,7 17 1041 A1l glass
3% 1033 CB + glass
172 38.85 3547 25.8 17 1023 All glass
17 1017 CB + glass
173 38 .4 31e6 30.0 17 @91 A1l glass
17 984 CB + 81Cg + glass
174 28.0 70,0 240 ? 993 A1l glass
989 Trece CB + glass
178 27.5 68.5 4.0 % 981 All glsass
& 979 CB + glass
176 26 49 67.1 6.0 Y P71 A11 glass
% 2969 CB + ilass



Table 7 {contd.)

No. Composition, % Time in Temp .« Phases
Cad B,03  Si0g hours oC. present
2
177 44 .4 32.0 236 17 1018 All gless
17 1017 CB + glass
178 44,0 31.6 24.4 1; 1027 All glass
1 1017 Trace CB + glass
179 26 .4 85.5 8.0 1; 976 Two glasses
1 968 Ci + zlass
Compositions in the Celcium Diborate Fleld
180 27«3 709 1.8 17 986 All glass
5 982 CBn + gless
181 26.2 B85 .9 3¢9 i7 975 All glass
1 267 CBg + glass

Compositions 159, 161, 163, and 165 locate temperatures

on boundary (G-1l,; and composition 173, 8 temperature on

boundary (12-13).

the two liquid boundary (13-14).

Composition 170 defines a temperature on

The field of calelum diborate (H=14-15=-I'-I, fig.l):

Only a small portlon of this field,

that comprising the

trisngle Hel4-I, lies in the region of liguid miscibillity;

all

two

other compositions in the area melt with the formation of

liquidse.

The melting tempersatures of two compositicns in

the one liquid area are given in table 7.

The field of silica (810g9=A-A'«B=12«13«16«=, fig. 1): This
field 1s distorted in a curious manner by the occurrence of
liquid immisciblility. It consists of a portion B-12-13-A in

the one liquid area; a large region A'=l1l2-16-A in the two
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liquid area; and a narrow strip in the one liquid srea along
the S10g-Bo0gy side of the triangle extending an undetermined
distance toward the BgOgz vertex.

In the melts studled silica appeared as tridymite in
the forr of needle-like crystals imbedded in glass. The data
obtained are listed in table 8 where compositions 182, 183, 184,
185, 187, 188, 189, 190, 193, and 194 define temperatures on
boundary (B-12). Composition 195 determines the temperature
of the guintuple line (12-16) separating the fields of silicsa

and monocalcium borate.



Table 3

Compositions in the 3ilica Fileld

Noe Composition, % Time 1in Tempe Phases
Cal BoOy  S10, hours ocC. present

182 3540 1.0 64,0 2 1425 All glass

1 1417 5100+ CS + glass
183 35e2 240 62.8 2 1411 All glass

1 14086 Trace 5i0g + glass

1 1400 810 + CS + glass
184 34 .4 4,0 61l.6 1 1388 All zlsss

i 1380 310, + zlass

1373 810 + CS + glass

185 3l.2 4,0 64,.8 1 1370 Si0g + two glasses

& 1364 S102 + CS + ylass
186 22.0 4.4 63.6 l 1485 Two glasses

1 1457 33102 + . lass

1 1365 5i0o + glass

1 1357 8i0g + CS + glass
187 32.8 6.0 61l.2 1l 1392 Two glasses

1 1385 S10p + glass

i 1332 8100 + glass

e 1327 5109 + CS + glaas
188 35.2 10.0 54.8 1 1292 Two glasses

3 1287 $10p + glass

1 1276 3105 + ylass

1z 1271 Si0g + CS + glass
189 363 15.5  47.2 3 1223 Two glasses

1l 1218 J10g + glass

¥} 1205 £10g + glass

1% 1197 Si0g + CS + glass
190 37 .0 23.0 40.0 4 1113 Two 6;133885

4 1108 5105 + glass
181 35.6 24,0 4C.4 17 1071 Two glesses

17 1063 S10g + glass
192 38«4 26.0 35.6 17 1057 Two glasses

17 1048 2109 + glassa
193 38.2 29.4 3244 17 1038 Two glasses

17 1031 Trace S10g + :lass

17 1010 510g + glass

17 1006 8102 + CS + glass
194 382 30.4 314 17 101¢ Two i lasses

17 1012 5100 + glass

17 1003 5102 + glass

17 1000 5102 + CS + glass
195 37 .8 3l.4 30.8 17 995 Two i lasses

17 991 S510go + glass

17 989 5102 + CB + glass
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The exact concentration intervals between the two
l1iquid boundary and the sillca-monocalcium silicate boundary
have not been saccurately determined but probably are
represented falrly closely by the reglon between the lines
A'-13 and B-1l2 in fig. l. The temperature difference between
these boundaries decreases from 262° in the lime-silica system
to about 55° at composition 187, and finally to 13° between
points 13 and 12.

~

Vi. The Two Liquid Area
ftudies were made of the compositions of immiscible
liquilds formed by the melting of mixtures within this area.

The results are listed in table 9.



Table 9

Tie line Compositions

Compositions, % Time
No. Initial igh ©510p glass Low 510 glass in Tempe Fhases
Ca0 Bgls 5105 Ca0  BgOz 510p Ca0 Bg0z S10g hours ©C. present
196 30.8 19.2 50.0 21l.4 15.0 6836 36.4 21.4 42.2 7 1132 Two glasses
4 1126 S10g + glass
197  25.2 24.8 50,0 15.1 17.1 67.8 33.3 27.4 39.3 17 1021 "Two glasses
17 1014 5109 + glass
198 22,3 27.7 50.0 11.8 18.4 69,8 32.4 32.2 3&H.4 17 1012 1Two glasses
17 1003 CB + glass
189 22.0 38,0 40.0 Ted 23.8 68.8 30,6 43.6 25.9 17 1035 Two élaﬂﬂas
17 1028 CB + ylass
200 20.1 49.9 30.0 8.3 36.6 65,1 28.1 59.1 12.8 17 1014 Two glasses
17 1006 CB + ;lass
201 16,0 60.0 24.0 3.9 052.8 43.3 2b.6 65.5 8.9 17 980 Two glasses
17 977 CB + yglass
202 16,0 64.0 20.0 2.2 B6.1 41l.7 24.9 68.3 6.8 2% 967 Two glasses
3 965 Trace CBg+glass
2 964 CBp + CB + glass
203 12.0 74.0 14.0 0.8 T74.9 24,3 23.4 T2.8 5.8 2 970 Two glasa@s
2 968 CBp + glass
204 10.0 84.0 6.0 0.0 89.9 9.8 23.53 76.2 1.5 2 973 Two glasses
870 CBg + zlass
2056 12.0 88.0 0.0 975 Two glasses
974 C(CBp + 2 gzlasses




These compositions were prepsred as described under
section 11, 1. They were fused three times with intermediate
grinding and mixing. After the third fusion the resulting
glasses were broken up into coarse fragments, and those of
the hiigh silics glass separsted from those of the low silica
glass. The two glasses were easlily distingulshable and
there was no difficulty in making this separation. Samples
were then welghed out and snalyzed. «wuench determinations
were made upon the powdered low sllica glasses.

Complete unmixing of the two liguids was not obtained
in any cese but it is evident that the initisl composition of
the mixture and the composlitions of the two liguids resulting
must lie on a straight line reiardless of the degree of
separation unless the initial composition is changed during
the heat treatment. The intersections of this line, which 1is
a tie line, with the boundaries of the immisclbility area give
the compoaitions of the two liquids which may exist in
equilibriume.

Two tie line compositions were prepared In the silica
field. On melting, the high silica layer formed a very
viscous liguid which remalned at the center of the crucibls
and the low sllica liquld flowed to the sldes. The resulting
high silica glass was white and the low silics glass milkye.
Separation was very lncomplete as the anslysis showed. The

high sillea liquicd, because of ites high visecosity, tends to
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retain a considerable amount of the low silica liquid.

Kuch better sepsrations were obtained in the mono-
calcium borate field where four tls line compositions were
prepared. The high =silica glasses were opaqgue in all cases,
while the low silica glasses of compositions 198 and 199 were
mllky and those of 200 and 201 clear. The tempersture of
composition 199 gives the maximum tempsrature of the liguidus
in the immiscibility portion of the monocalcium borate fleld.

The tie lines in the calcium diborete field have a fan-
shaped distribution, as fig. 1 shows. The liquids in thls
field separated almost completely. It was noticed that in
these compositions the clear, less siliceous liquid collected
at the center and Lottom of the melt, with the more silicsous
ligquid st the sides and on top.

WYuenches on composition 202 fixed the temperasture of
the quintuple line (14-15) separating the fields of c¢slcium
diborate and monocslcium borate. «uenches on the bilnary
composition Ko. 205 gave 974° for the temperature of the
ligquidus, s vslue 5° higher than that reported by Csrison (10).

A striking feature of the immiscibllity area is the
marked incresse in concentrstion of lime in the less siliceous
liquids, proceedlng from elther the lime-silice system or the
lime~boric oxide system. The maximum concentration of lime
in the ternary liquids is asbout 38.5 percent, which 1s 11
percent hiizher than the lime content of the corresponding

lime-silica liquid and 16 percent hi her than that of the
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lime rich layer of the lime-boric oxide system. ‘hether

any appreciable increase 1n the lime concentration of the
more ziliceocus ternsry llquids occurs has not been determined
but the analyses on composlitions 203, 204, and 205 indicate
that the concentratlion change 1s probably small. The
compositions of the more siliceous liquids in the ternary
diagram have therefore been Indlcated in filz. 1 by the dotted
line AI' connecting the compositions of the bigh sllica and
hi.h boric oxide lliguids in the respectlive blnary systems.

The maximum divergence in compositions of the two
ligquids occursa in the monocslecium borate fileld, as Inspection
of the length of tie limes in fig. 1 will show.

Vii. Cheracteristics of the I'usion
Surfaces

Figure 3 18 & representation of the trlangular diagram
in which isotherms, showing temperatures of complete melting,
have been Iinserted. The positions of the isotherms were
determined by points read off the dlagrams of fig. 2 at 50°
and 100° intervals and also by other compositions not on
conjugation lines.

In genersl 1t masy be sald theat the portion of the
dlagram to the left of the two liguld boundary A'=13-14-1 is
of the usual type sencountered In ternsry oxide systems. To
the right of that boundery the liquidus presents unususl
features.

In a s0lid model where temperature 1ls plotted on a
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scale perpendicular to the concentration triangle as a
base the liquidus of the Immiscibility reglion appears as

a curved surface whiech can be considered as generatsd by

a straight line of varlable length moving in such 8 manner
a3 to be always parallel to the base and rotsting as 1t
soes (18). Successive positions of the line are isotherms
and sleo tle lines. 1In the silica field the llne moves
downhill with falling temperatures, one end traversing the
distance A-l16 whlile the other end passes from A' to 13.
The final position represents an invariant condition whers
two liquids of compositions given by pointe 13 and 16; two
solids, silleca and monocalcium borste; and vapor sre in
eguilibrium,

Fassing intc the monocalcium borate field the rotating
line moves uphill assuming posltions of successively higher
temperature until it reaches mn, the maximum height of the
surface of thils field in the immiscibility region. 1In this
rosition & plane passed through the line and perpendicular
to the base will include the composition corresponding to
monocalclum borate. Proceeding from mn the line runs downhill
assuming poslitions of successively lowsr temperature, one snd
traversing the distance m-l5 and the other the distance n-l4.
On reaching & minimum temperaturse at 15-16 it represents an
invariant conditicn such that monocglcium borate, calcium

diborate, and two llqulds of compositions 14 and 15, are in



equilibrium with vapor.

Enterin; the calcium diborate field, the line moves
uphill with iIncreasing temperatures, the ends traversing
the distances 14-I and 15-1I', respectively. Ibs flinal
position is I-I' in the binary system lime-boric oxide.

The rea A-A'«13-16 thus consists of a curved surface
representing & rapid decrease in temperature from 1698° at
AA' to 990° at 13-16. The area 16=-13-14-15 is a curved
surface showing a gradual increase in temperatures from QQOO
at 13=-16 to a maximum of 1032° at mn, and falling temperatures
at 964° at 14-15. The area 15-14-I-I' is a curved surfsace
showing a gradusl increase in temperatures from 964° at 14-15
to 974° at I-I' 1in the binary system lime-borie oxide.

In the silica field there is a downhill slope from
temperatures st the silica ligulidus in the binary system
lime=silica to the level of the surface where liguid
immiscibility starts at A-l6. At the S10g vertex the liquidus
temperature in the binary system 1is 15° higher than the liguidus
at A and thils tempereture difference between the liguidus in
the blnary system and that in the immisclbllity area diminishes
from A to 16, becoming zero in the vicinity of point 16. 1In
turn the ares of the one liquid region B=12-13-A' represents
a downward slope from the liquidus surface in the immiscibility
fleld to the silica-monocslelum silicate boundary B-1l2. The

temperature difference here has & maximum value of 262° between



A" and B and a minimum value of 13° between points 13 and 12,
the latter composition being that of the ternary sutectic
between silica, monccalcium silicate, and monocalcium borate.

On the other hand the monocalcium borate fleld slopes
downward from the binary system lime-boric oxide to the
level of the ares 13-16-15-14 wherein the liquldus temperature
for each tie line remains fixed at the values determined by
the intersection of the one liquid area surface with the two
liguid erea surface. Un emeryging from the immiscibillity seres
beyond the boundasry 15«16 the liguldus falls to a boundary
between monocalcium borate and silica in the narrow one liguid
region A-l'-Bo0z-5i0s. In the vicinity of point 15 is a
guintuple point between silica, monocslcium borate, and cslcium
diborate, assuming that the si}ica 1igquidus extends to higher
percentages of borie oxide in the srea é-I'-Bgﬂs-Sii)g than that
at point 15.

The caleium dlborate field slopes from ii to 1-14, its
intersection with the immlscibllity area liquidus. The latter
surface slopes from I-I' to 14«l15. The field emerges from the
frmiscibility region at I'-15 and forms a boundary with that
portion of the silica field assumed to extend below point 15,
and with the narrow strip which forms the boric oxide field.
The ternary eutectic between silica, borie oxide, and calcium
diborate probably lies very nesr the binary eutectic betwesn

boric oxide and silica.
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The borie oxide fleld and the adjacent section of
the silica fleld are represented by an extremely narrow
ledge on the Bg0z=-510g5 of the solid model, far below the
plateau representing the immiscibility liguidus. Thus the
separastion of the plateau from the boric oxide level at the
vertex is about 680°,

In general the system is characterized by the extreme
variation in temperatures which it displsays, covering a
range of almost 2300°.

The location end tempseratures of eutectiecs and quintuple

points and other significant dasta are contained in table 10.
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Table 10

Silzniflicant Compositions and Temperatures

in the System Cal-Bglz-510o

Ternary Eutectics

Fhases present Cal Bgos 510g ggmp.
Ca0.5105,2Ca0.5109,2Ca0.B204 59.2 16.0 24.8 1118
20a0.8105,Ca0, 5Cal.B902.5109 69.2 12.6 18.2 1368
Cad, 85Ca0.By0x+5109,3Ca0.Bg05 70.0 23.2 6.8 1404
Ca0.510g, Cal.Bg0g, Sivg 8.4 3l.4 30.2 977
Cad.2Bg0g, 5105, BpOg Hot determined

suintuple points
Ca0.810p,3Ca0.25109,2080.5109 54.8 l.4 43.8 1436
2020.8109,3Ca0.B203,20a0.Bg05 59.4 16.6 24,0 1128
ECaO.Sisg,5CaQ.B205$iO§éggaO. 635 04 14.0 19.6 1266
Cal.210,,2C80.B505,C20.Bp0z 44 .9 51.7 23.4 1017
$10g, Ca0.Bg0z, Cal.2B504 Hot determined

Binary Eutectics

Tempe
rhases present CalC BoO3 5i0g ©C.

CaC.Bg03, Cad.85102 55.3 20.2 24.5 1180
2Ca0.510g, 5Cal.Bg0z.510g €7.7 13.4 18.9 1400
Cad, 5Ca0.Bg03.5102 69.7 l6.2 14.1 1412
3Ca0.Bg0z, 5Ca0.Bg0z.S10g 69.6 23.0 7.4 1415
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Table 10 (contd.)

Compositions of Liquids Joined by Quintuple Lines

Liquid CaO B50gz 5102
At point 13% 38 .0 3l.5 305
At point 16) 0.5 10.5 89.0
)’ figo 1

At point 14) 25.9 68.1 6.0
)

At point 18) O.4 54 .6 45.0

VIII. Crystallizstion Curves

On coollng a melt in a8 ternary system the first
appearance of crystals occurs at the liquidus temperature
for the given composition. These crystals consist of the
primary phase within whose field the ternary mixture lies.
As separation of the primary phase continues, the composition
of the 1ligquid alters on a straight line connecting the
composition of the primary phase with that of the initilsal
ternary mixture until a boundary curve 1s intercepted. At
the boundary separation of & second crystsalline phase be;lins
earid the ligquid alters along the boundary until a eutectic
is resched where a thlrd phase separates snd liquid dlsappesars.
Such a path represents the simplest type of ternary crystalliza=-

tion where no complications are introduced by such phenomena as
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solid solution, incongruent melting, or liquid 1mmiscibility.

¥hen the crystalllzstion curve lies entirely within
the triangle formed by Jjoining the compositions of the thres
solid phases produced by complete solidificstion of the melt
the curve ends at a eutectice. vhen the curve lles partislly
outside such & triangle it ends at s qulntuple point. This
dlstinction will bscome clear in the specific instances to
be considered.

“here a ternary composition lies exactly on a line
Joining two solld phases forming a blnary system, the melt
will go s0lid at the binary eutectic. Thus composlitions on
the conjugation lines CgBS-CoS, CxBS-Cad, CgBS-CgB, and
CS=-CoB, will solildify at points 5, 7, 9, and 10 respectively.

Compositions within the shaded area in the (ot fileld
will s0lidify completely to so0lid solutions of thelir own
compositions. For simplicity the effect of so0lid sclutions
on crystallizetion curves in the remainder of the C5S5 fleld
will not be considered.

The various types of crystallization occurring from
melts within the possible composition triangles will now be
consldered,

The triangile formed by jolning Cald, CgBS, and C=i:

Depending upon the location of the ternary composition the
crystallizstion curve will intersect either bvoundary 7-8,
E=8, or 8-9 and liquid will disappear at the ternary eutectie
(point 8).
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ihe triengle forwed by jolning CaQ, CsBS, and CoS:

The c¢rystallization curve may intersect either boundary D=6,
b=, or 6-7, and liquld will dissppesr at the ternsry eutectic
{point 6.

The triangle formed by Jjolning CoS,CaxB, and CoB: If

the boundary 9-4 1s intersected by the crystallization curve,

C=zB and CzBS wlll separate together until point 4 is reached.

At point 4 (gBS redissolves completely and C23 then beginsa

to cryastallize, The liquid follows the curve 4«3 and disappears
et guintuple polnt 3. If the boundary 5-4 is intersected CgS

and CpBS will crystallize together. The latter compound
redissolves completely at point 4, CzB appears and crystsllization
becomes complete when the 1liquld reaches point 3. If the

boundary 4-35 is intersected the ternary compound does not agppear
at 811 and the llquid follows curve 4-3 to point 3.

The triangle formed by Jjolining CoS, CoB, snd CS: If

boundary 4-3 is intersected C3B and C2S will crystallize
together; CzB dissolves completely at point 3; CoB and CgS
crystallize together slong 3~23 and with the sppearance of C3

at the ternary eutectlc (polnt 2) complete solidification occurs.
if the boundery F=3 1s intersected CzB and CgB crystallize
together up to point 3 where CzB redissolves. Co3 and CgB then
crystallize together along 3-2. If boundary C'-1 1s interssected
CoS and CzS2 crystallize togéther to polnt 1 where CzSgo re-
Gdissolves completely after which the path follows boundary le2.

Likewise if C-1 i1s intersected C5 and CzC2 crystallize together
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and the latter redlssolves at pcint 1, the liguid then
proceeding along l-2.

The trlasngle formed by Jjoining CS, CoB, and CB: The

cryastallizsation curves follow elther boundary segment 10=-11
or CG=11 and liguid dlssppears at guintuple »oint 1l.

The trlangle formed by Jolining CS, €8, and Sida:

Those compcsitions whiose crystallizatlion paths can intersect
the small segments of the C8, CgB, and CB, CgB boundaries
included within this trieangle will pass through quintupls
point 11 and end at the ternary eutsctic, point 12. All
other compositions in this triangle whose crystallization
curves do not interseect the two liquid boundary behave normslly,
endling et point 12 and wlll not be discussed further.
Crystallization curves which intersect the two liguid boundary
will now be considered.

(1) Any composition in the S10g field within the two
liquid area enclosed by the trlangle. The melt will consist
of two liqulds whose compositions are given by the extremities
of the tle line passing through the ternary composition. On
cooling 510g willl separate and the mean composltion of the
liguids will alter on a line connecting £10g and the ternary
composition untll the line 13-16 1s intersected. 7he
compesitions of the individual liquids will slter slong A-16
and A'=13, respectlvely, during this process, the proportion
of low silica liquid teo high silice ligquid continually increasing.

CB will then begln to crystallize and the temperature will remain



constant. The mean composition of the liguids alters
along 13-18 until point 13 is reached, at which the high
silica liquid disappesrs. Crystallizstion then proceeds
along the line 13-12 wlth falling tempersture. At the
ternary eutectic (point 12) CS crystallizes and liquid
disappears.

(2) The small one liquid area within the triangle
near the 510g vertex. Separation of S10g will occur and
the crystallization curve will Iintersect the two liquid
boundary, after which the pasth will be as in (1).

(3) Compositions in the monocalcium borate field with-
in the two ligquid area of the composition triangle. The
melt will consist of two liquids whose compositions are gilven
by the extremities of the tie line passing through the
ternary composition. On cooling CB will separste and the
proportion of low silica liguid to high silica liguid will
decrease, the former altering in composition along the
curve m=13 and the latter along n-16. The mean composition
of the liquids follows & line connecting CB and the initial
ternary composition until boundary 13«16 is intersected. The
temperature here remeins constant and the proportion of low
silica liquid to high silica ligquid increases until at 13
the high silica liquild disappears. The crystallization path
then proceeds from 13 to 12 where it ends.

(4) Compositions in the one liquid area of the mono-

calcium borate field and lying to the right of a line joining
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CB and point 13. CB will separate and the two liquld aresa
will be intersected, after which the changes will be as in
(3).

The triangle formed by Jjeinlng CB, CBs, and Sico:

(1) In the silica field within the two liquid arsea.

On sepsration of 8109 the compositions of the two liquids
alter along A-l6 and A'-l3, respectively. Vhen the
erystallizastion line representing the mean compositions of
the two ligqulds intersects boundary 13-16, CB will separate,
diminishing thereby the proportion of low sllica liquid which
disappears at 16. The ligquid composition then follows the
S109-CB boundary (not shown) in the ares A-S109-BgOz-I' until
CBg crystalllzes and the liquid disappears at a quintuple
point between 5109, CB, and CBgo near polnt 15,

(2) In the Si0g field within the one liquid erea.
aAfter the boundary AI' is intersected the path is the same
as in (I).

(2) In the CB field within the two liquid area and to
the left of a line Jjoining CB and point 16. The compositions
of the two ligquids aslter along n-16 and m-1l3, respectively,
and the crystallization curve intersects line 13-16. Sub-
sequent changes occur as in (1l).

(4) In the CB field within the two liquid area to
the left of line mn and to the right of a line joining CB

and point 16. Vhen the crystallization curve intersects AI!



the low silica liquid disappears and, after reaching the
(B-810g boundary in the one liquid asrea A-1'-Bo0z-S5102
the curve proceeds as in (1).

(5) In the CB field to the right of line mn and to
the left of & line joining CB and point 15. The compositions
of trhe two liquids alter aslong n-15 and m-l4, respectively,
until the line representing their mean compositions intersects
AI' and the low silica liqulid dissppears. After reaching the
CB-510g boundary in the area A-1'-Bg0z-S10g crystallization
proceeds as in (1). The peth starting in the one liquid
area would be the same &8 ths fore.oing after intersecting
boun:iary l3=14.

(6) In the CB fleld to the left of mn and to the right
of & line joining CB and point 15, The crystallization
curves all intersect the boundary Hel4-15 either before or
after that boundary enters the immiscibility area. &t point
15 the low silice liquid disappesrs and crystallization
becomes complete at the CB, CBg, S109 quintuple point.

The triangle formed by joining CBo,B20x, and S1i09:

(1) Compositions to the left of line H=l1l4-16.
Crystallization is of the same type as that discussed in the
preceding section except that CB must redissolve completely
near point 15 and the liquld then proceeds along the 5105,
CBg boundary in the one liguid strip to a ternary eutectic
between 5109, CBg, and BoOz.

(2) Compositions to the right of line H=14-186., If



these lie within the narrow triasngle formed by jolnlng the
points ii, 14, and 15, the crystallizetion curves will pass
through the quintuple point nesar 15 before proceeding to
the ternary eutectic. Those which do not willl Intersect
boundary 15-1' with disappearance of the low silicae liquid
and crystallization then proceeds to the eutsctic.

(3) The erystallizstion paths within the flelds
occurring in the narrow one liquld reglon proceeding inward
from the binary system Bg0z~S10g are probably of the normal

type.

IX. Applications

Dicaleium sllicete occurs in portland cement in the
unstable beta modification which possesses desirable
hydraulic properties whereas in its low temperature ganmmsa
modificaetion the compound 1s practically non-hydrsulic. The
beta- amma inversion for the pure compound normslly occurs
at 675° with such raepidity that it is difficult to prepare
the beta form in apprecliable quantitlies even by quenching from
temperatures of over 1000°. However, it was first noticed
by Bates and Klein (19) that the presence of less than 1
percent of BgOg or Crg0z entirely prevented the lnversilon
and that the former oxide seemed to effect a marked lowering
of the fusion tempsrature of the compound.

Further studises carried on by E. T. Carlscon (20) of



the National Bureau of Standards showed that progressive
lowering of the alpha~beta inversion temperature of diceslcium
silicate occurred upon the addition of 0.5 to & percent of
BpOx to the compound. Lowering of the indices of dicalcium
silicate was also notede It was concluded that these effects
probably indicated solid solution of boric oxide in the
silicate.

The results of the present investigation have verified
this conclusion and partially fixed the limits of solid
solutlon of the calcium borates in dicalcium silicate. Ko
determinations of the betae-gsmma inversion temperature were
made but it seems probable that this inversion is greatly
lowered or perhaps inhibited completely by the existence of
the s0lid solutions.

¥ith reference to the posasible use of boric oxide to
lower clinkering temperatures of the portland cement raw mix,
the non-~appearance of tricalcium sllicate in the asystem
Ca0-By0z-810p 18 of significance. The re;ion where this
compound mizht be expected 12 occupied by e ternary compound,
5Ca0.B503.5102. This compound may be considered as formed
by the combination of one mol of tricaleclum sllicate with onse
mol of dicalcium borate. A small amount of the ternary
compound was finely ground, gauged with water to a stiff
paste, and allowed to stand for some days. fHNo setting was
observed. Thus 1t aopears that the compound does not possess

appreciable hydraulic properties, although the question lias not
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yet been sufficliently investigated.

Furthermore, it was found by Csrlson (19) that,
althouzh the addition of borie oxlide to binary mixtures of
Ca0 and 510g or of CaC and AlgOz promoted combination of
these constitusnts cn burning, the addition of boric oxide
to ternary mixtures of Cal, Alg0z, Si0p inhibited combination,
That is, clinkers produced by gurning 8&0, Al203, Si0g mixtures alone
contained less uncombined lime than corresponding mixtures
to which boric oxlde had heen added before burning. The
percentage of uncombined lime in the clinkers was found to
increase with increasse in thelr borilc oxide content. It is
probable that there is a considerable broadening of the linms
fleld in the quaternary system Cal-A1502~S109-Bo0x.

The above considerstions indicete that the addition
of appreciable quantities of borie oxide to the portland
cement raw mix would not be desirable.

The high silica-boric oxide and low 1lime portion of
the system is of interest in connection with the constitutlion
of borosilicate glasses. Thils aspect of the problem and the
effect of addition of alkall oxide upon the liquid immiscibility

region are being studied elsewhere (2).



X. Summary

The foregoelng investigation of the system
Cal-BgOa~510g has dlsclosed a type of liquid 1mmiscibility
not vreviously encountsered iln ternary oxide systems. ‘ihereas
in previoue instances Llmmisclbility wss confined to one f(leld
only, in this system compoaitions in sny one of three filelds
may melt with the formatlien of two liquids. 7The fields of
sillica, monocalcium borste, and calclium diborate were found
to lie largely within the immliscibllity srea which extends
in the trisngulesr diegram from the Immisclbility reglon in
the Cal«Bolx system to that in the Cal-310p system. The
width of the area brosdens very considerably in proceeding
towards the Interlior of the trian;ular disgram.

The fusion surfaces in this aystem and types of
erystrllizstion which may occur sre unususl end have beson
discussed.

Une new compound, pentacslcium borosllicate,
5&3&.3203.5162, melting at 1419°, was found. Tricalcium
sllicate does not mppear at the liquidus in the system. The
regzlon in whieh 1t mizht be expected to oecur is occupled by
the fleld of the ternary compound. The minersl dsnburite,
T80.Bplr.25102, wus not obtained as a crystelline phase, its

composition lying within the immisecible liquid portion of the
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monocalcium borate field.

So0lid solution of monocalcium borate, dicaleium
borate, and pentacalcium borosilicate in dicalcium silicate
ocecurs, causing the alpha-beta inversion temperature of
dlcalcium silicate to be lowered by & maximum of about 190°,

The possible effect of sdding small guantities of borie
oxide to the portland cement raw mix before burning is

considered. The evidence indicates that such addition would

not be advantageous.
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